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The Competition Kinetics 
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Bonds of Molecules with the 
Formation of 1 : 1 Adducts 
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(Received 10 November 1998) 

Based on a kinetic model involving competing parallel reactions for free-radical addition 
to the double bond of a molecule with the formation of 1 : 1 adduct and participation of 
three radical types in the chain propagation, versions of the rate equation with 1-3 
measurable parameters are derived. These versions make it possible to describe the non- 
monotonic (with maximum) dependence of the formation rate of an addition product 
on concentration of the unsaturated compound. The unbranched chain process occurs in 
binary liquid systems comprising saturated and unsaturated components at comparable 
concentrations. Application of the competition kinetics of free-radical addition to 
oxidation of some hydrocarbons is discussed when the reaction that competes with chain 
propagation reactiens invo!ving the alkylperoxy radical RO, gives the cyclic alkylhydro- 
tetraoxy radical [R( -~ l04H]  as a less reactive radical inhibiting the chain process of 
formation of the main products of oxidation. 

Keywords: Free-radical addition; double bonds; kinetics; 1 : 1 adducts 

INTRODUCTION 

Studies concerned with the kinetics of chain addition processes of 
free radicals from saturated compounds across the double bond 
of unsaturated compounds yielding only small molecules (without 
telomerization) and involving two types of active centers in chain 
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436 M. M. SILAEV 

propagation step (the two-center reaction scheme) - the chain propa- 
gation radical and the addition radical (adduct)- do not usually 
consider the competing (to chain propagation) reaction of abstraction 
of a weakly bound atom (for example, hydrogen) from the unsaturated 
molecule by the produced adduct radical [l]. Based on the schemes of 
these homogeneous processes in liquid phase, which do not involve the 
mentioned competing reaction, rate equations that define rate V as a 
monotonic function of concentration x of unsaturated compound are 
derived in terms the quasi-steady-state approximation. For example, 
an irrational function of the general form VI  = alx/(blx2 + CIX + d~)"~, 
given by Walling [ 11, where a - d are the coefficients, is a particular case 
of the function for the rate of binary copolymerization (and it has 
been derived in a similar manner) with comparable concentrations of 
monomers, x1 and x2: V12 = ( a ~ l x :  + ~12x1~2 + a22x;)/(bllx: + ~12x1 
x2 + d22x;)'l2, obtained on the assumption of rather long chains when 
it is possible, at the chain propagation step, to equalize the rates of 
two elementary consecutive reactions that both involve the same two 
radicals of different types. Allowance for a reaction that competes 
with the chain propagation reaction and yields the third type of radical 
(the three-center scheme) inhibiting the chain process was made in 
the previous work [2]. In that work, a rate equation of the form 
V, = (a02x2 + ao1x)/(bx2 + cx + d) describing a nonmonotonic (with 
maximum) dependence of reaction rate on concentration of the 
unsaturated compound for unbranched chain processes of free-radical 
addition to the double bond of a molecule in binary systems that 
contain unsaturated and saturated components, the latter being in 
excess, was derived in terms of the quasi-steady-state approximation. 
In this work we derived a similar rate equation for the general case 
when the concentrations of the two components are comparable: 
V = ax/(bx2 + cx + d), and the competition kinetics of free-radical 
addition is applied to the case of oxidation of some hydrocarbons in 
liquid phase when the reaction that competes with chain propagation 
reactions involving the alkylperoxy radical RO, gives the cyclic 
alkylhydrotetraoxy radical [R(-Hj04H]'as a less reactive radical 
inhibiting the chain process of formation of the main products of 
oxidation. 
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FREE-RADICAL ADDITION TO DOUBLE BONDS 437 

