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Hccneodosanue umeem omuouieHue K peutenuio meopemudeckoi npooiemot uzyuenus Xu-
HOHO06 KaK npedcmagumeJieil RPUPOOHBIX U CUHMEMUYECKUX COCOUHEHUIL C 0OTbUUM PA3HOOODa-
3ueM npuMeHeHUll 8 XUMUYECKOM Kamanu3ie, OuoXumMuiecKux U mexHuuecKux oo1acmax HayKu.
Jna 3mozo eplOpan memoo KOMNbIOMEPHOU XUMUU 8 KAYecnee Pa3eumozo UHCHIPYMEHma 011
OUEeHKU INIEKMPOHHDBIX IHEPIULL NPOCMBIX XUHUHOG, HAPMOXUHOHO8 U AHMPAXUHOHO8, AGNAI0-
WUXCA POOOHAYATLHUKAMU O07ee C0MHCHbIX coedunenuil. IIposedennl sviuucienus nomenyua-
J108 UOHU3AUUU U CPOOCMEA K INeKmpoHy 88 npocmulx XUHOHO6 HA OCHOBE UCHONb306AHUS Me-
mooa B3LYP meopuu ¢yynkuyuonana nnomuocmu ¢ paznuunvimu 6azucnvimu QyHKyuamu, U Ha
9IMOIl OCHOBE NPOBEOEHA OUEHKA PA3IUYHBIX 06a3 OAHHBIX 013 IHEpZull I1eKkmponos. baza dannvix
0713 CPOOCMEA K IJIeKMPOHY 6KAI0UaAem OnyO1UKOGAHHbIE PE3YIbMambl U3MEPEHUIl AdCOTIOMHbIX
3HAYEHUl CPOOCMEa K INeKMPOHY TT-KOMNIEKCO8 NEPeHOCa 3apaoa u OaHHble, 0CHOGAHHbIE HA U3-
MepeHuu OMmHOCUMEeNbHbIX 6e/IUYUN NPU U3YYUEHUN pasHosecus Imozo npoyecca. Haiioena nenu-
HellHas KeaopamuyHas Koppenayus mMexicoy 6bI4UCIeHHbIMU U IKCHEPUMEHM ATbHBIMU 3HAYEHU-
Amu. AHAAU3 OMHOCUMENbHBIX OMKAOHEHUN PACYUEMHBIX 3HAYEHUT Om IKCHEPUMEHMATbHBIX
OaHHBIX YKA3bI6AEH HA 8bICOKOE KAUeCmeo 0a3bl OAHHbBIX, NPEOCMABAneHoll 6 ucciedosanuu Xu-
aana ¢ comp., 0CHOGAHHON HA UMEPEHUU OMHOCUMENbHLIX PABGHOGECHDBIX GEIUYUH NEpeHOCca
Inekmponos. Pezynomamol, naiidennvie 6 uccie006anun, RPUMEHUMDBL 0714 OUEHKU KOPPEKMHO-
CHMU PACYENHBIX MEM 0008 U IKCREPUMEHMATLHBIX 015 IHEPUTL ITEKMPOHOE 8 PAOY XUHOHOG.
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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 applicationsin chemical ca-
talysis, biomedical and technical sciences. For this purpose computational chemistry is chosen as
an advanced tool for evaluating electronic energiesin gase phase for a series of smple quinones,
naphthoguinones and anthraquinones as parent compounds for more complicated ones.

I onization potentials and electron affinities (I Psand EAS) of 88 quinones are calculated by
theuse of B3LYP levd of density functional theory (DFT) with different basis sets, and on thisbase
the validation of several databases for electronic energies of quinonesis done. The databases for
EAsinclude 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, quimes
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CPOJICTBA K JIEKTPOHY XHHOHOB Ha OCHOBE BBIYUCIICHUH C MCIIOIB30BAaHUEM TEOpUU (HYHKITMOHATIA TUIOTHOCTH. 2138. 8)-
306. Xumus u xum. mexnonozus. 2017.T. 60.Beim. 8.C. 4-12.
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INTRODUCTION One of the good examples of virtual screening

