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Classically lipid antioxidants have been divided 
into two groups: primary or chain-breaking antioxidants and 
secondary or preventive antioxidants. Vitamin-E (α-
tocopherol) is an essential nutrient which functions as a 
chain breaking antioxidant by preventing the propagation of 
free radical reactions in cell membrane of the human body. 
It is well recognized for their effective inhibition of lipid 
oxidation in foods and biological systems [14,15].  Since 
vitamin-E is only synthesized by plants [16], it is a very 
important dietary nutrient for humans and animals. α-
Tocopherol can scavenge chain propagating free radicals 
like peroxyl radicals and convert the reactive free radicals to 
inactive products. There is sufficient evidence that a high 
intake of vitamins particularly α-tocopherol may prevent 
cancer and other diseases [17]. Thus, the studies involving 
α-tocopherol aimed at minimizing the oxidative stress and 
providing defense against free radical induced stress in 
diverse clinical and pathological conditions have gained 
significant importance. From our laboratory, caffeic acid 
has been reported [18,19] to repair adenosine radicals, in 
addition to efficiently scavenging of SO4

•- and tert-butoxyl 
(t-BuO•)  radicals.  

The t-BuO• radicals have been generated by 
steady-state photolysis of tert-butyl hydroperoxide in the 
presence of t-BuOH to scavenge the hydroxyl radicals in 
aqueous solution [20]. In the present paper, the reactions of 
t-BuO• radicals with adenosine have been studied in the 
presence of α-tocopherol to assess the protection by α-
tocopherol towards oxidation of adenosine by t-BuO• 
radicals and also repaired, if any offered by α-tocopherol 
towards adenosine radicals. Adenosine is used as a model 
for DNA to understand the protection and repaired by α-
tocopherol in the present study. 

 
2. MATERIALS AND METHODS 

Adenosine and α-tocopherol were purchased from 
Sigma Chemical Co., St. Louis, USA and used as received. 
All solutions were prepared afresh using double-distilled 
water. tert-Butyl hydroperoxide (t-BuOOH) was used as 
received from Merck-Schuchardt of Germany. There is no 
contamination of other peroxides in the assay of the sample. 
t-BuOOH was estimated by iodometric method [21].  

The irradiations were carried out at room 
temperature in a quantum yield reactor model QYR-20 
supplied by Photophysics, England, attached with 400 W 
medium pressure mercury lamp. The quartz cuvette 
containing the sample was irradiated and the irradiations 
were interrupted at definite intervals of time and the 
absorbance was noted. The light intensity corresponding to 
the irradiating wavelength (254 nm) was measured using 
peroxydisulphate chemical actinometry [22]. On photolysis, 
t-BuOOH was activated at 254 nm to generate •OH and t-
BuO• radicals by homolytic cleavage of –O-O-bond [23]. 
The •OH radicals produced were scavenged using sufficient 
concentration of t-BuOH [20]. In a typical kinetic run, the 
aqueous reaction mixture of adenosine, t-BuOOH and t-
BuOH was taken in a specially designed 1 cm path length 

quartz cuvette, suitable for both irradiations and absorbance 
measurements. The absorbance measurements were made at 
the λmax of adenosine (260 nm) on a Chemito UV-Visible 
spectrophotometer (model 2100). 

The photochemical reaction of α-tocopherol in the 
presence of t-BuOOH and other additives, viz., t-BuOH and 
adenosine, was followed by measuring the absorbance of α-
tocopherol at 294 nm at which adenosine was totally 
transparent.  

