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ABSTARCT

Five reaction schemes are suggested for the iatiatonbranched-chain addition of free radicals
to the multiple bonds of the unsaturated compouftie. proposed schemes include the reaction
competing with chain propagation reactions throwumheactive free radical. The chain evolution
stage in these schemes involves three or four tgpéee radicals. One of them is relatively low-
reactive and inhibits the chain process by shortgnof the kinetic chain length. Based on the
suggested schemes, nine rate equations (contaimmegto three parameters to be determined
directly) are deduced using quasi-steady-statettneat. These equations provide good fits for the
nonmonotonic (peaking) dependences of the formatates of the molecular products (1:1
adducts) on the concentration of the unsaturatechgmment in binary systems consisting of a
saturated component (hydrocarbon, alcohol, etc.)l @m unsaturated component (olefin, allyl
alcohol, formaldehyde, or dioxygen). The unsatwtatempound in these systems is both a reactant
and an autoinhibitor generating low-reactive freadrcals. A similar kinetic description is
applicable to the nonbranched-chain process offthe-radical hydrogen oxidation, in which the
oxygen with the increase of its concentration bgdm act as an oxidation autoingibitor (or an
antioxidant). The energetics of the key radicaleoale reactions is considered.

Keywords: low-reactive radical, autoinhibitor, competition, energy, hydrogen.

INTRODUCTION

In a binary system consisting of a saturated corapband an unsaturated one, the abstraction of
the most labile atom from a saturated molecule doyes initiator converts this molecule into a
saturated free radical (addend) capable of addiribe double bond of an unsaturated molecule to
yield a saturated 1:1 adduct radical. At a suffidke high concentration of the unsaturated
component in the system, this primary adduct radi@a add to another unsaturated molecule under
certain conditions to yield a secondary, 1:2 addadtcal, and so on, resulting in telomerization.
Under other conditions and at other relative reéets of the components, the concentration of the
saturated component can exceed the concentratithe afnsaturated component so greatly that the
most likely reaction for the primary adduct radiedll be the abstraction of the least strongly
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bonded atom from a saturated molecule rather tidditian. This reaction will yield a 1:1 adduct
molecule as the ultimate product (it proceeda a nonbranched-chain mechanism since it
regenerates the saturated free radical carryingchfan). This reaction may compete with the
parallel reaction between the 1:1 adduct radical an unsaturated molecule. Even at a low
concentration of the unsaturated component, thiallph reaction can proceed more efficiently
owing to the formation, from the unsaturated mdikecwf a free radical stabilized by the
delocalization of the unpaireg-electron over, e.g., a system of conjugate bondsis
comparatively nonreactive radical does not pardi@pn further chain propagation and inhibits the
chain process, being consumed through reactions th# same radical and with the saturated
addend radical. If the adduct radical abstractsestahile atom from an unsaturated molecule, it
will again turn into the 1:1 adduct molecule, thime via a nonchain mechanism. The 1:1 adduct
radical (which is the heaviest and the largest ajrtba free radicals that result from the additibn o
one addend radical to the double bond of the mt#g¢coay have an increased energy owing to the
energy liberated in the transformation of a C=0CCer O=0 double bond into an ordinary bond
(30—130 kJ mof for the gas phase under standard conditions [1F#Brefore, it can decompose
or react with one of the surrounding moleculeshim place of its formation without diffusing in the
solution and, hence, without participating in radliadical chain termination reactions. Which of
the two reactions of the adduct radical, the reacwith the saturated component or the reaction
with the unsaturated component, dominates theikgef the process will depend on the reactivity
and concentration ratios of the components in tharp system. In the processes of this kind, in
which an addend radical and a low-reactivity, itimly radical are involved in three types of
guadratic-law chain termination reactions, the fation rate of the 1:1 adduct as a function of the
concentration of the unsaturated component has xmuen (which usually occurs at a low
concentration of this component).

Earlier [5,6], there were attempts to describe soehking dependences fragmentarily, assuming
that the saturated or unsaturated component isxoess, in terms of the direct and inverse
proportionalities, respectively, that result frone tsimplification of a particular case of the kinet
equation set up by the quasi-steady-state treatafdnhary copolymerization involving fairly long
chains [5]. This specific equation is based onraational function, whose plot is a monotonic curve
representing the dependence of the product formatite on the concentration of the unsaturated
component. This curve comes out of the origin obrdmates, is convex upward, and has an
asymptote parallel to the abscissa axis. Repla¢hy component concentrations with the
corresponding mole fractions generates a peak igittational function and thereby makes it
suitable to describe the experimental data [7]. elmv, this circumstance cannot serve as a
sufficient validation criterion for the mechanismaenined, because the new property imparted to
the function by the above artificial transformatidoes not follow from the solution of the set of
algebraic equations that are set up for the reactcheme accepted for the process in a closed
system and express the equality of the steady+fstatation and disappearance rates of the reactive
intermediates.

This publication presents a comprehensive reviewthef nonbranched-chain kinetic models
developed for particular types of additions of satted free radicals to multiple bonds [8-14]. It
covers free radical additions to olefins [10,11feit derivatives [8,9], formaldehyde (first
compound in the aldehyde homological series) [2]9,&nd oxygen [13,14] (which can add an
unsaturated radical as well) yielding various 1:@lenular adducts, whose formation rates as a
function of the unsaturated compound concentrgb@ass through a maximum (free radical chain
additions to theC=N bond have not been studied adequately). In thetik description of these
nontelomerization chain processes, the reactiomdsst the 1:1 adduct radical and the unsaturated
molecule, which is in competition with chain proptign through a reactive free radicZCh,

C.HsCHOH, etc.), is included for the first time in the ahg@iropagation stage. This reaction yields
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a low-reactive radical (such &H,=C(CHs) CH, or HC=0) and thus leads to chain termination
because this radical does not continue the chalirtlareby inhibits the chain process [8]. We will
consider kinetic variants for the case of compa&abimponent concentrations with an excess of the
saturated component [10,11] and the case of anmedming excess of the saturated component
over the unsaturated component [8,9,12].

Based on the reaction schemes suggested for thgddescription of the addition process, we have
derived kinetic equations with one to three paranseto be determined directly. Reducing the
number of unknown parameters in a kinetic equatidhallow one to decrease the narrowness of
the correlation of these parameters and to avoshap buildup of the statistical error in the
nonlinear estimation of these parameters in the o&a limited number of experimental data points
[15]. The rate constant of the addition of a fredical to the double bond of the unsaturated
molecule, estimated as a kinetic parameter, cacobgared to its reference value if the latter is
known. This provides a clear criterion to validdte mathematical description against experimental
data. The kinetic equations were set up using tlesiesteady-state treatment. This method is the
most suitable for processes that include eighemoar more reactions and four to six different free
radicals and are described by curves based on me thnan three to seven experimental points. In

order to reduce the exponent of the[R; ]° term in thed[ R,]/dt = 0 equation to unity [8], we
used the following condition for the early stagéshe processks =. |2k 2k, [16] and, hencey:

= Vs + 6 + V7 = ((/2ks [R;] + /2k, [R3])% Here, [R;] and [R}] are the concentrations of
the addend radical and the low-reactive (inhibitagical, respectively; is the initiation rateys,
2V, andV; are the rates of the three types of diffusion-eied quadratic-law chain termination
reactions; Rs and %; are the rate constants of the loss of identic= fradicalssia the reactions

R; + R; andR;, + RS, respectivelyks is the rate constant of the loss of different fradicals

via the Ri + R'2 reaction (se&chemes 135The kinetic equations thus obtained fit the pegk

rate curves well throughout the range of unsatdrat@mponent concentrations in the binary
systems. Our mathematical simulation was basedxperinental data obtained fgrradiation-
induced addition reactions for which the initiaticateV; is known. The analysis of stable liquid-
phase products was carried out by the gas chromagtioig method.

