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BOND DISSOCIATION ENTHALPY OF PHENOLIC ANTIOXIDANTS
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Homolytic bond dissociation enthalpies (BDEs) for O-H bonds in selected phenols have been theoreti cally calculated using density functional theory at the 
B3LYP/6-311G(d,p) and B3LYP/pp-cpTZ levels of theory. It was found that the B3LYP method is generally reliable for the prediction of absolute BDEs. This 
method works well for the prediction of substituent effects on BDEs. The deviations from experimental values are generally within 2-3 kcal/mol. The stability of 
phenoxyl radicals is largely affected by substituents and by internal hydrogen bonding. It was shown that, in particular, electron-donating substituents have large 
stabilizing effects on phenoxyl radicals. The application of the method for the prediction of the BDEs in polyhydroxyphenols is illustrated and discussed.
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INTRODUCTION

Phenolic compounds are known to suppress the lipid per-
oxidation in living organisms, and they are also widely used 
as additives in food technology. Reducing the rate of such oxi-
dative degradation process by utilizing low concentrations of 
substances known as ”antioxidants” is important both for all 
aerobic organisms as well as for many commercial products, 
especially for food products [Halliwell et al., 1995a,b; Wright 
et al., 1997]. The nutritional and medical aspects of antioxi-
dants have been the subject of numerous reviews [Halliwell 
et al., 1995a,b; Halliwell, 2000; Aruoma, 1994] and over-
views [Halliwell et al., 1989]. The function of antioxidants is 
to intercept and react with free radicals at a rate faster than the 
substrate. Since free radicals are able to attack lipids, fats, and 
proteins, it is commonly believed that they are implicated in a 
number of degenerative diseases and aging [Halliwell, 2000; 
Aruoma, 1994]. 

In general, two pathways are assumed for oxidation in 
which phenolic antioxidants can play a preventive role: the 
hydrogen atom transfer and electron transfer. The first path-
way is H-atom transfer, for lipid (LH) peroxidation [Wright 
et al., 1997, 2001]:

LH   →   L* (initiation)           (1)

L* + O2   →   LOO* (addition of O2 to carbon radical L*) (2)

LOO* + LH   →   LOOH + L* (H-atom exchange)        (3)

Once free radical of a lipid L* has been generated, then 
reaction (2) and (3) form a chain reaction. During the chain 
cycles through reactions (2) and (3), the lipid molecules (LH) 
are oxidized to lipid hydroperoxide (LOOH), which results 

in rancidity of fats and fatty food products. It is important to 
note that reaction (2) is very fast with the second kinetic order 
rate constant of ca. 109 M-1 s-1, whereas reaction (3) is much 
slower, usually ca. 101 M-1 s-1 [Wright et al., 2001]. The main 
role of an antioxidant (ArOH) is to interrupt the chain reaction 
(or trap the peroxyl LOO* radical):

LOO* + ArOH   →   LOOH + ArO* 
(trapping the peroxyl LOO* radical) (4)

From reaction (4) it results that to be more effective the 
phenolic antioxidant (ArOH) should be able to easily abstract 
the H-atom from phenolic O-H group and the phenoxyl radi-
cal (ArO*) must be stable free radical, that very slowly reacts 
with substrate LH but very rapidly with peroxyl (LOO*) lead-
ing finally to non-reactive and non-radical products. The rate 
of reaction (3) depends on the barrier height for transfer of an 
H-atom from lipid LH to radical LOO* or from antioxidant 
(ArOH) to radical LOO* in the case of reaction (4). As the 
reaction (4) becomes more exothermic one can expect that the 
reaction barrier should decrease, and the antioxidant will react 
faster with peroxyl radical, in this way preventing the lipid 
against peroxidation more effectively. From this discussion it 
can be concluded that the parameter in the form of bond dis-
sociation enthalpy (BDE) will be a representative factor in de-
termining the efficacy of a phenolic antioxidant. The weaker 
the OH bond in the molecule of an antioxidant (the lower its 
BDE) the faster will be the reaction with free radicals such as 
peroxyl, alkoxyl, alkyl, superoxide, and others. For example 
[Wright et al., 2001], the free radicals such as LOO* have a 
much lower BDE on formation of the parent LOOH, typically 
about 88 kcal/mol and they will react slowly according to re-
action (4) with phenol (BDE ca. 88 kcal/mol) but they react 
rapidly in more exothermic reaction with α-tocopherol (BDE 
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ca. 77 kcal/mol). Tocopherols are effective chain-breaking 
antioxidants that prevent lipid peroxidation, in contrast to 
phenol. In some cases other factors may also play a role in de-
termining what makes an effective antioxidant. These include 
the presence of bulky groups near the OH group [De Heer 
et al., 1999, 2000], hydrogen bonding characteristics of the 
solvent [Valgimigli et al., 1995, 1996], or biological context, 
solubility, inter-phase phenomena. Hovever, as far as specific 
molecular properties are concerned, the BDE is of particular 
importance to experimentalists and theoreticians.