A KINETIC MODEL FOR ADDITION TO THE DOUBLE 
BOND OF AN ORGANIC COMPOUND 

The most representative scheme for a widely occurring [2-91 liquid- 
phase competitive unbranched chain process of addition of a free 
radical from a saturated compound to the double bond of an un- 
saturated substance resulting in formation of small entities (primarily 
1 : 1 adducts) includes the consecutive-parallel reactions 1, l a  and 2-7 
[2,3] (Scheme I). Under these conditions, the dependence of formation 
rate of the 1 : 1 adducts on concentration of an unsaturated compound 
usually passes through a maximum at a low concentration of the com- 
pound [2 - 71. For a binary system which does not contain the saturated 
component in a large excess, it is necessary that the interaction of the 
initiating agent (radical Rb) with both components be taken into 
account, thus suggesting an additional reaction lb .  This kinetic model of 
free-radical addition to the double bond of an organic compound with 
participation of three radical types in the chain propagation is given by 
the following reaction scheme. 

I. Chain initiation 
1. 1 3 R b + p b  2k 

lb .  Rb + R2B 4 ROB + R; 
la. R; + R ~ A  -k R ~ A  + R; 

ki 

11. Chain propagation 

2. R; + R2B 3 R; 
3. R; + RIA 3 R3A + R, 
4. R; + R2B 5 R3B + R; 

III .  Chain termination 
2k 

5 .  R; + R; 2 Prod(5) 
6. R, + R; -% Prod(6) 
7. R; + R; 2 Prod(7) 2k 

SCHEME I 

Here I is the initiator, e.g., peroxide [l,  8,9]; Rb is some reactive 
radical; A and B are hydrogen [ 1 - 3, 8,9] or halogen [4- 71 atoms; R; 
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438 M. M. SILAEV 

is PCl2 [4,5] or CCI3 [6],  alkyl [l, 71, a-hydroxyalkyl [l-3,8,9], 
or other functionally substituted radical [l] (the addend radical); R, is 
the formyl [2,3,9], alkenyl (beginning with propenyl) [ 1,4 - 81, 
a-hydroxyalkenyl [2,3,8], or other functionally substituted radical 
[l]; R; is the saturated adduct radical [l -91; RoA, ROB, and RIA are 
saturated compounds; R2B is an unsaturated compound; R3A and R3B 
are the final (nonradical) products, the 1 : 1 adducts; and Prod are 
the final products of combination or disproportionation of radicals. 
Scheme I includes two pairs of competing reactions l a  vs. l b  and 3 vs. 4. 

Reaction 1 of chain initiation proceeds at a rate V ,  due to de- 
composition of chemical initiating agents [ 1,8,9] or exposure to light 
[1,8] or ionizing radiation [2-71. The unsaturated radicals R; pro- 
duced in reactions l b  and 4 are low-reactive (because of resonance 
stabilization [lo]) and inhibit the addition process by cross combina- 
tion reaction 6 with the chain-carrier radicals R;. The reaction of R; 
radicals with the saturated component RIA is energetically unfavor- 
able, as it gives (by radical substitution at the hydrogen atom) the 
radical R; that is less stable than R; capable of resonance stabilization 
[lo]. Plausible reaction 

k2 2a .  R, + R2B -% RIB + R; 

that is parallel to reaction 2 does not play any determining role in 
chain propagation and is unnecessary for kinetic description of the 
process since the rate ratio V2/V2a=k2/k2a for these reactions is 
independent of concentration of the unsaturated component R2B in 
the system. Other radical-molecule reactions are unlikely as shown 
previously [2]. The adduct radical R, formed in reaction 2 has the 
highest mass and can possess a higher energy by virtue of difference 
in energies released upon double-to-single bond transformation, thus 
being capable of abstracting an H atom from neighboring component 
molecules within the matrix “cage” without escaping it. The 1 :  1 
adducts are formed in reaction 3 of chain propagation (R3A, the 
principal product of the chain process) and in competing reaction 
4 that prevents the propagation (R3B, the side product). The rate 
of the process of formation of 1 : 1 adducts is a complex function 
of formation and disappearance rates of radicals R, and R;: 
V(R3A, R3B) = V2 = V3 + V4 = (Via + V3 - Vs) - (Vlb + V4 - V7). 
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FREE-RADICAL ADDITION TO DOUBLE BONDS 439 

Equations to describe formation rates V3 and V4 (molL-'s-') of 
the R3A and R3B 1 : 1 adducts in the binary system with comparable 
concentrations of the components were derived in terms of Scheme I' 
are as follows: 

where I = [RIA] > [R2B] = x is the initial molar concentration for 
reactants, k2 is the rate constant for addition of a radical from the 
saturated component to the unsaturated reactant, a = k3/k4 and 

= kl, /klb are the rate constant ratios of the relevant competing 
reactions. The rates of the competing reactions are in the ratio of 
V3/ V4 = aljx and the chain length is v = V3j V, . 