MATERIALSAND METHODS

Addition to Olefinsand Their Derivatives

When reacting with olefins not inclined to free-id polymerization, the free radicals originating
from inefficient saturated telogens, such as altofib/] and amines [18], usually add to the least
substituted carbon atom at the double bond, priyngielding a free 1:1 adduct radical. This radical
accumulates an energy of 90-130 kJ Thathich is released upon the transformation of @€
bond to an ordinary bond (according to the datanteg for the addition of nonbranched-C,
alkyl radicals to propene and of similag @nd G radicals to 1-butene in the gas phase under
standard conditions [1-4]). Such adduct radicalsicivdo not decompose readily for structural
reasons, can abstract the most labile atom froeighbor molecule of the saturated or unsaturated
component of the binary reaction system, thus migrmto a 1:1 adduct molecule. The consecutive
and parallel reactions involved in this free-ratlimanbranched-chain addition process are presented
below Scheme )1 In the case of comparable component concentiaticith a nonoverwhelming
excess of the saturated component, extra reaction(;, # 0) is included in the initiation stage
[10,11]. In the case of an overwhelming exces$efdaturated component reaction (1b) is ignored
(kip = 0) [8,9,12].
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Comparable Component Concentrations

Scheme 1

Chain initiation

1 108 2R:;

la R, +R,A Of% . RA+R;};

1b. R, +R,A Of? . RA+R,.
Chain propagation
2R, +R,B OB R},

3 R, +RADON . RA+R;.
Inhibition

4 R,+R,BON . R,B+R,,.
Chain termination

5. 2R, O . Prod.

6. R +R;, 0 - Prod:

7. 2R, 08 _ Prod.

In this scheme, | is an initiator (e.g., a pero>{!ﬁl,&2,13]);R6 is a reactive (initiating) radical; A
and B are hydrogen or halogen atoms [2,5,17—24];is'PCI2

[19], ‘CCl; [20], alkyl [2,5], 1-hydroxyalkyl [5,6,17,22—24pr a similar functionalized reactive
addend radical [5];R'2 is an alkenyl radical (allyl or higher) [2,5,17422-hydroxyalkenyl
[5,17,18,23,24], or a similar functionalized lowaotive (inhibitor) radical [5,18]R'3 is a saturated

reactive 1.1 adduct radical;oR, RoB, and RA are saturated moleculespyBRis an unsaturated
molecule (olefin or its derivative); R and RB are 1:1 adduct molecules; Prod designates the
molecular products resulting from the dimerizatardisproportionation of free radicals. The chain
evolution (propagation and inhibition) stage Stheme Include consecutive reactions 2 and 3,
parallel (competing) reaction pairs 3 and 4, antsegutive-parallel reaction pair 2—4.

The initiation reaction 1 is either the decompaositof a chemical initiator [5,17,18] or a reaction
induced by light [5,17,18] or ionizing radiation 9423]. The overall rate of chain initiation
(reactions 1, 1a, and 1b) is determined by the oatbe rate-limiting stepk(, > ki5). The reaction

between the free radicﬂ'z, which results from reactions 1b and 4, and tharated molecule RA

is energetically unfavorable because it impliesftrenation of the free radicaR;, which is less
stable than the initial one. The addition reacomay be accompanied by the abstraction reaction

2a. Ry +R,BO 2 R,B + R, which yields the product 8 via a nonchain

mechanism. Reaction 2a does not regenerate thenddddical Ri and is not necessary for a

kinetic description of the process, because the natio of reactions 2 and 2;/V2a = ko/koa, IS
independent of the concentration of the unsaturad@tbonent BB in the system. The inhibition of

the nonbranched-chain addition process is due dotion 4, in which the adduct radicEI'3 IS
spent in an inefficient way, since this reactionjike reaction 3, does not regeneraﬁg'. The
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inhibiting effect is also due to the loss of chamrriers Rl through their collisions with low-
reactive unsaturated radiceﬂ%'z, but to a much lesser extent.

The rates of the formatio(mol dm®s™?) of the 1:1 adducts4R (via a chain mechanism) an®
(via a nonchain mechanism) in reactions 3 and 4 aenddy the equations

[ 10 + )Mtk x
Vs (R3A) = ,
3(RaA) kox2 + (al + X)y/2keV,
[t 14 + 9 Viko X2
kX2 + (al +X)\/2keV,;

whereV; is the rate of the initiation reactionlls [R;A] andx = [R;B] are the molar concentrations
of the initial components, with> x; k; is the rate constant of the addition of lRé radical from

(1)

V4 (R3B) =

(2)

the saturated componeni{/Rto the unsaturated moleculeB(reaction 2); ang/= kiJ/kip anda =
ks/k, are the rate constant ratios for competing (peljateactions & is the first chain-transfer
constant for the free-radical telomerization predég). The rate ratio for the competing reactiems
V3/V, = adllx, and the chain length \s= V3/V;.

Earlier mathematical simulation [8] demonstratedt treplacing the adduct radicak Rith the
radical R [5] in the reaction between identical radicals anthe reaction involving Rgives rise to

a peak in the curve of the 1:1 adduct formatior @ a function of the concentration of the
unsaturated component. Reaction 1b, which is inpadition with reaction 1a, is responsible for the
maximum in the curve described by Eq. (2), andtreact, which is in competition with reaction
(3), is responsible for the maximum in the curvérsss by Eq. (1).

The number of unknown kinetic parameters to berdeted directly k», @, and)) can be reduced
by introducing the conditiory 00 a, which is suggested by the chemical analogy betwee
competing reactions pairs la—1b and 3—-4. For ex@nipk ratios of the rate constants of the
reactions of OH, CH30", "CHs, NOj, and H,PO, with methanol to the rate constants of the

reactions of the same radicals with ethanol in agsesolution at room temperature are 0.4-0.5
[25,26]. For the same purpose, the rate constargaation 2 in the kinetic equation can be replaced

with its analytical expressiok, = a|m4/2k5V1/X§1, which is obtained by solving the quadratic
equation following from the reaction rate extremeondition 0V, , (L:1Adduc)/dx =0, where
V;, (L:1Adduc) = Vs + V.. After these transformations, the overall formatiate equation for

the 1:1 adducts A and RB (which may be identical, as in the case efi}5,8,9,12,13,18-21]),
appears as

V,alk,x _
K, X + (al + X)y/2KoV,
_ V,alx
X+ (al +X)x3 /ol

wherel, andx,, are the component concentratidoradx at the points of maximum of the function.
Provided that/; is known, the only parameter in Eqg. (3a) to beedeined directly isa. If V; is
known only for the saturated componenfARthen, for the binary system containing compagabl

V3,4 (L:1Adduct)= (3)

3
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RiA and RB concentrations, it is better to use the quantlyy;, wherel = I/(l + x) is the mole
fraction of RA, in place ofV; in Egs. (3) and (3a).

The two variable concentrations in the kinetic equma(3) —1 andx — can be reduced to one
variable by replacing them with the correspondinglanfractions. Substituting the expression

K, ={a‘[(1/Xm)—l]2 —1}1/2k5V1/(|m +X,,), derived from the rate extremum condition, into

this transformed equation for the binary systemtaioing comparable component concentrations,
we obtain

V;,4(Adductl:1) = — Vig (=20 51 (3b)
1+ @@=+ I x) ~17 -1}
where 1 - =1/(l +x) andy = x/(I + X) are the mole fractions of the componenid Bnd RB (0 <y
<1), respectively, ang, is they value at the point of maximum.
The overall formation rate of the 1:1 adductgARind RB is a sophisticated function of the

formation and disappearance rates of the radicaIsRi and R'Z:
V(R3A, RgB) =(Vy, +V5 =V5) = (Vy, +V, — V7).