To perform a systematic study of antioxidants from a theo-
retical perspective one needs to determine accurately the BDE. 
A number of theoretical studies have addressed this point, 
many of them have been QSAR studies which attempted to 
correlate antioxidant activity with various molecular proper-
ties, especially with BDE [Wright et al., 1997, 2001; De Heer 
et al., 1999, 2000; Van Acker et al., 1996; Brinck et al., 1997; 
Da Silva et al., 1999; Migliavacca et al., 1997; Szymusiak 
et al., 2000; Tyrakowska et al., 1999].

In recent years, quantum chemical calculations have 
become an increasingly used tool for determination of gas 
phase thermochemistry. The development of the Gaussian 
2 (G2) [Curtiss et al., 1991] and Complete Basis Set (CBS) 
[Ochterski et al., 1996] approaches has provided the chemists 
with efficient techniques for calculating thermochemical data 
with experimental accuracy. Unfortunately, these methods use 
high-level ab initio methods, which limits the sizes of systems 
that can be studied to only small systems consisted of several 
atoms [Brinck et al., 1999]. Density functional theory (DFT) 
methods have in recent years evolved as an important comple-
ment to advanced ab initio methods. The advantage of DFT 
methods is that they allow studing considerably larger systems 
with only limited loss in accuracy [Brinck et al., 1999].

In the present study, we have employed a DFT method 
to analyze the substituent effects on antioxidant activity of 
selected phenolic compounds in the sense of their O-H bond 
dissociation enthalpies, BDEs. The computed data is critically 
evaluated against available experimental values. The results 
obtained are analyzed and discussed in relation to the possibil-
ity of using the proposed methods for the prediction of BDE 
values and other useful data for more complex compounds 
such as polyphenols.

METHODS

We have used B3LYP functional in two combinations 
of basis set: in the first combination geometries of phenols 
and their phenoxy radicals were optimized in 6-31G(d,p) 
basis set and the single-point calculations were performed 
in higher 6-311G(d,p) basis set. In the second combination, 
the Dunnings correlation consistent basis sets were used: 
cc-pVDZ (double-zeta) in optimization step and then cc-pVTZ 
(triple-zeta) in single-point calculation. We have used B3LYP 
functional because this functional has been shown to provide 
reliable geometries, frequencies, and bond energies [Brinck 
et al., 1999]. Harmonic frequencies for all neutral and radical 
molecules have been computed at (U)HF/3-21G(d) level due 
to too large size of most molecules studied. All calculations 
refer to the gas phase. 

The value of BDE is calculated as the enthalpy difference 
at 298 K for the reaction: 

ArOH   →   ArO* + H*            (5)

where ArOH is the parent phenol and ArO* is the correspond-
ing phenoxyl radical. Calculated at HF/3-21G(d) level thermal 
correction to enthalpy was done without scaling the zero-point 
energy and vibrational contribution to this enthalpy. The total 
enthalpy at 298 K for given species  is the sum of the thermal 
correction to the enthalpy and the B3LYP electronic energy 
from the final step. The Gaussian 98 suite of programs has 
been used for the ab initio and DFT calculations reported in 
this study. 

