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Abstract—A scheme of reactions involving radicals of three types, one of which inhibits the chain process, is
suggested and used to derive kinetic equations with one to three parameters that should be determined experi-
mentally. The equations describe a nonmonotonic (with a maximum) dependence of the rate of the addition of
a free radical to a double bond with the formation of a 1 : 1 adduct on the concentration of the unsaturated com-
pound; they apply to unbranched chain processes in liquid homogeneous binary mixtures comprising saturated
(hydrocarbon, alcohol, etc.) and unsaturated (olefin, formaldehyde, or molecular oxygen) components.

Chain unbranched reactions of the addition of free
radicals to double bonds with the formation of small
molecules (1 : 1 adducts) are usually described by reac-
tion schemes with radicals of two types, viz., radicals
involved in chain propagation (addends) and addition
radicals (adducts) [1]. The resulting kinetic equations
describe monotonic reaction rate dependences on the
concentration of unsaturated components. In this work,
we use a scheme according to which the reaction com-
peting with the chain propagation reaction produces
radicals of the third type. These radicals inhibit the
chain process by causing decay of chain-leading radi-
cals. Based on this scheme and using the method of
quasi-stationary concentrations, we derived kinetic
equations with one to three parameters that should be
experimentally determined. These equations describe
nonmonotonic (with maxima) dependences of the rate
of the formation of 1 : 1 adducts on the concentration of
the unsaturated component for a wide variety of radi-
cal-chain unbranched reactions. These are kinetically
competitive radical-chain unbranched processes of the
addition of free radicals from saturated to unsaturated
components in liquid homogeneous binary systems.

The general scheme of unbranched chain processes
of the addition of free radicals from a saturated com-
pound to an olefin (and its functional derivatives),
formaldehyde, or oxygen in binary systems comprising
reaction participants has the following form:

Chain initiation:
I%1-2R,, 1)

R, +R,A D2 RA + R, (1a)

for the addition to an olefin at commensurate compo-
nent concentrations

R, +R,B X~ R B+R,. (1b)

Chain propagation:
R, +R,B 2~ R;, )
R; +R,A “~R,A+R;, (3)

for the addition of O, and o-hydroxyalkyl radical to
CH,0O

R, % RR'CO + R;, (3a)
R, +R,A 2 RA + R, (3b)
for the addition to an olefin and CH,O
R, +R,B “~R,B+R;, (4)
for the addition to O,
R, +R,B X~ R, . (4a)
Chain termination:
2R; - Prod,s), 5)
R; + Ry, &> Prod), (6)
2R304 2> Prod,. (7

In this scheme, I is the initiator such as peroxide
[1-3]; R(; is some active radical; A is hydrogen [1-6]
or halogen [7-9]; B is hydrogen [1-5, 7-9], halogen
[6], or oxygen (in oxidation) [10]; R, isa PCIZ— [7] or
CC13—type [8] radical, a saturated hydrocarbon radical
[1, 9], or an a-hydroxyalkyl [1-6] or similar function-
ally substituted radical [1] (radical-addend); R, is the

oxygen atom (in oxidation) [10], the formyl radical
[3-5], an unsaturated hydrocarbon (starting with prope-
nyl) radical [1, 2, 6-9], or an o-hydroxyalkenyl [2, 4, 5]

or similar functionally substituted radical [1]; R,, is a

1 . .
cycloalkylhydrotetraoxyl radical [R_yO,H] 5 Ry is
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the radical-adduct [1-10]; R, is the hydroxymethyl
[3-5], hydroxyl, or alkoxyl (in oxidation) [10] radical;
RyA, RB, R|A, and R,A are saturated compounds;
R,B is an unsaturated compound; RR'CO is a carbonyl
compound [3-5]; R3;A and R;B are final (nonradical)
products (1 : 1 adducts); and Prod are final radical
recombination or disproportionation products.

The addition to olefins is described by reactions (1),
(1a), (1b), (2), (3), (4), and (5)—(7); to the carbon atom
of the carbon?/l group of the free (unsolvated) formal-
dehyde form," by reactions (1), (1a), (2), (3), (3a), (3b),
(4), and (5)—(7); and to molecular oxygen, by reactions
(1), (1a), (2), (3), (3a), (3b), (4a), and (5)—(7). The
scheme includes three pairs of parallel competing reac-
tions: (1a) and (1b), (3) and (4) [or (4a)], and (3a) and
(4) [or (4a)].

