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Abstract: Theoretical prediction ability of M06-2X functional was tested for thermodynamics of phenol, 15 
para and 15 meta phenol derivatives. Calculations were done for gas phase as well as for polar and nonpolar 
solvents. Although predicted values might be shifted from the experimental ones in the framework of the 
employed DFT functional and basis set, the calculated and experimental data sets correlate well together. Very 
good linearity was found especially for the correlation of experimental and theoretical proton affi nities. Ham-
mett type correlations between the environments considered were compared. The phenolic C—O bond length 
was also tested as an alternative substituent effect descriptor while the type and position of the functional 
group on the aromatic ring have a direct effect on the phenolic bond.
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Introduction

Phenols are considered as antioxidants providing 
protection against free radicals and as such are 
often utilized in forms of various derivatives. Over 
the last few years, three main mechanisms of radical 
scavenging action were proposed as shown in Fig. 1.
While the fi nal product remains the same in all of 
them, the number of steps and intermediates as 
well as the solvent preference differ. Comprehen-
sive description of illustrated reaction paths can be 
found elsewhere (Rimarčík et al., 2011).
Historically, Bond Dissociation Enthalpy (BDE) is 
one of the earliest studied quantity in association 
with antioxidants with straightforward mechanism. 
On the other hand, the fi rst steps in latter mecha-
nisms are often more interesting in the kinetic 
studies owing to their rate-determining nature. 
Specifi cally, the ionization potential (IP) or anion 
proton affi nity (PA) values are usually higher than 

those of Proton Dissociation Enthalpy (PDE) or 
Electron Transfer Enthalpy (ETE).
Although there have been many theoretical stu-
dies regarding antioxidant action of substituted 
phenols, very few of them employ M06-2X func-
tional of the Truhlar group (Zhao et al., 2008) 
and even fewer of them determine solvent effects. 
On the other hand, there are many studies using 
B3LYP functional (Klein et al., 2009; Vagánek et 
al., 2011; Chen et al., 2015). Some of the studies 
are focused mainly on the HAT mechanism, cor-
relation between BDEs or C—O bond lengths and 
Hammett constants (Klein et al., 2006b). Complex 
thermodynamics of three main mechanisms is in-
cluded in other studies (Klein et al., 2006a; Chen 
et al., 2015). 
In contrast to popular B3LYP published in 1988, 
M06-2X is a more recent global hybrid functional 
with higher (54 %) Hartree-Fock exchange. It is 
advertised as one of the top performers and 

Fig. 1. Main mechanisms of antioxidant action — Sequential Electron Transfer Proton Transfer (SET-
PT), Hydrogen Atom Transfer (HAT) and Sequential Proton Loss Electron Transfer (SPLET).
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should be optimized for thermodynamics calcu-
lations (Zhao and Truhlar, 2008). Numerous 
validation studies (Huang et al., 2014; Luo et al., 
2011) put this Minnesota 06 functional in a 
position superior to B3LYP. It should also 
outperform other DFT methods providing better 
description of medium-range exchange-corre la-
tion energies. Nevertheless, it has to be mentioned 
that the vast majority of benchmark studies 
perform statistics based on single point energies 
with so-called reference theoretical data (mostly 
from gas-phase coupled cluster calculations). 
However, the goal of all computational methods is 
to provide data as close to the experimental ones 
as possible. Also, the geometries are usually not 
optimized employing the DFT functional but 
rather just taken from MP2 of more precise 
calculations. In our case of monosubstituted 
phenols, experimental data on thermodynamics 
are available and thus a more re le vant cor relation 
can be done. Parameters from linear regression 
can be then employed for reactivity prediction. 
Therefore, the main goals of this work are: a) to 
perform geometry optimization of phenol, 15 para 
and 15 meta phenol derivatives (see Tables 1—2) 
using M06-2X functional, b) to investigate the 
rate determining reaction enthalpies of anti-
oxidant mechanism for the studied com pounds, c) 
to compare the obtained results with ex perimental 
data, and d) to fi nd relationships between Ham-
mett constants and reaction enthalpies. 

