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Исследование имеет отношение к решению теоретической проблемы изучения хи-
нонов как представителей природных и синтетических соединений с большим разнообра-
зием применений в химическом катализе, биохимических и технических областях науки. 
Для этого выбран метод компьютерной химии в качестве развитого инструмента для 
оценки электронных энергий простых хининов, нафтохинонов и антрахинонов, являю-
щихся родоначальниками более сложных соединений. Проведены вычисления потенциа-
лов ионизации и сродства к электрону 88 простых хинонов на основе использования ме-
тода B3LYP теории функционала плотности с различными базисными функциями, и на 
этой основе проведена оценка различных баз данных для энергий электронов. База данных 
для сродства к электрону включает опубликованные результаты измерений абсолютных 
значений сродства к электрону π-комплексов переноса заряда и данные, основанные на из-
мерении относительных величин при изучении равновесия этого процесса. Найдена нели-
нейная квадратичная корреляция между вычисленными и экспериментальными значени-
ями. Анализ относительных отклонений расчетных значений от экспериментальных 
данных указывает на высокое качество базы данных, представаленой в исследовании Хи-
лала с сотр., основанной на измерении относительных равновесных величин переноса 
электронов. Результаты, найденные в исследовании, применимы для оценки корректно-
сти расчетных методов и экспериментальных для энергий электронов в ряду хинонов.  
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The idea of this research deals with theoretical problems of studying quinones as repre-
sentatives of natural and synthetic compounds with a huge variety of applications in chemical ca-
talysis, biomedical and technical sciences. For this purpose computational chemistry is chosen as 
an advanced tool for evaluating electronic energies in gase phase for a series of simple quinones, 
naphthoquinones and anthraquinones as parent compounds for more complicated ones.  

Ionization potentials and electron affinities (IPs and EAs) of 88 quinones are calculated by 
the use of B3LYP level of density functional theory (DFT) with different basis sets, and on this base 
the validation of several databases for electronic energies of quinones is done. The databases for 
EAs include published results of measurements of absolute electron affinities of pi charge transfer 
complex acceptors and those determined as relative values from electron transfer equilibrium stud-
ies. Non-linear quadratic correlation was found for relationship between calculated and experi-
ment values of electron affinities. Analysis of the relative deviation between obtained calculated 
results and the three experimental databases indicated the high quality of the database proposed by 
Hilal et al. based on electron transfer equilibrium studies. The results found in the research are 
applicable for validation of computational methods and experimental data for electronic energies 
of quinones. 

Key words: DFT, ionization potential, electron affinity, quinones 

Для цитирования: 
Ли Суэн, Дженьхуа Жан, Цонг Джанг, Телегин Ф.Ю. Анализ различных баз данных для потенциалов ионизации и 
сродства к электрону хинонов на основе вычислений с использованием теории функционала плотности. Изв. ву-
зов. Химия и хим. технология. 2017. Т. 60. Вып. 8. С. 4−12. 

For citation: 
Li Sun, Jianhua Ran, Cong Zhang, Telegin F.Yu. Analysis of different datasets for ionization potential and electron affinity of 
quinones on the basis of DFT calculations. Izv. Vyssh. Uchebn. Zaved. Khim. Khim. Tekhnol. 2017. V. 60. N 8. P. 4−12. 
 
 

INTRODUCTION 

Quinones and their derivatives receive much 
attention as a big group of natural and synthetic com-
pounds of wide applications due to very pronounced 
redox effects in chemical reactions. Numerous quan-
tum chemical computational research is being done re-
cently for quinones, such as [1-10], for deeper under-
standing the mechanisms of different processes. Re-
cent research in computational quantum chemistry [1-
13] has reached the level of predicting of hydration 
(solvation) energy and redox potentials of organic 
compounds in solution as well as their spectral proper-
ties in different solvents. 

Development of the methods of computational 
analysis increases interest to experimental data col-
lected in different previous research. Usually applied 
research goes ahead of fundamental studies and very 
often there is a lack of experimental data, which could 
form a basis for future analysis. The amount of chemi-
cal databases already reached saturation or even de-
creased in their development [14]. Therefore virtual 
screening is being developed for the needs of modern 
applied research based on above mentioned quantum 
chemical calculations or QSPR studies [14-21]. 