A mathematical analysis [2] shows that involvement of radicals R2 
instead of adduct radicals R3 in reactions with one another and with 
radicals R1 at the chain propagation step ensures that the dependence 
of 1 : 1 adduct formation upon concentration of unsaturated com- 
pound passes through a maximum. In this case, reaction l b  competing 
with reaction l a  is responsible for the maximum on the rate dependence 
given by Eq. (2), whereas reaction 4 that competes with reaction 3 
determines the maximum displayed by relationship (1). 

To reduce the two concentration variables to  a single variable in the 
rate equation for a binary system, the concentration may be expressed 
in terms of the corresponding mole fractions. Then the equation for 
the overall formation rate V2 = V3 + V4 of the R3A and R3B 1 : 1 
adducts (which can be identical, as in the case of R3H [ l  - 3,8,9]) in 
the system takes the forms 

'The equations were derived in the steady-state approximation using the condition 
kg = a and VI = V5 + 2Vg + V7 = ( ~ [ R I ]  + J ~ ~ J [ R z ] ) ~  that allowed the 
power index of term 2k5[R1I2 in equation d[Rl] /d t  = 0 to be reduced from 2 to 1 [2]. 
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440 M. M. SILAEV 

where 1 - x = l/(Z+ x) and x = x / ( l +  x) are the mole fractions of 
the saturated and the unsaturated component, respectively (0 < x < 1). 
The condition of extremum of rate function (3) at  k l b  = 0 ([RIA] >> 
[R2B]), when yl/(yl  + x) = 1, gives k2 = [ ( & L / x m )  + 1 / x l 2 d m ,  
where x, and I ,  are the values of x and 1 at the maximum, respec- 
tively [3]. 

Physically, term yl/(yl+x) in the numerator of rate Eqs. (1)-(3) 
is an analogue of the mole fraction of the saturated component. 
Therefore, when the excess of saturated component is low, it may be 
sufficient to introduce the mole fraction (or its analogue) of saturated 
component into the equation for initiation rate I/, [2,3] instead of 
using the additional unknown y in the expression for the rate of the 
process ( i e . ,  assuming k l b  = 0). In order to reduce the number of 
unknown parameters &,a and r), we can replace parameter y by cy 

(Le., assuming that ?%a)  in the rate equation since the chemical 
patterns of competing reactions l a  and l b  or 3 and 4 are identical. For 
example, the rate constant ratios for reactions of various radicals 
('OH, CH30', 'CH3, NO;, or H2POi) with methanol and ethanol in 
aqueous solutions at room temperature are 0.4-0.5 [ l l ,  121. In this 
case, Eq. (3) simplifies to 

v, a lx 
x2 + (a1 + x)xy(. 1, ' 

- - 

where k2 = a I m J m / x k  is found from the root of quadratic 
equation derived from the condition aV( 1 : 1 Adduct)/dx = 0, and x, 
and 1, are the values of x and 1 at the maximum, respectively. For Eq. 
(4) with mole fractions instead of molar concentrations [equivalent to 
form (3a) at  a = y] k2 = {a[(l/x,) - 112 - l}d=/(l+ x), where 
X, is the value of x = x / ( l +  x) at the maximum. At klb = 0, Eqs. (4) 
and (4a) determine the rate of reaction 3 alone. 