RESULTS AND DISSCUSION

A number of theoretical as well as experimental investiga-
tions of varying degrees of sophistication have been reported 
with the aim to understand the structural factors that determine 
the strength of O-H phenolic bonds [Wright et al., 1997, 2001; 
De Heer et al., 1999, 2000; Van Acker et al., 1996; Brinck 
et al., 1997; Da Silva et al., 1999; Migliavacca et al., 1997; 
Szymusiak et al., 2000; Tyrakowska et al., 1999; Bordwell 
et al., 1994; Laarhoven et al., 1999, Lucarini et al., 1994, 
1996, 2001, 2002; Wayner et al., 1996; Brigati et al., 2002]. 
It has been already well empirically established that electron-
withdrawing substituent causes an enhancement of the O-H 
BDE value and thus a worsening of antioxidant actvity of phe-
nols. From the molecular point of view, it can be also said that 
such substituent reduces their persistence due to the increased 
reactivity of the related phenoxyl radicals. The electron-re-
leasing substituents reveal quite opposite effect. The experi-
mental data provided by Brigati et al. [2002] on substituents 
scarcely investigated so far in relation to their effects on the 
O-H BDE give an excellent opportunity to check how modern 
theoretical methods of quantum chemistry deal with this prob-
lem. The reported experimental BDE for phenols containing 
different substituents in the para position of 2,6-di-tert-butyl-
phenol were measured by using the EPR radical equilibration 
technique, which seems to guarantee at the present the best 
accuracy for the determination of realistic experimental data. 
The 4-substituted 2,6-di-tert-butylphenols are candidates for 
good antioxidants because of large persistence that character-
izes their phenoxyl radicals related to sterical protection of 
radical oxygen center by large tert-butyl substituents in ortho 
positions. These data as well as those calculated theoretically 
by using four various protocols connected with computing 
time are collected in Table 1. 

Another factor to be checked is the influence of ther-
mal correction to enthalpy used in order to  better fit the 
experimental data which refer to enthalpies measured 
under normal conditions and not to strictly electronic en-
ergies. Calculation of this thermal correction is related to 
additional step calculation and it is interesting to consider 
whether it would be possible to skip this step without low-
ering the quality of final results. It should be noted that 
although the absolute values of BDE with no corrections 
are typically only sligtly lower than experimental values, 
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the corrections change the BDEs in direction to lower val-
ues by ca. 7-10 kcal/mol.

Figure 1 illustrates the relationship between the calcu-
lated values of BDE and their experimental partners show-
ing good linear correlation. The linear regression correla-
tion coefficients are as follows: 0.9904, 0.9888, 0.9806 and 
0.9891 for method I, II, III and IV, respectively. Since in EPR 
experiments a number of additional parametrs is obtained 
as by-product when measuring radical concentration, Brigati 
et al. [2002] give some of these parameters which are col-
lected in Table 2 together with computed data. It is seen that 
the computed values of hyperfine splittings are a bit higher 
than the observed ones but they are in good linear correlation 
as shown in Figure 2.

Brigati et al. [2002] reported also the existence of linear 
correlation between bond dissociation enthalpy values of 
4-substituted 2,6-di-tert-butylphenols and the room-tem-
perature hyperfine splittings at the meta protons measured 
in benzene solution of the corresponding phenoxyl radicals. 
Similar plot (data not shown) can be obtained from calculated 

results given in Tables 1 and 2. Existence of such linear rela-
tionships suggests the importance of the ground-state and of 
the radical determines the O-H BDE values. The decrease in 
observed and calculated meta proton splitings, when reducing 
the electron-acceptor character of the para substituents, can 
be understood in terms of an increasing weight of some reso-
nance structures that induce opposite spin densities at the meta 
position. A relatively good correlation between BDE values 
and the hyperfine constants that characterize radical state of 
a phenol  seems to suggest that magnitude of the O-H bond 
dissociation depends mainly on radical effect. In conclusion, 
it can be stated that when considering 4-substituted phenols, 
relatively not expensive theoretical methods based on B3LYP 
functional are able to predict both the values of BDE with us-
ing correlation line parameters shown in Figure 1 as well as 
parameters characterizing the radical state of phenolic antioxi-
dants observed in the EPR experiments.