It is known that t-BuOOH is activated to radical 
reaction by the absorption of light at 254 nm [22]. However, 
the substrates used in the present work, viz., α-tocopherol 
and adenosine have strong absorption in this region. But, in 
the absence of t-BuOOH in the reaction mixture, α-
tocopherol, adenosine or α-tocopherol-adenosine mixture 
did not undergo any observable chemical change on shining 
the light. Even though a small fraction of the total light 
intensity was absorbed by t-BuOOH directly in the presence 
of adenosine and/or α-tocopherol, a considerable chemical 
change was observed with adenosine as well as α-
tocopherol. If adenosine and α-tocopherol acted as only 
inner filters, the rates of the reaction of adenosine or α-
tocopherol with t-BuO• would have been decreased with 
increase in concentration of adenosine or α-tocopherol. But, 
the results in Tables 1 and 2 were contrary to this. Another 
fact against the inner filter concept was that the rate of 
oxidation of α-tocopherol in the presence of adenosine 
would have been much less than the experimentally 
observed values (Table 4). Hence, we proposed that the 
excited states of α-tocopherol and adenosine acted as 
sensitizers to transfer energy to t-BuOOH to produce radical 
species. This type of sensitizing effect was proposed in 
similar systems earlier [18]. Therefore, the light intensity at 
254 nm was used to calculate the quantum yields of 
oxidation of adenosine as well as α-tocopherol under 
different experimental conditions. 

 
3. RESULTS AND DISCUSSION 

The oxidation of adenosine by t-BuO• radicals was 
carried out by irradiating the reaction mixture containing 
known concentrations of adenosine and t-BuOOH in the 
presence of sufficient amount of t-BuOH to scavenge the 
•OH radicals completely [20]. The reaction was followed by 
measuring the absorbance of adenosine at 260 nm (λmax of 
adenosine) with time. The reported [19] initial rates and 
quantum yields of oxidation of adenosine by t-BuO• are 
presented in Table 1. The initial rates of photooxidation of 
α-tocopherol by t-BuOOH in the presence of t-BuOH were 
calculated from the plots of absorbance of α-tocopherol at 
294 nm vs time using microcal origin computer program on 
a personal computer (Table 2). UV-visible absorption 
spectra of α-tocopherol in the presence of t-BuOOH and t-
BuOH at different irradiation times were recorded (Fig. 1). 
In order to find the protection offered to adenosine by α-
tocopherol towards oxidation by t-BuO•, the reaction 
mixture containing known concentrations of adenosine, t-
BuOOH and t-BuOH was irradiated in varying 
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concentrations of α-tocopherol. The reactions were followed 
by measuring the absorbance of α-tocopherol at 294 nm 
(Fig. 2) at which adenosine was transparent and the rate 
data are presented in Table 3. The photooxidation of α-
tocopherol by t-BuO• at different concentrations of 
adenosine was also studied (Fig. 3) and the data are 
presented in Table 4. 

 

 
Fig. 1. Absorption spectra of photooxidation of α-tocopherol in the 
presence of t-butyl hydroperoxide at different irradiation times; [α-
tocopherol] = 5 × 10-5 mol dm-3, [t-BuOOH] = 5 × 10-3 mol dm-3, 
 Light Intensity = 2.7168 × 1015 quanta s-1,  λmax = 294 nm, pH ~ 
7.5, temperature = 298 K 

 

 
Fig. 2. Absorption spectra of photooxidation of α-tocopherol in the 
presence of t-butyl hydroperoxide and adenosine at different 
irradiation times; [α-tocopherol] = 5 × 10-5 mol dm-3, [t-BuOOH] = 
5 × 10-3 mol dm-3, [adenosine] = 2 × 10-5 mol dm-3, Light Intensity 
= 2.7168 × 1015 quanta s-1,  λmax = 324 nm, pH ~ 7.5, temperature 
= 298K, [t-BuOH] = 1.0 M 

 

 
Fig. 3. Effect of varying concentrations of adenosine on the 
photooxidation of α-tocopherol (5 × 10-5 mol dm-3) in the presence 
of t-BuOOH (5 ×10-3 mol dm-3) at 298 K. [adenosine] = (a) 0.0, (b) 
5 ×  10-5 mol dm-3

, (c) 8 × 10-5 mol dm-3
, (d) 1 × 10-4 mol dm-3

,
   (e) 

3 × 10-4 mol dm-3
, (f) 5 × 10-4 mol dm-3 

 

The rate of oxidation of adenosine in the presence 
of t-BuOH refers exclusively to the reaction of t-BuO• with 
adenosine [19]. These rates were found to increase with the 
increase in concentration of adenosine as well as t-BuOOH. 
The quantum yield values were also increased with the 
increase in [adenosine] as well as [t-BuOOH] (Table 1).  

