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The absorption spectra and the absolute rate constants of the addition reactions of the para-substituted
benzenethiyl radicals to styrene and a-methylstyrene in cyclohexane and in »-electron-donor solvents such
as benzene and mesitylene have been determined by flash photolysis. Broadenings of the absorption bands
of the p-chlorobenzenethiyl radical observed in 7-donor solvents were ascribed to the weak interaction between
the radical center and = electrons of solvents; the addition rate constants to styrenes in mesitylene were smaller
than those in cyclohexane (1:1.5). No appreciable solvent effect was observed both in the spectra and in the

rates of the p-methylbenzenethiyl radical.

Introduction

An extensive study has revealed that solvents affect the
reactivity and selectivity of free-radical reactions.? The
solvent effects have mainly been interpreted in terms of
solvent polarity®3 or specific interactions such as electron
donor-acceptor and hydrogen bonding.5® Direct evidence
for the interaction between the iodine atom and =-donor
solvents has been shown in the absorption spectra observed
by flash photolysis.’® The w-donor solvent effects on the
actual rates of free radical reactions, however, have not
been reported. In this paper we will report our finding that
the addition rates and the absorption bands of the benz-
enethiyl radical having an electron-withdrawing substitu-
ent vary with the n-donor solvents. Since the addition
process of the thiyl radicals to vinyl monomers was re-
versible, oxygen was used as a selective radical trap

(Scheme I).

Scheme I
}/o(p-XCH)sS, 5= p-XCoHS:

p-XCgH,S- + CH=C(R)C¢Hj; %
p-XCeH,SCH,C(R)CH, —:ZL peroxy radical

Experimental Section

Disulfides, styrene, a-methylstyrene, and solvents were
purified in the usual manner.!! The flash photolysis ap-
paratus was of standard design; the half-duration of the
xenon flash lamps (Xenon Corp. N-851C) was ca. 10 us.
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The measurements were performed in a cylindrical cell
(optical path = 10 cm) at 23 = 1 °C. The oxygen con-
centration in the solvent was calculated from the Henry
law after dissolving oxygen under an appropriate pressure
into degassed solution.!2

Results and Discussion

Solvent Effect on Absorption Band of p-XCgzH,S-.
Figure 1 shows the transient absorption spectra observed
by the flash decomposition of (p-CIC;H,),S, in various
solvents. These absorption bands were ascribed to p-
CICgH,S: since the same absorption band was observed by
flash photolysis of p-CIC¢H,SH in each solvent. The
spectra were depicted with the absorbances immediately
after flash (30 us) with the light between 310 and 400 nm,
where the screening due to the absorptions of solvents is
small. The quantum yields for the thiyl radical production
in the solvents used in Figure 1 may be similar since the
solvent viscosities are practically the same excepting
benzene (0.65 cP): cyclohexane (0.98 cP), mesitylene (1.15
¢P), and ethanol (1.08 cP).!2 Therefore, the spectra in
Figure 1 can be qualitatively compared with each other.
The sharp absorption band at 508 nm in cyclohexane was
modified in benzene or in mesitylene; shifts in absorption
peaks were not appreciable, but broadenings at the tails
in the long-wavelength region were significant. These
spectral changes in the aromatic solvents were more drastic
than those in polar solvents such as ethanol. The broad-
ening seems to increase with a decrease in the ionization
potentials of the aromatic solvents. Spectral changes for
the benzenethiyl radicals with electron-donating substit-
uents such as the methyl group were small. Although a
clear charge-transfer band was not found, these spectral
changes shown in Figure 1 are probably attributable to the
weak charge-transfer interaction between p-C1CsH,S- and
m electrons of methylbenzenes.