The application of the above rate equations toiqdsar single nonbranched-chain additions is
illustrated in Fig. 1. Curvel represents the results of simulation in terms qf @8b) for the
observed 1:1 adduct formation rate as a functioth@fmole fraction of the unsaturated component
in the phosphorus trichloride—methylpropéneaction system at 303 K [19]. In this simulatitme
®0Co y-radiation dose rate was setRt= 0.01 Gy §" and the initiation yield was taken to be
G(PCb) = 2.8 particles per 100 eV (1.60 x 1) of the energy absorbed by the solution [19F Th
product of reaction 3 is GPCH.C(CI)(CHs)CHs (two isomers)V; = 4.65 x 10° mol dm> st aty =

0, and &s = 3.2 x 18 dm® mol™ s™. This leads tax = (2.5 + 0.4) x 1§ and the rate constant of
reaction 2 derived from thisvalue isk, = (1.1 + 0.2) x 16 dmmorts™

Fig. 1. Reconstruction of the functional dependsn@arves) of the product formation ra¥s , (1, ) on the mole
fraction of the unsaturated componept from empirical data (symbols) using Eq. (3b) (mbdptimization with
respect to the paramete) for the phosphorus trichloride—methylpropene tieacsystem at 303 K [19] (standard
deviation ofS, = 2.58x 10°) and @, o) on the concentration of the unsaturated compog@@rftom empirical data
(symbols) using Eg. (4a) (model optimization wieispect td/y, xy,, andea) for the 2-propanol-2-propen-1-ol system at
433 K [23] 6,=5.91x 10°.

Note that, if the R-B bond dissociation energy for the unsaturatedpmmant of the binary system
is approximately equal to or above, not below, RaeA bond dissociation energy for the saturated

1In an earlier work [10], the methylpropene concatidn in this system was overvalued by a factat.@fwhen it was derived from
the mole fractions given in [19].
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component, than the rate of reaction 4 relativetni® rate of the parallel reaction 3 (chain
propagation through the reactive free radiail) will be sufficiently high for adequate descriptio

of RsA and RB adduct formation in terms of Eqgs. (1)—(3b) onlyhayh temperatures [20]. In the
phosphorus trichloride—propene system, the diffegdmetween the RB (B = H) and R-A (A =
Hal) bond dissociation energies in the gas phaserustandard conditions [1] is as small as 5 kJ
mol™, while in the tetrachloromethane—methylpropene ¢gclohexene) and bromoethane—2-
methyl-2-butene systems, this difference is 20B7Band ~24 kJ mdi, respectively.

Excess of the Saturated Component

If the concentration of the saturated componenteeas the concentration of the unsaturated
component in the binary system, reaction 1b candggected. If this is the caskey = 0), then, in
the numerators of the rate equations for reactboasd 4 (Egs. (1) and (2)}/(y + X) = 1 and the
overall rate equation for the formation of the addducts BA and RB will appear

V,(al + x)k,x
V., @:1Addduc) = 1 2 = 4
as ) kX2 + (al + X)1/2keV, @

_ VX @

-2
2
al
X, m 4 1
al +Xx Xm al
where the parameters are designated in the samesvay Egs. (1)—(3a), >> x, and ko =

[(\/O'Tm / Xm) + (3/ \/ al )]2\/ 2kV, is determined from the condition
0V,, @:1Adduct/ox =0.

The rate equations for the chain termination reasti5—7 $cheme ,1k;, = 0) are identical to Eqs.
(9)—(11) (see below) witg = 0.

Note that, if it is necessary to supplem&cheme Tor ki = 0 with the formation of BB via the
possible nonchain reaction 2a (which is considanatie Section 1.1), the paramekgs should be

included in the denominator of Eq. (4) to obtésX® + (al + X)(K,,X + 1/ 2KV, ).

The analytical expression f&g in the case ok, # 0 is identical to the expression forfor Eq. (4).
The equation for the raté4Ri1B) can be derived by replacirkg with k5 in the numerator of Eq.
(4) containingkz, in its denominator.

Curve 2 in Fig. 1 illustrates the good fit between Eq.)(dad the observed 1:1 adduct formation
rate as a function of the concentration of the turaéed component in the reaction system 2-
propanol—2-propen-1-ol at 433 K [8,9]. In this dgstion, we used &°Co y-radiation dose rate &

= 4.47 Gy §" [23]. The product of reactions 3 and 4CiH3(CH3)C(OH)CH,CH,CH,OH, and Xs =
1.0x 10" dm?® mol™ s™. The following parameters were obtain®g= (3.18 + 0.4 10° mol dn>

st xm = (3.9 £ 0.5)x 102 mol dm?®, anda = (6.8 + 0.8)x 102 The rate constant of reaction 2
derived from this: isk, = (1.0 + 0.14)% 10° dm® mol* s,

Addition to Formaldehyde

Free radicals add to the carbon atom at the ddudhel of the carbonyl group of dissolved free
(unsolvated, monomer) formaldehyde. The conceptratif free formaldehyde in the solution at
room temperature is a fraction of a percent ofttital formaldehyde concentration, which includes
formaldehyde chemically bound to the solvent [2Vhe concentration of free formaldehyde

39



Michael M. Silaev Journal of Applied Chemistry, 2014, 2(1):33-62

exponentially increases with increasing temperaf283. The energy released as a result of this
addition, when the C=0 bond is converted into afimary bond, is 30 to 60 kJ mb(according to
the data on the addition €h—C4 alkyl radicals in the gas phase under standarditonsi[1—4]).

The resulting free 1:1 adduct radicals can bothrabishydrogen atoms from the nearest-neighbor
molecules of the solvent or unsolvated formaldehgdd, due to its structure, decompose by a
monomolecular mechanism including isomerization 129,

Addition of Free 1-Hydroxyalklyl Radicals with Two or More Carbon Atoms

Free 1-hydroxyalkyl radicals (which result from #hiestraction of a hydrogen atom from the carbon
atom bonded to the hydroxyl group in moleculesatfisated aliphatic alcohols but methanol under
the action of chemical initiators [29,30], light7B1], or ionizing radiation [32,33]) add at the
double bond of free formaldehyde dissolved in tleet®ol, forming 1,2-alkanediols [8,9,12,29-36],
carbonyl compounds, and methanol [8,83]the chaining mechanism. (The yields of the |atigr
products in the temperature range of 303 to 448&&ame order of magnitude lower.) In these
processes, the determining role in the reactivitthe alcohols can be played by the desolvation of
formaldehyde in alcohol-formaldehyde solutions, alihdepends both on the temperature and on
the polarity of the solvent [28,33]. For tiigadiolysis of 1(or 2)-propanol-formaldehyde systam
a constant temperature, the dependences of thaticadchemical yields of 1,2-alkanediols and
carbonyl compounds as a function of the formaldehgdncentration show maxima and are
symbatic [8,32]. For a constant total formaldehyabacentration of 1 mol drh the
dependence of the 1,2-alkanediol yields as a fonctif temperature for 303-473 K shows a
maximum, whereas the yields of carbonyl compounus raethanol increase monotonically [33]
(along with the concentration of free formaldehy@8]). In addition to the above products, the
nonchain mechanism in theradiolysis of the solutions of formaldehyde inaibl and 1- and 2-
propanol gives ethanediol, carbon monoxide, andrdgeh in low radiation-chemical yields
(which, however, exceed the yields of the same ymtsdin they-radiolysis of individual alcohols)
[8,9,33]. The available experimental data can bsculeed in terms of the following scheme of
reactions:

Scheme 2
Chain initiation
L O 2Ry

1a. RO + ROH O ﬁa — ROH +.R(_H)OH.

