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Abstract 

Antioxidant capacity is the extent to which a compound can eliminate reactive oxygen species, and in 

vitro methods for its chemical evaluation have been proposed. Among these methods, the oxygen 

radical absorbance capacity (ORAC) assay comes close to the oxidation reaction in the living body 

because it generates radical species that mimic the lipid peroxyl radical involved in the peroxidation 

reaction of biological components and react in a phosphate buffer. In this study, PM7, a semi-empirical 

molecular orbital method, was used to calculate the thermodynamic properties (bond dissociation 

enthalpy, ionisation potential, and proton affinity) associated with ORAC. We also applied the 

clusterwise linear regression analysis as a statistical method for grouping the antioxidants by structure. 

By analysing the data for antioxidants, the trend in the hydrophilic ORAC values was determined 

using the calculated structures and bond dissociation enthalpies of the groups classified according to 

the presence or absence of oxygen functional groups in the ortho position of phenol. Further studies 

of indicators other than bond dissociation enthalpy are needed to predict the ORAC of other 

antioxidants such as flavonoids and indoles. 

 

Keywords: oxygen radical absorbance capacity; bond dissociation enthalpy; clusterwise linear 

regression analysis; structure-activity relationship; antioxidant capacity; phenolic compounds 

 

1. Introduction 

Part of the oxygen taken up by respiration is externally stimulated and becomes reactive oxygen 

species (ROS) [1]. Phenolic compounds are generally known to remove ROS via the hydrogen atom 

transfer (HAT, Eq. 1) [2], electron transfer-proton transfer (ET-PT, Eq. 2) [3], or sequential proton 

loss-electron transfer (SPLET, Eq. 3) mechanism [4]. 

ArOH + ROO･ → ArO･ + ROO‐ H  (1) 

ArOH + ROO･ → ArOH･+ + ROO−  (2-1) 

ArOH･+ + ROO− → ArO･ + ROO‐ H  (2-2) ArOH → ArO− + H+   (3-1) 

ArO− + ROO･ → ArO･ + ROO−  (3-2) 

Antioxidant capacity is the extent to which a compound can eliminate ROS, and in vitro methods 

for its chemical evaluation have been proposed [5]. One of these methods, the oxygen radical 

absorbance capacity (ORAC) assay [6], evaluates the suppression of fluorescence due to the 

decomposition of the fluorescent probe by the peroxy radical derived from 2,2'-azobis(2-
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amidinopropane)dihydrochloride. The ORAC assay comes close to the oxidation reaction in the living 

body because it generates radical species that mimic the lipid peroxyl radical involved in the 

peroxidation reaction of biological components and react in a phosphate buffer [7]. Furthermore, this 

method can be applied in the medical field because it can measure the antioxidative ability of 

biological samples such as serum [8]. In addition, water-soluble [9,10] and lipophilic [10] antioxidants 

can be measured by the hydrophilic ORAC (H-ORAC) and lipophilic ORAC assays, respectively, 

using a solution added to the phosphate buffer. The ORAC assay mainly evaluates radical scavenging 

ability, which proceeds through the HAT mechanism [11]. However, quantum chemical analysis of 

flavonoid structures and the corresponding ORAC values suggested that the SPLET mechanism, 

which is related to the proton affinity (PA) and electron transfer enthalpy acquired for the electron 

transfer sequence, is also involved [12]. 

Villaño et al. [13] tested the antioxidant components of wine samples using the ABTS (2,2'-azino-

bis(3-ethylbenzthiazoline-6-sulfonic acid)), DPPH (2,2-diphenyl-1-picryl-hydrazyl-hydrate), and 

ORAC assays. They reported that catechol and guaiacol sites have high ORAC values, while 

pyrogallol and 2,6-dimethoxyphenol sites have low ORAC values. In addition, 2-phenylpropionic acid, 

which does not have a phenolic hydroxyl group, was discovered to exhibit antioxidant capacity. 

However, they did not explain the trend in ORAC values and the cause of the antioxidant capacity of 

compounds without a phenolic hydroxyl group. Rodriguez-Naranjo et al. [14] tested melatonin and its 

derivatives using the ferric reducing/antioxidant power (FRAP), DPPH, and ORAC assays. The FRAP 

and DPPH values were reported to increase in the presence of 5-OH in the indole ring, but the ORAC 

value did not show such a tendency [15]. However, it was not discussed in detail how a few hydroxyl-

free derivatives had high ORAC values because of the reaction of the -NH group in the indole ring 

with peroxyl radicals [16].  