Quinones and their derivatives receive mucff about 1500 thiophenquinone derivatives with prio
attention as a big group of natural and syntheito-c calcula_tion of redox and s_ol\_/ation properties is-p_r
pounds of wide applications due to very pronouncé?Psed in the_research of lithium redox flow baéeri
redox effects in chemical reactions. Numerous quak#2: 23] Similar approach for less amount of aathr
tum chemical computational research is being dene AUinone derivatives was proposed in the reseai@h [2
cently for quinones, such as [1-10], for deeperennd 24]- Other fields of application of quinones, suh
standing the mechanisms of different processes. RBedicine and drugs, ecological problems, photoiwlta
cent research in computational quantum chemistry [Chniques, etc. also need an advanced prognosis of
13] has reached the level of predicting of hydratioPllysico-chemical and technical properties as vell a
(solvation) energy and redox potentials of organi@iological activity of quinoid compounds by the wse
compounds in solution as well as their spectrappro Virtual screening.
ties in different solvents. One of the most important fundamental prop-

Development of the methods of computationdt'tiés of atoms and molecules are ionization pattsnt
analysis increases interest to experimental daka cgPs) and electron affinities (EAs) characterizihgit
lected in different previous research. Usually @gpl €lectron donating and accepting ability. Some tzeor
research goes ahead of fundamental studies and Vi@l and experimental studies [25-31] have been ca
often there is a lack of experimental data, whichlg ed out to study the IP and EA of different compdsi
form a basis for future analysis. The amount ofiwhe including simple quinone and anthroquinone deriva-
cal databases already reached saturation or even is. The calculated IPs and EAs of quinones atie b
creased in their development [14]. Therefore virtudmportant for development of theory, methods of eom
screening is being developed for the needs of nmoddiutations and experimental evaluation. For example,
applied research based on above mentioned quanti@fization energy of different compounds including
chemical calculations or QSPR studies [14-21].
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quinones in gase phase is used for predicting their [26, 27] EAs were determined with electron transfer
dox potential in solution on the basis of well-defi equilibrium techniques. Gase phase ion-molecular
correlations of those two quantities [4, 7, 25, 32]. equilibrium measurements were performed with ion
From another side, this close relationship is used cyclotron resonance (ICR) spectrometer in method of
calculation electron affinity by polarographic techFukuda et al [27], and pulsed electron high iorrseu
nique, as it was analysed in [25]. In general, kiisl  Pressure mass spectrometer (PHPM_S) in me_thod of Hi-
of correlation is an important part of development |2l €tal.[26]. The last two methods give relathatues
solvation theory [34-36] and analysis of differenff EAS with reference to any compound with known
compounds, like aliphatic hydrocarbons [37], aramatvalue of electron affinity. IP values were obtaineth

hydrocarbons [38], benzyl and biphenyl derivativeBOIar‘l)gr_a%hiC n;]etl?od usino? halgwav:e red ductig:; po-
[32,39], substituted anilines [40], hetaryls [41]i€Ntials in dimethylformamide and evaluated sobiti

: : energy of compounds [28]. The total database is ar-
azoalkanes [42], polycyclic a_romat|c hydrocarbonrganggg by the uF;e ofJCLer!nfor Excel provided b-Ch
[43].’ pgntacenes [44], benzothiophene [45], femece maxon [47] and presented in the Tables 1-4 below.
derlvat|¥(re13 [4E]’ ete. vsis sh that ; Geometries of the molecules considered in this

__'he above analysis Shows that very Tew Sy%’tudy were fully optimized by using gradient cotesc
tematic ex.perlmentz_al r?S“'tS are publlshe_d foralfts DFT with Becke’'s three-parameter hybrid exchange
EAs of quinone derivatives, while theoretical C#€u p,ciona| and the Lee-Yang-Parr correlation func-
tions cover limited amount of compounds [25-30] oo (B3LYP) [48] with the 6-31G(d) basis set [49
only theorenca] results are reported without corpa Frequency calculations are performed at the save¢ le
son W|tr_:_§'xper|menth[4', 31.]' - lculate 1P of theory to ensure that the optimized geometries a
EAs of 88IS researc bIS tﬂ'mmg Of Ea cu_tae} S; anHﬂnimal on the hypersurface of potential energy (al
i S 0 DFq'umEc,)?TsP y '?h u;e qth %r_]f?' y l:ng 'O.n%al frequencies) and to provide corrections ferzéro-

eory ( ) method Wi ITerent basiS,qint vibrational energy (ZPVE) effects. The single

functlo?z Etng on thf's grlou?d to make a Val}!dat'.bn %oint energy calculations were performed baseden t
several databases for electronic energies o qamono,otimized geometries at ground state.