In parallel with reaction (2), reaction (2a) may
occur:

R, +R,B “2-RB+R;. (2a)

This reaction does not play any significant role in chain
propagation and is not necessary for a kinetic descrip-
tion of the process because the rate ratio V,/V,, = ky/k,,
between these reactions is independent of the concen-
tration of unsaturated component R,B. Some other pos-
sible radical-molecular reactions were shown in [4] to

have low probabilities. The heaviest radical-adduct R

formed in reaction (2) can possess enhanced energy
because of the difference in energy released when the
double bond becomes single [13]. This radical can
therefore abstract the least strongly bound atom A or B
from neighboring R;A or R,B component molecules
even within a marix cage without diffusing outside it.

According to the suggested scheme of the process
occurring under quasi-stationary conditions, reaction
(1) of chain initiation occurs as a result of the decom-
position of chemical initiators [1-3] or under the action
of light [1, 2] or ionizing radiation [4—10] at arate V| =
Via + Vi, Similarly, reactions (3a) and (3b) (V;, = V3,)

involving fragmentation-type radicals R, can be
treated as one chain propagation reaction occurring in a

solvate cage,

R; +R,A % RRCO+R,A+R;.  (3a,3b)

For the addition of the a-hydroxyalkyl radical (R,

RR'C OH) to formaldehyde, the mechanism of reaction
(3a) can be represented as [4, 5]

RR'C—CH, — RR'C—CH, LW

o_ 0 0. O

RR'CO + CH,OH,

(3a)

! The concentration of this form in solution exponentially grows
with temperature [11]. The concentration of the solvent in solu-
tions of formaldehyde can be estimated as described in [12].
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where R; = RRC(OH)CH,0", R; = CH,OH, and
RR'CO is a carbonyl compound.

In processes of addition to oxygen, reactions (3),
(3a), and (3b) can go in an alternative direction to pro-
duce alcohols, possibly with a smaller number of car-
bon atoms in radicals R' and R" than in the initial
hydrocarbon radical R:

RO, +RH %~ ROH +RO’, (3)
RO, “= R{; HO+R"O’, (3a)
R'0O° (RO) +RH “+ R"OH(ROH) + R*, (3b)

where R;A = RH, R; =RO, and ROH, R,A = R"OH
(alcohols) and R('_H)HO (carbonyl compound).

In chain initiation by reaction (1b) competing with
(1a) and chain propagation by reaction (4) or (4a) com-
peting with (3) and (3a, 3b), a low-activity (for
instance, because of resonance stabilization [13]) radi-

cal R, or R,, is formed; this radical inhibits the chain

process of the addition at the step of quadratic chain ter-
mination as a result of cross combination with chain-

leading radical R, by reaction (6). If radical-adduct R
undergoes addition to molecular oxygen by reaction

(4a), the role of low-activity radical R,, may be played

by an alkylhydrotetraoxyl radical [10] of a cyclic struc-
ture with a six- or seven-membered ring (seven-mem-
bered rings are formed from aromatic or some
branched acyclic hydrocarbons):

e
-H

Roz. +0, s {R\H --O;Oi| = [R(—H)O4H].' (42)

Frequently observed monotonic dependences of the
rate of oxidation on the partial pressure of oxygen (with
kinetic curves reaching a plateau [1, 14]) are explained
by limited oxygen solubilities in liquids under reaction
conditions with diffusion limitations (for instance,
when oxygen is bubbled through a liquid) and by devi-
ations from the Henry law if the attained concentration
of oxygen in a liquid is lower than its thermodynami-
cally equilibrium concentration.

1 : 1 Adducts are formed in chain-propagation reac-
tions (3) and (3a, 3b) (the main chain-process products
are R;A, RR'CO, and R,4A) and in competing reaction
(4) inhibiting chain propagation (the side “nonchain”

2 . .
The R(_H)O4(R)H ring of the same six atoms (C, 40, and H)
with a supposed H---O hydrogen bond is also formed in recombi-
nation of primary and secondary alkylperoxyl radicals ROé by

the Russell mechanism [14]. The thermochemistry of some poly-
oxyl radicals and polyoxides is considered in [15].
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Fig. 1. Reproduction of functional dependences by
equations (I) and (II) from experimental data on the sys-
tems: (/) 2-propanol-2-propene-1-ol (433 K, V| = 3.18 X

10°M s, 2k = 1.0 x 10 M™' s7', product
CH;(CH3)C(OH)CH,CH,CH,OH [4, 5], equation (I): 0, =
(6.8£0.8) X 1072, ky = (1.0 £0.14) x 10° M~! 57!, standard
deviation of the approximation function sy = 5.91 x 107)
and (2) 1-propanol-CH,O (413 K, V; =4.07x 107" M s,
2ks=4.7x10° M~ 57!, product CH;CH,CHO [4], equation
(ID): o= 0.36 £ 0.07, p= 0.25 £ 0.05 M, ky = (6.0 + 1.4) x