 
The rate of oxidation of α-tocopherol increased 

with the increase in concentration of α-tocopherol (Table 2). 
The quantum yields of oxidation of α-tocopherol were 
calculated from the initial rates and the light intensity at 254 
nm. These values were also increased with the increase in 
concentration of α-tocopherol (Table 2). Having known the 
rates of t-BuO• radical reactions with adenosine as well as 
α-tocopherol under varying experimental conditions, both 
adenosine and α-tocopherol were introduced for the 
competitive studies with t-BuO• radical. The aqueous 
solutions of reaction mixture containing α-tocopherol, t-
BuOOH and t-BuOH were irradiated in the presence of 
varying concentrations of adenosine (Fig. 3). The initial 
rates and quantum yields of oxidation of α-tocopherol by t-
BuO• radicals were found to decrease with increase in the 
concentration of adenosine (Table 4). Comparison of the 
initial rates and quantum yields of oxidation of α-tocopherol 
in the presence and absence of adenosine clearly indicated 
that the initial rates and quantum yields of oxidation of α-
tocopherol were substantially decreased in the presence of 
adenosine (Table 4). These observations clearly 
demonstrated that adenosine and α-tocopherol were in 
competition for t-BuO• radicals. 

The rate constant of the reaction of t-BuO• with α-
tocopherol (kα-tocopherol = 7.29 ×108 dm3 mol-1 s-1) has been 
calculated using the reported [11] rate constant for the 
reaction of t-BuO• with adenosine to be 1.40 × 108 dm3 mol-1 

s-1 under similar experimental conditions. The rate constant 
for the reaction of t-BuO• with adenosine was calculated by 
adenosine competition method, which was very similar to 
the method [24] used to determine the rate constant for the 
reaction of •OH radicals with polyhydric alcohols in 
competition with KSCN. In the present study, solutions 
containing α-tocopherol and varying amounts of adenosine 
in presence of t-BuOOH and t-BuOH were irradiated for 2 
min and the decrease in absorbance of α-tocopherol was 
measured. The decrease in absorbance of α-tocopherol 
reflected the amount of t-BuO• radicals that had reacted 
with α-tocopherol. From the known rate constant of the 
reaction of adenosine with t-BuO• radical under similar 
experimental conditions of the present work (kadenosine =1.40 
× 108 dm3 mol-1 s-1), the rate constant of t-BuO• radical 
reaction with α-tocopherol (kα-tocopherol) can be calculated 
using equation (1) below.  

 

[Absorbance of α-tocopherol]o

[Absorbance ofα-tocopherol]adenosine
= 1 +

kadenosine  [adenosine]

kα-tocopherol  [α-tocopherol]
(1)
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                   In equation (1), [Absorbance of α-tocopherol]o and 
[Absorbance of α-tocopherol]adenosine are the absorbance 
values of α-tocopherol in the absence and presence of 
adenosine, respectively at the same interval of time. Using 
equation (1), the rate constant for the reaction of t-BuO• 
radical with α-tocopherol (kα-tocopherol) was calculated at 

different concentrations and the average of these was found 
to be 7.29 × 108 dm3 mol-1 s-1.  

