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Electrochemical behavior of some anthraquinone (Aq) derivatives were investigated in acetonitrile 

(AN), N,N-dimethyl formamide (DMF) and dimethylsulfoxide (DMSO) by cyclic voltammetry (CV), 

quantum mechanics and statistical methods. A reasonable correlation between the computational and 

experimental standard reduction potential ( o
E ) for electron transfer was obtained. It was concluded 

that the first step reduction potential, o

1E  in acetonitrile, increases with hydrogen bonding, aromaticity 

and HOMO energy and decreases with size and polarity of anthraquinone. Trend of average values for 
o

1E  in three solvents is AN < DMSO < DMF, while the trend of o

2E  is inversely. The o

1E values 

increase with polarity, dielectric constant, molecular size and hydrogen bonding of solvent and this 

trend is reverse in the case of o

2E  values. Difference in trend of reduction potential is related to solute-

solvent and solvent interactions. Solvent effect in the explicit model presents better correlation with 

experimental E
o
. 

 

 

Keywords: Anthraquinones, Solvent effect, Cyclic voltammetry, Quantitative structure-property 

relationship (QSPR), Self consistent reaction field. 

 

 

1. INTRODUCTION 

9,10-anthraquinones (AQs) as the largest group of naturally occurring quinones are of 

fundamental importance both in industry and medicine [1-4]. Therefore, study of the electrochemical 

behavior of different anthraquinone derivatives in non-aqueous aprotic solvents has received 

considerable attention during the past two decades [5,6]. 

Solvent effects on the redox properties of radicals and radical ions have been a subject of 

considerable interest [7-12]. The solvent effect on the redox potential is interpreted based on 

interaction between solute and solvent such as; solute-solvent hydrogen bonding, Lewis acid-base 

interactions and solute-solvent π-stacking of ring systems. The solvent effect on different systems was 
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studied by several methods. The multi parameter equation of Kamlet, Abboud, and Taft for correlating 

a physicochemical quantity with solvent properties has been validated extensively with a large number 

of systems [13].  

Solvent effect also was studied by self consistent reaction field (SCRF) quantum mechanics. 

The polarized continuum model (PCM) [14-16] is a more detailed approach that accounts explicitly for 

the molecular shape of the solute cavity, and also accounts for certain nonelectrostatic terms such as 

the cavitation energy and solute-solvent dispersion interaction.  

Relative redox potentials for substituted benzoquinones were calculated to an accuracy of 50 

mV at the AM1 or PM3 level using continuum solvation model (COSMO) [17]. Electrode potentials of 

some of benzoquinones and naphtoquiniones were calculated using ab initio and AM1 methods. The 

effect of individual contributions from electrostatic, cavity and dispersion interactions were analyzed 

for polar and nonpolar molecules. Comparison of the AM1 calculated potentials with the AM1-

COSMO results shows the superiority of the SCRF model and importance of the inclusion of the 

cavity and dispersion terms [18]. Electrode potentials were computed theoretically for quinones by 

using a combination of statistical and quantum mechanics [19]. Moreover, electrode potential of 

benzoquinones in aqueous solution have been calculated using a thermodynamic cycle approach that 

includes accurate gas-phase ab initio calculation of differences in free energies of hydration using the 

free-energy perturbation method [20]. 

The one-electron reduction potential of the radical cations of thioanisole, benzyl methyl sulfide 

and 2-hydroxyethyl benzyl sulfide in different solvents was investigated by cyclic voltammetry. The 

redox potential is strongly influenced by the nature of the solvent and the solvent sensitivity increases 

with charge localization. The results have been used to evaluate solvent effects in view of the Kamlet-

Taft relationship [21].  

The electrochemical behavior of 33 derivatives 9,10 anthraquionones were studied in 

acetonitrile solution by cyclic voltammetery [22-25]. Some properties such as peak potentials and half-

wave reduction potentials were determined from recorded cyclic voltammograms. Semi-empirical 

PM3 and DFT methods at the level of B3LYP have been used to compute the redox potentials. But 

they didn’t calculate the reduction potential for second step. So in our studies, the second reduction 

potential as well as solvent effect are calculated and interpreted based on Kamlet-Taft relationship.  

We recently applied quantitative structure-property relationship (QSPR) and principal 

component analysis (PCA) for prediction of thermal stability of polymers and inhibition constant of 

some nucleoside and non-nucleosides compounds [26, 27]. The aim of this work is study of the 

substituent and solvent effect on the reduction potential for antraquinone derivatives. Reduction 

potential for the first and second steps and free energy of solvation for neutral, radical anion and 

dianion anthraquinones are compared. The effects of substituents and solvent on the reduction 

potentials are interpreted based on polarity, charge, size, shape, hydrogen bond, aromaticity and 

dielectric constant of solute and solvent. Experimental cyclic voltammetry and computational quantum 

calculation results are compared and ability of quantum mechanics in estimation of reduction potential 

are tested. 
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2. EXPERIMENTAL PART 

2.1. Chemicals 

Acetonitrile (AN), dimethylformamide (DMF), dimethylsulfoxide (DMSO) and 

tetrabutylammonium perchlorate (TBAP) were purchased from Fluka chemical Co. Some of 9,10-

anthraquinone derivatives such as 1,8-dihidroxy 1,4-dihydroxyl, 1-hydroxy, 1-amino and 2-amino 

anthraquinones were of the highest purity, available from Merck chemical company and used as 

received. Other anthraquinones i.e. 1-methoxy, 1,4-dimethoxy, 1,8-dimethoxy, and 2-hydroxy 

derivatives were synthesized as literature [28] and used after recrystalization and vacuum drying. 