103 M 1 s7! sy =238 x1078).

xx 103, M

@)}
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Fig. 2. Reproduction of functional dependences by equation
(IlTa) (at B = 0) from experimental data on the systems:

(1) PCl3—2-methyl-1-propene (303 K, V; =4.65x 107 Ms™,
2ks = 3.2 x 108 M~! 7!, product CLLPCH,(C1)C(CH;)CH;
[7]0=(6.7£1)x 107, ky = (6.9 1.4)x 10> M ! 57!, stan-
dard deviation of the approximation function sy = 2.37 X
107%) and (2) o-xylene-0, (373 K, V; =4.73 x 107 M 57!,
2ks=1.15% 10'°M1 57!, concentration of oxygen was cal-
culated from its solubility in xylene [23], product
CH;C¢H4CH,O,H [10], ol = B, o0 = (9.0 + 1.8) x 1073,
ky=(32%0.8)x10°M 57!, 5,=537x1077).

product is R;B). The rate of the formation of 1 : 1
adducts is a complex function of the rates of formation
and decay of radicals R and Ry,

V(R;A, R3B, RR'CO, RA) =V, = V3 + V3, 3+ V4
= (Via+ Vit Viy 30— Vs) = (Vi + Vi — Vo).
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The reaction scheme suggested above was used to
derive’ equations for the rates of formation of various
final products in a binary reaction mixture under the
conditions of the presence of the saturated component
in excess over the unsaturated reaction participant
([R;A] > [R,B], k;, = 0); these equations describe reac-
tion rates as depending on the nature of the unsaturated
compound.

If the unsaturated component is formaldehyde
(k4o = 0) or olefin (ks, = k4 =0, B = 0), then

: Vik, (ol + x)x )
kox” + (ol + B+ x)(2ks V)"

where [ = [R;A] and x = [R,B] are the initial molar con-
centrations of the initial compounds; k, is the rate con-

stant for the addition of free radical R, from saturated
component R;A to unsaturated component R,B; and
oL = ky/kyyey and B = kz,/kyy,), mol/l, are the ratios
between the rate constants for competing reactions. If
the reaction is the addition to formaldehyde, then the
products formed in reactions (3) and (4) in saturated
alcohol-formaldehyde systems are o-diols (R;A =
R;B = R;H) [4, 5]. If the addition to an olefin occurs,
then B = 0 in (I), and the condition of the extremum of
the rate function, dV/ox = 0, yields k, = [(od,,)"?/x,, +
1/(od,)' 1% (2ksV )2, where x,, and [, are the x and [
values at the maximum. In saturated alcohol-2-pro-
pene-1-ol systems, the products are y-diols (R;A =
R;B =R;H) [4, 5].

If the unsaturated component is formaldehyde
(k4 = 0) or molecular oxygen (R,B = O,, k, = 0), then

V(RR'CO,R4A) = V3, = V3,

Vlk2Bx dn
ox” + (ol + B+ x)(2ks V)"
- ViBx (Ila)

(ol +B+x)xa/ (ol +B)

where k, = (o, + B)(2k5V1)”2/x12n. In saturated alco-

hol-formaldehyde systems, the products formed in
reactions (3a) and (3b) are a carbonyl compound
(RR'CO) and methanol (R,A) [4, 5]. In hydrocarbon—

molecular oxygen systems, the products formed in

3 The derivation was performed by the method of quasi-stationary

concentrations, which allows the exponent of the 2k5[Ri ]2 term
in the equation d[Ri 1/dt = 0 to be decreased from 2 to 1 [4]: kg =
Qks2k)'? and Vy = Vs + 2Vg + V5 = {(2ks)'P[R;] +
2k "P[R; 1)
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reactions (3a) and (3b) are carbonyl compounds
RR'CO, which may contain fewer carbon atoms than
the initial hydrocarbon, an alcohol R,A with a smaller
number of carbon atoms in comparison with the initial
hydrocarbon, and water (R, = OH, A = H) [10].