In recent years, efforts have been made to obtain a structure-activity relationship using structural 

formula and antioxidant capacity obtained by quantum chemical calculations. For example, Ordoudi 

et al. [17] investigated the relationship of the DPPH• scavenging activity with the bond dissociation 

enthalpy (BDE) and Hammett and Brown parameters. In addition, the DPPH value, BDE, and 

ionisation potential (IP) have been shown to have a structure-activity relationship [18, 19]. On the 

other hand, there are only a few studies on the structure-activity relationship of ORAC with calculated 

thermodynamic properties. Slavova-Kazakova et al. [20] showed that there is a negative correlation 

between the ORAC and BDE values obtained by theoretical calculations at the UB3LYP/6-31+G(d,p) 

level. Žuvela et al. [21] developed quantitative structure-activity relationship models to predict the 

ORAC values of flavonoids. To our knowledge, the structure-activity relationship with the ORAC 

values of general antioxidants has not been obtained to date. 

In this study, we analysed the structure-activity relationship between the ORAC values and 

thermodynamic properties obtained by theoretical calculations for compounds containing phenols, as 
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well as melatonin and its derivatives, which were grouped by structural characteristics. We also used 

clusterwise linear regression analysis, which was proposed by Späth [22–24] and extended by Vicari 

and Vichi [25], to analyse the data. It is a multivariate statistical method that simultaneously builds 

regression models for each cluster and classifies compounds into several clusters to improve the 

explanatory power for a response variable and construct homogenous groups. We described in detail 

the BDE, which is the barrier of the HAT mechanism that is believed to drive the process in the ORAC 

assay.  

 

2. Materials and methods 

We analysed the 30 antioxidants, excluding rutin, investigated by Villaño et al. [13] and 12 

antioxidants, including melatonin and its derivatives, investigated by Rodriguez-Naranjo et al. [14]. 

Differences between the H-ORAC values obtained from the two experiments were considered to be 

minor because the experiments were performed in the same laboratory. The 42 compounds were 

classified into the following 7 groups on the basis of their structural characteristics. Representative 

examples of compounds from each group are shown in Table 1. 

 

Group 0: phenols di-substituted at the ortho position 

Group 1: phenols mono-substituted at the ortho position 

Group 2: phenols unsubstituted at the ortho position 

Group 3: flavans 

Group 4: flavonols 

Group 5: phenylacetic acids 

Group 6: hydroxyindoles 

Group 7: indoles 

  

2.1. ORAC   

The García-Parrilla group measured the H-ORAC values of wine phenolic compounds and 

metabolites [13] and melatonin and related indoles [14] using B-phycoerythrin and fluorescein, 

respectively, as the fluorescent probe. Currently, the ORAC assay uses fluorescein, which gives highly 

reproducible results and is inexpensive. However, there is no large difference between the H-ORAC 

values due to the different fluorescent probes used [28,29]. In this study, we analysed the H-ORAC 

values reported in these two papers. 

 

2.2. Theoretical calculations 

For each compound, a conformational search was performed using the molecular force field 

calculation method of Balloon [26], and the most stable structure was taken as the initial structure. 
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The semi-empirical calculations implemented in MOPAC [27] were performed using these initial 

structures. The PM7 method [28] was used for structural optimisation in vacuum. Amić and Lučić  

[29] reported that the PM6 method [30] has the same accuracy and speed as the density functional 

theory method [31]. The PM7 method is a further improvement of PM6 and was therefore used in this 

study. Using the enthalpy (H) obtained from this calculation, three thermodynamic parameters, namely, 

BDE, IP, and PA, were calculated using Eqs. 4–6. The enthalpy in vacuum, H(e-), is 0.7516 kcal/mol 

[32]. BDE, IP, and PA were chosen to support the HAT, ET-PT, and SPLET mechanisms, respectively. 

For BDE and PA, it was assumed that -OH(-CH), which has the smallest value, is more likely to react 

with the peroxyl radical.  BDE = H(ArO∙) +  H(H∙) −  H(ArOH)  (4) IP = H( ArOH∙+) +  H(e−) −  H(ArOH) (5) PA = H(ArO−) +  H(H+) −  H(ArOH)  (6) 

 

2.3. Clusterwise linear regression analysis 

Clusterwise linear regression analysis is a multivariate statistical method that simultaneously builds 

linear regression models for each cluster and classifies a whole set of compounds into several clusters 

to improve the explanatory power for a response variable and construct homogenous groups. This 

method is performed in four steps as described below (see Supporting Information for details). 