Under conditions (i) k2x2 << (a1 + x ) d W ,  al>> x and (ii) 
k2x2 >> (a1 + x ) d m ,  Eq. (4) transforms into simple relationships 
that allow parameters k2 and a to be tentatively evaluated and 
describe the initial (ascending) and the final (descending) parts of the 
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FREE-RADICAL ADDITION TO DOUBLE BONDS 44 1 

rate curve, respectively: 

V (  1 : 1 Adduct) = f i k 2 ~ / & ,  ( 5 )  

where cp = 1 for conditions (i) and (ii) or cp = 2 at the maximum when 

Thus obtained versions (l), (3), (3a), (4) and (4a) of the rate 
equation2 can be used to describe a variety of competing processes of 
unbranched-chain radical addition resulting in formation of small 
entities in binary systems with comparable concentration of the com- 
ponents. In particular, versions (4) and (4a) are applicable in describing 
liquid-phase processes of formation of organic hydroperoxides and 
alcohols upon oxidation of some hydrocarbons and their derivatives 
when the production of these compounds substantially exceeds that of 
carbonyl compounds. 

k2x2 cz (a1 + ~ ) d m .  

A KINETIC MODEL FOR OXIDATION: OXYGEN 
AS AN AUTOINHIBITOR 

In a kinetic model for oxidation of hydrocarbons yielding alkylperoxy 
radicals that are able to interact with molecular oxygen again (Scheme 
II), reaction l b  of Scheme I is ignored (1 = [RIA]>> [R2B] = x, 
klb=O, and Vl = V1,), RIA = RH, R2B = 0 2 ,  and R; =RO;. 
Dissociation reaction 1 of the initiator I gives some reactive radical 
Ro which, being conversed into the final product RoH, generates a 
hydrocarbon radical R' involved in chain propagation. The addition of 
radical R' to an oxygen molecule in reaction 2 gives rise to alkylperoxy 
radical adduct RO;, which forms, by chain propagation reaction 3, 
alkylhydroperoxide R3A = R02H (with regeneration of the chain- 
propagation radical R' ) or alcohol ROH (with subsequent regeneration 
of the radical R' in reaction 3b). Reaction 3a involves isomerization 
and degradation of the alkylperoxy adduct radical RO; by cleavage of 

*Unlike the equation in Poluektov et al. [13], which is inapplicable to processes with 
competing reactions [3]. 
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442 M.  M. SILAEV 

0-0 and C-H bonds (or C-C bonds when the number of carbon 
atoms in a carbonyl compound and an alcohol produced in the chain 
process is less than that of the parent hydrocarbon) [I41 and gives a 
carbonyl compound R,_,,)HO or R;_,]HO, and reaction 3b gives water 
or alcohol R”OH (here the R’. and R”’ radicals have a smaller number 
of carbon atoms as compared to R’). As follows from given Scheme 11 
for the process occurring in the quasi-steady-state mode, reactions 3a 
and 3b (the latter involves the oxygen-containing fragment radicals ‘OH 
and R”0’ )  have the identical rate and may be considered a united pro- 
cess that occurs in the solvent cage. We assume that reaction 4, which 
is competitive to chain-propagation reactions 3 and 3a, 3b, gives the 
alkylhydrotetraoxy radical3 [15] as the low reactivity radical R; of 
Scheme I that inhibits the chain process and has the structure of a 6- 
membered cycle4 or a 7-membered cycle as in the case of aromatic or 
certain branched acyclic hydrocarbons: 

Reactions 6 and 7 of disproportionation of R’ and [R(-H)04H] 
radicals involve isomerization and degradation of the radical 
[R(-H)04H] ’ accompanied by chemiluminescence observed upon oxida- 
tion of hydrocarbons [19]. These reactions result in recovery of mole- 
cular oxygen (presumably including singlet oxygen [ 19]), formation of 
carbonyl compound R,-,,,HO (presumably in triplet excited state 
[ 191) and, depending on the degradation pathway, alcohol ROH, olefin 
R,_,,)H (in oxidation of a saturated hydrocarbon), hydrogen peroxide, 
and water. It is likely that isomerization and degradation of the radical 

The thermochemistry of some polyoxy radicals [the enthalpy of formation is 
AHF(CH30,) = 121.3 * 9kJmol-’ by these data] and polyoxides [AH;(CHjOdH) = 
-21 .O i 9 kJ mol-’1 is known [16], a number of physicochemical and geometrical 
parameters of the molecule have been calculated for methylhydrotetraoxide as a model 
compound 117- 191, and IR spectra of dimethyltetraoxide with isotopically labeled 
groups have been measured in Ar + O2 matrices [20]. 