Further research will be focused on computatlong IPs and EAs are obtained as the total energy

evaluation of redox potentials of those COmpou'mds(i!jiifferences between the neutral and the correspgndi

solution by the use of recently developed metho Shic systems, expressed as follows: IP = E(+)~E(0)

mentioned above. )
. . A = E(0)-E(-), where 0, + and — denotes respédgtive
Different basis sets are used for DFT B3LY eutral molecule, cation and anion.

level of theory, such as 6-311+G(d) and 6'3116((1?' Al of the calculations were performed with the

The experimental values of ionization energiegng -
, . G 09 soft ki 50 18-
EA, reported by Gurvich [28], Chen [25], Hilal [26] L::c?jéarzooosc?or\g;ﬁe?ac age [50] on a 18-processor

and Fukuda [27] were used to study the correlations
with calculated ones. The EAs calculated in Froatan RESULTS AND DISCUSSION

[29] and Zhu's [30] research were used for comparis B3LYP functional used in this study has high
of those calculated in our study. Based on thee®T efficiency in calculating the electronic propertie
tion coefficient of calculated and experiment EAlanstdied organic molecules, such as ionization poten
IP values, IP and EA values of other more compidat tjais (IP) and electron affinities (EA). The calatdd

quinones were theoretically proposed. Finally, thggyits are presented below together with availesle
quality of experimental data from collected datsseherimental data [25-28].

were evaluated, that offers important referenceder | onization Potential
searchers in this filed. In total, 14 representatives of quinones with
EXPERIMENTAL DATABASE available experiment IP values have been colld2&id
AND COMPUTATIONAL METHODS they include simple benzoquinone, anthraguinone and

naphthoquinone derivatives. The experimental vadfies

oo : . "5 are compiled in Table 1. A survey of calculated

derivatives were selected for evaluation their iqual .. . ' .

[25-28]. According to the above references redolts tical IPS. reveals that, in 9?”6“"‘" th?y are indgagree-

EAs b 'Chen et al [25] are based on measurement n%?nt with the corresponding experimental IPs. By pe
y Sl‘orming a least square fit for all of the 14 systemve

absolute electron affinities of pi charge trangfem- : . )
obtain an excellent linear correlation betweeretger-
plex acceptors by magnetron method. In other rekear o
imental and calculated values shown in Fig. 1.

Several databases for IPs and EAs of quino
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Table 1 3
lonization potential of quinones calculated usinghe 6- <
311+G(d) basis set and experimental values providdyy &
Gurvich (AQ=anthraquinone, BQ=Benzoquinone, §
NQ=Naphthaquinone) 2
Tabnuya 1. IloTeHIMAIBI HOHU3AMA XHHOHOB, PACCYH- w5
TaHHbIE ¢ HCNO0JIb30BaHueM 6-311+G(d)oa3uca, u 3Kc-
nepuMeHTaIbHbIe 3HaYeHus o [ypsuuy (AQ- y = -0.045 X2 + 0.982 x + 0.197
anrpaxunoH, BQ- 6enzoxunon, NQ-nadraxunon) R2 = 0.92
No Name IPcalcd IPexpt.(eV =50
' (eV) | (Gurvich) 1 ,
1 1-Hydroxy-9,10-AQ 8.4665 8.43 1 2
2 2-Hydroxy-9,10-AQ 8.5266  8.70 EAcalcd (eV)
3 1,4-Dihydroxy-9,10-AQ 7.8920 7.94 a
4 1,5-Dihydroxy-9,10-AQ 8.2288 8.53 3
5 2,6-Dihydroxy-9,10-AQ 8.2671 8.63
6 |1,4,5,8-Tetrahydroxy-9,10-AQ7.4458 7.83
7 6,13-Pentacenequinone 7.7949 8.07 %
8 |5,14,7,12-Pentacenediquingn8.9289 9.22 e
9 2-Methyl-1,4-BQ 9.6695  9.78 g2
10 1,4-NQ 9.4045 9.56 5
11 5-Hydroxy-1,4-NQ 8.6092  8.70 y=-0.124 )ézz * (1)-325 x-0.091
12 5,8-Dihydroxy-1,4-NQ 8.2049 8.20 T
13 Tetramethyl-p-BQ 8.7910 _ 9.16 1 , | _n=48 ,
14 1,4-AQ 8.2747 8.45 1 2 3 4
EAcalcd (eV)
11 b
y =0.993x - 0.121 3
< R?=0.94
L n=14 <
g 9. <
& g
B Q 22
W
©)
7 . y =-0.130 x2 + 1.430 x - 0.455
7 9 IPcalcd (eV) 1 R;O: 0.99
n:
Fig. 1. Plot of _calculated ionizatiqn potentiatd (y) using 1 1 2 3
6-311+G(d) basis set vers&z1 I;)épf)rlmental valuéBegf (X) [28] EAcalcd (eV)
Puc. 1.Paccunrannbie moteHuans vonu3anuu |Peakcd (Y) Ha oc- c
HoBe 6-311+G(d)oasuca kak GYHKIMH SKCIIEPUMEHTAJIBHBIX 3Ha- Fig. 2. Plot of the calculated electron affinitE&carcd (y) using
yeHuit |Pexpt (X) [28] (rabm. 1) the 6-311G(d) basis set versus experimental vafiERexpt (X):
a) Hilal [26], b) Chen [25], c) Fukuda [27] (see TaB)
Electron Affinity Puc. 2. PaccunTanHble CPOJCTBO K HIEKTPOHY EAcalcd (Y) Ha oc-