Structure of the anthraquinone derivatives were shown in Scheme 1. 

 

 

Aq R1 R2 R4 R8 

Aq1 H H H H 

Aq2   OH H H H 

Aq3       OCH3 H H H 

Aq4     NH2 H H H 

Aq5 H    OH H H 

Aq6 H     NH2 H H 

Aq7   OH H   OH H 

Aq8   OH H H   OH 

Aq9       OCH3 H         OCH3 H 

  Aq10       OCH3 H H        OCH3 

 

Scheme 1. Structural features of the anthraquoinone derivatives. 

 

 

2.2. Methods 

2.2.1 Cyclic voltammetry  

All voltammograms were recorded with a three electrode system utilizing an Autolab 

multipurpose electroanalyzer model PGSTAT. The reference electrode Ag/AgCl (satd.), 0.1 M in 

actonitrile in a separate compartment with a dense ceramic in bottom, was directly immersed in the 
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reaction cell. The working electrode was a glassy carbon (Metrohm, 2 mm diameter). The counter 

electrode was a platinum rode. The working GC electrode was polished with alumina powder (0.05 

µm) followed by washing with water and acetone before each cyclic voltammogram. Cyclic 

voltammograms were recorded by the scan rates varied from 20 mVs-1 to 1000 mVs-1 by potential 

cycling between 0 and -1800 mV. The electrochemical measurements were carried out at a 

thermostated temperature of 25.0 ± 0.1 ºC. In all experiments, the test solutions were dearated by 

stream of N2 gas passing the solution for at least 15 min. 

 

2.2.2. Quantum mechanics calculation 

The molecular structures of anthraquinones derivatives were drawn by Hyperchem 7.0 

software. All structures were optimized by PM3 semi-empirical method [29] and subsequently by ab 

initio 6-31G basis set at 298 K by Gaussian 98 program [30]. The optimized structures of neutral and 

anion species were used for the further calculations such as frequency and solvation free energy 

calculations. 
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Scheme 2. Thermodynamic cycle for computing the reduction potential by ab initio method. 

 
 

Solvation free energies were calculated as single points on the 6-31G and default parameters in 

the polarizable continuum model (PCM), implemented in Gaussian 98 for a range of charged and 

uncharged species. In the PCM model, the solvation energy is partitioned into four components 

including electrostatic (∆Gelec), cavity (∆Gcav), dispersion (∆Gdisp) and repulsion energies (∆Grep). The 

last three terms form non-electrostatic interactions between solute and solvent. 

We adopted a common thermodynamic cycle strategy to relate standard reduction potentials in 

non-aqueous solution to electron affinities in the gas-phase and solvation free energies (∆Gsolv) 

(Scheme 2) [31]. The free energy cycle shown in Scheme 2 was used to compute the free energy 

change for the reaction in solution. Using the Nernst equation, oo

red nFEG −=∆ , reduction potential can 
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be calculated, where n is the number of electrons transferred and F is Faraday’s constant. Using this 

cycle, the standard reduction potentials of −qAq/A&  and −− 2/AqqA &  couples in the three solvents can be 

determined as Scheme 2. The calculation of the change in free energy, including solvation, 

yields o
Gred∆ . The reduction potential determined in this manner is an absolute reduction potential, 

because it has not been referenced to a standard electrode. By subtracting 4.43 eV, the absolute 

reduction potential estimated for NHE [32]. 

The calculated reduction potentials were obtained for the standard conditions of 298 K, 1 atm 

and 1 M H+ vs. NHE. The Gibbs free energies and standard reduction potential can be obtained as 

following equations:  

 

)Aq()qA()I()III( o

solv

o

solvg

o

red GGGG
o ∆−∆+∆=∆ −

&                   (1a) 

)qA()Aq()II()IV( o

solv
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solv
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g

o

red

−− ∆−∆+∆=∆ &GGGG     (1b) 

o
nFEG −=∆ o

red         (2) 

 

Interaction energy between anthraquinones and solvent molecules were explicitly calculated by 

MM+ molecular mechanics in Hyperchem7. 

 

2.2.3. Statistical study 

The molecular descriptors were calculated by Hyperchem 7.0 and Dragon 3.0 softwares. 

Correlation between experimental parameter (E
o
) and cited descriptors were obtained by Pearson 

correlation in SPSS. Then, an equation representing relation between the experimental values and 

molecular descriptors were obtained using multiple linear regression (MLR). The descriptors with 

similar effects were reduced into the new categories or principal components (PCs) by factor analysis. 

Finally, correlation between experimental values and these PCs were obtained. 

 
 

 
 

3. RESULTS AND DISCUSSION 

3.1. Cyclic voltammetry results 

Cyclic voltammetry of anthraquinones Aq1-Aq10 at GC electrode as working electrode were 

recorded in AN, DMF and DMSO solvents with varying scan rates (20-1000 mVs
-1

) between 0 and -

1800 mV. Cyclic voltammograms were recorded in 1 mM of the anthraquinones with 100 mM TBAP. 