4The cycle [R-] of the same six atoms (C, 40 ,  and H) with presumably 
hydrogen bonding H.. .O formed by recombination of primary and secondary 
alkylperoxy radicals RO, according to the Russel mechanism [14]. 
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FREE-RADICAL ADDITION TO DOUBLE BONDS 443 

[k(-Hj04H]'via reactions 6 and 7 can involve, as in the case of reaction 
3a for alkylperoxy radical RO;, the C-C bond rupture and formation 
of carbonyl compounds, alcohols, ethers, and organic peroxides, 
including those with a lesser number of carbon atoms than in the initial 
hydrocarbon. At higher conversions, the aldehydes formed can further 
be oxidized to the corresponding carboxylic acids. 

I. Chain initiation 
2k 1. 1 2  Rbt-Rb 

k 
la. R; + RH 2 R ~ H  + R' 

11. Chain propagation 
k 

2. R' + 0 2  2 RO; 
3. RO; + RH 5 R02H + R' 

3a. RO; % R(-*H)HO +'OH 

(or ROH + RO') 

(or R;-,)HO + R"0') 

3b. 'OH + RH 3 H20 + R 

(or R"O'(RO') + RH % R"OH(ROH) + R') 

4. ROz; + 0 2  5 [R(-H)04H]' 

111. Chain termination 

5 .  R' + R' 2 RR 
(or R ( - ~ H ) H  + RH) 

k6 
6. R +[k,-~j04Hi]'  + ROH + R(-ZHjHO + 0 2  

(or R ( - ~ H ) H  + R(-zH)HO + €420 + 0 2 )  

7. [k(-Hj04H]' [k,_,)O4H]' 3 ROH + R ( - 2 ~ j H o  + 3 0 2  

(or ~ R ( - ~ H ~ H O  + H202 + 2 0 2 )  

SCHEME It5 

5The kinetic model of oxidation given by Scheme I1 differs from that of chain addition 
process of a-hydroxyalkyl radicals to formaldehyde in alchohol - formaldehyde systems 
[2,3] only in the lack of 1 : 1 adduct in reaction 4. 
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444 M. M. SILAEV 

Equations for rates of the elementary oxidation reactions as derived 
in terms of Scheme 11’ with parameters a = k3/k4, ,B = k3,/k4 (mol L-I), 
and f = k2x2 + (a1 + /3 + x ) J m  are as follows: 

V3 (ROOH, 2ROH) = V1 kzalx/f (7) 

= VIPX/fm, @a) 

where k2 = (al, + / 3 ) J m / x i  is found from the condition of ex- 
tremum of the rate function dV3,,,/ax = 0; x,, and I,, are the values of 
x and 1 at the maximum, respectively; and fm = x2 + (a /  + ,B+ x)xi/  
(aim + PI;  

Unlike the rates of reactions 4 (at klb = 0, V4 5 Vl), 5,  and 7 [Eqs. (9) 
and (1 l)]; the dependences of rates of reactions 3, 3a and 6 [Eqs. (7), 
(7a), (8), (8a) and (lo)] on x pass through a maximum. The ratios of 
the rates of competing reactions are V3/V4 = aljx and V3,/V4 = p i x  
and those of chain propagation are V3/V3, = al/P = k31/k3, at a chain 
length given by v = (V3 + V3,)/VI. At al>> p, Eqs. (7) and (7a) 
transform into (4) and (4a), respectively. For k2x2 >> (al + P + x) 
Jm (descending part of the curve) Eqs. (7) and (8) become (6) and 
(1 2), respectively, thus expressing ordinary inversely proportional 
dependences on x and allowing parameters IY and /3 to be tentatively 
evaluated: 

where p = 2 at the maximum or cp = 1 otherwise. 
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FREE-RADICAL ADDITION TO DOUBLE BONDS 445 

