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 ARTICLE INFO    ABSTRACT 
 

 

DDQ is widely used as a - acceptor for the preparation of organic charge transfer. In this paper the 
effect of ten solvents on the ground state of DDQ has been reported. DFT calculations have been done 
on the Schrodinger software and the effect of solvents have been theoretically calculated with the help 
of Poisson-Boltzmann solver. The solvation energy, chemical potential, hardness, electrophilicity, 
HOMO-LUMO gap and the picture of the HOMO and LUMO of DDQ in the ground state in the 
solvents have been reported. 
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INTRODUCTION 
 

Physical and chemical property of a molecule depends on the 
structure and the various kinds of energies of the molecule. 
Chemical reaction of a molecule in solution is affected by the 
nature of the solvent; solvent affects not only the energies of 
HOMO and LUMO of the molecule, but also other kinds of 
energies. Energy of a molecule may be considered to have 
various energy components such as reaction field energy,  total 
zero-electron terms, Nuclear-nuclear, Nuclear-solvent, total 
one-electron terms, Electron-nuclear, Electron-solvent, 
Kinetic, total two-electron terms, Electronic energy, total 
quantum mech. energy, Gas phase energy, Solution phase 
energy, total solute energy, total solvent energy, Solute cavity 
energy,  Reorganization energy, Solvation energy total internal 
energy , total enthalpy, total Gibbs free energy, and zero point 
energy. DDQ is a Bright yellow solid, It is used in preparation 
of Charge transfer complexes (Foster Roy, 1969; Gutman and 
Lyons, 1969; Kandana and Pohl, 1968; Slifkin, 1971; 
LamisShahada et al., 2009; Vinod Kumar et al., 2000; Becker, 
1965; Subhan et al., 2000; Refat Moamen and El-Metwally 
Nashwa, 2011; Liang-YeuChen et al., 2010) of various 
utilities.DDQ is also one of the most versatile reagent because 
of its high oxidant ability and relative stability compared to 
others. Keeping in view the utility of DDQ various kinds of 
energies of DDQ in the ground state in gaseous phase and in 
different kinds of solvents have been theoretically calculated 
in this paper. 
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Computational methods 
 
The initial structure of DDQ was built with Chem-Draw 
ultra8.0 and the structure was optimized on Chem3D ultra 8.0. 
The structure was exported to Maestro 9.3 of Schrodinger 
2012 version. The optimization of the structure was done on 
the Jaguar panel of the Maestro 9. The DFT-BPLY-3 method 
of theory was chosen. 6-31g ## basis set was selected and 255 
basis functions were created for calculation. The molecule was 
assigned net zero charge and singlet multiplicity. In the solvent 
menu of the jaguar panel PBF solver was used for optimization 
of the structure in both the gaseous and solution phase. The 
optimization the gaseous state and in the different solutions 
were done in ground state of the molecule. 
 

Geometry optimization 
  

for perform a geometry optimization one needs to guess at the 
geometry and the direction in which to search, a set of co-
ordinates to optimize, and some criteria for when to 
optimization is complete. The search direction is obtained 
from the gradient of the energy and the initial Hessian. An 
initial Hessian (second derivative matrix or force constant 
matrix) and the gradient are used to define search direction 
that should result in lowering of energy. The choice if co-
ordinate systems have a substantial impact on the convergence 
of the optimization. The ideal set of Co-ordinate is one in 
which the energy change along each co-ordinate is maximized, 
and the coupling between co-ordinates is minimized. Jaguar 
chooses the coordinate system by default. It has two options 
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Cartesian and z-matrix that produces an efficient optimization 
requires an understanding of the coupling between simple 
internal co-ordinates. For optimization to minimum energy 
structures , the convergence criterion  for SCF calculation is 
chosen to assure accurate analyses  gradients. For these jobs, a 
wave function is considered converged when the root mean 
square (RMS) change in density matrix element is less than the 
RMS density matrix element change criterion, whose default 
value is 5.0x10-6. The geometry is considered to have 
converged when the energy of successive geometries and the 
elements of analyze gradients of the energy and the 
displacement has met convergence criteria. For optimization in 
solution, the default criteria are multiplied by a factor of three, 
and a higher priority is given to the energy convergence 
criterion. Thus if the energy change criterion is met before the 
gradient and displacement criteria have been met, the 
geometry is considered converged. The optimized geometry 
may not have a local minimization energy i,e it may have 
reside on a saddle. To know whether it is global minimization 
we look for the value of vibrational frequencies. If all the 
vibrational frequencies are real (i,e+ve) then it represents 
global minimum, but if any of the vibrational frequencies is 
negative (i,e imaginary) then it is local minimum. 
 