Chain propagation

2."RyOH + CHO m[a Ry(OH)CH.0";

3. Runy(OH)CH.0" + ROH 0 - Re+y(OH)CH,OH + "R_1O;

3a. R_py(OH)CH,0" U - RionHO + CH,0H
(OtRR CO +'CH;0H);
3b."CH,OH + ROH 0 & . CH;OH +'R_n)OH.
Inhibition
4. R_p(OH)CH,0" + CH,0 il Re+(OH)CH;0H + "CHO.
Chain termination

5. ZRyOH U tr - Re+y(OH)R_OH
(or: ROH +RyHO,
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ROH +R'CO);

6. RnyOH +'CHO Ot — Re+(OH)CHO
(ori ByHO + CHO,
'RRCO + CHO,
ROHCO);

7. 2zcno O - HC(O)CHO
(or: C}O + CO,
2C0O +H

In these reactions, | is an initiator, e.g., a pte [29,30]; R,, some reactive radical (initiator

radical); R, an alkyl;, ROH, a saturated aliphaticohol, either primary or secondary, beginning
from ethanol; CHO, the unsaturated molecule — free formaldehydH;OH, the 1-hydroxymetyl
fragment radical’R_OH, the reactive 1-hydroxyalkyl radical (adducticat), beginning from 1-
hydroxyethyl; ‘CHO, the low-reactive formyl radical (inhibitor); )R, the molecular product;
Rn)(OH)CH2OH, 1,2-alkanediol; R24)HO, an aldehyde in the case of a primary alcohal @m
R'R"CO ketone in the case of a secondary alcohgli(RH)R-+OH, a vicinal alkanediol; R
m(OH)CHO, a hydroxyaldehyde. The chain evolutiongstaf Scheme Zncludes consecutive
reaction pairs 2-3, 2—3a, and 3a—3b; parallel (@img) reaction pairs 3—-3a, 3—-3b, 3—4, and 3a—4;
and consecutive—parallel reactions 2 and 4.

Scheme Zdoes not include the same types of radical-moéecabctions as were considered in
Section 1.1 forScheme 1In addition, it seems unlikely that free adduatlicals will add to
formaldehyde at higher temperatures the reacticaddfng is unlikely because this would result in
an ether bond. The addition of hydroxymethyl raldida formaldehyde, which is in competition
with reaction 3b, is not included as well, becatls¥e is no chain formation of ethanediol at 303—

ks, e )
/R(—H}‘C\Hz —'7R{—H}_C\H2 —% R HO + CH,OH.
0 .0 o 0

H' "H

448 K [33]. At the same time, small amounts of edtiol can fornvia the dimerization of a small
fraction of hydroxymethyl radicals, but this canrwve any appreciable effect on the overall
process kinetics. The addition of free formyl radkcto formaldehyde cannot proceed at a
significant rate, as is indicated by the fact tih@&re is no chain formation of glycol aldehydehe t
systems examined [33].
The mechanism of the decomposition of the free eddadicalvia reaction 3a, which includes the
formation of an intramoleculaHlld bond and isomerization, can be represented asw®sll
[8,9,12]:
The probability of the occurrence of reaction 3awsth increase with increasing temperature. This
is indicated by experimental data presented abo®®,12]. The decomposition of the
hydroxyalkoxyl radical. R (OH)CH20O" (reaction 3a) is likely endothermic. The endothierm

nature of reaction 3a is indirectly indicated by flact that the decomposition of simple-C,4

alkoxyl radicals ®’ in the gas phase is accompanied by heat abso:n()ﬂc)ﬂﬁg98 = 30-90 kJ mot*
[2-4]). Reaction 3b, subsequent to reaction 3a, ishexmic, and its heat for,€Cz alcohols in the

gas phase iAH 5o, =-40 t0—-60 kJ mol* [2-4]. As follows from the above scheme of thegess,

reactions 3a and 3b, in which the formation andsoawption of the highly reactive free radical

hydroxymethyl take place (at equal rates underdststate conditions), can be represented as a
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single bimolecular reaction 3a,b occurring in a dg&a of solvent molecules.

The free formyl radical resulting from reactionmhich is in competition with reactions 3 and 3a, is
comparatively low-reactive because its spin derwity be partially delocalized from the carbon
atomvia the double bond toward the oxygen atom, which ggxes a higher electron affinity [1].
For example, in contrast to the methyl and alkaxyddicals, the formyé-radical can be stabilized
in glassy alcohols at 77 K [37]. In the gas ph#se dissociation energy of the C—H bond in formyl
radicals is half that for acetyl radicals and iswlb times lower than the dissociation energynef t
C.—H bond in saturated;EC; alcohols [1].

As distinct from reactions 3 and 3a,b, reaction edds to an inefficient consumption of
hydroxyalkoxyl adduct radicals, without regenergtihe initial 1-hydroxyalkyl addend radicals.
Reaction 4 together with reaction 6 (mutual anaiioh of free formyl and chain-carrier 1-
hydroxyalkyl radicals) causes the inhibition of thenbranched-chain process. For the
disproportionation of the free radicals, the hegftseactions 57 for G—C; alcohols in the gas

phase vary in the range aff 598 = -135 to—385 kJ mol* [1-4].

The rates of the chain formation of 1,2-alkanedinlseaction 3 (and their nonchain formation in
reaction 4), carbonyl compounds in reaction 3a, ar&hanol in reaction 3b are given by the
following equations:

V; (al +x)k,x

kox? +(al + B+ X)y/2k:V;
Vl,B k,X

2 7
K, X“ +(al + B+ x)./ 2KV,
whereV; is the initiation ratel is the molar concentration of the saturated alcaha given total
concentration of formaldehy@dissolved in itx is the molar concentration of free formaldehyide (
>> X), k; is the rate constant of reaction 2 (addition ofiytlroxyalkyl free radical to free
formaldehyde), and = kiy/ks and S = ka/ks (Mol dnT>) are the ratios of the rate constants of
the competing (parallel) reactions. Estimateslgfvizere reported by Silaest al [39,40]. From the

extremum condition for the reaction 3a rate funttioV,,/0x =0, we derived the following

analytical expressiork, = (al,, + ,8)4/2k5V1/X§, :

The overall process rate is a complicated functibthe formation and disappearance rates of the
"RemyOH and'CHO free radicalsV(R+)(OH)CHOH, R_oyHO, CHOH) =Via+ V3 + V3 — V4 —

Vs + V7. The ratios of the rates of the competing reastianeVs/V, = al/x andVs4{V, = f/x, and the
chain length isv = (V3 + V33)/V1. The ratio of the rates of formation of 1,2-alkdioé and the
carbonyl compound is a simple linear function of V3 4(Rn)(OH)CHOH)V34{R21HO) =
(Ka/kso)x + (kslks,)l. The equations for the rates of chain-terminatieactions 5—7 are identical to
Egs. (9)—(11) (see below).

Figure 2 illustrates the use of Egs. (5) and (8)describing the experimental dependences of the
formation rates of 1,2-butanediol (cur&ein reactions 3 and 4 and propanal (cu2yen reaction
3a on the concentration of free formaldehyde inItfpropanol—-formaldehyde reacting system at a

Vs, {R+(OH)CHOH) = ()

V3a(R(_2H)HO) :V3b(CH3OH) = (6)

*The alcohol concentration in alcohol-formaldehydéutions at any temperature can be estimated byntathod
suggested in [38,39]. The data necessary for estighndhe concentration of free formaldehyde usihg total
formaldehyde concentration in the solution are rieggbby Silae\et al [28,39].
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total formaldehyde concentration of 2.0 to 9.5 moi™ and temperature of 413 K [8,9,41]. The
concentration dependence of the propanal formataw@ was described using the estimates of
kinetic parameters obtained for the same dependehdbe 1,2-butanediol formation rate. We
considered these data more reliable for the retdsarthe carbonyl compounds forming in the
alcohol-formaldehyde systems can react with thehalicand this reaction depends considerably on
the temperature and acidity of the medium [27]. Tirghematical modeling of the process was
carried out using &*'Cs y-radiation dose rate d = 0.8 Gy &' [32,41], a total initiation yield of

G(CHsCH,C HOH) = 9.0 particles per 100 eV [8,9¥{= 4.07x 10 mol dm*>s?), and &s = 4.7
x 10° dn mol™ s1). The following values of the parameters were iolei@d: « = 0.36 + 0.078 =
0.25 + 0.05 mol di¥, andk, = (6.0 + 1.4 10° dm® mol™* s,

-107 (mol dm™3s™1)