One of the good examples of virtual screening 
of about 1500 thiophenquinone derivatives with prior 
calculation of redox and solvation properties is pro-
posed in the research of lithium redox flow batteries 
[22, 23]. Similar approach for less amount of anthra-
quinone derivatives was proposed in the research [23, 
24]. Other fields of application of quinones, such as 
medicine and drugs, ecological problems, photovoltaic 
techniques, etc. also need an advanced prognosis of 
physico-chemical and technical properties as well as 
biological activity of quinoid compounds by the use of 
virtual screening. 

One of the most important fundamental prop-
erties of atoms and molecules are ionization potentials 
(IPs) and electron affinities (EAs) characterizing their 
electron donating and accepting ability. Some theore-
tical and experimental studies [25-31] have been car-
ried out to study the IP and EA of different compounds 
including simple quinone and anthroquinone deriva-
tives. The calculated IPs and EAs of quinones are both 
important for development of theory, methods of com-
putations and experimental evaluation. For example, 
ionization energy of different compounds including 
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quinones in gase phase is used for predicting their re-
dox potential in solution on the basis of well-defined 
correlations of those two quantities [4, 7, 25, 32, 33]. 
From another side, this close relationship is used for 
calculation electron affinity by polarographic tech-
nique, as it was analysed in [25]. In general, this kind 
of correlation is an important part of development of 
solvation theory [34-36] and analysis of different 
compounds, like aliphatic hydrocarbons [37], aromatic 
hydrocarbons [38], benzyl and biphenyl derivatives 
[32,39], substituted anilines [40], hetaryls [41], 
azoalkanes [42], polycyclic aromatic hydrocarbons 
[43], pentacenes [44], benzothiophene [45], ferrocene 
derivatives [46], etc. 

The above analysis shows that very few sys-
tematic experimental results are published for IPs and 
EAs of quinone derivatives, while theoretical calcula-
tions cover limited amount of compounds [25-30] or 
only theoretical results are reported without compari-
son with experiment [4, 31]. 

This research is aiming to calculate IPs and 
EAs of 88 quinones by the use of density functional 
theory (DFT) B3LYP method with different basis 
functions and on this ground to make a validation of 
several databases for electronic energies of quinones. 
Further research will be focused on computational 
evaluation of redox potentials of those compounds in 
solution by the use of recently developed methods 
mentioned above. 

Different basis sets are used for DFT B3LYP 
level of theory, such as 6-311+G(d) and 6-311G(d). 
The experimental values of ionization energies, IP and 
EA, reported by Gurvich [28], Chen [25], Hilal [26] 
and Fukuda [27] were used to study the correlations 
with calculated ones. The EAs calculated in Frontana’s 
[29] and Zhu’s [30] research were used for comparison 
of those calculated in our study. Based on the correla-
tion coefficient of calculated and experiment EA and 
IP values, IP and EA values of other more complicated 
quinones were theoretically proposed. Finally, the 
quality of experimental data from collected datasets 
were evaluated, that offers important reference for re-
searchers in this filed. 

EXPERIMENTAL DATABASE  
AND COMPUTATIONAL METHODS 

Several databases for IPs and EAs of quinone 
derivatives were selected for evaluation their quality 
[25-28]. According to the above references results for 
EAs by Chen et al [25] are based on measurements of 
absolute electron affinities of pi charge transfer com-
plex acceptors by magnetron method. In other research 

[26, 27] EAs were determined with electron transfer 
equilibrium techniques. Gase phase ion-molecular 
equilibrium measurements were performed with ion 
cyclotron resonance (ICR) spectrometer in method of 
Fukuda et al [27], and pulsed electron high ion source 
pressure mass spectrometer (PHPMS) in method of Hi-
lal et al. [26]. The last two methods give relative values 
of EAs with reference to any compound with known 
value of electron affinity. IP values were obtained with 
polarographic method using half-wave reduction po-
tentials in dimethylformamide and evaluated solvation 
energy of compounds [28]. The total database is ar-
ranged by the use of JChem for Excel provided by Che-
maxon [47] and presented in the Tables 1-4 below. 