The obtained data were shown in Table 1 and some typical voltammograms for scan rate 100 mV/s 

were also shown in Figure 1. The cyclic voltammograms of anthraquinnone derivatives at GC 

electrode in all scan rates showed two successive cathodic and anodic peaks. The cathodic peak 

currents vary linearly with concentration of anthraquinone. 
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The cathodic (Ipc) and anodic (Ipa) peak currents vary linearly with square root of scan rate at 

various potential scan rates (v). Results of Table 1 shows that the Ip vs. v
1/2 is quite linear (figure not 

shown) and therefore the current function, Ip /ν
1/2

 is constant. All corresponding waves were found to 

be diffusion controlled. The ratio of anodic to cathodic peak currents is constant (Table 1) and is about 

one “for scan rates between 20-1000 mVs
-1

” which indicates the stability of anion radical and dianion 

in the experimental condition. The values of peak separation (∆Ep) and reduction potential (E
o
) for 

Aq1-Aq10 compounds were also evaluated and listed in Table 1.  
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Figure 1. Cyclic voltammograms for 1.0 mM a) Anthraquinone (Aq1), b) 1-hydroxy (Aq2), c) 1-

methoxy (Aq3), d) 1-amino anthraquinones (Aq4), and comparison between e) 2-hydroxy (Aq5, thin 
line) and 2-amino (Aq6, bold line) (f) 1,4-dihydroxy (Aq7, thin line) and 1,8-dihydroxy (Aq8, bold 

line), g) 1,4-dimethoxy (Aq7, thin line) and 1,8-dimethoxy (Aq8, bold line) in acetonitrile and h) Aq1 

in DMF (thin line) and in DMSO (bold line) at scan rates 100 mVs
-1

. 
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Table 1. Cyclic voltammetry data for anthraquinones (Aq1-Aq10) in different solvents at scan rate 100 

mV/s. 

 

Aq 

AN DMSO DMF 

First wave Second wave First wave Second wave First wave Second wave 

o

1E  ∆Ep Ipa/Ipc 
o

2E  ∆Ep Ipa/Ipc 
o

1E  ∆Ep Ipa/Ipc 
o

2E  ∆Ep Ipa/Ipc 
o

1E  ∆Ep Ipa/Ipc 
o

2E  ∆Ep Ipa/Ipc 

Aq1 -0.823 0.082 0.99 -1.092 0.065 0.99 -0.760 0.074 0.99 -1.290 0.083 0.98 -0.809 0.091 0.99 -1.350 0.088 0.94 

Aq2 -0.742 0.068 0.99 -0.956 0.075 0.99 -0.612 0.110 0.99 -1.113 0.071 0.99 -0.671 0.098 0.99 -1.040 0.195 0.92 

Aq3 -0.972 0.075 0.99 -1.334 0.066 0.99 -0.871 0.096 0.98 -1.401 0.066 0.95 -0.891 0.092 0.98 -1.240 0.205 0.95 

Aq4 -0.896 0.092 0.98 -1.212 0.147 0.95 -0.843 0.092 0.99 -1.357 0.093 0.98 -0.843 0.184 0.98 -1.257 0.195 0.93 

Aq5 -1.204 0.080 0.99 -1.841 0.117 0.97 -1.117 0.078 0.99 -1.627 0.071 0.99 -1.283 0.192 0.98 -1.559 0.332 0.96 

Aq6 -1.023 0.082 0.99 -1.433 0.076 0.99 -0.925 0.096 0.98 -1.420 0.149 0.94 -0.932 0.134 0.98 -1.318 0.218 0.92 

Aq7 -0.644 0.064 0.99 -0.789 0.094 0.96 -0.514 0.098 0.99 -1.031 0.078 0.99 -0.535 0.078 0.99 -1.080 0.078 0.94 

Aq8 -0.531 0.094 0.99 -0.572 0.124 0.96 -0.520 0.146 0.98 -1.035 0.107 0.95 -0.532 0.126 0.99 -1.044 0.124 0.91 

Aq9 -1.011 0.130 0.98 -1.407 0.159 0.95 -0.915 0.121 0.98 -1.416 0.149 0.95 -0.945 0.181 0.98 -1.325 0.232 0.91 

Aq10 -1.053 0.106 0.98 -1.474 0.108 0.96 -0.940 0.110 0.99 -1.455 0.071 0.99 -0.971 0.122 0.98 -1.346 0.238 0.90 

Average -0.889   -1.211   -0.802   -1.314   -0.841   -1.256   

 
 

 

Table 2. Calculated Gibbs free energy for two reduction steps of anthraquinones in the gas phase 
(atomic unit, a.u.) and different solvents (kcal mol

-1
). 