If the unsaturated component is molecular oxygen
(R,B = O,, k, = 0) or if the concentration of the satu-
rated component is insignificantly higher than that of
the olefin (ks, = k4, = 0, B = 0), that is, at commensurate
component concentrations ([R;A] > [R,B], k;, #0), and
if the condition k,,/k,;, = ks/ k, is satisfied,” then

B V, kyoulx (IID)
kox + (ol + B+ x)(2ks V)"
Vol
= 10X (Illa)

(ol + B+ x)xa/ (ol +B)

where k, = (al,, + B)(2ksV))"?/x., . In hydrocarbon—
molecular oxygen systems, the products formed in
reaction (3) are an alkylhydroperoxide (R;A) and an
alcohol [10]. If the yield of these products is substan-
tially higher than the yields of carbonyl compounds in
oxidation of hydrocarbons (a/ > ) and hydrogen5
(R,A = H,, k5, = 0) [18-20], and if the addition to an
olefin occurs, then B = 0 in the expression for k, and
equations (IIT) and (I11a) [for the addition to an olefin at
ki, = 0, equations (III) and (IIla) only determine rate
Vi(R3A)].

If the unsaturated component is an olefin (k;, =
ks, =0, B =0, and, in addition, k;,, = 0), formaldehyde
(k4, = 0), or molecular oxygen (R,B = O,, k, = 0), the
equations for the rates of formation of final products at
the chain termination step are

Vs = 2ksVi(al + B +x)°/f, (IV)
2V, = 2Vikox (ol + B+ )2k V) I, (V)
V, = Vikox'lf, (VD)

4 For instance, rate constant ratios between reactions of various
radicals ('OH, CH;0", ‘CHs, NO; , H,PO,, ) with methanol and
ethanol at room temperatures are 0.4-0.5 [16, 17].

> Note that, according to the scheme of reactions, HOé, H,0,,
HO;P and H,O, species should then be formed in reactions (2),
(3), (4a), and (6) and (7), respectively (with subsequent decay
H,04 — H,0, + O,). That the HO ;‘ and H,O4 particles do exist
follows from their UV (294 K) and IR (77 K) spectra obtained in
[18] and [19], respectively. The HO 41 hydrotetraoxyl radical has the

structure of the [OO---H---:OQ0] ring with an H-bond [21].
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where f= kx> + (ol + B + x)(2ksV,)"2. For the addition
to olefins, B = 0 in equations (IV)—(VI) and the expres-
sion for f.

If kx> > (ol + B + x)(2ksV))'? (the descending
branch of the kinetic dependence passing a maximum),
equations (III) and (II) become simple functions
describing the inversely proportional dependence of V
on x, which can be used to preliminarily estimate the o
and [} parameters:

V(R,A, R;B) = V,0l/ox, (VID)

V(RR'CO, R,A) = V,B/ox, (VIII)
where @ = 2 at the maximum [when kx> = (o + B +
X)(2ksV})?], and @ = 1 at the other points.

The ratios between the rates of competing reactions
are V3/Vyy, = ol/x and V3,/V,4, = B/x, and the chain
length is v = (V5 + V3,)/V,. Unlike the rates of reactions
(4a) or (4) at ky, = 0 (with V4, < V)) and the rates of
reactions (5) and (7) [equations (IV) and (VI)], rates V
of reactions (3), (3a), and (6) [equations (I)—(IIl) and
(V)] pass maxima with x variations. The mathematical

analysis [4] shows that the participation of radicals R,
(or R2'a) rather than radical-adducts R; [1] in reactions

with each other and with radicals R, at the chain termi-

nation step ensures passage through a maximum of the
rate of formation of 1 : 1 adducts with changes in the
concentration of the unsaturated component. The max-
imum of the dependence described by (I)—(III) owes its
existence to reactions (4) [or (4a)] competing with
chain propagation reactions (3) and (3a).

The results of a kinetic description by (I)—(III) of the
experimental data on the rates of formation of 1 : 1
adducts as functions of the concentration of unsatur-
ated components in the 2-propanol-2-propene-1-ol
[4, 5], 1-propanol-formaldehyde [4], PCl;—2-methyl-
1-propene [7], and o-xylene-O, [10] binary systems
are presented in Figs. 1 and 2.

Note that, if the energy of the R;—A bond in the satu-
rated component is not higher than the dissociation
energy of the R,—B bond in the unsaturated component,
then the rate of reaction (4) relative to the rate of compet-
ing chain propagation reaction (3) is only sufficient at
high temperatures for successfully applying kinetic
equations (I)—(IIT) to describe the formation of 1 : 1
adducts [9]. For instance, in the PCl;—1-propene system,
the difference between the dissociation energy of bonds
R,—B (where B is hydrogen) and R,—A (where A is a
halogen) in the gas phase at 298 K [22] is insignificant
(5 kJ/mol), whereas in the CCl,—2-methyl-1-propene (or
cyclohexene) and C,HsBr-2-methyl-2-butene systems,
this difference amounts to 20.9 (or 37.7) and ~24 kJ/mol,
respectively.
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