 

Step 1: Given a whole set of compounds, classify it into mutually exclusive initial clusters 𝐶1, 𝐶2, … , 𝐶𝑘 . 

Step 2: For the given mutually exclusive clusters 𝐶1 , 𝐶2, … , 𝐶𝑘 , define the classification error and 

derive the cluster centre functions that minimize the classification error. 

Step 3: Referring to the cluster centre functions in Step 2, re-assign each compound to one of the 

clusters to minimize the classification error. 

Step 4: If none of the cluster centre functions have changed, finish the algorithm. Otherwise, replace �̃�𝑙 with 𝐶𝑙 and return to step 2. 

 

In this study, the BDE and H-ORAC values were taken as the explanatory variable (q =1) and 

response variable, respectively. In addition, the sample size was n = 12 because we were concerned 

with the characterisation of the clusters (k = 2), neighboring 1 (n_1 = 5), and neighboring 2 (n_2 = 7). 

Furthermore, noting that all compounds were labelled as neighboring, we used them as the labels of 

the initial clusters to reflect the characteristics of neighboring 1 and neighboring 2 on the data analysis. 

 

3. Results 

3.1. Relationship between thermodynamic parameters and H-ORAC 
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Table 1 shows a typical example from each compound group. All the compounds are shown in 

Supporting Information Table S1. Figure 1 shows the correlation between the H-ORAC and minimum 

BDE value, which is the lowest among the BDE values of C–H and O–H bonds in a molecule. For 

groups 0, 1, and 2, the H-ORAC and minimum BDE values are correlated, that is, the H-ORAC value 

increases as the BDE decreases. IP and PA are not as relevant to H-ORAC as BDE (see supporting 

information Figure S1, S2). The relationship between BDE and H-ORAC is described in detail below. 

For group 0 (phenols di-substituted at the ortho position), the H-ORAC value tends to decrease 

within the BDE range of 74–77 kcal/mol, although this is based on three samples. When the -OH of 

the adjacent substituent is changed to -OMe (comparison between gallic acid and syringic acid), the 

BDE decreases while the H-ORAC value increases (Fig. 1). In addition, when an unsaturated carbon 

chain is bonded to the para position (comparison between syringic acid and sinapinic acid), 

delocalisation of unpaired electrons decreases the BDE and increases the H-ORAC value (Fig. 1). This 

is consistent with the fact that -unsaturated carbon chains enhance the antioxidant capacity of the 

curcumin skeleton {Formatting Citation}. For group 1 (phenols mono-substituted at the ortho position), 

the H-ORAC value tends to decrease within the BDE range of 75–80 kcal/mol (Fig. 1). However, 

protocatechuic acid has a BDE similar to that of trans-ferulic acid and H-ORAC value similar to that 

of caffeic acid. For group 2 (phenols unsubstituted at the ortho position), the H-ORAC value tends to 

decrease within the BDE range of 80–86 kcal/mol. The high H-ORAC value of caffeic acid is due to 

the catechol site and -unsaturated carbon chain at the para position (Fig. 1). 

If sites other than the phenolic OH, for example, the benzyl site, has a low BDE, it is difficult to 

find a correlation using only the minimum BDE calculated by PM7 (Fig. 1). Kondo et al. [34] showed 

that the BDE of the catechin dimer C-2 is lower than that of the phenolic hydroxyl group. In this study, 

this tendency is confirmed for the compound group having a flavan skeleton. The BDE of C-2 can be 

either 71 or 74 kcal/mol depending on the configuration of OH and arrangement of substituents in the 

compound. As can be seen from Fig. 1, the H-ORAC values of groups 3 (flavans) and 4 (flavonols) 

rise while the BDE is constant; thus, the H-ORAC value is independent of the minimum BDE. For 

both of these groups, it would be reasonable to consider that the H-ORAC value is determined by other 

compounds but not by the minimum BDE. 

For group 5 (phenylacetic acids), (S)-(+)-2-phenylpropionic acid does not have ArOH, although the 

BDE of the benzylic CH is approximately the same as that of ArOH [13]. Because this site has a non-

zero H-ORAC value (0.41 mol TE/g), it can be a reaction point. This is confirmed by the fact that the 

H-ORAC of 3-hydroxybenzoic acid is almost zero (0.01 mol TE/g), whereas that of 3-

hydroxyphenylacetic acid is not (0.42 mol TE/g). On the other hand, for the compounds with catechol 

and guaiacol sites, the increase in H-ORAC value is more significant than the decrease in BDE. As a 

result, the H-ORAC value of 3,4-dihydroxyphenylacetic acid increases. 
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Analysis of groups 6 (indoles) and 7 (hydroxyindoles) shows that the change in the H-ORAC value 

is not as significant that in the BDE, except in the cases of Mel and 6-Mel. Because the calculated 

BDE of the -COOH group of the side chain of Trp and 5_MeOH_IAA is low, plotting the minimum 

BDE gives a constant H-ORAC value. However, since the BDE of the -NH group in the indole ring is 

approximately 88 kcal/mol, it can be inferred that the -COOH group is not involved in the reaction. 