 

Aq 
Ggas  ∆Gsolv(AN) ∆Gsolv (DMSO) ∆Gsolv (DMF) 

Aq Aq
.-

 Aq
2-

 Aq Aq
.-

 Aq
2-

 Aq Aq
.-

 Aq
2-

 Aq Aq
.-

 Aq
2-

 

Aq1 -680.5 -680.6 -680.5 0.6 -39.0 -166.9 -3.7 -43.7 -172.5 -6.9 -51.2 -201.2 

Aq2 -755.0 -755.0 -755.0 1.5 -37.3 -162.3 -3.1 -42.2 -168.1 -4.9 -48.1 -193.8 

Aq3 -835.2 -835.3 -835.3 0.6 -39.9 -167.9 -4.1 -44.9 -173.8 -7.8 -53.1 -203.2 

Aq4 -793.7 -793.8 -793.7 -0.1 -42.2 -170.2 -4.9 -47.5 -176.4 -9.29 -55.4 -207.2 

Aq5 -1072.2 -1072.0 -1072.3 0.5 -40.4 -167.0 -4.1 -45.3 -172.8 -7.3 -55.7 -204.1 

Aq6 -904.8 -904.3 -904.9 -0.7 -42.8 -171.0 -5.4 -46.8 -177.1 -9.8 -58.2 -205.6 

Aq7 -616.9 -616.5 -616.8 2.2 -36.4 -160.8 -2.1 -41.5 -166.8 -3.0 -48.0 -190.2 

Aq8 -487.4 -487.3 -487.3 -0.2 -42.0 -169.8 -5.1 -47.2 -176.1 -7.9 -56.5 -206.2 

Aq9 -865.9 -865.9 -865.9 -1.4 -44.0 -173.3 -6.9 -49.9 -180.2 -11.9 -59.6 -211.8 

Aq10 -906.9 -907.0 -907.0 -1.3 -45.8 -174.2 -6.7 -51.8 -181.2 -13.2 -62.6 -213.6 

Average -791.9 -791.8 -791.9 0.171 -41.2 -168.3 -4.6 -46.1 -174.5 -8.2 -54.8 -203.7 

 

 
3.2. Computational quantum mechanics results  

Following electrochemical studies of anthraquinones in three solvents AN, DMF and DMSO, 

the calculation of Gibbs free energy for ten anthraquinones in oxidized, reduced radical anion and 

dianions forms were carried out in the gas phase and the results were summarized in Table 2. 

In order to evaluate the Gibbs free energy of anthraquinones for redox reaction, the 

corresponding solvation energies consisting electrostatic and non-electrostatic terms were computed 
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using the SCRF/PCM method and the resulting values were shown in Table 2. It is worth mentioning 

that the average solvation energies calculated for anionic anthraquinones are much larger than those of 

corresponding neutral anthraquinone derivatives, i.e. −2Aq > −qA & >Aq (the last row of Table 2). This is 

obviously due to strong electrostatic interaction between the charged species and solvent molecules. 

Trend of negative free energies of solvation for three forms of anthraquinones in three solvents is AN 

< DMSO < DMF. This is due to polarity, size, hydrogen bond and dielectric constant of solvents. 

Reduction potentials were calculated by equation (2) and listed in Table 3. Correlation between 

experimental data; (exp)o
E ; and calculated data; )cal(o

E ; can be described as following equations.  

 

F        DM0.827     5917.0)cal(0789.0(exp)

F        DM0.945     6307.0)cal(1154.0(exp)

SO        DM0.930     5564.0)cal(1037.0(exp)

SO        DM0.949     6305.0)cal(1044.0(exp)

AN        0.997     2296.0)cal(1985.0(exp)

AN        0.990     7173.0)cal(1083.0(exp)
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                                                 (3) 

As seen from these equations, there are good correlation coefficients between experimental and 

calculated E° values by equation (2). 

 

 

Table 3. Quantum mechanics calculated values of Eo/ V for anthraquinone derivatives in three 

solvents. 

 

Aq 

o

1E  
o

2E  

AN DMSO DMF AN DMSO DMF 

Aq1 -0.752 -0.666 -0.692 -0.936 -1.171 -1.147 
Aq5 -0.818 -0.726 -0.757 -1.099 -1.257 -1.206 

Aq6 -0.947 -0.843 -0.888 -1.312 -1.368 -1.297 

Aq7 -0.909 -0.810 -0.847 -1.209 -1.314 -1.259 

Aq4 -1.252 -1.121 -1.208 -1.816 -1.631 -1.505 

Aq8 -1.043 -0.927 -0.993 -1.478 -1.455 -1.358 

Aq2 -0.657 -0.583 -0.606 -0.794 -1.099 -1.081 

Aq3 -0.507 -0.444 -0.457 -0.570 -0.980 -1.008 

Aq9 -0.996 -0.888 -0.940 -1.408 -1.418 -1.338 
  Aq10 -1.061 -0.948 -1.003 -1.473 -1.453 -1.363 

Average -0.894 -0.795 -0.839 -1.209 -1.314 -1.256 

 

 

3.3. Substituent effect  

3.3.1. Qualitative discussion  

In water, the reduction of anthraquinones to corresponding hydroquinone usually occurs 

reversibly as a two-electron and two-proton transfer process [33,34]. However, as it is expected, the 
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electrochemistry of anthraquinones in non-aqueous aprotic solvents such as acetonitrile must differ 

significantly. In aprotic solvent, it can be written: 

 
_qAeAq &→+                 (4a) 

-2_ AqeqA →+&                                           (4b) 

 

The difference between anodic and cathodic peak potentials recorded by cyclic voltammetry in 

three solvents; AN, DMF and DMSO were given in Table 1. As seen from Table 1, the redox 

potentials of 9,10-anthraquinone molecules strongly depend on both the nature and position of the 

substituting groups on the anthraquinone. This is due to formation of hydrogen bonding between 

hydroxyl group and a neighboring carbonyl group of anthraquinones, that stabilizes the resulting 

radical intermediate, as well as varying resonance and inductive effects of different groups substituted 

on various positions of 9,10-anthraquinone.  