V3,4 +10% (mol dm=3s7!)
Vi

0 0.2 0.4 0.6 0.8

x (mol dm~3)

Fig. 2. Reconstruction of the functional dependgeaeves) of the product formation ratés 4, and
V3, on the concentratioxof free formaldehyde (model optimization with respto the parameters
a, ff andky) from empirical data (symbols) for the 1-propatiofmaldehyde system at 413 K
[8,9,41]: (1) calculation using Eq. (5), standard deviatiorsef 2.20x 10°7"; (2) calculation using

Eq. (6),Sy = 2.38x 10°®,

Note that, as compared to the yields of 1,2-prog@hein the y-radiolysis of the ethanol-
formaldehyde system, the yields of 2,3-butanedialhie y-radiolysis of the ethanol-acetaldehyde
system are one order of magnitude lower [41]. Usiatg from [8,9], it can be demonstrated that, at
433 K, the double bond of 2-propen-1-ol acceptse 1ikhydroxyethyl radical 3.4 times more
efficiently than the double bond of formaldehydg][4

Addition of the Hydroxymethyl Radical

The addition of hydroxymethyl radicals to the carlasom at the double bond of free formaldehyde
molecules in methanol, initiated by the free-radim&chanism, results in the chain formation of
ethanediol [34]. In this case, reaction 3a in Sah@mns the reverse of reaction 2, the 1-hydroxyalky
radical ‘R_+OH is the hydroxymethyl radicaCH,OH, so reaction 3b is eliminatdd{ = 0), and
reaction 5 yields an additional amount of ethanedi@ the dimerization of chain-carrier
hydroxymethyl radicals (their disproportionatiomcaractically be ignored [43]). The scheme of
these reactions IS presented in [35].
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The rate equation for ethanediol formation by tiic mechanism in reaction 3 and by the
nonchain mechanism in reactions 4 and 5 in the anethformaldehyde system has a complicated
form® as compared to Eq. (1) for the formation ratehefdther 1,2-alkanediols [12]:

\, 4 {CHOHY, = V[ f (al + X)k, X +V, 2k (al + B+x)%]/ 2, @)
wheref = k@ + (ol + 8 +X) 1/ 2K:V .

If the rate of ethanediol formation by the dimetiaa mechanism in reaction 5 is ignored for the
reason that it is small as compared to the total sghethanediol formation in reactions 3 and 4, Eq
(7) will be identical to Eq. (5). After the numevatand denominator on the right-hand side of Eq.
(5) are divided byk ., = ks, one can replack; in this equation withK, = ky/k_,, which is the
equilibrium constant for the reverse of reactiomgdoring the reverse of reactioni&4{= 0,5 = 0)
makes Eg. (5) identical to Eq. (4)8theme Isee the Section 1). In this case, the rate cotigtes
effective.

Addition to Oxygen

The addition of a free radical or an atom to oneheftwo multiply bonded atoms of the oxygen
molecule yields a peroxyl free radical and thusiates oxidation, which is the basic process of
chemical evolution. The peroxyl free radical thésteacts the most labile atom from a molecule of
the compound being oxidized or decomposes to ntma molecule of an oxidation product. The
only reaction that can compete with these two reastat the chain evolution stage is the addition
of the peroxyl radical to the oxygen molecule (pded that the oxygen concentration is sufficiently
high). This reaction yields a secondary, tetradkylall:2 adduct radical, which is the heaviest and
the largest among the reactants. It is less reathian the primary, 1:1 peroxyl adduct radical and,
as a consequence, does not participate in furtien gropagation. At moderate temperatures, the
reaction proceedga a nonbranched-chain mechanism.

Addition of Hydrocarbon Free Radicals

Usually, the convex curve of the hydrocarbon (RHfpaxidation rate as a function of the partial
pressure of oxygen ascends up to some limit ana flagens out [6]. When this is the case, the
oxidation kinetics is satisfactorily describable terms of the conventional reaction scheme
[2,5,6,16,44,4F which involves two types of free radicals. Thase the hydrocarbon radical R

(addend radical) and the addition produ&O, (1:1 adduct radical). However, the existing

mechanisms are inapplicable to the cases in whiehate of initiated oxidation as a function of the
oxygen concentration has a maximum (Figs. 3, 4)4[46 Such dependences can be described in
terms of the competition kinetics of free-radichhim addition, whose reaction scheme involves not

only the above two types of free radicals, but #&R O, radical (1:2 adduct) inhibiting the chain
process [13,14].

Scheme 3

Chain initiation

1. 108 - 2R;;

la. Ry +RHO - RH+R".
Chain propagation

3n an earlier publication [8], this equation doe$ take into account reaction.3a
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2.R +0, 0% - RO,;

3. RO, + RHO -~ RO,H + R’
(or ROH + RYD

3a.RO;, 0% - R_yHO + R'O’

(or RomyHO +°OH);
3b. R'O'(RO) + RH O & . R'OH (ROH) + R

(orOH + RH O . H,0 +R).

Inhibition
4.RO, +0, 0% - RO;.
Chain termination:

5.2R 0 - RR
(OI' RZH)H + RH);

6. R+ RO, 0% - RH + R-21HO + O;
(or: ROH +(BH)HO + O,

ROR +0

RA + Oy);

7.2RO;, U - rRoR +

The only difference between the kinetic model atlakon represented fycheme &nd the kinetic
model of the chain addition of 1-hydroxyalkyl raale to the free (unsolvated) form of
formaldehyde in nonmethanolic alcohol-formaldehggstems [8,9]%cheme 2Section 2.1) is that
in the former does not include the formation of th@ecular 1:1 adductia reaction 4.

The decomposition of the initiator | in reactioryi#lds a reactiveR, radical, which turns into the

ultimate product BH via reaction la, generating an alkyl radica) ®hich participates in chain
propagation. In reaction 2, the addition of theefradical R to the oxygen molecule yields a

reactive alkylperoxyl 1:1 adduct radicRO), [45], which possesses increased energy owingeto th

energy released upon the conversion of the O=0 bdndhe ordinary bond ®-O" (for addition
in the gas phase under standard conditions, tleigygris 115130 kJ mdifor C,—C, alkyl radicals
[1,2,4] and 73 kJ mot for the allyl radical [4]). Because of this, th@dact radical can decompose
(reaction 3a) or react with some neighbor mole¢rdaction 3 or 4) on the spot, without diffusing
in the solution and, accordingly, without enterintp any chain termination reaction. In reaction 3,

the interaction between the radical add&®,, and the hydrocarbon molecule RH yield&® a

chain mechanism, the alkyl hydroperoxide JRiithis reaction regenerates the chain carriearig,
under certain conditions, can be viewed as beinvgrsible [2]) or the alcohol ROH (this is
followed by the regeneration of Ria reaction 3b). The latter (alternative) pathwayredction 3
consists of four steps, namely, the breaking oftmldds and the formation of two new bonds in the
reacting structures. In reaction 3a, the isomaonadand decomposition of the alkylperoxyl radical

adduct RO, with O—O and C-O or C-H bond breaking take placé4 yielding the carbonyl

compound R_;HHO or R_apHO. Reaction 3b produces the alcohdld® or water and regenerates
the free radical R(here, Rand R’ are radicals having a smaller number of carbomatthan R).