Moreover, on the basis of the minimum BDE, the high H-ORAC values of Mel and 6-Mel cannot be 

explained. 
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Table 1  Representative examples of compounds used to analyse the relationship between the 

experimental hydrophilic oxygen radical absorbance capacity (H-ORAC) and thermodynamic 

parameters obtained by theoretical calculations a  

Structure Position 

BDE b  

(vacuum) 

kcal/mol 

IP b 

 (vacuum) 

kcal/mol 

PA b 

(vacuum) 

kcal/mol 

H-ORAC 

mol TE/mol 

[13,14] c 

Group d 

 

 

1 78.09 

198.76 

261.52 

1.19 0 2 76.55 261.58 

3 81.24 270.03 

 

 

1 81.68 

200.06 

264.15 

2.80 1 2 78.13 265.14 

3 110.77 274.30 

 

 

1 80.02 

194.19 

272.00 

2.13 2 2 87.91 272.32 

3 122.01 261.14 

 

 

1 83.83 

186.59 

269.02 

3.55 3 

2 84.46 268.32 

3 100.65 296.38 

4 75.63 262.85 

5 80.84 272.96 

6 75.03 279.31 

 

 

1 91.76 

185.92 

257.18 

1.52 4 
2 98.05 270.03 

3 72.28 258.72 

4 82.21 254.11 

 

 

1 81.92 

196.55 

271.75 

0.48 5 2 79.99 275.26 

3 76.19 273.30 

 

 1 88.90 172.31 276.53 1.86 6 

 

 

1 88.95 
178.80 

274.88 
0.81 7 

2 80.05 279.22 
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a All compounds are shown in Table S1 of the Supporting Information. b BDE: bond dissociation 

enthalpy, IP: ionisation potential, PA: proton affinity. c The García-Parrilla group measured the H-

ORAC values of wine phenolic compounds and metabolites [13] and melatonin and related indoles 

[14]. d Group 0: phenols di-substituted at the ortho position, Group 1: phenols mono-substituted at the 

ortho position, group 2: phenols unsubstituted at the ortho position, group 3: flavans, group 4: 

flavonols, group 5: phenylacetic acids, group 6: hydroxyindoles, group 7: indoles 

 

Fig. 1 Correlation between the minimum bond dissociation enthalpy (BDE) and hydrophilic oxygen 

radical absorbance capacity (H-ORAC) values 

 

3.2. Analysis 

We show the results of the stratified and clusterwise linear regression analysis in Fig. 2, Table 2. 

The statistical analyses were performed for groups 1 and 2 for which a linear relationship was observed. 
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(a) Stratified linear regression analysis           (b) Clusterwise linear regression analysis 

Fig. 2 (a) Stratified linear regression analysis and (b) clusterwise linear regression analysis of the bond 

dissociation enthalpy (BDE) and hydrophilic oxygen radical absorbance capacity (H-ORAC). The 

solid lines are regression lines, while the dashed curves are 95% confidence bands. In (a), 〇 and △ 

represent compounds that belong to neighborings 1 and 2, respectively. In (b), 〇 and △ represent 

compounds that belong to clusters 1 and 2, respectively. 

 

Table 2 Regression Coefficients a 

(a) Stratified linear regression analysis 

  Neighboring 1 Neighboring 2 

Coefficients Estimate  Std. error t-value p-value Estimate 
Std. 

error 
t-value p-value 

Intercept 
25.73 

(-11.802,63.262) 
11.79  2.18  0.12  

33.89  

(16.20,51.58) 
6.88  4.93  0.004  

BDE 
-0.30 

(-0.788,0.180) 
0.15  -2.00  0.14  

-0.40 

(-0.61,-0.18) 
0.08  -4.75 0.005  

(b) Clusterwise linear regression analysis 

  Cluster 1 Cluster 2 

Coefficients Estimate  Std. error t-value p-value Estimate Std. error t-value p-value 

Intercept 
26.76 

(20.21,33.31)  
2.36 11.34  0  

30.51 

(24.75,36.27)  
2.07  14.71 0 

BDE 
-0.32  

(-0.40,-0.24) 
0.03 -10.70  0  

-0.36 

(-0.43,-0.28) 
0.026  -13.90  0  

a Estimate: least squared estimator and 95% confidence interval, std. error: standard error, t-value: 

t-test statistics, BDE: bond dissociation enthalpy 
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4. Discussion 

Based on the clusterwise linear regression analysis, protocatechuic acid in group 1 and 3-(4-

hydroxyphenyl)propionic acid and 3-hydroxybenzoic acid in group 2 belong to different groups. 