Figures 1a-d show the voltamograms related to four anthraquinones derivatives (Aq1, Aq2, 

Aq3 and Aq4) which have H, OH, OCH3 and NH2 substituents, respectively at position 1. In order to 

compare the anthraquoinone better, we took the Aq1 as a reference and passed two vertical dashed 

lines through the two minima of the cathodic peak for Aq1. If the hydrogen of 9,10-anthraquinone 

(Aq1) is replaced by a hydroxyl group (Aq2), then the reduction potential of the first peak shifts to less 

negative (more positive) values as compare with Aq1 (Figure 1b). Thus, it has less negative E
o
 and 

higher tendency for reduction relative to hydrogen substituent. On the other hand, second cathotic peak 

was shifted to the left that shows radical anion has less tendency for converting to dianion derivative. 

While two CV peaks of OCH3 (Figure 1c) were shifted to the left namely, it has less tendency to 

reduce due to electron donating nature of OCH3. Cathodic peaks of anthraquinone with NH2 group 

(Aq4) were shifted to the left more than H substituent and second cathodic peak even shifted more than 

OCH3 and OH groups (Figure 1d). This is more probably because of higher electron donating of NH2 

relative to other groups.  

Substitution at position 2 reveals some shift in the peak potentials, either positive or negative 

depend on the nature of substituting group. However, the extent of shift in potential is not as 

significant as that observed for the substitution at position 1 of 9,10-anthraquinone. Replacement of 

hydrogen atoms by OH and NH2 at position 2 (Figure 1e) gives Aq5 (thin line) and Aq6 (bold line) 

derivatives, respectively. Both hydroxyl and amino groups shift the peaks to the left. These variations 

are higher in the NH2 and OH group. The reason is that intramolecular hydrogen bonding at position 2 

is less favorable than position 1 and so OH and NH2 groups show inductive effect which appear as an 

electron donation in anthraquinone. In this electron donation, amine group is more effective than 

hydroxyl group. 

Replacement of hydrogen atoms at positions 1,4 and 1,8 by two hydroxyl groups gives Aq7 and 

Aq8, respectively. Figure 1g shows that 1,4 (dashed line) and 1,8 dihydroxy (bold line ) shift the peak 

to the right. Because increasing hydrogen boding in these two regions specially at 1,8 positions, also 

increases tendency for reduction .  

Replacement of hydrogen atoms at positions 1,4 and 1,8 by two methoxy groups give Aq9 and 

Aq10 which results a shift in the first cathodic waves toward more negative potentials. The more 
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tendency for reduction of the anthraquinones Aq2, Aq4, Aq7 and Aq8, when compared with, Aq9 and 

Aq10, (Table 1),can be attributed to the intra-molecular H-bonding between the hydroxyl groups at 

position(s) 1, 4, 8 and the neighboring 9- and/or 10- carbonyl oxygen atoms. The hydrogen bond 

reduces the electron density on the carbonyl oxygen atoms(s) and thus increases the electrophilic 

nature of the aromatic system and stabilizes the semi-quinone anion radical formed during the charge 

transfer process [13]. 

Finally, effect of solvent on the CV voltammogram depicted that the first cathodic and anodic 

peaks of Aq1 in DMSO and DMF (Figure 1h) shifted to right and second cathodic and anodic shifted 

to left relative to Aq1 in acetonitile (Figure 1a).  

 

 

Table 4. First standard reduction potentials, o

1E , values in acetonitrile and their correlation with 

calculated values of molecular descriptors by Dragon 3.0 and Hyperchem 7.0. 

 

Aq o

1E  HOMAAROMHOMT L/Bw RGyr ASP Surface Volume Polar Refract ChargeO10 Dipole EHOMO 

Aq1 -0.742 0.81 0.94 9.66 2.5 4.90 0.39 306 640 25.0 66.01 -0.36 2.40 -7.2 

Aq5 -0.823 0.75 0.95 9.50 2.3 4.12 0.37 287 689 25.6 67.62 -0.30 2.46 -7.5 

Aq6 -0.972 0.70 0.91 8.45 2.3 5.37 0.36 358 731 26.7 70.56 -0.34 3.60 -10.8 

Aq7 -0.896 0.70 0.94 8.20 2.4 4.61 0.38 331 674 25.6 67.61 -0.29 3.46 -9.7 

Aq4 -1.204 0.60 0.87 7.19 3.1 5.77 0.45 402 796 28.3 75.07 -0.30 4.70 -12.8 

Aq8 -1.023 0.69 0.9 8.26 3.1 5.45 0.45 364 745 27.1 71.54 -0.30 3.80 -10.2 

Aq2 -0.644 0.85 0.97 9.80 1.8 4.33 0.31 292 628 24.5 64.54 -0.36 2.26 -5.4 

Aq3 -0.531 0.86 0.97 11.40 2.1 4.30 0.34 274 630 24.0 64.65 -0.41 1.52 -3.6 

Aq9 -1.011 0.73 0.92 8.01 2.7 5.20 0.41 336 763 27.7 74.08 -0.28 3.68 -11.2 

Aq10 -1.053 0.69 0.87 8.50 2.8 5.12 0.42 375 752 28.1 74.08 -0.28 4.33 -11.5 

R( o

1E )
a
 0.962 0.924 0.948 -0.842 -0.840-0.837 -0.937 -0.956 -0.965 -0.943 -0815 or 0.815 -0.976 0.984 

a
R( o

1E ) is correlation coefficient between o

1E  in acetonitrile and descriptors 

 