As follows from the above scheme of the processsecutive reactions 3a and 3b (whose rates are
equal within the quasi-steady-state treatmentyhirch the highly reactive fragment, oxyl radical
R"O" (or 'OH) forms and then disappears, respectively, carepeesented as a single, combined
bimolecular reaction 3a,b occurring in a "cage"sofvent molecules. Likewise, the alternative
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(parenthesized) pathways of reactions 3 and 3bgchwimivolve the alkoxyl radical &, can
formally be treated as having equal rates. For kingtkyl G—C, radicals R, the pathway of

reaction 3 leading to the alkyl hydroperoxide RGs endothermic £H 5o = 30—80 kJ mof) and

the alternative pathway yielding the alcohol ROHi®thermic fH 54 = —120 to —190 kJ md),
while the parallel reaction 3a, which yields a camyd compound and the alkoxyl radical & or

._ 0—O0, —
4. RO, +0, 2w | [/ “ | =[R yH-0,].
R ) /n
H++'I‘{}

the hydroxyl radicalOH, is exothermic in both caseAH 54, = —80 to —130 kJ md), as also is

reaction 3b QH,,, = —10 to —120 kJ mol), consecutive to reaction 3a, according to

thermochemical data for the gas phase [2—4]. Ioti@a 4, which is competing with (parallel to)
reactions 3 and 3a (chain propagation through ¢aetive radical B, the resulting low-reactive
radical that does not participate in further chpnopagation and inhibits the chain process is

supposed to be the alkyltetraoxyl 1:2 radical aﬂ‘cﬁJRO;l, which has the largest weight and size.

This radical is possibly stabilized by a weak intcdecular H--- O hydrogen bond [54] shaping it
into a six-membered cyclic structr@even-membered cyclic structure in the caseahatic and
certain branched acyclic hydrocarbons) [56,57]:

Reaction 4 in the case of the methylperoxyl rddicd1;O’, adding to the oxygen molecule to

yield the methyltetraoxyl radicdLH;O;, takes place in the gas phase, with heat absorptjaal
to 110.0 + 18.6 kJ mdl [49] (without the energy of the possible formatioha hydrogen bond
taken into account). The exothermic reactions 6 and which the radical For RO} undergoes

disproportionation, include the isomerization amtamposition of theRO}, radical (taking into

account the principle of detailed balance for theous reaction pathways). The latter process is
likely accompanied by chemiluminescence typicahydrocarbon oxidation [52]. These reactions

‘It is hypothesized that raising the oxygen conegiun in theo-xylene—oxygen system can lead to the
formation of affRO"-O,] intermediate complex [46] similar to thROO - (Trbond)RH complex between
the alkylperoxyl 1:1 adduct radical and an unsaédrdydrocarbon suggested in this work. The elaiiro
structure of thercomplexes is considered elsewhere [48].
*Thermochemical data are available for some polydrse radicals (the enthalpy of formation of the
methyltetraoxyl radical without the energy of thesgible intramolecular hydrogen boHd- O taken into
account iSAHy ze{ CH,0;;) = 121.3+ 15.3 kJ mat’) and polyoxidesAH; s CH;0,4H) = —21.0+ 9 kJ mat)

[49]. These data were obtained using the groupriboriion approach. Some physicochemical and geaenetr
parameters were calculated for the methyl hydratedide molecule as a model compoyB8-53. The IR
spectra of dimethyl tetraoxide with isotopicallyoéded groups in Ar—Omatrices were also reported [53].
For reliable determination of the number of oxygémms in an oxygen-containing species, it is necgds
use IR and EPR spectroscopy in combination withigbmpe tracer method [53].

*The h(_H)H O(R)'@ring consisting of the same six atoms (C, H, and, $@esumably with a hydrogen
bond [6], also forms in the transition state of timerization of primary and secondary alkylperosadicals
RO, via the Russell mechanism [5,55].
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regenerate oxygen as,@nolecules (including singlet oxygen52,59]) and, partially, as £
molecules and yield the carbonyl compound#HO (possibly in the triplet excited state [52]).
Depending on the decomposition pathway, the otlessiple products are the alcohol ROH, the
ether ROR, and the alkyl peroxide BO It is likely that the isomerization and decompor of

the RO; radicalvia reactions 6 and 7 can take place through the lmgai a C—C bond to yield
carbonyl compounds, alcohols, ethers, and orgagrioxmes containing fewer carbon atoms than
the initial hydrocarbon, as in the case of the lpigoxyl radical RO, in reaction 3a. At later

stages of oxidation and at sufficiently high tengperes, the resulting aldehydes can be further
oxidized into respective carboxylic acids. They a#so react with molecular oxygen so that a C-H

bond in the aldehyde molecule breaks to yield tre@ fradicals KIO, and'R’'O or ‘Ri_znO).

This process, like possible ozone decompositiofdiyig an’O’ atom or peroxide decomposition
with O—O bond breaking, leads to degenerate chainching [6].

The equations describing the formation rates ofemdhr products at the chain propagation and
termination stages of the above reaction schenteypaising the quasi-steady-state treatment,
appear as follows:

NROH; ROH) =V,alk,x/ f = (8)
=\Vjaix/ f.., (8)
Vz(R' cHO; R2nHO) =V3,(R"OH; H0) =
=ViBk,x/ T = 9)
=V,Bx/f.., (9a)
s V22K (al + B+ x)?/ 12, (10)
Ve= 2V, [2kV, (al + B+ x)k,x2/ £ 2, (11)
VE Vl(kzxz)2 / f2, 211

whereV; is the initiation rate] = [RH] andx = [O,] are the molar concentrations of the starting
componentsl(>> x), o = ka/k; andg = ks/ks (Mol dn®) are the ratios of the rate constants of the

competing (parallel) reactionk, = (al,, + )/ 2ksV; / X2 is the rate constant of the addition of
the alkyl radical Rto the oxygen molecule (reaction 2) as determibmgdolving the quadratic
equation following from the rate function extremwendition 9V 34, /0X =0, I, andxy are the

values ofl andx at the maximum point of the functioh= kx> + (ol + g + X)-/ 2KV, , and

fn =X+ (a1 + B+ X)X5/(al + B).

The ratios of the rates of the competing reactemes/s/V, = al/x andVsz4V, = /X, and the chain
length isv = (V3 + V3y/Vi. EQ. (9) is identical to Eq. (6). Eqs (8a) and) (ere obtained by
replacing the rate constakt in Egs. (8) and (9) with its analytical expressidor reducing the
number of unknown parameters to be determinedttiijec

Foral >> f (V3 >>V3,), when the total yield of alkyl hydroperoxides adohols having the same
number of carbon atoms as the initial compounexaeeds the yield of carbonyl compounds, as in
the case of the oxidation of some hydrocarbons,pmameters in Egs. (8) and (8a) can be
neglected £ = 0) and these equations become identical to Bjysnd (3a) with the corresponding
analytical expression foe.

"Note that the alkylperoxyl radicalsOZ are effective quenchers of singlet oxygbg(malAg) [58].
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In the alternative kinetic model of oxidation, whkashain termination stage involves, in place of R
(Scheme B RO, radicals reacting with one another and WRIO, radicals, the dependences of
the chain formation rates of the products on thgger concentratior derived by the same method
have no maximum:V, =V1k3|/(k4x+ \[2Ks V;) and Vg, =V1k$/(k4x+4/2k5V1). In the
kinetic model of oxidation that does not include ttompeting reaction 4= 0) and involves the
radicals Rand RO, (the latter instead 0RO} in Scheme Bin reactions 5-7, the reaction rate

functions V3 and Vs, obtained in the same way are fractional ratiomaicfions in the form of
aox/(box + cp), whereay, by, andcy are coefficients having no extremum. For a sinkiaetic model

in which reactions 3a,b and 4 appearing in the als@heme are missinigs{ = ks = 0), Walling [5],
using the quasi-steady-state treatment in the kingtic chain approximation, when it can be

assumed that, = Vs, without using the substitutide = -2k 2K, [5,6,16] (as distinct from this

work), found thaV, = V3 is an irrational function of: alx/\/b1X2 +CoX+ d1 whereay, by, ¢;, and

d; are coefficients. Again, this function has no maim with respect to the concentration of any of
the two components.
Thus, of the three kinetic models of oxidation neatlatically analyzed above, which involve the

radicals R and RO, in three types of quadratic-law chain terminatieactions (reactions 5-7)