As another validation of the proposed wider use of theo-
retical methods for the calculation of BDE and hyperfine con-
stants we demonstate the results for three compounds with 

TABLE 1. Absolute and relative O-H bond dissociation energies calculated by B3LYP/6-311G(d,p)//B3LYP/6-31G(d,p) assigned as “Method 
I”, B3LYP/6-31G(d,p)//B3LYP/6-31G(d,p) assigned by “Method II”, B3LYP/cc-pVTZ//B3LYP/cc-pVDZ assigned by “Method III”, and 
B3LYP/cc-pVDZ//B3LYP/cc-pVDZ assigned as “Method IV”, and experimental dataa. BDE calculated from electronic energies are in the 
upper row. The values given in the lower row correspond to BDE with thermal correction to enthalpy.

Substituent
Method I Method II Method III Method IV Experimentc

BDE    ∆BDEb BDE    ∆BDEb BDE    ∆BDEb BDE    ∆BDEb BDE    ∆BDEb

4-H 81.77d    0d    0d      

73.89e    0
81.56     0      
73.68     0

82.70     0
74.82     0

80.73      0
72.85      0 82.80     0

4-NO2
85.82d    4.05d    4.05d

77.30e    3.41
85.75     4.19      
77.23     3.48

86.75     4.05
78.23     4.41

84.67      3.94
76.15      3.30 84.94     2.14

4-CN 83.83     2.06
74.81     0.92

83.68     2.12
74.66     0.98

84.84     2.14
75.82     1.00

82.76      2.03
73.74      0.89 84.24     1.44

4-CHO 83.70     1.93
74.51     0.62

83.58     2.02
74.39     0.71

84.77     2.07
75.58     0.76

82.65      1.92
73.46      0.61 84.23     1.43

4-COOH 84.14     2.37
75.47     1.58

84.01     2.45 
75.34     1.66

85.34     2.64
76.67     1.85

83.05      2.32
74.38      1.53 84.27     1.47

4-COOMe 83.81     2.04
75.80     1.91

83.65     2.09
75.64     1.96

85.01     2.31
77.00     2.18

82.56      1.83
74.54      1.69 84.10     1.30

4-Cl 80.97    -0.80
73.20    -0.69

80.85    -0.71
73.08    -0.60

81.98    -0.72
74.21    -0.61

79.81     -0.92
72.04     -0.81 82.41    -0.39

4-Me 79.84    -1.93
72.71    -1.18

79.72    -1.84
72.60    -1.08

80.79    -1.91
73.66    -1.16

78.87     -1.86
71.74     -1.11 81.02    -1.78

4-t-But 80.20    -1.57
72.51    -1.38

80.07    -1.49
72.38    -1.30

28.28     3.42
71.59     3.23 81.24    -1.56 

4-MeO 76.12    -5.65
68.56    -5.33

76.11    -5.45
68.55    -5.13 

76.96    -5.74     
69.40    -5.42

75.21     -5.52
67.65     -5.20 78.31    -4.49

4-NH2
72.86    -8.91
65.08    -8.81

73.10    -8.46
65.32    -8.36

73.84    -8.86
66.06    -8.76

72.01     -8.72
64.23     -8.62

4-ph 83.24     1.47
74.35     0.46

83.60     2.04  
74.72     1.04

31.31     1.39
72.42     2.40 81.24    -1.56

4-vin-ph 76.42    -5.35 76.49    -5.07 78.90    -3.90
a all values (in kcal/mol) correspond to 298 K and 1 atm; a all values (in kcal/mol) correspond to 298 K and 1 atm; a b DBDE = BDE(R = H) - BDE(R = X); c experimental data are from  Brigati et al. [2002].
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TABLE 2. Experimental and calculated EPR spectral parameters of 4-substituted 2,6-di-tert-butyl phenoxyl radicals: B3LYP/6-31G(d,p)//
B3LYP/6-31G(d,p) assigned by “Method II”,  and B3LYP/cc-pVDZ//B3LYP/cc-pVDZ assigned as “Method IV”. Hyperfi ne splittings (a) are 
given in gauss. Experimental data are from Brigati et al. [2002].