HOMA; Harmonic Oscillator Model of Aromaticity index 

AROM; Aromaticity (trial) 

HOMT; HOMA total (trial) 

L/Bw; Length-to-breadth ratio  

RGyr; Radius of gyration (mass weighted) 

ASP; Asphericity 

Surface; Accessible surface area 

 

Volume; Volume 

Polar; Polarizabilitry 

Refract; Refractivity 

ChargeO10; Charge on oxygen connected to carbon 10 

Dipole; Dipole moment 

EHOMO; Highest occupied molecular orbital energy 

 

 

 

3.3.2. Quantitative and statistical discussion  

Molecular structures of all anthraquinones were optimized by HF/6-31G method. Then, 

molecular descriptors were calculated by Dragon 3.0 and Hyperchem 7.0. Definition of descriptors and 
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corresponding values were tabulated in Table 4. Correlation between reduction potential, o

1E , in 

acetononitrile was obtained by Pearson method that implemented in the SPSS software (Table 4). 
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Figure 2. Bar line plot of correlation coefficient between experimental first reduction potential, o

1E , in 

acetonitrile and molecular descriptors. 

 

 

Correlation coefficients in the last two rows of Table 4 which also plotted in Figure 2, show 

that aromaticity descriptors; HOMA, AROM and HOMT and highest occupied molecular orbital 

energy, EHOMO have directly correlate to o

1E  and other descriptors have inversely correlated to this 

parameter. Reduction potential decreases by size dependent descriptors, such as volume, surface area, 

polarizability, number of atoms and number of functional groups. The MLR analysis by stepwise 

selection shows that o

1E  is correlated to EHOMO and volume as following: 

 

)023.0311.0()0001.00010.0(HOMO)009.0479.0(o

1 ±+±−±= VolumeEE                       (5) 

R = 0.952, F = 211, n = 10     

 

As it was discussed, some descriptors, such as size descriptors have common properties, so can 

be classified based on their inter-correlation. Therefore, principal component analysis (PCA) used to 

reduce the descriptors to several categories with similar properties. Results of PCA were summarized 

in Table 5. It was shown that size parameters such as volume, surface, radius of gyration (RGyr), and 

aromaticity (AROM) are only located in principal component 1 (PC1), while electronic descriptors in 

PC2 and shape descriptors such as length to breath ratio (L/Bw) and aspherosity (ASP) only locate in 

PC3. Thus, PC1, PC2 and PC3 have mostly size, electronic and shape properties, respectively. Some of 
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descriptors such as; HOMA, HOMT, polarizability, refractivity, dipole moment and EHOMO are 

simultaneously belong to size and electronic factor. Correlation between E° and three principal 

components are analyzed by MLR. The resulted equation depicts decreasing of E° values with size, 

shape and electronic factors, as following:  

 

)022.0890.0(3)032.0162.0(2)001.0009.0(1)017.0100.0(o

1 ±+±−±−±−= PCPCPCE     (6) 

R = 0.99, F = 114, n = 10       

 

 

Table 5. Rotated component matrix for studied descriptors 

 

Descriptor 
Components 

Size (PC1) Electronic (PC2) Shape (PC3) 

HOMA -0.627 -0.61  

AROM -0.734  -0.503 

HOMT -0.615 -0.697  

L/Bw   0.83 

RGyr 0.853   

ASP   0.837 

Surface 0.825   

Volume 0.659 0.533  

Polar 0.655 0.57  

Refract 0.648 0.531  

ChargeO10  0.928  

Dipole 0.714 0.595  

EHOMO -0.679 -0.644  

Extraction method: Principal Component Analysis.   

Rotation Method: Varimax with Kaiser Normalization. 

Rotation converged in 9 iterations. 

Blank places are related to the data lower than 0.5 which were not selected

 

 

Table 6 has listed the variances explained by each principal component. As seen from this 

table, the first two principal components (PC1 and PC2) can explain more than 91% of variances in the 

original data matrix. To find a qualitative relationship between the resulted cyclic voltammograms and 

the structural features of Aq derivatives, the second score of the current data matrix was plotted against 

the first one in Figure 3. This figure shows that distinct clusters have been made by derivation which 

containing similar types of substituents. Each group was surrounded by an ellipse. The first class 

includes anthraquinones Aq1, Aq2, Aq3 and Aq4 have different substituents in position 1. The second 

class is related to Aq5 and Aq6 which have OH and NH2 in position 2. Third class includes Aq7 and 

Aq8 which have two OH groups in position 1,4 and 1,8 that able to establishing stronger 

interamolecular hydrogen bond relative to others. Finally the forth class includes Aq9 and Aq10 which 

have two OCH3 groups at position 1,4 and 1,8 as well as Aq3 which has one OCH3 at position 1. 
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Table 6. Results of principal component analysis for molecular descriptors calculated by SPSS 

software  

 