In the alternative kinetic model for oxidation when RO; rather 
than R' radicals take part in reactions with each other and radicals 
[R(-"104H] at  the chain termination stage of Scheme 11, dependences 
of the rate of chain formation of products on oxygen concentration x, 
as derived in the same fashion', have no maximum: V3 = Vik31/ 
(k4x + Jm) and V3a = Vlk3a(k4~ + Jm). In the kinetic model 
of oxidation, in which competitive reaction 4 is lacking (k4 = 0) and 
radicals R and RO; (the latter is used instead of [R(-Hj04H]' in 
Scheme 11) take part in reactions 5 - 7 of three types of quadratic chain 
termination (Scheme II), the functions V3 and V3, derived in the same 
manner are also fractional rational functions of the type aox/(hox + co) 
having no maximum, where ao, bo, and co are coefficients. For such a 
kinetic model that does not include reactions 3a, 3b and 4 of Scheme I1 
(kja, k4 = 0), the dependence of the rate V, = V3 on component con- 
centration x obtained by the quasi-steady-state approximation [l] on 
the assumption of sufficiently large chain lengths when it is possible 
that V2 = V3 and without substitution kg = Jm~ as in this work is 
an irrational function alx/(blx2 + c1x + dl)1'2 (al -dl are coefficients) 
and also has no maximum with varying concentration of any of the 
two components. 

Thus, the two latter models out of the three kinetic oxidation 
models involving adduct radicals RO; in the chain propagation step, 
which we analyzed mathematically, are the versions of the generally 
accepted model [l, 141 and result in the plot of dependence of oxi- 
dation rate upon oxygen concentration in the form of a curve arising 
from the origin of coordinates, being convex upwards, and having the 
asymptote parallel to the abscissa. Dependences of this sort are observed 
experimentally under the conditions of limited oxygen solubility in a 
given liquid when the attained concentration of oxygen is [021top 5 x, . 
Unlike the generally accepted model, the kinetic model that includes 
reaction 4 competing with chain propagation reactions 3 and 3a, 3b 
(Scheme 11) makes it possible to describe the nonmonotontic (with 

6 

"The practical solubility of oxygen in a liquid is not necessarily equal to its calculated 
equilibrium thermodynamic concentration because of diffusional constraints, which 
retard the establishment of gas-liquid saturated solution equilibrium under given 
experimental conditions (for example, upon gas bubbling through the liquid) or because 
of disobedience of the Henry law for a particular gas-liquid system under real con- 
ditions. 
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446 M. M. SILAEV 

maximum) dependence of oxidation rate on oxygen concentration (Fig. 
lb, curve 4). By this oxidation model, as oxygen concentration in the 
binary system increases, it begins to act as an autoinhibitor of the 
oxidation process (reactions 4 and 6) and its optimum concentration x, 
can be calculated by means of the derived rate Eqs. (7a), (8a) and (4a). 

In should be pointed out that the application of the competition 
kinetics to the oxidation of hydrogen according to Scheme I1 [R = H, 
k3a, k3b = 0, Eqs. (4) and (4a)l implies that the formation of HO;, 
H202, HO; and H204 species; the existence of the two latter was 

h 
4 
I 
v) 