and are variants of the conventional model [2,%,84,45], the last two lead to an oxidation rate
versus oxygen concentration curve that emanates tine origin of coordinates, is convex upward,
and has an asymptote parallel to the abscissa%uxeh monotonic dependences are observed when
the oxygen solubility in the liquid is limited urdgiven experimental conditions and the oxygen
concentration attainéds [Ogtop < Xm.
Unlike the conventional model, the above kinetic deloof free-radical nonbranched-chain
oxidation, which includes the pairs of competingateons 3—4 and 3a—&¢heme 3 allows us to
describe the nonmonotonic (peaking) dependendeeodxidation rate on the oxygen concentration
(Fig. 3). In this oxidation model, as the oxygemaentration in the binary system is increased,
oxygen begins to act as an oxidation autoinhilmtoan antioxidanvia the further oxidation of the

alkylperoxyl 1:1 adduct radicaRO, into the low-reactive 1:2 adduct radicRO, (reactions 4

and 6 lead to inefficient consumption of the fradicals RO, and R and cause shortening of the

kinetic chains). The optimum oxygen concentratignat which the oxidation rate is the highest,
can be calculated using kinetic equations (8a)(8ayland Eq. (3a) withi = 0 or the corresponding
analytical expression fdk,. In the familiar monograpiChain Reactiondy Semenov [60], it is
noted that raising the oxygen concentration whes dlready sufficient usually slows down the
oxidation process by shortening the chains. Thetence of the upper (second) ignition limit in
oxidation is due to chain termination in the buikough triple collisions between an active species
of the chain reaction and two oxygen moleculess(dticiently high oxygen partial pressures). In
the gas phase at atmospheric pressure, the nurhtigie collisions is roughly estimated to be*10
times smaller than the number of binary collisigasd the probability of a reaction taking place
depends on the specificity of the action of thedtiparticle).

Curve 1 in Fig. 3 illustrates the fit between Eq. (3a)oht>> S and experimental data for the
radiation-induced oxidation afxylene in the liquid phase at 373 K in the cas@-ofiethylbenzyl

*The oxygen concentration attained in the liquid rhaybelow the thermodynamically equilibrium
oxygen concentration because of diffusion limitatithampering the establishment of the-bgsid
saturated solution equilibrium under given experitakconditions (for example, when the gas is
bubbled through the liquid) or because the Henwy ik violated for the given gdgjuid system
under real conditions.
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hydroperoxide forming much more rapidly thantolualdehyde V3 >> V3, andal >> p) [46]. The
oxygen concentration limit in o-xylene is reached at an oxygen concentration gf > Xm,
which corresponds to the third experimental po#&]] The oxygen concentration was calculated
from the oxygen solubility in liquid xylene at 3K3[61]. The following quantities were used in this
mathematical descriptioi°Co y-radiation dose rate ¢ = 2.18 Gy §" and total initiation yield of
G(0-CH3CgH4CHy) = 2.6 particles per 100 eV of the energy absothethe solution [46]V; = 4.73
x 107" mol dm®s™, and &s = 1.15% 10'° dm® mol™ s™. The resulting value of the parameteis
(9.0 + 1.8)x 10 hencek, = (3.2 + 0.8)x 10° dn? mol™ s™. From the data presented in [62], it
was estimated thét = kg/a = (5.2 + 1.2)x 10 dm® mol™* s,

x-10° (mol dm~3)

V3(RO,H)-10° (mol dm3s71)
V(H20,)-107 (mol dm™3s71)

x-10% (mol dm—3)

Fig. 3. () Reconstruction of the functional dependence & Pamethylbenzyl hydroperoxide
formation rateV3(RO,H) on the dissolved oxygen concentratiorfrom empirical data (points)
using Eg. (3a) (model optimization with respectite parametex) for theo-xylene—oxygen system
at 373 K [46] (standard deviation & = 5.37 x 10". (2) Reconstruction of the functional
dependence of the total hydrogen peroxide formataie V3 AH>0O,) on the dissolved oxygen
concentrationx from empirical data (symbols) using Eqgs. (3a) d@d) with § = 0 (model
optimization with respect to the paramei¢ifor they-radiolysis of water saturated with hydrogen
and containing different amounts of oxygen at 29¢68] (S, = 1.13x 10). The dashed curve
describedV3(ROH) as a function of the oxygen concentrativnbased on Eq. (3a) (model
optimization with respect t@) and the experimental data of cu/s, = 1.73x 1079

Addition of the Hydrogen Atom

A number of experimental findings concerning théoahibiting effect of an increasing oxygen
concentration at modest temperatures on hydrogetation both in the gas phase [47,64,65] (Fig.
4) and in the liquid phase [63] (Fig. 3, curg considered in our earlier work [66], can also be
explained in terms of the competition kinetics refef radical addition [14,67].
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V(0,)-10° (mol dm3s7!)
5 10 15
I [ I

Quantum yield
V(H,03) - 10%(mol dm3s~1)

x - 10?2 (mol dm™3)

L | | | | J
0 20 40 60 80 100
x (%)

Fig. 4. (1, 2 Quantum vyields of i) hydrogen peroxide and2)( water resulting from the
photochemical oxidation of hydrogen in the hydregetygen system as a function of the oxygen
concentratiorx (light wavelength of 171.9-172.5 nm, total pressof 10 Pa, room temperature
[64]). (3, 4) Hydrogen peroxide formation ra¥H,0,) (dashed curves) as a function of the rate
V(H20,) at which molecular oxygen is passed through adgasharge tube filled with3) atomic
and @ ) molecular hydrogen. Atomic hydrogen was obtaifrech molecular hydrogen in the gas-
discharge tube before the measurements (totalyprees$ 2577 Pa, temperature of 77 K [47]). The
symbols represent experimental data.

Scheme 4

Nonbranched-chain oxidation of hydrogen and chaitgesathalpy (\H 5y, kJ mofl™)

for elementary reactiofls
Chain initiation
1.0, O - 2, AH 5., = 436.0+ 0.0.

*According to Francisco and Williams [49], the emglyaof formation 6+, ) in the gas phase «f,
HO", HO'Z, HO;1 (the latter without the possible intramolecular hydrogen bond taken into account), Os;, H,0 [2],
H,0,, and H,0,is 218.0£0.0,39.0+1.2,12.6 +1.7,122.6 £ 13.7,143.1 £ 1.7, -241.8 £ 0.0, -136.0 £ 0, and —26.0 £ 9

kJ mol_l, respectively. Calculations for the HO;1 radical with a helical structure were carried out using the G2(MP2)

method [68]. The stabilization energies of HO'Z, HO'4, and HO'3 were calculated in the same work to be 64.5 0.1,

69.5 £ 0.8, and 88.5 £ 0.8 kJ mol_l, respectively. The types of the O, molecular dimers, their IR spectra, and higher
oxygen oligomers were reported [69,70]. The structure and IR spectrum of the hypothetical cyclotetraoxygen
molecule O,4, a species with a high energy density, were calculated by the CCSD method, and its enthalpy of formation
was estimated [71]. The photochemical properties of O, and the van der Waals nature of the 0,0, bond were
investigated [72,73]. The most stable geometry of the dimer is two O, molecules parallel to one another. The O,
molecule was identified by NR mass spectrometry [74].
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Chain propagation

2.1 +0, O - HO;,

3. HO, +H, 08 ~ 1,0 +HO',
(@0, + H'),

3. HO +H, U 5 - H,O +H',
Inhibition

4, H02 + 02 Dﬁ - HO4,
Chain termination

5. 20 (+M) U i - Ho (+M),
6.0 + HO, 05 — 1,0+ 05,
(oH0 + O3,
Hy + 20,),

7.2HO, U t — 1,0, + 205

A y08 = _005.4+ 1.7:

AH 54 = —215.4+ 2.9
AH 5o, = 69.4% 1.7;

AH 5, = —62.8+ 1.2,
AH 54 = 110.0+ 15.4.