Computational details

All geometry optimizations were performed in the 
Gaussian 16 program package (Frisch et al., 2016) at 
DFT level of theory with the M06-2X (Zhao et al., 
2008) hybrid functional as implemented in Gaus-
sian. Energy cut-off was 10−5 kJ mol−1 and fi nal RMS 
energy gradient was below 0.01 kJ mol−1 A−1. For 
all atoms, triple zeta 6-311++G(d,p) basis sets were 
employed (Hariharan et al., 1973; Rassolov et al., 
1998). The chosen basis sets are assumed to provide 
reliable molecular geometries and reaction enthal-
pies and are generally considered to be suffi ciently 
large (Michalík et al., 2014; Škorňa et al., 2014). 
Infl uence of the water and benzene solvents was 
approximated by implicit continuum model SMD 
(Marenich et al., 2009). The optimized structures 
were confi rmed to be real minima by vibrational 
analysis (no imaginary frequencies). 
Based on optimized structures, thermodynamic 
quantities for the processes mentioned in Fig. 1, 
i.e. bond dissociation enthalpies (BDE), ionization 
potentials (IP), anion proton affi nity (PA) were 
calculated at room temperature as follows

 BDE = H(Ph—O•) + H(H•) – H(Ph—OH) (1)

 IP = H(Ph—OH•+) + H(e−) – H(Ph—OH) (2)

 PA = H(Ph—O–) + H(H+) – H(Ph—OH) (3)

where H(Ph—OH) represents the total enthalpy 
of the phenol derivative, H(Ph—OH•+) is the total 
enthalpy of the phenol radical cation, H(Ph—O•) 
and H(Ph—O–) are the total enthalpies of the 
phenoxy radical and the phenoxide anion, 
respectively. In water, enthalpy of proton H(H+) is 
–1049.60 kJ mol–1, in benzene it is –853.71 kJ mol–1. 
The latter was estimated as the enthalpy of the 
reaction C6H6(l) + H+(g)  (C6H6)+(solv) in 
benzene. Enthalpy of hydrogen atom H(H•) in 
benzene is –1301.02 kJ mol–1, in gas phase it is 
–1301.81 kJ mol–1 and in water it is –1296.26 kJ mol–1. 
Finally, the calculated enthalpy of electron H(e−) 
in benzene is –8.20 kJ mol–1 while in water it is 
–74.75 kJ mol–1. All these values were also 
calculated in this study at the M06-2X/6-311++G** 
level.
Relevant values from the statistical analysis were 
rounded and are presented with the corresponding 
standard deviations of the last digit shown in paren-
thesis. The goodness of fi t of a statistical model is 
characterized by correlation coeffi cient R.

Results and Discussion

The main aim of our work was to predict experi-
mental values as best as possible; therefore, the 
correlation between proton affi nities measured 
on a pulsed ion cyclotron resonance (ICR) mass 
spectrometer (Fujio et al., 1981) and theoretical 
gas phase PAs were fi rst investigated. This should 
proof that the employed DFT functional and 
basis set provide reliable results. PAs were chosen 
because, unlike other quantities, as many as 25 
various meta and para phenol derivatives show gas 
phase acidity measured under the same experi-
mental conditions. Tables 1 and 2 list gas phase 
and solvent phase values calculated in this study. 
Signifi cant solvent dependence of proton affi nity 
can be attributed mainly to substantial differences 
in proton enthalpy. Nevertheless, the correlation 
of 25 experimental PA(exp) values and the present 
PA(DFT) in gas phase show excellent linearity 
(R = 0.998) and linear equation:

 PA(exp)/kJ mol–1 = 0.12(2)·103 +
 + 0.92(2)·PA(DFT)/kJ mol-1 (4)