Performing a solvation calculation 
 

It involves several iterations in which the wave functions for 
the molecule in the gas phase are calculated. The program ch 
performs electrostatic potential fitting, which represents the 
wave function as a set of point charges on the atomic centers. 
The interactions between the molecule and the solvent are 
evaluated by Jaguar’s Poisson-Boltzmann solver (Tannor et 
al., 1994; Marten et al., 1996), which fits the field produced by 
the solvent dielectric continuum to another set of point 
charges. These charges are passed back to scf, which performs 
a new calculation of the wave function for the molecule in the 
field produced by the solvent point charges. Electrostatic 
potential fitting is performed on the new wave function, the 
solvent-molecule interactions are reevaluated by the Poisson-
Boltzmann solver, and so on, until the solvation free energy 
for the molecule converges. 
 

For solvation calculations on neutral systems in water the 
program pre evaluates the Lewis dot structure for the molecule 
or system and assigns atomic van der Waals radii accordingly. 
These van der Waals radii are used to form the boundary 
between the solvent dielectric continuum and the solute 
molecule. The Lewis dot structure and van der Waals radii 
information both appear in the output from the program pre. 
The radii are listed under the heading “vdw2” in the table of 
atomic information below the listing of non-default options.  
After the pre output, the usual output appears for the first, gas-
phase calculation, except that the energy breakdown for the scf 
output also describes the electron-nuclear and kinetic 
contributions to the total one-electron terms in the energy, as 
well as the virial ratio –V/T, where V is the potential energy 
and T is the kinetic energy. This ratio should be –2 if the 
calculation satisfies the virial theorem.  After the first scf 
output, the output from the first run of the program ch appears. 
Since performing a solvation calculation enables electrostatic 
potential fitting to atomic centers, the usual output for that 
option is included every time output from the program ch 
appears in the output file. The post program writes out the 
necessary input files for the Poisson-Boltzmann solver; this 

step is noted in the output file. The next output section comes 
from the Poisson-Boltzmann solver. The output includes 
information on the area (in Å2) of the molecular surface 
formed from the intersection of spheres with the van der Waals 
radii centered on the various atoms; the reaction field energy 
in kT (where T = 298 K), which is the energy of the interaction 
of the atom-centered charges with the solvent; the solvent-
accessible surface area (in Å2), which reflects the surface 
formed from the points whose closest distance from the 
molecular surface is equal to the probe radius of the solvent; 
and the cavity energy in kT, which is computed to be the 
solvation energy of a nonpolar solute whose size and shape are 
the same as those of the actual solute molecule. The output 
from the program solv follows the Poisson-Boltzmann solver 
results, giving the number of point charges provided by the 
solver to model the solvent, the sum of the surface charges, the 
nuclear repulsion energy already calculated by Jaguar, the 
nuclear-point charge energy representing the energy of 
interaction between the molecule’s nuclei and the solvent point 
charges, and the point-charge repulsion energy, which is 
calculated but not used because it is irrelevant to the desired 
solvation results. After this output, the output for the second 
solvation iteration begins.  
 

The output from scf comes first, giving the results for the 
molecule-and-solvent-point-charges system. Total quantum 
mech. energy corresponds to the final energy from the scf 
energy table for that iteration, and includes the entire energies 
for the molecule-solvent interactions. The output next includes 
the gas phase and the solution phase energies for the molecule, 
since these terms are, of course, necessary for solvation energy 
calculations. The first solution phase energy component is the 
total solute energy, which includes the nuclear-nuclear, 
electron nuclear, kinetic, and two-electron terms, but no terms 
involving the solvent directly. The second component of the 
solution phase energy is the total solvent energy, which is 
computed as half of the total of the nuclear-solvent and 
electron-solvent terms, since some of its effect has already 
changed the solute energy. Third, a solute cavity term, which 
computes the solvation energy of a nonpolar solute of identical 
size and shape to the actual solute molecule, as described in 
reference (Tannor et al., 1994), is included. This is only done 
for water as solvent. The last solution phase energy component 
(shown only if it is nonzero) is term (T), the first shell 
correction factor, which depends on the functional groups in 
the molecule, with atoms near the surface contributing most 
heavily. Finally, the list ends with the reorganization energy 
and the solvation energy. The reorganization energy is the 
difference between the total solute energy and the gas phase 
energy, and does not explicitly contain solvent terms. The final 
solvation energy is calculated as the solution phase energy 
described above minus the gas phase energy. The solvation 
energy is listed in Hartrees and in kcal/mol, 
 