Geometries of the molecules considered in this 
study were fully optimized by using gradient corrected 
DFT with Becke’s three-parameter hybrid exchange 
functional and the Lee-Yang-Parr correlation func-
tional (B3LYP) [48] with the 6-31G(d) basis set [49]. 
Frequency calculations are performed at the same level 
of theory to ensure that the optimized geometries are 
minimal on the hypersurface of potential energy (all 
real frequencies) and to provide corrections for the zero-
point vibrational energy (ZPVE) effects. The single 
point energy calculations were performed based on the 
optimized geometries at ground state. 

IPs and EAs are obtained as the total energy 
differences between the neutral and the corresponding 
ionic systems, expressed as follows: IP = E(+)–E(0), 
EA = E(0)–E(-), where 0, + and – denotes respectively 
neutral molecule, cation and anion. 

All of the calculations were performed with the 
Gaussian 09 software package [50] on a 18-processor 
Lenovo I2000 computer. 

RESULTS AND DISCUSSION 

B3LYP functional used in this study has high 
efficiency in calculating the electronic properties of 
studied organic molecules, such as ionization poten-
tials (IP) and electron affinities (EA). The calculated 
results are presented below together with available ex-
perimental data [25-28].  

Ionization Potential 
In total, 14 representatives of quinones with 

available experiment IP values have been collected [28], 
they include simple benzoquinone, anthraquinone and 
naphthoquinone derivatives. The experimental values of 
IP are compiled in Table 1. A survey of calculated ver-
tical IPs reveals that, in general, they are in good agree-
ment with the corresponding experimental IPs. By per-
forming a least square fit for all of the 14 systems, we 
obtain an excellent linear correlation between the exper-
imental and calculated values shown in Fig. 1. 



 
Изв. вузов. Химия и хим. технология. 2017. Т. 60. Вып. 8 
 

Izv. Vyssh. Uchebn. Zaved. Khim. Khim. Tekhnol. 2017. V. 60. N 8 7 
 
 

Table 1 
Ionization potential of quinones calculated using the 6-
311+G(d) basis set and experimental values provided by 

Gurvich (AQ=anthraquinone, BQ=Benzoquinone, 
NQ=Naphthaquinone) 

Таблица 1. Потенциалы ионизации хинонов, рассчи-
танные с использованием 6-311+G(d) базиса, и экс-

периментальные значения по Гурвичу (AQ-
антрахинон, BQ- бензохинон, NQ-нафтахинон) 

No. Name 
IPcalcd 

(eV) 
IPexpt (eV) 
(Gurvich) 

1 1-Hydroxy-9,10-AQ 8.4665 8.43 
2 2-Hydroxy-9,10-AQ 8.5266 8.70 
3 1,4-Dihydroxy-9,10-AQ 7.8920 7.94 
4 1,5-Dihydroxy-9,10-AQ 8.2288 8.53 
5 2,6-Dihydroxy-9,10-AQ 8.2671 8.63 
6 1,4,5,8-Tetrahydroxy-9,10-AQ 7.4458 7.83 
7 6,13-Pentacenequinone 7.7949 8.07 
8 5,14,7,12-Pentacenediquinone 8.9289 9.22 
9 2-Methyl-1,4-BQ 9.6695 9.78 
10 1,4-NQ 9.4045 9.56 
11 5-Hydroxy-1,4-NQ 8.6992 8.70 
12 5,8-Dihydroxy-1,4-NQ 8.2049 8.20 
13 Tetramethyl-p-BQ 8.7910 9.16 
14 1,4-AQ 8.2747 8.45 

 

 
Fig. 1. Plot of calculated ionization potential IPcalcd (y) using  

6-311+G(d) basis set versus experimental values of IPexpt (x) [28] 
(Table 1) 

Рис. 1. Рассчитанные потенциалы ионизации IPcalcd (y) на ос-
нове 6-311+G(d) базиса как функции экспериментальных зна-