Prediction for other derivatives can be therefore 
made with great confi dence using this equation. 
From Equation (4) it is evident that theoretical 
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proton affi nities are slightly underestimated with 
respect to the experimental absolute values. Very 
similar linearity (R = 0.997) as well as slope of 0.90(2) 
and intercept of 0.15(3)·103 were found in a previ-
ous study (Klein and Lukeš, 2006a) that employed 
B3LYP and the same basis set, 6-311++G**.
On the other hand, experimental BDEs tend to vary 
quite wildly from one method to another (see e.g. 
the comparison in Klein and Lukeš, 2006b) making 
any direct comparison and data merging trouble-

some. Thus, a comparison with electrochemical 
measurements done by Bordwell et al. (1991) com-
piling 21 experimental values was applied. M06-2X 
data correlate fairly well with R = 0.968 with the 
linear equation of:

 BDE(exp)/kJ mol-1 =
= 0.06(2)·103  + 0.83(5)·BDE(DFT)/kJ mol-1 (5)

The same correlation, but with B3LYP func-
tional  employed, results in the intercept of 

Tab. 1. M06-2X/6-311++G** thermodynamic quantities defi ned by Eqs. (1)—(3) for phenols substituted 
with X in meta position in various environments. All values are in kJ mol-1.

X
Water Benzene Gas

BDE PA IP BDE PA IP BDE PA IP

Br: 385 150 692 374 453 728 374 1414 839

CF3: 387 149 697 376 449 744 377 1406 866

Cl: 385 150 688 374 453 723 375 1419 838

CN: 390 146 703 379 438 752 380 1394 880

F: 384 151 687 374 457 725 375 1427 848

Me: 373 162 660 366 482 689 368 1456 802

MeCO: 385 154 687 374 464 723 376 1426 838

MeO: 381 158 660 373 479 682 375 1451 792

MeSO2: 391 143 708 379 438 749 381 1391 867

NH2: 370 163 601 365 483 623 369 1459 742

NMe2: 370 164 579 365 487 591 369 1459 700

NO2: 396 145 715 381 430 764 381 1387 891

OH: 376 157 656 368 471 687 369 1443 801

Ph: 378 159 668 369 472 685 370 1437 785

t-But: 376 164 664 367 483 688 369 1452 795

Tab. 2. M06-2X/6-311++G** thermodynamic quantities defi ned by Eqs. (1)—(3) for phenols substituted 
with X in para position in various environments. All values are in kJ mol-1.

X
Water Benzene Gas

BDE PA IP BDE PA IP BDE PA IP

Br: 379 154 680 367 457 705 367 1419 811

CF3: 395 148 709 382 438 752 382 1396 871

Cl: 377 154 675 365 459 704 366 1425 814

CN: 395 138 709 381 421 752 380 1376 870

F: 371 159 667 361 470 702 362 1441 819

Me: 364 165 646 358 485 669 361 1459 780

MeCO: 390 140 696 376 437 727 376 1394 837

MeO: 341 162 610 342 490 636 346 1459 740

MeSO2: 400 137 720 383 424 760 386 1372 873

NH2: 320 171 564 324 496 584 332 1468 696

NMe2: 315 168 548 319 487 555 327 1455 659

NO2: 403 122 728 386 401 778 387 1354 900

OH: 350 167 622 344 486 651 347 1461 760

Ph: 367 158 644 359 462 655 361 1426 750

t-But: 366 165 649 359 484 671 362 1453 773

H: 377 160 671 368 477 703 370 1453 818
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0.08(2)·103 kJ mol-1, provided virtually the same 
slope of 0.85(4) and slightly better correlation co-
effi cient R = 0.978. The linear trends are plotted 
and compared graphically in Fig. 2.
Gas phase ionization potential measurements are 
laborious requiring costly apparatus therefore 
compilations of more than few derivatives are 
scarce. Experimental data of more than ten works 
was summarized by Klein and Lukeš, 2006c. The 
authors found theoretical B3LYP ionization poten-
tials rather shifted from experimental values but 
substituent induced changes were well predicted. 
On the other hand, M06-2X values are closer to the 
experimental ones with relatively good correlation 
coeffi cient of R = 0.964. Regression analysis pro-
vided the linear equation of:

 IP(exp)/eV =
 = 0.3(6) + 0.98(7)·IP(DFT)/eV (6)

In analogous correlation with B3LYP data the 
slope reached 1.00(9) which is still within M06-
2X interval. The shift of B3LYP values is best 
resembled by intercept of 2.0(6) and slightly worse 
correlation (R = 0.935) shown in Fig. 3. 