Chemical potential () (Parr et al., 1983) 
HOMO as ionization energy(IE) and LUMO as electron 
affinity (EA) have been used for calculating the electronic 
chemical potential (m) which is half of the energy of HOMO 
and LUMO = (EHOMO+ELUMO)/2 
 

Hardness () (Pearson, 1991) 
The hardness (h) as half of the gap energy of HOMO and 
LUMO has been calculated using the following equation 
Gap= EHOMO-ELUMO  =Gap/2 
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Electrophilicity () (Parr and Yang, 1989) 
The electrophilicity () has been calculated using equation  
=2/2
 

Reaction field energy (in KT) 
This gives  us the energy of the interactions of atom centred 
charges with the solvent; Solvent accessible surface area 

(SASA in 
20A ) reflects the surface formed form the points 

whose closest distance  from the molecular surface is equal to 
the probe radius of the solvent. 
 

Cavity energy (in KT) 
This is solvation energy of a non-polar solute whose size and 
shape are the same as those of actual solute molecule.  
 

Quantum mechanical energy 
This term corresponds to the entire energies for the molecule 
solvent interaction and is equal to the sum of total zero 
electron terms and electronic energy. 
 

Reorganisation energy 
This is the difference between the total solute energy and the 
gas phase energy, and does not explicitly contain solvent 
terms. 
 

RESULTS AND DISCUSSION 
 

Solvent parameters 
 

Table-1 summarizes the solvent parameters such as dielectric 
constants, molecular weight, density and polarity of the 
solvents used for the present theoretical study by Poisson-
Boltzmann solver. In table-3 the energy components calculated 
by DFT method on Jaguar panel of the Maestro 9.3 with 6-
31g## basis set utilizing 255 basis functions for 1,3,5-
trinitrobenzene in the ground state have been incorporated. 
The pictures of HOMO and LUMO of DDQ in gaseous state 
and in various solvents have been shown in fig.1 
 

Table 1. Physical parameters of various solvents 
 

Solvents M.W Density 
Dielectric 
constant 

Probe 
radius 

 g/mol g/ml  AO 
1.Acetonitrile 37.5 0.777 37.5 2.19 
2.Benzene 78.12 0.87865 2.284 2.6 
3.Carbontetrachloride 153.82 1.594 2.238 2.67 
4.Chloroform 119.38 1.4832 4.806 2.52 
5.Cyclohexane 84.16 0.77855 2.023 2.78 
6.Dichloromethane 84.93 1.3266 8.93 2.33 
7.DMF 73.09 0.944 36.7 2.49 
8.methanol 32.04 0.7914 33.62 2 
9.THF 72.11 0.8892 7.6 2.52 
10.Water 18.02 0.99823 80.37 1.4 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

An electron acceptor represents the ability to obtain an 
electron in the LUMO and HOMO represents the ability to 
donate electron. The (EHOMO-ELUMO) gap is an important scale 
of stability (Johnson et al., 2010) and compounds with large 
(EHOMO-ELUMO) gap value tend to have higher stability. The 
perusal of the table-2 indicates the stability of DDQ increases 
in the solvents in the ground state in the order;  
 

water>dmf> acetonitrile>methanol>THF=dichloromethane> 
chloroform> benzene>carbontetrachloride>cyclohexane 
 

The plot of the energy gap between HOMO and LUMO versus 
dielectric constant of solvents in ground state have been shown 
in the fig 2. The dependence of the energy gap (y) on dielectric 
constant (x) in ground state follows the equation y = 1E-08x5 - 
2E-06x4 + 0.0001x3 - 0.0031x2 + 0.0288x - 3.3007(R² = 
0.999). 
 

The DDQ molecule has been found to be stabilized in the 
ground state in   water>dmf> acetonitrile>methanol>THF= 
dichloromethane> chloroform> benzene> 
carbontetrachloride>cyclohexane r. Therefore, if it is desired 
to stabilize DDQ in the ground state   then out of ten solvents 
studied water is the best. 
 

The 3D plots of HOMO-LUMO and dielectric constant shown 
in figure 7. reveals that LUMO of DDQ is more effected than 
HOMO in both the ground state by change in the dielectric 
constant of the solvent. 
 

The chemical potentials( of DDQ in the ground state  
increases in the order; 
 

acetonitrile> methanol>dmf>water> dichloromethane> THF> 
chloroform> benzene>carbontetrachloride> cyclohexane. 
 