чений IPexpt (x) [28] (табл. 1) 
 

Electron Affinity 
A total number of 74 molecules of quinones 

are collected for which the experimental EAs [25-27] 
are available, including derivatives of benzoquinone, 
anthraquinone, phenanthraquinone and naphthoqui-
none. The experimental values of EA are compiled in 
Table 2. By performing a quadratic polynomial regres-
sion fit for all of the 74 systems, we found three satis-
factory correlations between the available experi-
mental data from three databases and each set of the 
calculated EA values. These quadratic correlations are 
shown in Fig. 2. 

 
a 

 
b 

 
c 

Fig. 2. Plot of the calculated electron affinities EAcalcd (y) using 
the 6-311G(d) basis set versus experimental values of EAexpt (x): 

a) Hilal [26], b) Chen [25], c) Fukuda [27] (see Table 2) 
Рис. 2. Рассчитанные сродство к электрону EAcalcd (y) на ос-
нове 6-311G(d) базиса как функции экспериментальных зна-
чений of EAexpt (x): а) Хилал [26], b) Чен [25], Фукуда [27] 

(см. табл. 2) 
 
Comparison of different databases used for 

calculation of electronic affinity shows, that linear 
term of approximating equation for correlation be-
tween calculated and experimental values varies from 
0.98 to 1.43 (Fig. 2-a, b, c). So, in spite of good corre-
lation coefficient for each database, calculated regres-
sion coefficient is most close to the experimental data 
provided by Hilal [26]. 
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Table 2 
Electron affinities of quinones calculated using the  

6-311G(d) basis set and experimental data provided by 
Chen, Fukuda, Hilal 

Таблица 2. Сродство к электрону хинонов,  рассчи-
танное с использованием 6-311G(d) базиса и экспе-
риментальные значения по Чену, Фукуде и Хилалу 

No Name 
EA (eV) 

Calcd. 
Expt. 

(Chen) 
Expt. 

(Fukuda) 
Expt. 
(Hilal) 

1 p-BQ 1.8407 1.83 1.78 1.9 
2 Acetyl-p-BQ 2.0523 2.09  2.0 
3 Bromo-p-BQ 2.2115 2.01   
4 2,6-Dibromo-p-BQ 2.5253 2.31   

5 
Dibromo-dimethyl- 

p-BQ 
2.2800 2.05  2.0 

6 Tetrabromo-o-BQ 2.9062 2.62  2.6 
7 Tetrabromo-p-BQ 2.8533 2.48   
8 Chloro-p-BQ 2.1991 2.05  2.0 

9 
2-methyl-5-chloro- 

p-BQ 
2.1152   2.1 

10 2,3-Dichloro-p-BQ 2.4230 2.19  2.2 
11 2,5-Dichloro-p-BQ 2.5170 2.30 2.23 2.4 
12 2,6-Dichloro-p-BQ 2.5148 2.23 2.35 2.5 
13 Trichloro-p-BQ 2.7137 2.41 2.47 2.6 
14 Methyltrichloro-p-BQ 2.6099 2.22 2.41 2.5 

15 
2,5-Dimethyl-3,6-

dichloro-p-BQ 
2.3207   2.2 

16 
2,5-Dimethyl-3-

chloro-p-BQ 
2.0247   2.0 

17 
2-t-Butyl-5,6-Di-

chloro-p-BQ 
2.3919   2.3 

18 Tetrachloro-p-BQ 2.8932 2.48 2.62 2.7 

19 
2-t-Butyl-5-chloro- 

p-BQ 
2.1904   2.1 

20 Cyano-p-BQ 2.3813 2.22  2.2 
21 2,3 Dicyano-p-BQ 3.0526 2.78  2.8 
22 Tetrachloro-o-BQ 2.9344 2.57  2.6 
23 Tetracyano-p-BQ 4.1521 2.87   
24 Fluoro-p-BQ 2.0461 1.92  1.9 
25 Trifluoromethyl-p-BQ 2.0469 2.18   
26 Tetrafluoro-p-BQ 2.3303   2.5 
27 Iodo-p-BQ 2.5606 2.00   
28 Tetraiodo-p-BQ 3.0978 2.43   
29 Methoxy-p-BQ 1.8211 1.69   
30 3,5-Dimethoxy-p-BQ 1.6488   1.7 