HoBe 6-311G(d)oa3unca kak HYHKIUH SKCIICPUMEHTAIBHBIX 3HA-

A total number of 74 molecules of quinones wennii Of EAwor (X): 2) Xunan [26], b) Uer [25], Bykyza [27]

are collected for which the experimental EAs [2%-27 (om. Tab. 2)
are available, including derivatives of benzoquimon
anthraquinone, phenanthraquinone and naphthoqui- Comparison of different databases used for

none. The experimental values of EA are compiled gyculation of electronic affinity shows, that lare
Table 2. By performing a quadratic polynomial regre term of approximating equation for correlation be-
sion fit for all of the 74 systems, we found theeéis- tyeen calculated and experimental values varies fro
factory correlations between the available experiy 93 to 1.43 (Fig. 2-a, b, c). So, in spite of goodre-
mental data from three databases and each see of |t}ion coefficient for each database, calculateplas
calculated EA values. These quadratic correlatémas  sjon coefficient is most close to the experimedteh

shown in Fig. 2. provided by Hilal [26].
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Electron affinities of quinones calculated using th
6-311G(d) basis set and experimental data providduy
Chen, Fukuda, Hilal
Ta6nuya 2. CpoACTBO K 3JI€KTPOHY XHHOHOB, Paccyu-
TaHHOE ¢ MCNOJIb30BaHneM 6-311G(d)6a3uca u 3Kcme-
puMeHTabHbIE 3HAYeHus 110 Yeny, Dykyne n Xuaaay

EA (eV)
No Name Expt. | Expt. | Expt.
Caled. | Chen)(Fukudal(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 | 2.5258 2.31
5 | Dibromo-dimethyl-|, 5544 5 o5 2.0
p-BQ
6 | Tetrabromo-0-BQ | 2.90622.62 2.6
7| Tetrabromo-p-BQ | 2.85332.48
8 Chloro-p-BQ 2.1991 2.05 2.0
9 2-methyl-5-chloro- 2 1152 21
p-BQ
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 241 | 247 | 2.6
14|Methyltrichloro-p-BQ 2.6099 2.22 | 2.41 2.5
2,5-Dimethyl-3,6-
15 dichloro-p-BO 2.3207 2.2
2,5-Dimethyl-3-
16 chloro-p-BQ 2.0247 2.0
2-t-Butyl-5,6-Di-
17 chloro-p-BQ 2.3919 2.3
18| Tetrachloro-p-BQ | 2.89322.48 | 2.62 2.7
19 2-t-Butyl-5-chloro- 2 1904 21
p-BQ
20 Cyano-p-BQ 2.3818 2.22 2.2
21| 2,3 Dicyano-p-BQ | 3.05262.78 2.8
22| Tetrachloro-0-BQ | 2.9344 2.57 2.6
23| Tetracyano-p-BQ | 4.15212.87
24 Fluoro-p-BQ 2.0461 1.92 1.9
25|Trifluoromethyl-p-BQ 2.0469 2.18
26| Tetrafluoro-p-BQ | 2.3308 2.5
27 lodo-p-BQ 2.5606 2.00
28| Tetraiodo-p-BQ | 3.09782.43
29| Methoxy-p-BQ 1.8211 1.69
30| 3,5-Dimethoxy-p-BQ 1.6488 1.7
2-Methyl-5,6-
31 Dimethoxy-p-BQ 1.7421 1.9
32 Metho;‘}’ggrbony" 2.2068 2.04
33 Methyl-p-BQ 17693 1.74| 171 1.9
34| 2,5-Dimethyl-p-BQ | 1.6938 1.73 1.8
35| 2,6-Dimethyl-p-BQ | 1.6994 1.67 | 1.62 1.8
36 2-Methyl-5-|sopr0pyl-1.7428 18
p-BQ
37| 3-t-Butyl-p-BQ 1.8647 1.8
38| Trimethyl-p-BQ | 1.6645% 1.55
39| Tetramethyl-p-BQ | 1.63091.67 | 1.47 1.6
8