The decay of p-CIC;H,S- obeyed second-order kinetics
in cyclohexane and in mesitylene (insert of Figure 1),
suggesting that the thiyl radicals decay with recombination
(k,); the hydrogen-abstraction ability of p-CIC¢H,S: from
the benzylic hydrogen atoms is very low.!*'* The slopes
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Figure 1. Transient absorption spectra produced by the fiash photolysis
of (p-CICgH,),S, (4.4 X 10~* M) in (a) cyclohexane, (b) benzene, (c)
mesitylene, and (d) ethanol; spectra were depicted by the absorbance
immediately after flash (30 us). Insert: second-order plots for decay
of p-CIC¢H,S- (O) in cyclohexane (at 515 nm) and (@) in mesitylene
(at 525 nm).
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Figure 2. Effects of oxygen on the decay curves of p-CICgH,S- in
mesitylene at 525 nm: (a) in degassed solution, (b) in degassed solution
containing a-methylstyrene (2.3 X 10~ M), (c) in air-saturated solution
([0,] = 2 X 10" M) contalining a-methylstyrene (2.3 X 1074 M), and
{d) in O -saturated solution ([0,] = 1072 M) containing a-methylstyrene
(2.3 X 10~* M). Insert: first-order plots for the decay curves.

yield 2k, /¢, where e refers to the molar extinction coeffi-
cient of the thiyl radical; although similar 2k /¢ values in
both solvents were estimated at the wavelength where the
initial absorbance was the same, precise k, values could
not be compared with each other because of a lack of data
for the ¢ values and the quantum yields. Since the 2k /¢
values depend upon the solvent viscosity, &, may be the
diffusion-controlled limit.’® From the Debye equation for
the diffusion-controlled rate, the k; value can be calculated
to be 7 X 10° M1 57! when the solvent viscosity is 1.0 cP;
the € and the initial concentration of the thiyl radical were
estimated to be ca. 10* M~! cm™ and ca. 10 M, respec-
tively.l?

Solvent Effect on Addition Rates. The low reactivity
of the benzenethiyl radicals toward molecular oxygen was
confirmed by the finding that the decay rate of the thiyl
radical was only slightly affected by the addition of oxygen
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Figure 3. Effects of the concentration of «-methylistyrene on the decay
curves of p-CIC,H,S- in O,-saturated mesitylene at 526 nm; [a-
methyistyrene]: (a) 0, (b) 7.7 X 1075, (¢c) 1.5 X 1074, (d) 2.3 X 107,
and (e) 3.0 X 104 M. Insert: first-order piots for the decay curves.

TABLE I: Addition Rate Constants (k,) of p-CIC,H,S-
and p-CH,C,H,S: toward Styrene and o-Methylstyrene in
Various Solutions at 23 °C?

1077k, M5!
-CH,C,-
p-CIC,H,& ngf
a-methyl- a-methyl-
solvent styrene  styrene  styrene
cyclohexane 5.2 14 1.6
ethanol 5.0 14
benzene 4.3 12 1.5
mesitylene 3.1 8.5 1.4

¢ Estimation error of +10%.

to solution. Figure 2 shows that the acceleration of the
decay curve of p-CIC;H,S- in the presence of a-methyl-
styrene was observed only when oxygen coexists in solu-
tion. These findings suggest the reversibility of the ad-
dition process where oxygen acts as a selective radical trap
for the carbon-centered radical, since the high reactivity
of the carbon-centered radicals toward oxygen has been
reported (Scheme 1).131® The fact that the equilibrium
was established during the flash duration (ca. 10 us) sug-
gests that the k_; value may be greater than 10° s™; on the
basis of the assumption of k; = 10° M 571, oxygen con-
centrations of more than ca. 10™* M may be necessary to
scavenge all of the carbon-centered radicals. Figure 2, ¢
and d, shows that the decay rate of the thiyl radical in the
presence of a-methylstyrene was not influenced by oxygen
concentrations of more than 2 X 10 M; thus, the decay
rates in the oxygen-saturated solution (ca. 102 M) corre-
spond solely to the forward reaction. Decay kinetics of the
thiyl radicals can be expressed by eq 1.