Total variance explained initial eigenvalues 

Component number Total % of Variance Cumulative % 

PC1 11.181 86.006 86.006 

PC2 0.732 5.632 91.637 

PC3 0.504 3.881 95.518 

PC4 0.284 2.185 97.703 

PC5 0.152 1.166 98.869 

PC6 0.104 0.798 99.667 

PC7 2.71×10
-2

 0.208 99.876 

PC8 9.63×10
-3

 7.40×10
-2

 99.95 

PC9 6.56×10-3 5.05×10-2 100 

PC10 1.33×10
-15

 1.02×10
-14

 100 

PC11 1.93×10
-16

 1.48×10
-15

 100 

PC12 -1.35×10
-16

 -1.04×10
-15

 100 

PC13 -5.79×10
-16

 -4.46×10
-15

 100 

Extraction Method: Principal Component Analysis. 
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Figure 3. Score plot for classification of anthraquinone derivatives calculated by principal component 

analysis. 

 

 

3.4. Solvent effect 

3.4.1. Solvent parameters 

The last row of Table1 contain the average values of experimental o

1E , o

2E  in three solvents. 

Trends of average o

1E  and o

2E  values are; ( o

1E  in AN) < ( o

1E  in DMF) < ( o

1E  in DMSO) and ( o

2E  in 

AN)> ( o

2E  in DMF) > ( o

2E  in DMSO).  
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Ox + e-                    Red                                                                                     

(7a) 

In order to evaluate these results better, solvent effects on the one-electron reduction potentials 

can be considered as a measure of the solvent dependence on the difference in the free energy of 

solvation for a redox couple [7];  

 

 

   

C
F

GG
IPE +

∆−∆
−≈

)Ox()Red( o

solv

o

solvo                                                                           (7b)  

Where IP is the gas-phase ionization potential, C is the absolute potential of the reference 

electrode in a given solvent, ∆G°solv(Red) and ∆G°solv(Ox) are the free energies of solvation for the 

reduced and oxidized forms, respectively, and F is the Faraday constant. When the continuum model is 

used, the total free energy of solvation (∆Gsolv) is as following [35]: 

 

specdispelstcavsolv GGGGG ∆+∆+∆+∆=∆                                                                    (8) 

 

∆Gcav, ∆Gelst, ∆Gdisp and ∆Gspec characterize the contributions of cavity, electrostatic, dispersion 

and specific interactions of solute molecule with solvent, respectively. Therefore, with respect to Table 

2, solvent effect can be interpreted based on the solvation free energy. 

On the other hand, the cavity term depends on the size of solute and solvent molecule and 

dispersion contribution depends on polarizability, size, ionization potential of solute and solvent. 

Finally, electrostatic part correlates the polarity of solute and dielectric constant of solvent. Thus 

solvation can correlate size, polarizability and specific interaction such as hydrogen bond between 

solute and solvent. Therefore, solvent effect can be investigated by considering a few parameters of 

solvent without calculation of solvation free energy.  

Modified Kamlet-Taft linear solvation free energy relationship [9] has been successfully 

applied to describe solvent effects as following: 

 

επβδδ fedcbaVEE ++++++= *' hd

oo                                              (9) 

 

'oE  is solvent dependent reduction potential and E°, a, b, c, d, e and f are solvent independent 

coefficients characteristic of the process, V is molar volume in cm
3
mol

-1
, δd is dispersion component of 

solubility parameters in cal1/2cm-3/2, δh is hydrogen bonding component of solubility parameters in 

cal
1/2

cm
-3/2

, β is the hydrogen bond acceptor or electron pair donor ability, π* is its 

dipolarity/polarizability and ε is dielectric constant. The observed solvent effects were analyzed in 

view of the Kamlet-Taft relationship [21]. 

Since the number of solvents are limited in this study and are not enough for QSPR studies, 

then deriving a linear equation between experimental data for a few solvent properties is meaningless. 

Therefore, we focus ourselves on linear correlation between experimental voltammetry data and 

solvent parameters, individually. The solvent parameters, average values of o

1E , )ave(o

1E , average 
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values of o

2E , )ave(o

2E , and their correlation coefficients i.e. R2( )ave(o

1E ), and R2( )ave(o

2E ) are listed 

in Table 7. The )ave(o

1E  increases by increasing of size, dispersion, polarity, hydrogen bonding and 

dielectric constant of solvent, while )ave(o

2E  has inverse correlation with all of the parameters. 

Difference between these correlations is due to difference between interaction of solvent with neutral 

(Aq), radical anion (Aq
.-

) and dianion (Aq
2-

) species. 

 

Table 7. Average values of standard reduction potentials of Anthraquinones in different solvents 

accompanies to their solvent parameters and square of correlation coefficient (R
2
). 

 

Solvent  (ave)o

1E  (ave)o

2E  V δd δh π* β ε 

AN -0.889 -1.211 52.6 7.5 3.0 0.75 0.37 36.6 

DMSO -0.802 -1.314 71.3 9.0 5.0 1.00 0.76 47.2 

DMF -0.841 -1.256 77.0 8.5 5.5 0.88 0.69 38.2 

R2( (ave)o

1E )   0.596 0.983 0.630 0.999 0.915 0.816 

R2( (ave)o

2E )   -0.464 -0.933 -0.490 -0.991 -0.828 -0.907 

δd and δh are in cal
1/2

cm
-3/2

, V is in cm
3
/mol. 