The plot of the chemical potential versus dielectric constant of 
solvents in ground state have been shown in the fig3. The 
dependence of the chemical potential (y) on dielectric 
constant(x) follows the equation y = 3E-08x5 - 6E-06x4 + 
0.0003x3 - 0.0079x2 + 0.0804x - 6.757(R² = 0.9992) 
 

The DDQ molecule has been found to possess higher chemical 
potential in the ground state in benzene, chloroform, gas, 
methanol, water in the order;  
 

acetonitrile> methanol>dmf>water> dichloromethane> THF> 
chloroform> benzene> carbon-tetrachloride > cyclohexane.    
 

Therefore, if it is desired to have highest chemical potential,  
DDQ in the ground state, then out of ten solvents studied 
acetonitrile is the best.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 2. Values of HOMO-LUMO energy, μ, η, ω of DDQ calculated by DFT -B3LYP/6-31G- level 
 

Solvents 
HOMO, LUMO energy in eV 

HOMO LUMO Gap =Ehomo+Elumo/2 =(Lumo-Homo)/2 
Electrophilicity 



acetonitrile -8.018 -4.817 -3.201 -6.417 1.601 0.045 
benzene -8.233 -4.984 -3.249 -6.608 1.624 0.048 
carbontetrachloride -8.237 -4.987 -3.250 -6.612 1.625 0.048 
chloroform -8.128 -4.908 -3.221 -6.518 1.610 0.046 
cyclohexane -8.255 -5.000 -3.255 -6.628 1.627 0.048 
dichlormethane -8.073 -4.863 -3.211 -6.468 1.605 0.045 
dmf -8.019 -4.820 -3.198 -6.419 1.599 0.044 
methanol -8.020 -4.816 -3.204 -6.418 1.602 0.045 
THF -8.085 -4.874 -3.211 -6.480 1.606 0.046 
Water -8.035 -4.856 -3.179 -6.446 1.590 0.045 
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The hardness() of DDQ increases in the ground state in the following order; 
 

Cyclohexane>carbontetrachloride> benzene>chloroform>THF>dichloromethane> 
methanol>acetonitrile>dmf>water. 
 

The plot of hardness versus dielectric constant of solvents in the ground state have been 
shown in the fig4. The dependence of hardness (y) on dielectric constant(x) follows  
y = -7E-09x5 + 1E-06x4 - 7E-05x3 + 0.0016x2 - 0.0144x + 1.6504 (R² = 0.999) 
 

The DDQ molecule has been found to be hardest in cyclohexane in the ground state. 
Therefore, if it is desired to increased hardness of DDQ to largest extent in the ground 
state  then out of ten solvents studied cyclohexane is the best. 
 

The electrophilicity ()of DDQ  increases in ground state in the following order   
 

Benzene=carbontetrachloride=cyclohexane>chloroform=THF>acetonitrile= 
dichloromethane=methanol=water>dmf 
 

The plot of electrophilicity (y) versus dielectric constant(x) of solvents in ground state 
have been shown in the fig5. The dependence of the electrophilicity on dielectric 
constant follows the y = 2E-11x6 - 5E-09x5 + 3E-07x4 - 1E-05x3 + 0.0002x2 - 0.0018x + 
0.0511(R² = 1.0002) in the ground. 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The DDQ molecule has been found to possess high electrophilicity in the ground in 
benzene, carbontetrachloride and cyclohexane. Therefore, if it is desired to increase 
electrophilicity of DDQ to larger extent in the ground state, then out of ten solvents 
studied benzene, carbontetrachloride and cyclohexane are the best.  
 
The Solvation energy of DDQ in the ground state are in the following order;  
methanol> acetonitrile>dmf> dichloromethane> THF> chloroform> water> 
benzene>carbontetrachloride> cyclohexane. 
 
The plot of the solvation energy versus dielectric constant of solvents in ground state 
have been shown in the fig.6. The dependence of the solvation energy(y) on dielectric 
constant(x) follows  
 
y = -1E-06x5 + 0.0002x4 - 0.0119x3 + 0.2871x2 - 2.9087x + 0.3833 (R² = 0.9992) 
 
Thus, it was found that DDQ is most highly solvated in the ground state in methanol 
than other studied solvents. 
 