 
 
 
 
 
 

Table 1. Effect of [t-BuOOH] and [adenosine] on the rate and quantum yield of photooxidation of adenosine by t-BuOOH in the 
presence of light in aqueous neutral medium 

105 × [adenosine] 
(mol dm-3) 

103 × [t-BuOOH] 
(mol dm-3) 

1010 × Rate 
(mol dm-3 s-1) 

φexpt 

1.00 5.00 2.2183 0.000147 
2.00 5.00 2.5866 0.000172 
4.00 5.00 3.4362 0.000228 

5.00 5.00 4.1222 0.000274 
5.00 8.00 5.3467 0.000356 
5.00 10.0 6.5324 0.000434 

Light Intensity = 2.7168 × 1015 quanta s-1
, λmax = 260 nm, pH ∼ 7.5, Temperature = 298 K, [t-BuOH] = 1.0 mol dm-3 

 
 
 

Table 2. Effect of [t-BuOOH] and [α-tocopherol] on the rate and quantum yield of photooxidation of α-tocopherol by t-BuOOH in the 
presence of light in t-BuOH-water 1:4 (v/v) medium 

105 × [α-tocopherol] 
(mol dm-3) 

103 × [t-BuOOH] 
(mol dm-3) 

109 ×Rate 
(mol dm-3 s-1) 

φexpt 

0.5 5.0 0.6868 0.00046 
0.8 5.0 1.6569 0.00110 
1.0 5.0 3.6763 0.00244 
2.0 5.0 11.627 0.00773 
5.0 5.0 33.691 0.02241 
8.0 5.0 63.357 0.04213 

10.0 
5.0 
5.0 
5.0 

5.0 
1.0 

10.0 
15.0 

69.840 
19.002 
39.135 
48.754 

0.04645 
0.01263 
0.02602 
0.03242 

Light Intensity = 2.7168 × 1015 quanta s-1
, λmax = 294 nm, pH ∼ 7.5, Temperature = 298 K 
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Table 3. Effect of varying [α-tocopherol] on the rate and quantum yield of photooxidation of α-tocopherol by t-BuOOH in 
the absence and presence of adenosine in t-BuOH-water 1:4 (v/v) neutral medium 

105 × [α-tocopherol] 

(mol dm-3) 

103 × [adenosine] 
(mol dm-3) 

109 × rate 
(mol dm-3 s-1) 

φexpt 

0.5 0.0 0.6868 0.00046 

0.8 

1.0 

2.0 

5.0 

0.5 

0.8 

1.0 

2.0 

5.0 

0.0 

0.0 

0.0 

0.0 

5.0 

5.0 

5.0 

5.0 

5.0 

1.6569 

3.6763 

11.627 

33.691 

0.2341 

0.9453 

1.8352 

6.5322 

14.367 

0.00110 

0.00244 

0.00773 

0.02241 

0.00015 

0.00063 

0.00122 

0.00434 

0.00955 

 
[t-BuOOH] = 5 × 10-3 mol dm-3, Light Intensity = 2.7168 × 1015 quanta s-1

, λmax = 294 nm, pH ∼ 7.5, Room Temperature = 298 K 
 

 
When the system containing adenosine, α-

tocopherol and t-BuOOH in the presence of t-BuOH was 
irradiated, the probability of t-BuO• radicals reacting with 

α-tocopherol {p(t-BuO
•
+ α-tocopherol)} was calculated using 

equation (2). 
 
 
 

 

=
kadenosine  [adenosine] kα-tocopherol  [α-tocopherol]+

kα-tocopherol  [α-tocopherol]
(2)p(t-BuO

.
 + α-tocopherol)

 
 
 

If α-tocopherol scavenged only t-BuO• radicals and did not 

give rise to any other reaction (e.g. reaction with adenosine 

radicals), the quantum yield of oxidation of α-tocopherol 

(φcal) at each concentration of adenosine may be given by 

equation (3). 

φcal = φο
expt p (3)×  

 

where φo
expt is the quantum yield of oxidation of α-

tocopherol in the absence of adenosine, and p is the 
probability given by equation (2).  