Average values and data parameters taken from Table 1 and Ref. 32, respectively 

 

 

3.4.2. Explicit and implicit solvent effect 

Figure 4 compares the solvent effect on Eo of each anthraquoinone derivative, individually. It 

shows variation of the first and second experimental reduction potential in different solvents with 

different dielectric constants. It is observed that o

1E  mostly increases with dielectric constant, while the 
o

2E decreases with it. It can be related to different interactions between different forms (neutral, radical 

anion and dianion) of anthraquinones with solvent. These effects were appeared in the free energy of 

solvation and calculated reduction potential which tabulated in Tables 2 and 3. Calculated solvation 

energy by quantum mechanics considers implicitly different contributions such as electrostatic, 

dispersion, cavitation and repulsion. By comparing Fig 4a with figure 4c and Fig 4b with 4d, it is 

revealed that plot of experimental o

1E , o

2E  versus dielectric constant is not similar to the plot of 

calculated quantum mechanical difference in free energy of solvation (Table 2) for the first and second 

steps, ( (Aq))q(A)1( solvsolvsolv GGG ∆−∆=∆∆ −
& , (Aq))(Aq)2( solv

2

solvsolv GGG ∆−∆=∆∆ − , so they don’t 

have good correlation. Because self consistent reaction field (SCRF) considers the solvent, implicitly, 

and can not clearly calculate solute-solvent and solvent-solvent interaction while explicit calculation 

can include them. So, when we compared experimental solvent effect and the results of calculated 

quantum mechanical solvent effect, the correlations were not acceptable (data not shown). Therefore 

we performed molecular mechanics using MM+ force field implemented in Hyperchem. In these 

calculations we considered 10 solvents molecules around the one molecule of anthraquinone and 

optimize the system of Aq derivatives in the presence of solvent molecules. Figure 5 shows 

distribution of solvent molecules around the Aq1 molecules in the neutral, radical anion and dianion  
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Figure 4. Variation of (a) experimental first reduction potential ( o

1E ), experimental second reduction 

potential ( o

2E ), (c) difference in free energy of solvation for the first step 

( (Aq))q(A)1( solvsolvsolv GGG ∆−∆=∆∆ −
& , (d) difference in free energy of solvation for the second step, 

(Aq))(Aq)2( solv

2

solvsolv GGG ∆−∆=∆∆ −  (e) difference in interaction energy for the first step 

( AqqA)1( EEE −=∆ −
& ), (f) difference in interaction energy for the second step 

( AqAq)2( 2 EEE −=∆ − ) versus dielectric constant and (g) correlation between average experimental 
o

1E  and average calculated interaction energy )1(E∆  (h) correlation between average experimental o

2E  

and average calculated interaction energy )2(E∆ . 
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forms. In acetonitrile, by moving from neutral toward dianion form, the distribution seems to be more 

regular and hydrogen atom directed toward charged anthraquinone. While, that is less regular for other 

solvents, and seems that hydrogen also directs toward anthraquinone. In DMSO, sulfur atoms change 

direction toward charged anthraquinone. These changes may be due to more positive partial charge on 

hydrogen and sulfur atoms.  

 

 

 AN DMF DMSO 

Aq 

   

Aq.- 

   

Aq
2-

 

   

 

 

Figure 5. Distribution of solvent molecules around different forms of 9,10-anthraquinone (Aq1) 

calculated by molecular dynamics and MM
+
 force field, blue, white, dark, orange and red spheres 

represent the nitrogen, hydrogen, carbon, sulfur and oxygen, respectively. 
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When one compares figure 4a with 4e and Figure 4b with 4f, similar trend in reduction 

potential and difference interaction energy are observed. Figure 4g and 4h show correlation between 
o

1E  and o

2E  with difference in the interaction energies for the first ( AqqA)1( EEE −=∆ −
& ), and second 

step ( AqAq)2( 2
EEE −=∆ − ), respectively. It has better correlation, because of solvent-solvent 

interaction included in the calculation same as supermolecule methods. Thus, when we used explicit 

solvent effect molecular mechanics with MM+ force field, we obtained more logical correlation 

(Figures. 4g and 4h ). 

 

 

4. CONCLUSIONS 

Substituent and solvent effects on the electrochemical properties of some anthraquinone 

derivatives were studied by experimental and computational methods. Computational quantum 

mechanics and statistical methods calculated substituent and solvent effects in more detail by different 

descriptors and lead to the wide interpretation of substituent effects. Electrotoplogical descriptors, such 

as; charge, electron density, size and shape were found to be the best descriptors to representing 

solvent and substituent effects. It is concluded that E° increases by increasing the hydrogen bonding, 

aromaticity and EHOMO and decreases by increasing size and polarity of anthraquinone. Variation of 

the first reduction potential with cited properties has reverse correlation with the second reduction 

potential. Namely, in the presence of solvent, the E° values for the first reduction step increases with 

polarity, dielectric constant, molecular size and hydrogen bond of solvent, while this trend is reverse 

for the second step reduction potential. This is due to difference between solute-solvent interactions 

which discussed by explicit model better than continuum SCRF methods. Calculated quantum 

mechanics offers reasonable correlation with experimental results in each solvent. But, when we 

consider each anthraquinone in three solvents, SCRF could not present a good correlation with 

experimental values while molecular mechanics gives a better correlation. 
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