FIGURE 1 Reconstruction of the functional dependence of the reaction rate V(l : 1 
Adduct) on the initial concentration x of unsaturated component (or oxygen) from 
experimental data for systems: (1) CC14-2-methyl-I-propene at 378K, Vl = 2.6 x 
w 7 M s  ~' [6], N = 6 5 5  10 as found by optimizing the model in parameter N [Eq. 
(4a)], the corresponding calculated rate constant k2 = (4.3 *0.9) x 1O3M-'s-', and 
standard deviation for approximation of the function S y  = 3.87 x (2) PCI3-2- 
methyl-I-propene at 303 K, VI = 4.65 x lO-'Ms-' [5],  a = (6.7f 1 )  x lo3, k2 = (6 .95  
1.4) x lO'M-'s-', and Sy  = 2.37 x (3) CzHsBr-I-octene at 343K, V,  = 2.6 x 
IO- 'Ms-  ' [7], N = (1.3f0.2) x lo-' ,  k2 = (1.4*0.3) x 102M-'s- ' ,  and S y  = 1.95 x 
lo-*; and (4) ortho-xylene-O2 at 373 K, V'1 = 4.73 x lo-' M S - I  [15] (the initiation yield 
G, = 2,6species/lOOeV [25], dose rate P = 2.18Gys-I, and oxygen concentration 
as calculated by its solubility data in xylene [26]), cul>p, N = (9.0f 1.8) x 
k2 = (3.250.8) x 10'M ' S - I ,  and S y  = 5.37 x 10- . The 1 : 1 adducts (two isomers 
each) formed vio chain mechanism in reaction 3 of chain propagation are: (1) 
Cl3CCH2CCI(CH3)CH-(, (2) CI~PCHZCCI(CH?)CH~, (3) C2H5CH2CHBr(CH2)5CH3 
and (4) CH3ChH4CH202H. 
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x ( W  
FIGURE 1 (Continued). 

proved by UV and IR spectroscopy, respectively, in Staehelin et al. 
[21] and Yagodovskaya er aE. [22] (by the data [16], the enthalpy of 
formation AH: of these species is 12.6% 1.7, - 136.0f0, 122.6 f 8, 
and - 26.0 f 9 kJ mol-'). The structure of hydrotetraoxy radical HO, 
produced in reaction 4 may also be represented in the form of 
hydrogen-bonded cycle [OO.. . H . . .OO]. [23]. 

I I 

EXAMPLES OF KINETIC DESCRIPTION 
OF EXPERIMENTAL RATE CURVES 

Figures la and l b  show the kinetic curves calculated by Eq. (4a) to fit 
particular experimental dependences of the formation rate of 1 : 1 
adducts on concentration of the unsaturated component (or oxygen) 
in C C 4  (or PC13)-2-methyl-l-propene [5,6], C2H5Br-l-octene [7], and 
ortho-xylene-O2 [ 151 binary systems. 

In regard to the latter system, the available published data on the 
dependence of rate of radical chain formation of some oxidation 
product on concentration of dissolved oxygen in liquid phase are 
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insufficient. Therefore, this work is limited to the only available 
example of radiation-induced oxidation of ovtho-xylene [ 151. In that 
case, the yield of ortho-xylene hydroperoxide at 373 K substantially 
exceeds that of ortho-toluic aldehyde, i.e., at>> p, which makes it 
possible to use Eq. (4a) with the single adjustable parameter a to 
describe the experimental rate dependence; the limitation of oxygen 
solubility in ortho-xylene is attained at a concentration [021top > x,, 
corresponding to the third experimental data point (Fig. 1 b, curve 4). 

Note that, when the of R1-A bond energy of the saturated 
component is not higher but approximately equal to or lower than the 
R2 -B bond energy of the unsaturated component, a relative rate of 
reaction 4 with respect to competing chain propagation reaction 3 
appears sufficient for successful application of the rate equation in 
forms (I ) ,  (3), (3a), (4), and (4a) to describe the 1 : 1 adduct formation 
in these reaction systems at high temperatures alone [6]. For example, 
in the case of the PC13-l-propene system, the difference in energy 
between the R2-B and RI-A bonds (where B and A are the 
hydrogen and halogen atoms, respectively) in the gas phase at  298 K 
[24] is as small as 5kJmol-I, whereas that for the CC14-2-methyl-l- 
propene (or cyclohexene) and C2H5Br-2-methyl-2-butene systems is 
20.9 (or 37.7) and about 24kJmol-', respectively. 
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