The calculated quantum yields (φcal) at different 
adenosine concentration are presented in Table 4. The data 
showed that the φcal values were lower than the experimental 
values measured quantum yield (φexpt) values. This indicated 
that more number of α-tocopherol molecules was consumed 
in the system than expected and the most likely route for 
this was H atom donation by α-tocopherol to adenosine 

radicals. Table 4 presents the fraction of t-BuO• radicals 
scavenged by α-tocopherol at different concentrations of 
adenosine. These values referred to the measure of 
protection offered to adenosine due to scavenging of t-BuO• 
radicals by α-tocopherol. Using the φexptl values, a set of φ′ 
values was calculated from equation (4), where φ′s indicates 
the experimentally found quantum yield values if no 
scavenging of adenosine radicals by α-tocopherol occurs. In 
the absence of any “repair” of adenosine radicals by α 
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φ  ' =
φ  e x p t

p
(4 )

 
tocopherol, the φ′ values should all be equal to φo

expt. The 
observed increase in φ′ with increasing adenosine 
concentration (Table 4) clearly indicated the repair of 
adenosine radicals. The extent of repair may be quantified 

by equation (5) and the data on percentage repair is 
presented in Table 4. 
 
  

( φ '  -  φο expt)
% Repair =

φο expt
100 (5)×

 
 
 

                                 
The experimentally determined quantum yield 

(φexpt) values were higher than the quantum yield (φcal) 
values calculated using equation (3) under the assumption 
that α-tocopherol acts only as a t-BuO• radical scavenger. 
This showed that α-tocopherol acted not only as an efficient 
scavenger of t-BuO• radicals, but also as an agent for the 
repair of adenosine radicals. The repair reaction of α-
tocopherol is explained in terms of the proton donation 
(Scheme 1). 

Adenosine reacts with t-BuO• radicals to form tert-
butoxyl adduct radical, which on hydrolysis gives oxidizing 
C8-OH adduct radical. This oxidizing adduct radical 
captures an electron from α-tocopherol and repaired by 
dehydroxylation to give the parent molecule adenosine and 
α-tocopherol radical as shown in Scheme 2. 

 

The α-tocopherol radicals were generated in the 
process of protection of adenosine and repair of adenosine 
radicals. These radicals were reported [25, 26] to have short 
lifetime, extremely unstable and rapidly convert to 
unknown compounds at physiological pH [27]. If α-
tocopherol radicals reacted with adenosine, then φexpt would 
have been less than φcal values. Contrary to this, the φcal 
values were lower than the experimentally found quantum 
yield values (φexpt) as shown in Table 4. This supports our 
contention that the α-tocopherol radicals might not involve 
in oxidative stress in our experimental conditions.  

 

 

+

α-tocopherol

α-tocopheroxyl radical

(protection)

+ +

α-tocopherol
(H. donation)/repair

+ +

t-BuOHt-BuOH

H2O

H2O

t-BuOOH +t-BuO. .OH

adenosine/α-tocopherol adenosine*/α-tocopherol*

adenosine*/α-tocopherol* + t-BuOOH adenosine/α-tocopherol + t-BuO. + .OH

.OH + (CH3)3COH + H2O.CH2(CH3)2COH

N

N
+ t-BuO.

hv

hv

N

N
NH2

R

N

N N

N
NH2

R

OtBu
H

.

N

N N

N
NH2

R

OH
H

.
N

N N

N
NH2

R

N

N N

N
NH2

R

O C16H33

O
.

α-tocopheroxyl radical

O C16H33

O
.

  

Scheme 1 

Adenosine + t-BuO.

Adenosine. +

a-tocopherol
(repair)

Adenosine + t-BuOH/H2O(Protection)

a-tocopherol
+ a-tocopherol .

t-BuOH

Scheme 2 
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4. CONCLUSIONS 

Our results indicated that adenosine radicals were 
efficiently repaired by α-tocopherol to the extent of ∼67 % 
at about 10 µM of α-tocopherol concentration. The results 
also justify that the oxidation of adenosine by t-BuO• 
radicals could be via oxidizing transient radicals of 
adenosine as suggested earlier [19]. The protection of 

adenosine and repair of adenosine radicals are summarized 
in Scheme 2. 
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