Different labelling was performed to fill the voids in the data, and data on the H-ORAC values of 

group 1 compounds with a BDE of 80 kcal/mol or higher and group 2 compounds with a BDE of 82–

84 kcal/mol were required. It is assumed that the H-ORAC value is lower than that predicted from the 

BDE when there is an adjacent substituent because of steric hindrance. For some flavans, the H-ORAC 

value is independent of the minimum BDE. However, this is due to the difference between the 

reactivities of CH and OH and steric factors, although the BDE is the same. Moreover, because it is a 

substrate that reacts multiple times, it is assumed that H-ORAC value cannot be expressed by only the 

minimum BDE. A more detailed analysis is needed in this regard. 

As shown in Tables 2(a) and 3(a), when stratified linear regression analysis is applied, the regression 

coefficient of BDE is significant for neighboring 2, but not for neighboring 1. In contrast, Tables 2(b) 

and 3(b) show that when clusterwise linear regression analysis is applied, the regression coefficient of 

BDE is highly significant for both clusters 1 and 2. This implies that there is a strong linear relationship 

between the BDE and H-ORAC values in each cluster. In this study, because the true clusters, 

neighborings 1 and 2, are taken as the initial clusters, it would be desirable for the initial clusters and 

results of the analysis to be consistent with each other. In the future, such analysis will need to consider 

the accuracy of the structural optimisation method such as conformational search, accuracy of the 

BDE obtained at the PM7 level, and error in measurement. However, for phenols, it can be said that 

the tendency was confirmed by the BDE, which is greatly affected by the number of adjacent 

substituents of OH having the minimum BDE. 

Comparison of Figs. 2(a) and 2(b) shows that clusters 1 and 2 include most compounds of 

neighborings 1 and 2, respectively. Thus, clusters 1 and 2 can reasonably characterize neighborings 1 

and 2, respectively. However, a few compounds show different tendencies. Specifically, regarding the 

classification of phenols, the tendency of the category can be seen by classifying the substituent at the 

ortho position, although another factor is the effect of the substituent at the para or meta position. The 

H-ORAC value is more than that predicted from the effect of the BDE of the phenolic hydroxyl group. 

Protocatechuic acid and 4-hydroxybenzoic acid also have a carbonyl group at the para position of 

ArOH that improves the H-ORAC value; hence, they deviate from the normal trend of group 2 and 

are situated above the regression line. It is also possible that the substance causing the misclassification 

has an extended regression line. This substance can be classified if a BDE threshold of around 80 

kcal/mol is taken into consideration. 

 

5. Conclusions 

 By analysing the data for the main antioxidants found in wine, the trend in the H-ORAC values was 
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determined using the calculated structures and BDEs of groups classified according to the presence or 

absence of oxygen functional groups in the ortho position of phenol. Clusterwise linear regression 

analysis showed that the regression coefficient of BDE is highly significant for both groups 0 (phenols 

di-substituted at the ortho position) and 1 (phenols mono-substituted at the ortho position), which 

implies that there is a strong linear relationship between the BDE and H-ORAC values in each 

homogenous cluster. Among the thermodynamic parameters calculated in this study, IP and PA did not 

show a clear trend like BDE. To analyse a wider range of compounds in the future, various indicators,  

such as steric factors and solubility, are needed. Flavans and indoles are important ingredients that are 

also found in food and physiologically active substances; hence, we will study them in more detail in 

the future. 
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Figures

Figure 1

Correlation between the minimum bond dissociation enthalpy (BDE) and hydrophilic oxygen radical
absorbance capacity (H-ORAC) values



Figure 2

(a) Strati�ed linear regression analysis and (b) clusterwise linear regression analysis of the bond
dissociation enthalpy (BDE) and hydrophilic oxygen radical absorbance capacity (H-ORAC). The solid
lines are regression lines, while the dashed curves are 95% con�dence bands. In (a),  and  represent
compounds that belong to neighborings 1 and 2, respectively. In (b),  and  represent compounds that
belong to clusters 1 and 2, respectively.
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