31 
2-Methyl-5,6-

Dimethoxy-p-BQ 
1.7421   1.9 

32 
Methoxycarbonyl- 

p-BQ 
2.2068 2.04   

33 Methyl-p-BQ 1.7693 1.74 1.71 1.9 
34 2,5-Dimethyl-p-BQ 1.6933 1.73  1.8 
35 2,6-Dimethyl-p-BQ 1.6994 1.67 1.62 1.8 

36 
2-Methyl-5-isopropyl-

p-BQ 
1.7428   1.8 

37 3-t-Butyl-p-BQ 1.8647   1.8 
38 Trimethyl-p-BQ 1.6645  1.55  
39 Tetramethyl-p-BQ 1.6309 1.67 1.47 1.6 

40 Dimethylamino-p-BQ 1.5917 1.47  1.6 
41 3,5-Di-t-butyl-p-BQ 1.8801   1.9 
42 Phenyl-p-BQ 1.9984 1.92  2.0 
43 2,5-Di-t-butyl-p-BQ 1.8762   1.8 
44 2,6 Dinitro-p-BQ 3.3826 2.82   
45 Nitro-p-BQ 2.6882 2.63   
46 1,2-NQ 1.7256 1.67  1.7 
47 1,4-NQ 1.7355 1.71  1.8 
48 2-Amino-1,4-NQ 1.6233   1.7 
49 2,3-Dicyano-1,4-NQ 3.1007 2.66   

50 
2,3-Dicyano-5-nitro-

1,4-NQ 
3.2682 2.76   

51 2,3-Dichloro-1,4-NQ 2.2389 2.00  2.2 

52 
2,3-Dichloro-5-nitro-

1,4-NQ 
2.4445 2.23   

53 
2,3,5, 6-Tetrachloro-7 

nitro-1,4-NQ 
2.8005 2.37   

54 
2,3-Dicyano-5,6-di-

chloro-7-nitro-1,4-NQ 
3.5186 2.82   

55 5-Hydroxy-1,4-NQ 1.9399 1.97  2.0 
56 2-Chloro-1,4-NQ 2.0485 1.85   
57 5-Hydroxy-1,4-NQ 1.9399 1.97  2.0 
58 2-Hydroxy-1,4-NQ 1.5880 1.62  1.6 
59 2-Methyl-1,4-NQ 1.6554   1.7 
60 9,10-AQ 1.5384 1.57  1.6 
61 1-Methyl-9,10-AQ 1.5034   1.5 
62 2-Chloro-9,10-AQ 1.7881   1.7 
63 2-Ethyl-9,10-AQ 1.4705   1.6 
64 1,2-Dichloro-9,10-AQ 1.8902   2.2 
65 2-t-Butyl-9,10-AQ 1.5069   1.6 
66 1-Hydroxy-9,10-AQ 1.6680 1.73   

67 
1,8-Dihydroxy-9,10-

AQ 
1.6742   1.7 

68 1,4-AQ 1.7292 1.71   
69 9,10-Phenanthraquinone 1.6826 1.77   
70 Diphenoquinone 2.5977    

 

It is clear from Fig. 2 that there is a strong cor-
relation between EAexpt and EAcalcd. Interesting, 
such a relationship was also observed in other research 
[29, 30]. However more detailed analysis in a form of 
relative deviation of calculated values from experi-
mental ones shown in Fig. 3 demonstrates rather big 
deviations exceeding ±0.1, i.e. ±10%. Thus, Fig. 3-a, 
representing Hilal’s data [26] have 6 molecules not in 
the range; Fig. 3-b, Chen’s data [25], have 18 mole-
cules not in the range and all are above 0.1; and Fig. 3-
c, Fukuda’s data [27], have 3 molecules not in the 
range and also all are above 0.1. It is evident that the 
minimum deviations are obtained for the good quality 
of Hilal’s electron affinities experimental database. 
The minimum deviation of Hilal’s database justifies 
the strong relationship between found calculated elec-
tron affinities and experiment electron affinities. This 
fact supports the validity of the use of DFT calculations 
for predicting electron affinities of quinones.  
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Fig. 3. Plot of relative deviation (y) of calculated electron affinities 
from experimental data versus ordinal number of quinone compound 