Hammett type correlations were explored next 
as an, to some extent, pseudo-validation tool. In 
the study of benzoic acids ionization, Hammett 
proposed (Hammett, 1937) substituent-specifi c 
constant σ as a reliable substituent effect descriptor. 
This constant remains popular up to now, fi nding 
its use in various correlations including derivatives 
far beyond benzoic acids. Prediction of equilibrium 
and rate constants for different types of reactions 
can be often made with great accuracy. A compre-
hensive list of Hammett  constants is available 
(Hansch et al., 1991) from where the data for the 
functional groups in this study were taken. 
In Tab. 3, linear parameters as well as correlation 
coeffi cients R obtained from linear regression 
can be found for para substituted phenols, while 
analogous results for meta substituted derivatives 
are presented in Tab. 4. 
In case of ionization potentials vs. Hammett con-
stant dependence, the values for meta-amino and 
meta-dimethylamino phenol were signifi cantly off 
the linear trend and therefore they were omitted. 
Without neglecting these data, correlation coeffi -
cients would be of 0.853 in water, 0.884 in benzene 

Fig. 2. Correlation between experimental (Bor-
dwell et al., 1991) bond dissociation enthalpies 

BDE(exp) and theoretical BDE(DFT). Relationship 
with B3LYP data (Klein and Lukeš, 2006b) is rep-
resented by violet squares, green circles represent 

M06-2X data of this study.

Fig. 3. Correlation between experimental ioniza-
tion potentials IP(exp) compiled by Klein and 

Lukeš, 2006c and theoretical IP(DFT). Relation-
ship with B3LYP data is represented by violet 

squares, green circles represent M06-2X data of 
this study.

Tab. 3. Regression parameters for Hammett correlation (y = a·p + b) in para derivatives.

Environment Water Benzene Gas

y = BDE PA IP BDE PA IP BDE PA IP

a/kJ mol-1 53(4) –26(3) 105(6) 40(3) –55(6) 125(8) 36(3) –70(8) 133(9)

b/kJ mol-1 365(2) 156(2) 649(3) 357(2) 465(3) 678(4) 361(2) 1431(4) 788(5)

R 0.968 0.919 0.974 0.967 0.931 0.972 0.967 0.918 0.964

Biela M et al., Antioxidant action of phenols: Revisiting theoretical calculations…
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and 0.901 in gas phase. In case of para derivatives 
and proton affi nities, the relationship excluding 
values for dimethylamino and unsubstituted phe-
nol provided signifi cantly better correlation coeffi -
cient of 0.962 in benzene. It should be mentioned 
that the interval of published p values for the di-
methylamino group is one of the largest ones and 
even a value with a relatively high standard error of 
–0.6  ±0.2 has been suggested (Jaffé, 1953). More-
over, in case of NMe2 compared to the vast majority 
of substituents, an exceptionally large charge trans-
fer with OH group was observed (Nazarparvar, 
2012). Apart from these exceptions, our correla-
tions involved all 15 derivatives and the value for 
unsubstituted phenol. Considering this number of 
points for statistics, the found correlation coeffi -
cients can be regarded as satisfactory. 
Alternative descriptor in case of monosubstituted 
phenols seems to be the length of phenolic C—O 
bond which was found to be sensitive to the substitu-
ent both in para and meta positions. Also, the higher 
the value of the Hammett constant, the shorter the 
C—O bond becomes. These lengths obtained from 

Tab. 4. Regression parameters for Hammett correlation (y = a·m + b) in meta derivatives.