—d[p-XCeH,S]/dt =
2k,[p-XCgH,S:1? + k1 [CH;~C(R)C¢H;][p-XCeH,S']
1

Figure 3 shows the effect of the concentrations of o-
methylstyrene on the decay rates of p-CIC¢H,S- in oxy-
gen-saturated solution, The first-order plots are shown
in the insert of Figure 3; decay kinetics approached first
order with an increase in the concentration of a-methyl-
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Figure 4. Pseudo-first-order plots for the addition reaction of p-
CIC¢H,S- to a-miethylstyrene or styrene in O,-saturated solutions: (a)
a-methyistyrene in cyclohexans, (b) a-methyistyrene in mesitylene, (c)
styrene in cyclohexane, and (d) styrene in mesityiene.

styrene. The pseudo-first-order relationship would be
anticipated since the concentration of vinyl monomers was
being kept constant during the reaction under our ex-
perimental conditions; [a-methylstyrene] or [styrene] (0.4
X 1074 - 4.5 X 10* M) was higher than [p-XC¢H,S:] (ca.
10¢ M). When the concentration of vinyl monomers was
small, decay kinetics was mixed order consisting of second
order (k,[p-XCgH,S-1?) and first order (k;[p-XCgH,S-]
where k; = k[CHy=C(R)C¢Hj;)); the k; values for such
cases can be estimated by graphic methods!®!€ or a com-

puter simulation method.? The k; values thus estimated
were plotted against the concentrations of a-methylstyrene
or styrene (Figure 4). The slopes yield the second-order
addition rate constants (k) which vary with the solvents.
They are summarized in Table I. Although the difference
of the k, values of p-CIC;H,S: in benzene from those in
cyclohexane was small, the difference observed in mesi-
tylene was significantly larger than the estimation errors
of £10% which were derived from the several manipula-
tions needed to extract the k, values from the experimental
flash data. The effect of polar solvent or hydrogen-bonding
solvent such as ethanol on the &, value is quite small. No
appreciable change was observed for the k, values of the
p-CH;C.H,S—a-methylstyrene system (Table I). Since
these findings for the &, values correspond to the spectral
changes, the weak interaction of p-CIC4H,S: with x-donor
solvents may cause a decrease in the rate constants; =-
donor solvents may stabilize the reactant by surrounding
p-CIC¢H,S- and may desolvate when the thiyl radical ap-
proaches the double bond of vinyl monomers.

The &, value of p-CIC¢H,S- toward a-methylstyrene is
larger than that toward styrene in each solvent; this can
be ascribed to a greater contribution of the polar transition
state such as [p-XCH,S, CH;=C(R)C¢H;"-] and to the
exothermicity of the reaction, which can be deduced from
the e value and from the stability of the product radical,
respectively.!?! The larger k, value of p-CIC¢H,S- toward
a-methylstyrene than that of p-CH;CgH,S- in each solvent
can be interpreted both by the thermodynamic stability
of the thiyl radials and by the polar transition state.!!
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The rate constant for reaction of hydrated electrons with N,O in aqueous solutions has been determined to
be (9.1 £ 0.2) X 10° M s7! from pulse radiolysis observations on the growth and the decay of the absorption
of e,,". Improvements in instrumental response have allowed observations to be carried out directly on solutions
saturated with N,O at atmospheric pressure where the reaction period is only 2.9 ns. An approach to numerical
simulation of the observed time dependence is described which allows one to take into account in detail the
track processes which occur on this time scale as well as the pulse profile and instrumental characteristics.
Critical comparisons of the observed growth and decay with the results of these simulations establish well-defined
limits for the reaction period. By using the simulated responses to provide reference information we show that
it is possible to use the integrated absorbance to evaluate the reaction period with an accuracy of a few percent.
The approaches used here allow rate information to be obtained for reaction periods as low as ~0.3 ns even
though the pulse duration and recording response periods are 1 order of magnitude greater.

Nitrous oxide is used in many radiation chemical studies
of aqueous systems to convert e,,” into hydroxyl radicals

Ry
€y + NoO + HO — N, + OH™ + .OH (1)

in order to produce a system that is predominantly oxi-
dizing and to simplify the processes that must be consid-
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ered in the ensuing chemistry. Because of the importance
of this electron scavenger, it is desirable to have an accu-
rate rate constant available for reaction 1 so that one can
take its contribution into account quantitatively, partic-
ularly in studies involving solutes which react competitively
with e,,”. Gordon et al. reported a value of (8.7 = 0.6) X
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