(x): Relative deviation = (EAcalcd - EAexpt)/EAexpt, a) Hilal [26],  
b) Chen [25], c) Fukuda [27] (for number of quinone see Table 2) 
Рис. 3. Относительное отклонение (y) рассчитанного элек-
тронного сродства от экспериментальных значений как функ-
ция порядкового номера хинонового соединения (х): относи-
тельное отклонение = (EAcalcd - EAexpt)/EAexpt, a) Хилал [26], b) 

Чен [25], c) Фукуда [27] (нумерация хинона см. табл. 2) 
 

It is worth of noting that EAs were obtained by 
Frontana [29] for 16 derivatives of quinones with the 
use of basis set B3LYP/6-31++G**. The calculated 
EA values and quinones’ chemical structures are com-
piled in Table 3. As it is shown in Fig. 4, there is a 
linear correlation between those results [29] and our 
research with regression coefficient R2 = 0.90, how-
ever, if one fluorine derivative is excluded, i.e. tetra-
fluorine benzoquinone, then R2 increases up to 0.98. In 
general, calculated values of EA in our research are 
about 6% higher than Frontana’s results. 

 

 
Fig. 4. Plot of EAcalcd (Frontana) [29] using the 6-31++G** basis 
set versus found EAcalcd values calculated using the 6-311G(d) ba-

sis set (see Table 3) 
Рис. 4. Зависимость EAcalcd (Фронтана) [29], рассчитанная на 
основе 6-31++G** базиса от рассчитанных величин EAcalcd на 

основе 6-311G(d) базиса (см. табл. 3) 
Table 3 

Electron affinities calculated by Frontana using the 6-
31++G** basis set and those calculated in this research 

using the 6-311G(d) basis set 
Таблица 3. Сродство к электрону, рссчитанное 

Фронтаной с применением  6-31++G** базиса, и рас-
считанные в данной работе, и пользуя 6-311G(d) базис 

No. Name EAcalcd (eV) 
EAcalcd (eV) 
(Frontana) 

1 Tetrachloro-p-BQ 2.8932 3.0369 
2 2,5-Dichloro-p-BQ 2.5170 2.7273 
3 Phenyl-p-BQ 1.9984 2.2627 
4 p-BQ 1.8407 2.1690 
5 1-Methyl-p-BQ 1.7693 2.0685 
6 2-t-Butyl-p-BQ 1.8647 2.1099 
7 2,5-Dimethyl-p-BQ 1.6933 1.9660 
8 2,6-Dimethyl-p-BQ 1.6994 1.9741 
9 1,4-NQ  1.7355 1.9978 
10 2,5-Di-t-butyl-p-BQ 1.8762 2.0532 
11 2,6-Di-t-butyl-p-BQ 1.8801 2.0639 
12 2-Methyl-1,4-NQ  1.6554 1.8991 
13 Tetramethyl-p-BQ 1.6309 1.8359 
14 9,10-AQ 1.5384 1.7610 
15 2-Methyl-9,10-AQ  1.7135 
16 Tetrafluoro-p-BQ 2.3303 3.0344 
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Fig. 5. Plot of EAcalcd (Zhu) [30] calculated using the DZP++ basis 
set versus found EAcalcd using the 6-311G(d) basis set (see Table 4) 
Рис. 5. Зависимость EAcalcd (Джу) [30], рассчитанная на основе 

DZP++ базиса от рассчитанных величин EAcalcd на основе  
6-311G(d) базиса (см. табл. 4) 

 

Table 4 
Electron affinities calculated by Zhu using the DZP++ 
basis set and those calculated in this research using the 

6-311G(d) basis set 
Таблица 4. Сродство к электрону, рссчитанное Джу 
с применением DZP++ базиса, и рассчитанные в 

