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Fig. 1. Dependence of the rate of radiolytic decomposition of benzoyl peroxide
in (mol/l ⋅ h) ⋅ 10−3 on phenanthrene concentration. 1—peroxide concentration

in solution 0.0125 mol/l; 2—0.0083 mol/l; 3—0.0042 mol/l

Figure 1: Fig. 1. Dependence of the rate of radiolytic decomposition of benzoyl
peroxide in (mol/l ⋅ h) ⋅ 10−3 on phenanthrene concentration. 1—peroxide con-
centration in solution 0.0125 mol/l; 2—0.0083 mol/l; 3—0.0042 mol/l
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Previously we showed that, during the radiolysis by 𝛾-rays of solutions of ben-
zoyl peroxide in benzene, there occurs a transfer of the primarily absorbed
energy from excited benzene molecules to benzoyl peroxide molecules (1,2). As a
result, the amount of peroxide decomposed is many times greater than would be
expected on the assumption of nonselective absorption of energy by each compo-
nent of the mixture. At the same time it was established that the addition to a
solution of benzoyl peroxide in benzene of small amounts of condensed aromatic
hydrocarbons—anthracene and phenanthrene—reduces the rate of radiolytic de-
composition of the peroxide.

As is known, dilute solutions of anthracene and phenanthrene fluoresce under
the action of ionizing radiation, which is associated with transfer of energy from
the solvent to the dissolved substance (3). Evidently, the protective action of
these luminophores with respect to benzoyl peroxide is due to the fact that a
portion of the excited benzene molecules transfers energy to the luminophore
molecules.

Fig. 1. Dependence of the rate of radiolytic decomposition of benzoyl peroxide
in (mol/l ⋅ h) ⋅ 10−3 on the concentration of phenanthrene.
1—peroxide concentration in solution 0.0125 mol/l; 2—0.0083 mol/l; 3—0.0042
mol/l.

It is characteristic that, as the concentration of the luminophores is increased,
the rate of peroxide decomposition, after reaching a certain limiting value, no
longer decreases. Apparently, this is explained by the fact that at sufficiently
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high concentrations of luminophores the decrease in the probability of energy
transfer in the direction

benzene → benzoyl peroxide

is compensated by energy transfer according to the scheme

benzene → phenanthrene → benzoyl peroxide.

In order to study in greater detail the mechanism of energy transfer during
the radiolysis of three-component mixtures benzene + phenanthrene + benzoyl
peroxide, in the present work we investigated the kinetics of the radiolytic de-
composition of benzoyl peroxide in these mixtures over a wide range of phenan-
threne concentrations (0—1 mol/l) at three different concentrations of benzoyl
peroxide (0.0125; 0.0083; 0.0042 mol/l).
The radiolysis of the solutions was carried out under the action of 𝛾-rays from
Co60 in the absence of air. The differential dose was 1.5 ⋅ 1015 eV/ml ⋅ s. The
amount decomposed—

the peroxide formed was determined iodometrically and did not exceed 10–20%
of its initial concentration.

Figure 1 shows the dependence of the initial rate of radiolysis of benzoyl peroxide
on the phenanthrene concentration for three peroxide concentrations. As can
be seen from the figure, with increasing phenanthrene concentration the rate
of radiolysis of the peroxide first decreases and then, after passing through a
minimum, increases linearly.

In accordance with the assumptions stated above, let us consider the following
elementary processes occurring during radiolysis of the solutions under study:

I. C6H6
𝑘1−−−→

∼∼∼
C6H∗

6, 𝑣1 = 𝑘0𝐼0𝑘1[C6H6]𝜀C6H6
,

II. C6H∗
6

𝑘2−→ C6H6, 𝑣2 = 𝑘2[C6H∗
6],

III. C6H∗
6 + PB

𝑘3−→ C6H6 + PB∗ → C6H6 + 2R⋅, 𝑣3 = 𝑘3[C6H∗
6][PB],

IV. C6H∗
6 + Φ

𝑘4−→ C6H6 + Φ∗, 𝑣4 = 𝑘4[C6H∗
6][Φ],

V. Φ
𝑘5−−−→

∼∼∼
Φ∗, 𝑣5 = 𝑘0𝐼0𝑘5[Φ]𝜀Φ,

VI. Φ∗ 𝑘6−→ Φ + ℎ𝜈, 𝑣6 = 𝑘6[Φ∗],

VII. Φ∗ + PB
𝑘7−→ Φ + PB∗ → Φ + 2R⋅, 𝑣7 = 𝑘7[Φ∗][PB],
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Fig. 2. Dependence of 1/𝐵 on 1/[PB]

Figure 2: Fig. 2. Dependence of 1/𝐵 on 1/[PB]

where 𝐼0 is the intensity of the incident radiation; [C6H6], [PB], and [Φ] are the
concentrations of benzene, peroxide, and phenanthrene; 𝜀C6H6

and 𝜀Φ are the
numbers of electrons in the molecules of benzene and phenanthrene; 𝑘0 is the
proportionality constant; 𝑅⋅ denotes radicals formed during decomposition of
the peroxide.