Environment Water Benzene Gas

y = BDE PA IP BDE PA IP BDE PA IP

a/kJ mol-1 26(2) –25(2) 74(7) 18(1) –64(4) 109(11) 15(2) –86(6) 132(14)

b/kJ mol-1 375,4(6) 160,2(5) 661(3) 367,9(4) 478(2) 686(4) 370,2(6) 1449(3) 794(6)

R 0.981 0.981 0.943* 0.979 0.975 0.940* 0.945 0.970 0.925*

*values for NH2 and NMe2 derivatives were omitted

Tab. 5. Optimized (M06-2X/6-311++G**) phenolic C—O bond length in various environments and Ham-
mett substituent constants (Hansch et al., 1991).

X
Meta d(C—O)/Å Para d(C—O)/ Å

sm spWater Benzene Gas Water Benzene Gas

Br: 1.3670 1.3570 1.3591 1.3687 1.3582 1.3603   0.39   0.23

CF3: 1.3664 1.3563 1.3580 1.3629 1.3540 1.3562   0.43   0.54

Cl: 1.3670 1.3571 1.3589 1.3692 1.3588 1.3609   0.37   0.23

CN: 1.3656 1.3553 1.3573 1.3589 1.3515 1.3542   0.56   0.66

F: 1.3668 1.3569 1.3591 1.3729 1.3615 1.3637   0.34   0.06

Me: 1.3735 1.3616 1.3633 1.3757 1.3630 1.3644 –0.07 –0.17

MeCO: 1.3696 1.3585 1.3600 1.3610 1.3540 1.3563   0.38   0.50

MeO: 1.3709 1.3602 1.3618 1.3737 1.3656 1.3673   0.12 –0.27

MeSO2: 1.3640 1.3551 1.3571 1.3582 1.3521 1.3544   0.60   0.72

NH2: 1.3735 1.3612 1.3630 1.3814 1.3678 1.3690 –0.16 –0.66

NMe2: 1.3752 1.3627 1.3647 1.3784 1.3657 1.3671 –0.16 –0.83

NO2: 1.3634 1.3542 1.3562 1.3531 1.3492 1.3522   0.71   0.78

OH: 1.3703 1.3596 1.3613 1.3781 1.3656 1.3671   0.12 –0.37

Ph: 1.3721 1.3608 1.3626 1.3713 1.3601 1.3620   0.06 –0.01

t-But: 1.3748 1.3625 1.3642 1.3749 1.3627 1.3639 –0.10 –0.20

H 1.3727 1.3609 1.3626 1.3727 1.3609 1.3626   0.00   0.00

the optimized geometries are presented in Tab. 5 
and potentially can be also obtained from X-ray 
diffraction experiments.
When the bond length is used for correlations, 
unlike Hammett constants, the values for meta and 
para derivatives lie on a single line. Especially good 
linearity (R = 0.989) was found for the relationship 
between 31 values of proton affi nities in water and 
d(C—O) bond lengths optimized in water. The 
linear equation reads:

 PA/kJ mol-1 =
 = –2.13(7)·103 + 1.67(5)·d(C—O)/Å (7)

This equation potentially enables relevant predic-
tion of solvent based PAs. For phenol derivatives, 
this kind of experimental data is still scarce.

Conclusion

In this paper, results of quantum chemical thermo-
dynamics calculations have supported the viability 
of the newer hybrid M06-2X functional. Theoreti-
cal reaction enthalpies tend to be slightly underes-

Biela M et al., Antioxidant action of phenols: Revisiting theoretical calculations…
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timated with respect to the experimental absolute 
values, but substituent induced changes are well 
predicted by the present method. Based on the 
presented correlations it can be concluded that the 
DFT/M06-2X method with employed Pople type 
basis set 6-311++G(d,p) provides thermodynamic 
values in good agreement with experimental data. 
No considerable major differences between B3LYP 
and M06-2X were found in terms of correlation 
slopes, but the B3LYP functional tends to provide 
slightly more shifted values. Therefore, the Minne-
sota 06 hybrid functional which has become widely 
adopted in recent years seems to be a reasonable 
alternative to the robust and most popular B3LYP 
one.
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