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 | 1.6238 1.7
49| 2,3-Dicyano-1,4-NQ 3.1007| 2.66
50 2,3-Dicyano-5-nitro-| 32682 276
1,4-NQ ' '
51| 2,3-Dichloro-1,4-NQ 2.2389 2.00 2.2
2,3-Dichloro-5-nitro-
52 1,4-NQ 2.4445 2.23
2,3,5, 6-Tetrachlord-
53 Nitro-1.4-NQ 2.8005 2.37
2,3-Dicyano-5,6-di-
o4 chloro-7-nitro-1,4-N( 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 | 1.788[ 1.7
63| 2-Ethyl-9,10-AQ | 1.470% 1.6
64|1,2-Dichloro-9,10-AQ1.8902 2.2
65| 2-t-Butyl-9,10-AQ | 1.5069 1.6
66| 1-Hydroxy-9,10-AQ| 1.668p 1.73
67 1’8'Dih3féoxy'9’1o' 1.6742 1.7
68 1,4-AQ 1.7292 1.71
69(9,10-Phenanthraquingrie6826, 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 othearele
[29, 30]. However more detailed analysis in a fain
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-
representing Hilal's data [26] have 6 moleculesinot
the range; Fig. 3-b, Chen’s data [25], have 18 mole
cules not in the range and all are above 0.1; andBF
¢, Fukuda’'s data [27], have 3 molecules not in the
range and also all are above 0.1. It is eviderttttie
minimum deviations are obtained for the good qualit
of Hilal's electron affinities experimental databas
The minimum deviation of Hilal's database justifies
the strong relationship between found calculated-el
tron affinities and experiment electron affiniti§his
fact supports the validity of the use of DFT cadtians
for predicting electron affinities of quinones.
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0,2 It is worth of noting that EAs were obtained by
Frontana [29] for 16 derivatives of quinones witle t
% © n=50 o use of basis set B3LYP/6-31++G**. The calculated
g 014 @ c590 o EA values and quinones’ chemical structures are-com
5 o o o piled in Table 3. As it is shown in Fig. 4, thesea
s o Q . .
L o0 O 0 00 . linear correlation between those results [29] and o
© 5 007 a G%?g o research with regression coefficient R 0.90, how-
2 o @ ; : Co e .
8 ® o§ o ever, if one fluorine derivative is excluded, itetra-
& 01 o fluorine benzoquinone, therf Ricreases up to 0.98. In
’ ° general, calculated values of EA in our researeh ar
about 6% higher than Frontana’s results.
0,2
0 20 40 60 80 y = 1,0586x - 0,3633
Ordinal number of quinone 3 - R2 = 0,9841
a < n=15
05 2
e)
© c—%
0,4 - _ <
n=48 5 2
g
g %% ®
3 O
© 4
2 o o 90, ° &0 1 : .
% 0.1 - @ép 8(5300 () %O 1 2 3
o © o EAcalcd (eV) (Frontana)
0 © : ad @ () Fig. 4. Plot of EAarca (Frontana) [29] using the 6-31++G** basis
00 O Op set versus found EAcdVvalues calculated using the 6-311G(d) ba-
o sis set (see Table 3)
0.1 Puc. 4.3aBucumocts EAcaicd (DponTana) [29], paccuurannas Ha
0 20 ) 40 . 60 80 ocHoBe 6-31++G** 6a3uca oT pacCUNTAHHBIX BeMMUNH EAcacdHa
Ordinal number of quinone ocHoBe 6-311G(d)6asuca (cM. Tabmn. 3)
b Table 3
0,2 Electron affinities calculated by Frontana using tte 6-
31++G** basis set and those calculated in this reaech
using the 6-311G(d) basis set
c n=10 Tabnuya 3. CpoaCTBO K 3JI€KTPOHY, PpCCUHTAHHOE
2 ®pouTaHoli ¢ npuMeHeHneM 6-31++G** ga3mca, u pac-
g o CYHTAHHBIE B IAHHOI padoTe, n mosb3ys 6-311G(d)6asuc
3 o o EAcaica (€V)
T 0,1 - calcd
2 % No. Name EAaicd (V) (Frontana)
IS e} (e} 1 Tetrachloro-p-BQ 2.8932 3.0369
& 2 | 2,5-Dichloro-p-BQ 2.5170 2.7273
b O 3 Phenyl-p-BQ 1.0984 2.2627
4 p-BQ 1.8407 2.1690
0 5 1-Methyl-p-BQ 1.7693 2.0685
0 20 20 60 80 6 2-t-ButyI-p-BQ 1.8647 2.1099
Ordinal number of quinone 7 2,5-Dimethyl-p-BQ 1.6933 1.9660
c 8 2,6-Dimethyl-p-BQ 1.6994 1.9741
Fig. 3. Plot of relative deviation (y) of calculdtelectron affinities 9 _1’4'NQ 1.7355 1.9978
from experimental data versus ordinal number afepe compound | 10 2,5-D!-t-butyl-p-BQ 1.8762 2.0532
(X): Relative deviation = (Edicd- EAexp)/EAexpt, @) Hilal [26], 11 2,6-Di-t-butyl-p-BQ 1.8801 2.0639
b) Chen [25], ¢) Fukuda [27] (for number of quin@ee Table 2) 12 2-Methyl-1,4-NQ 1.6554 1.8991
Puc. 3. OTHOCHTENIBHOE OTKIIOHEHHE (Y) PACCYUTAHHOTO HJICK- 13 Tetramethyl-p-BQ 1.6309 1.8359
TPOHHOT'O CPOACTBA OT SKCIIEPUMEHTAIBHBIX 3HAYCHMH KakK (byHK' 14 9 10_AQ 1 5384 1 7610
Ut MOPAAKOBOIO HOMEpa XMHOHOBOT'O COCAUHCHUST (X): OTHOCH- _ : _ _ : :
TenpHOe OTKIOHEHUE = (EAcalcd - EAexpt)/EAexpt, &) Xuman [26], b) 15 2-Methyl-9,10-AQ 1.7135
Yen [25], ¢)Dykyna [27] (Hymepauus XuHOHA CM. Tab1. 2) 16 Tetrafluoro-p-BQ 2.3303 3.0344
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EAcalcd (eV)