 
 

Table 3. Values of energy components of DDQ in gaseous state and various solvents in ground state calculated by  
DFT -B3LYP/6-31G- level 

 

Ground state 
           

Energy components, in eV Gas-phase Acetonitrile Benzene Carbon Chloroform Cyclohexane Dichloro dmf methanol THF Water 

    
tetrachloride 

  
methane 

    
(A)Total zero electon terms   26343.39 26373.61 26363.60 26354.28 26365.43 26349.23 26343.67 26343.46 26350.48 26350.86 
(B)Nuclear-nuclear 26373.15 26396.08 26395.37 26384.88 26390.57 26384.20 26393.57 26396.00 26396.28 26392.88 26395.79 
(C)Nuclear-solvent   -52.69 -21.75 -21.28 -36.29 -18.77 -44.34 -52.33 -52.82 -42.40 -44.92 
(E)Total one electron terms -107805.96 -107772.93 -107838.06 -107797.58 -107786.50 -107799.94 -107780.46 -107773.27 -107773.12 -107781.98 -107786.0 
(F)Electron-nuclear   -148017.19 -148067.61 -148011.86 -148015.11 -148011.85 -148016.75 -148017.13 -148017.48 -148016.43 -148022.9 
(G)Electron-solvent   51.36 21.26 20.80 35.43 18.36 43.26 51.01 51.48 41.37 43.87 
(H)Kinetic   40192.91 40193.51 40193.48 40193.19 40193.55 40193.04 40192.86 40192.88 40193.08 40193.01 
(I)Total two electron terms 41021.92 41017.47 41023.17 41022.64 41020.54 41023.23 41019.36 41017.53 41017.59 41019.68 41023.30 
(L)Electronic energy  (E+I) -66784.04 -66755.46 -66775.27 66774.94 -66765.96 -66776.71 -66761.10 -66755.73 -66755.53 44574.81 44578.44 
(N)Total quantum mechanical energy (A+L) -40410.89 -40412.07 -40411.35 -40411.34 -40411.68 -40411.28 -40411.87 -40412.06 -40412.08 -40411.82 -40411.84 
(O)Gas phase energy   -40410.89 -40410.89 -40410.89 -40410.89 -40410.89 -40410.89 -40410.89 -40410.89 -40410.89 -40410.89 
(P)Solution phase energy (Q+R+S)   -40411.40 -40411.11 -40411.10 -40411.25 -40411.08 -40411.32 -40411.40 -40411.41 -40411.31 -40411.19 
(Q)Total solute energy (N-C-G)   -40410.74 -40410.86 -40410.86 -40410.82 -40410.87 -40410.78 -40410.74 -40410.74 -40410.79 -40410.79 
(R)Total solvent energy C/2+G/2)   -0.67 -0.24 -0.24 -0.43 -0.21 -0.54 -0.66 -0.67 -0.52 -0.53 
(S)Solute cavity energy 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
(U)Reorganization energy (Q-O)   0.15 0.03 0.03 0.07 0.02 0.11 0.15 0.15 0.10 0.10 
(V)solvation energy (P-O) (kj/mol)   -11.86 -4.97 -4.86 -8.24 -4.30 -10.00 -11.78 -11.89 -9.60 -6.81 
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Figure 2. Effect of dielectric contant on the HOMO-LUMO gap 

of DDQ in the GS 
 

 
Figure 3. Effect of dielectric contant on the chemical potential of 

DDQ in the GS 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 4. Effect of dielectric contant on the hardness DDQ in the 

GS 
 

 
Figure 5. Effect of dielectric contant on the electrophilicity of 

DDQ in the GS 

 State  HOMO LUMO    State HOMO LUMO 

Gaseous state  

    

  

 

dichloromethane 

  

 cyclohexane 

    

  

 
 
 

methanol 

  

 carbontetrchloride 

    

  

 
 
 

DMF 

 
 

 benzene 

    

  

 
 
 

acetonitrile 

  

 chloroform 

  
  

  

 
 
 

water 

 

 

 THF 

    

  

   

 

Figure 1. Picture of HOMO-LUMO of DDQ in the ground state in gaseous and ten various solvents 
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Figure 6. Effect of dielectric contant on the solvation of DDQ in 

the GS 
 

 
 

Figure7. Figure 3D plot of HOMO-LUMO-dielectric constant to 
study the effect on HOMO and LUMO of DDQ with the change 

in the dielectric constant of solvents in ground state 
 

Conclusion 
 
The present study on solvent effect on the energy components  
of DDQ in ground state by ten different solvents has lead us to 
conclude it is highly solvated in methanol while lowest in 
cyclohexane. It has been found that DDQ is most hard, 
electrophilic and chemical potential in cyclohexane, benzene 
(also in cyclohaxane, and carbon-tetrachloride, and acetonitrile 
respectively while least in water, dmf and cyclohexane 
respectively.  
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