Fig. 2. Dependence of 1/𝐵 on 1/[PB]
In the proposed scheme the following simplifying assumptions have been made:
(a) since the concentrations of benzoyl peroxide in the solution are small, decom-
position of the peroxide due to direct action of the radiation may be neglected;
(b) decomposition of excited benzene and phenanthrene molecules into radicals
is not considered, owing to the small radiation yield of radicals from these hy-
drocarbons; (c) the excited phenanthrene molecules obtained by reactions IV
and V are kinetically identical.

In the stationary state,

𝑘0𝐼0𝑘1[C6H6]𝜀C6H6
= 𝑘2[C6H∗

6] + 𝑘3[C6H∗
6][PB] + 𝑘4[C6H∗

6][Φ]; (1)

𝑘0𝐼0𝑘5[Φ]𝜀Φ + 𝑘4[C6H∗
6][Φ] = 𝑘6[Φ∗] + 𝑘7[Φ∗][PB]. (2)

Since the rate of radiolytic decomposition of benzoyl peroxide is

𝑉 = −𝑑[PB]
𝑑𝑡 = 𝑘3[C6H∗

6][PB] + 𝑘7[Φ∗][PB], (3)

then, substituting into (3) the values of [C6H∗
6] and [Φ∗] determined from (1)

and (2), one readily obtains an equation for the rate of peroxide decomposition.

At sufficiently high phenanthrene concentrations, processes II and III may be
neglected in comparison with process IV. Since under these conditions

𝑉 = 𝑘7[Φ∗][PB],

then we obtain

𝑉 = 𝑘0𝐼0𝑘5𝜀Φ𝑘7[PB]
𝑘6 + 𝑘7[PB] [Φ] +

𝑘7𝑘0𝐼0𝑘1[C6H6]𝜀C6H6
[PB]

𝑘6 + 𝑘7[PB] . (4)
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At [PB] = const, the second term in equation (4) is a constant quantity and,
consequently, the rate of decomposition of benzoyl peroxide increases linearly
with increasing phenanthrene concentration.

By extrapolating the linear portions of the curves in Fig. 1 to their intersection
with the ordinate axis, one can determine the intercept 𝐵 in equation (4) for
each of the three peroxide concentrations (see Table 1).

Table 1

[PB] ⋅ 103, mol/l 12.5 8.3 4.2
𝐵 ⋅ 103, mol/l・h 0.125 0.110 0.095

Introducing the notation 𝐼C6H6
= 𝑘0𝐼0[C6H6]𝜀C6H6

, we obtain

1
𝐵 = 1

𝐼C6H6

+ 𝑘6
𝑘7𝐼C6H6

1
[PB] ,

i.e., 1/𝐵 is a linear function of 1/[PB] (see Fig. 2). Hence 𝑘6/𝑘7 = 2 ⋅ 10−3

mol/l.

It is of interest to estimate the mean lifetime of excited phenanthrene molecules
that transfer energy to benzoyl peroxide. If it is assumed that energy transfer
occurs upon collision of excited phenanthrene molecules with peroxide molecules
and that each collision is effective, then the mean lifetime of phenanthrene
molecules in the excited state can be calculated from the formula

𝑘6/𝑘7 = 1/4𝜋𝐷𝑅𝜏, (5)

where 𝑅 is the half-sum of the effective radii of the phenanthrene and ben-
zoyl peroxide molecules (∼ 5 Å); 𝐷 is the diffusion coefficient in benzene
(∼ 10−5 cm2/sec); 𝜏 is the mean lifetime of the excited phenanthrene molecules.
The calculation gives 𝜏 ≃ 10−7 sec.

It should be noted that for excited benzene molecules, which determine the
decomposition of benzoyl peroxide at concentrations of the latter below 0.01
mol/l, 𝜏 , as was shown earlier (1,2), is also equal to ∼ 10−7 sec.

Recently, in a number of studies on the fluorescence of solutions of organic
substances (4−6), it has been shown that in many cases resonance energy transfer
occurs from excited solvent molecules to luminophore molecules.

Bowen and Brocklehurst (7) believe that in solutions of organic substances res-
onance energy transfer occurs over a distance of ∼ 50 Å.

If it is assumed that, for resonance energy transfer, relation (5) remains valid
(5), then, taking 𝑅 = 50 Å, we obtain for resonance energy transfer for excited
molecules of both benzene and phenanthrene a mean lifetime 𝜏 ≃ 10−8 sec.
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