данной работе, используя 6-311G(d) базис 

No. Name EAcalcd (eV) 
EAcalcd (eV) 

(Zhu) 
1 p-BQ 1.8407 1.95 
2 2-Methyl-p-BQ 1.7693 2.13 
3 2-Chloro-p-BQ 2.1991 2.52 
4 2,3-Dichloro-p-BQ 2.4230 2.71 
5 2,5-Dimethyl-p-BQ  1.6933 2.03 
6 2,5-Dichloro-p-BQ  2.5170 2.79 
7 2,6-Dimethoxy-p-BQ 1.6488 1.87 
8 2,6-Dimethyl-p-BQ  1.6994 2.04 
9 2,6-Dichloro-p-BQ  2.5148 2.79 
10 2,3,5-Trimethyl-p-BQ 1.6645 1.95 
11 2,3,5-Trichloro-p-BQ  2.7137 2.96 
12 2,3,5,6-Tetramethyl-p-BQ  1.6309 1.86 
13 2,3,5,6-Tetrachloro-p-BQ 2.8932 3.11 
14 1,4-NQ  1.7355 2.07 
15 2-Methyl-1,4-NQ  1.6554 1.98 
16 9,10-AQ 1.5384 1.86 
17 2-Chloro-9,10-AQ  1.7881 2.08 
18 2-t-Butyl-p-BQ 1.8647 2.17 
19 2-Methyl-5-chloro-p-BQ 2.1152 2.42 
20 2-t-Butyl-5,6-dichloro-p-BQ 2.3919 2.61 
21 2,6-Di-t-butyl-p-BQ 1.8801 2.12 
22 2-t-Butyl-5-chloro-p-BQ 2.1904 2.45 
23 2-Methyl-3,5,6-trichloro-p-BQ 2.6099 2.81 
24 Tetrafluoro-p-BQ 2.3303 3.08 

 

Some other research by Zhu [30] also apply 
DFT calculations of EAs for 24 quinones with the use 
of basis set B3LYP/DZP++. The calculated EA values 
and quinones’ chemical structures were compiled in 

Table 4. By comparison with the experimen-tal results 
[29] they found that the B3LYP/DZP++ method sys-
tematically overestimates the EAs. Similar overesti-
mation behaviors were also found by Schaefer and 
co-workers [51]. In spite of the overestimation 
problem, it is found that the EA(B3LYP) correlate 
well with the experimental results, that is: EAexpt = 
0.912EA(B3LYP) – 0.080. As it is shown in Fig. 5, 
there is a linear correlation between those results [30] 
and our research with regression coefficient R2 = 0.93, 
however, if one fluorine derivative is excluded, i.e. tet-
rafluorine benzoquinone, then R2 increases up to 0.99. 
As a result, calculated values of EA in our research are 
about 7% lower than Zhu’s results. 

CONCLUSION 

Series of DFT calculations are performed by 
using a commonly used exchange-correlation func-
tional, B3LYP, for a variety of representatives of qui-
nones, including various derivatives of benzoquinone, 
anthraquinone, phenanthraquinone and naphthoqui-
none. It is shown that good, generally applicable quad-
ratic correlation relationship exists between the calcu-
lated and experimental IPs. Satisfactory quadratic cor-
relation relationships also exist between the calculated 
and experimental EAs. On the basis of analysis of the 
relative deviation between found calculated results and 
three experimental databases a conclusion is drawn 
that Hilal’s database including equilibrium electron 
transfer energies has a minimum deviation and good 
quality of experimental EAs. 

Comparison of different EA calculation methods 
shows that using the 6-311G(d) basis set correlate with 6-
31++G** and DZP++ basis sets in other research. In cor-
relation with experimental data for quinone derivatives 6-
311G(d) basis set yields an intermediate EAs between 6-
31++G** and DZP++ basis sets. 

Overall results could be applied for validation 
of both computational quantum chemical methods and 
experimental databases for electronic energies of qui-
nones. Besides this, the results will be helpful for eval-
uating redox potentials of quinones in solution. 
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