Substituent
Method II Method IV Experiment

a3.5           aother a3.5           aother a3.5           aother

4-H 2.82     -9.40 (1H) 2.45      -8.49 1.95      9.72 (1H)

4-NO2 2.90     -1.67 (1N) 2.71      -1.90 (1N) 2.23      2.23 (1N)

4-CN 3.02      1.85 (1N) 2.63       2.65 (1N) 2.17      1.37 (1N)

4-CHO 3.01     -0.14 (1H) 262       -0.13 (1H) 2.10      0.45 (1H)

4-COOH 3.04 2.63 2.16

4-COOMe 2.96      0.62 (3H) 2.62       0.55 (3H) 2.14      0.53 (3H)

4-Cl 2.70      1.58 (35Cl) 2.30       1.97 (35Cl) 1.87      1.47 (35Cl)

4-Me 2.54    10.20 (3H) 2.18       9.32 (3H) 1.67    11.20 (3H)

4-t-But 2.49      0.35 (9H) 1.71      0.38 (9H)

4-MeO 1.63      1.74 (3H) 1.35       1.65 (3H) 0.93      1.53 (3H) 

4-NH2 0.38      4.31 (1N) 0.74       4.31 (1N) -                  -

4-ph 2.70      0.42 (2H) 1.73      1.73 (3H)
             0.67 (2H)

4-vin-ph 25.25     -0.706 (1H)
             3.08 (1H)

1.55      6.39 (1H)
             2.85 (1H)
             1.55 (3H)
             0.57 (2H)

FIGURE 1. Relationship between experimental BDE values and 
those computed by different methods.

FIGURE 2. Relationship between experimental values of hyper-fine 
splittings (a3.5) and those computed by methods II and IV.

more than one O-H groups. The advantage of theoretical meth-
ods over experimental ones is that the theoretical methods can 
estimate at least relative BDE values for all O-H groups pres-
ent in the molecule of a given phenolic antioxidant, whereas 
in experimental techniques only the weakest O-H bond in the 
molecule is measured with some effect from other weak O-H 
bonds. The results of calculation for O-H BDE that can be 
compared to recently published data are shown in Table 3. 

Figure 3 shows the structures studied together with explic-
ite shown BDEs and hyperfine splittings. 

It should be noted that the data reported by Lucarini et al. 
[2002] for the first time include experimental results for O-H 
BDEs for naturally occurring phenolic antioxidants which have 
catechol and pyrogallol moiety in their structure. Those data are 
of particular importance to us bacause we can investigate per-
formance of commonly used theoretical methods in hydrogen 
bonded systems. As it can be seen from Table 3 and Figure 3, 
the value of O-H BDE for 2,5-di-tert-pentylhydroquinone can 
be very accurately predicted by the proposed method. In the 
case of 3,5-di-tert-butylcatechol and propyl gallate the values 
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TABLE 3. Absolute and relative O-H bond dissociation energies calculated by B3LYP/6-311G(d,p)// B3LYP/6-31G(d,p) assigned as “Method 
I”, B3LYP/6-31G(d,p)// B3LYP/6-31G(d,p) assigned as “Method II”, B3LYP/cc-pVTZ//B3LYP/cc-pVDZ designed by “Method III”, and 
B3LYP/cc-pVDZ//B3LYP/cc-pVDZ assigned as “Method IV”, and experimental dataa. BDE values calculated from electronic energies are in 
the upper row. Numbers given in the lower row correspond to BDE with subtracted thermal correction to enthalpy.