Fig. 5. Plot of EAarcd (Zhu) [30] calculated using the DZP++ basis
set versus found Bhcd using the 6-311G(d) basis set (see Table 4)

3| R2=0,9871

1
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y =0,9353x + 0,4183

n=23

1 2

3

EAcalcd (eV) (Zhu)

Puc. 5.3aBucumocts EAcaicd (xy) [30], paccunrannas Ha ocHOBe
DZP++6a3uca oT paccunTaHHBIX BeMIHH EAcalcdHa OcHOBE
6-311G(d)oasuca (cm. Tabi. 4)

Table 4

Electron affinities calculated by Zhu using the DZR-+
basis set and those calculated in this research ngithe
6-311G(d) basis set
Ta6nuya 4. CpoacTBO K 31eKTPOHY, pccuuTannoe JIxky
¢ npumenenneM DZP++ 6a3uca, n paccuuTannble B
JaHHOIi padoTe, HcnoJb3ys 6-311G(d)6a3uc

No. Name EAaicd (eV) EA(CE';%E;}V)
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

10

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

Table 4. By comparison with the experimen-tal ressul
[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: &A=
0.912EA(B3LYP) — 0.080. As it is shown in Fig. 5,
there is a linear correlation between those re$slis
and our research with regression coefficiehtR.93,
however, if one fluorine derivative is excluded, iet-
rafluorine benzoquinone, thert Rcreases up to 0.99.
As a result, calculated values of EA in our researe
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 representativesqoii-
nones, including various derivatives of benzoquéjon
anthraquinone, phenanthraquinone and naphthoqui-
none. It is shown that good, generally applicabiady
ratic correlation relationship exists between thkew-
lated and experimental IPs. Satisfactory quadcatie
relation relationships also exist between the dated
and experimental EAs. On the basis of analysifi®f t
relative deviation between found calculated resarit
three experimental databases a conclusion is drawn
that Hilal's database including equilibrium electro
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 corneittes-
31++G** and DZP++ basis sets in other researcbotn
relation with experimental data for quinone dernxet 6-
311G(d) basis set yields an intermediate EAs betiee
31++G** and DZP++ basis sets.

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