Compound
Method I Method II Method III Method IV Experimenta

BDE BDE BDE BDE BDE

3,5-di-tert-butylcatechol 
(for C2-OH)

75.23
67.41

74.95
67.13

76.16
68.34

73.57
65.75

79.4

3,5-di-tert-butylcatechol
 (for C1-OH)

77.23
69.27

77.01
69.05

78.04
70.08

75.50
67.54

-

2,5-di-tert-pentylhydroquinone 80.84 80.98 81.66 79.59 80.8

propyl gallate 
(for C3-OH)

83.26
75.00

82.97
74.71

84.03
75.77

81.34
73.08

-

propyl gallate 
(for C4-OH)

75.77
67.71

75.33
67.27

76.79
68.73

73.54
65.48

81.2

a all values (in kcal/mol) correspond to 298 K and 1 atm; b DBDE = BDE(R = H) - BDE(R = X); c experimental data are from Lucarini 
et al. [1996]. 

FIGURE 3. Experimental (top row) and calculated (by method II, 
bottom row) hyperfi ne splittings (gauss) and bond dissociation 
enthalpies (theoretical values not corrected).

FIGURE 4. Calculated bond dissociation energies, BDE (kcal/mol), 
(not corrected) for each O-H group of myricetin, baicalein and 
baicalin.

FIGURE 5. Calculated bond dissociation energies, BDE (kcal/mol), 
(not corrected) for each O-H group of selected katechol-containing 
compounds.

of O-H BDE are systematically lower by about 4-5 kcal/mol. 
As noted by Lucarini et al. [2002], the BDE value for catechol 
group can not be estimated from additivity rule which works 
well for monophenolic compounds, the value calculated this 
way is 83.7 kcal/mol and 88.7 kcal/mol for 3,5-di-tert-butyl-
-catechol and for propyl galate, respectively. The additional 
contribution arising from intramolecular hydrogen bonding 
involving the second hydroxyl group is not taken into account 
in additivity rule and is slightly overestimated in theoretically 
derived values. In fact, the intramolecular hydrogen bonding 
in the semiquinone radical from catechols has been suggested 
to be responsible for the good antioxidant activity of catechol 
containing derivatives [Van Acker et al., 1996; Lucarini et 
al., 2002]. Catechols are known to experience strong kinetic 
solvent effects on the hydrogen atom abstraction reaction by 
oxygen- and nitrogen-centered radicals [Lucarini et al., 2002]  
and theoretical calculations refer to gas phase environment. The 
above remarks refer also to pyrogallol-containing molecules, 

where two hydrogen bonds are shared by the central oxygen 
atom. So, taking into account that gas phase DFT methods have 
trends to underestimate the O-H BDEs in catechol or pyrogal-
lol- moiety containing molecules, as is the case in this study, we 
can propose using these methods to carefull estimation of O-H 
bond strength of other molecules such as flavonoids. There is 
also an opportunity to compare calculated hyperfine splittings 
to those observed experimentally, which are a bit higher but cor-
related with experimental data. It is important to mention that 
theoretical calculations are able to predict the sign of the split-
ting that experimentally are not observed, which was shown in 
Figure 3. At last but not least, in Figure 4 the computed BDE 
values for few naturally occurring flavonoids are reported. It is 
worth emphasising that the predicted difference in BDE for py-
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rogallol moiety in baicalein and in myricetin depends highly on 
its location in flavone structure. Very similar conclusions refer 
to di-hydroxyflavones shown in Figure 5.

CONCLUSIONS

Theoretically computed parameters characterizing the 
effectiveness of phenolic antioxidants, designed for food 
industry, such as bond dissociation enthalpy can be used in 
the case when experimental data are not determined, which is 
the case for most of polyphenolic compounds. The computed 
bond dissociation energies are usually lower in absolute val-
ues when compared to the experimentally derived ones but 
they are linearly correlated with available so far experimental 
data determined using the same experimental EPR radical 
equilibration technique, and can be simply improved by using 
the correlation equation parameters.

The computed bond dissociation enthalpies although still 
a little less acurate for simple substituted phenols than those 
estimated on the basis of the group additivity rule in poly-
substituted phenols can be used in screening the antioxidant 
activity of more complex polyphenolic antioxidants such as 
flavonols, flavanes, catechins, and anthocyanines, abundant in 
foods of plant origin.
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