AH 54 = —436.0t 0.0;

AH 5., = —476.6+ 13.7
AH 5., = —439.3t 15.4,
AH 5., = —340.6+ 13.7;

AH 5.,= —95.0+ 30.8,

The hydroperoxyl free radicaHO, [75-78] resulting from reaction (2) possesses ramebsed

energy due to the energy released the conversitdre6=0 multiple bond into atliO-O" ordinary
bond. Therefore, before its possible decompositibrran interact with a hydrogen or oxygen
molecule as the third bodya parallel (competing) reactions (3) and (4), resigely. The hydroxyl
radicalHO® that appears and disappears in consecutive damdletions (3) (first variant) and 3
possesses additional energy owing to the exothdynaitthe first variant of reaction 3, whose heat
is distributed between the two products. As a cgumeece, this radical has a sufficiently high
reactivity not to accumulate in the system duringse reactions, whose rates are eduak(Vs)
under quasi-steady-state conditions, accordindi¢oabove scheme. Parallel reactions 3 (second,
parenthesized variant) and 3egenerate hydrogen atoms. It is assumed [56,6@} the
hydrotetraoxyl radicalHO, (first reported in [79,80]) resulting from endotiméc reaction 4,

which is responsible for the peak in the experirakerdte curve (Fig. 2, curv@), is closed into a

five-membere([ OO-H- 00] cycle due to weak intramolecular hydrogen bondbswy§1]. This
structure imparts additional stability to this r@iand makes it least reactive.

The HO,, radical was discovered by Staehedinal [82] in a pulsed radiolysis study of ozone
degradation in water; its UV spectrum with an apon maximum at 260 nme(HO,) ,gq,m=
320 +15 nd mol™) was reported. The spectrum of thiO;, radical is similar to that of ozone, but
the molar absorption coefficiem(HO'4)xmax of the former is almost two times larger [82]. The
assumption about the cyclic structure of thiD; radical can stem from the fact that its mean
lifetime in water at 294 K, which is (3.6 + 0.4)187° s (as estimated [66] from the value of for

the reactionHO}, T HO; + O, [82]), is 3.9 times longer than that of the lindd©; radical
[68, 83] estimated in the same way [66] for the sawnditions [84], (9.1 + 0.9) x 10s. MP2/6-
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311++G** calculations using the Gaussian-98 progcamfirmed that the cyclic structure 61O}

[85] is energetically more favorable than the hadlistructure [68] (the difference in energy is4.8
7.3 kJ mot, depending on the computational method and this Isa$)'° For example, with the

MP2(full)/6-31G(d) method, the difference betwelee full energies of the cyclic and acycktO}
conformers with their zero-point energies (ZPE)ueal taken into account (which reduces the
energy difference by 1.1 kJ mdlis —5.1 kJ maf* and the entropy of the acyclic-to-cyclldO;,

transition isAS,,, = —1.6 kJ mol* K™, Therefore, under standard conditioh$(D}, can exist in

both forms, but the cyclic structure is obvioustndnant (87%Keq = 6.5) [85].
Reaction (4) and, to a much lesser degree, rea@iomhibit the chain process, because they lead

to inefficient consumption of its main participants— HO, and H"

The hydrogen molecule that results from react®nirf the gas bulk possesses an excess energy,
and, to acquire stability within the approximatiosed in this work, it should have time for
deactivatiorvia collision with a particle M capable of acceptihg Eexcess energy [87]. To simplify
the form of the kinetic equations, it was assunted the rate of the bimolecular deactivation of the
molecule substantially exceeds the rate of its marlecular decomposition, which is the reverse of
reaction 5 [2].

Reactions (6) and (7) (made taking into accountpitieciple of detailed balance for the various

pathways) regenerate hydrogen and oxygen (in the fuf OZ(XSZ;) molecules, including the

singlet states Witl\F { g5 (02, &) = 94.3 kJ mof [49, 7 and AH { ,45(02, b'Z} ) = 161.4

kJ mol™ [70], which are deactivated by collisions, and in therf of Q) and yield hydrogen
peroxide or watevia a nonchain mechanism, presumably through thenm@diate formation of the
unstable hydrogen tetraoxide moleculgDiH[88].'* Ozone does not interact with molecular
hydrogen. At moderate temperatures, it decompasdy Elowly, particularly in the presence of

OZ(X3Z§) [70]. The reaction of ozone witH’ atoms, which is not impossible, results in their

replacement wittHO' radicals. The relative contributions from reactich and 7 to the process
kinetics can be roughly estimated from the corraedptgy enthalpy incrementsS¢heme %
When there is no excess hydrogen in the hydrogemem system and the homomolecular dimer
04 [71-74,89,90], which exists at low concentrati¢gdspending on the pressure and temperature)
in equilibrium with Q [70], can directly capture thH" atom to yield the heteronuclear cluster

“There were calculations for the two conformersig andtrans) of the
HO, radical [86] using large scalab initio methods and density
functional techniqgues with extended basis sets. Baeabnformers have

a nearly planar geometry with respect to the fowygen atoms and
present an unusually long central O-0O bond. The metable

conformer of HO, radical is thecis one, which is computed to be
endothermic with respect t#O,(X*A") + 0, (X%) atOK.

“The planar, six-atom, cyclic, hydrogen-bonded dim@oO,), was
calculated using quantum chemical methods (B3LYi#site functional theory) [88]. The
hydrogen bond energy is 47.7 and 49.4 kJ hail 298 K for the triplet and singlet states of the

dimer, respectively.
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HO;,” which is more stable than,@70] and cannot abstract a hydrogen atom fromhglizogen

molecule, nonchain hydrogen oxidation will occurgiee molecular oxidation productsa the
disproportionation of free radicals.

The low-reactive hydrotetraoxyl radic&lO}, [82], which presumably has a high energy density

[71], may be an intermediate in the efficient apson and conversion of biologically hazardous
UV radiation energy the Earth upper atmosphere. pdtential energy surface for the atmospheric

reaction HO + Os, in which the adducHO;(zA) was considered as an intermediate, was calculated

by the DMBE method [91]. From this standpoint, tbkowing reactions are possible in the upper
troposphere, as well as in the lower and middlatetphere, where most of the ozone layer is
situated (altitude of 1630 km, temperature of 2P7-K, pressure of 1.8 10°~1.2x 10° Pa [92];

the correspondind\H{ ;’98 reaction values are given in  kJ md49]):

H,O(vapor) +hv — H + HO [92]; (8)
HO' + 0; - HO, [80,82,91, AH 54 = —59.5; (9)

HO, - HO, + 0 X% ;) [82,91, AHj = —110.0 (10)

(orHO, + 0@, AH Sy, = —15.7.

The HO;, radical can disappeaia disproportionation with a molecule, free radicalatom in

addition to dissociation. Note that emission frogaf alAg) andOy( blz; ) is observed at altitudes
of 30—80 and 40-130 km, respectively [93].

Staeheliret al [82] pointed out that, in natural systems in vitilse concentrations of intermediates
are often very low, kinetic chains in chain reacican be very long in the absence of scavengers
since the rates of the chain termination reactidesrease with decreasing concentrations of the
intermediates according to a quadratic law, whetbasrates of the chain propagation reactions
decrease according to a linear law.
The kinetic description of the noncatalytic oxidat of hydrogen, including in an inert medium
[87], in terms of the simplified scheme of freeicad nonbranched-chain reactiorScheme %}
which considers only quadratic-law chain terminatiand ignores the surface effects [47], at
moderate temperatures and pressures, in the abskfmaasitions to unsteady-state critical regimes,
and at a substantial excess of the hydrogen camatiemt over the oxygen concentration was
obtained by means of quasi-steady-state treatrasrit) the previous studies on the kinetics of the
branched-chain free-radical oxidation of hydrogé&i6][ even though the applicability of this
method in the latter case under unsteady stateditmors was insufficiently substantiated. The

method was used with the following conditibhke =./2k; 2K, (see Introduction). The equation

19t is impossible to make a sharp distinction betwedre ttwo-step
bimolecular interaction of three speciessa the equilibrium formation of
the labile intermediate Qand the elementary trimolecular reactidy+0;,+
H — HO;‘.
*For example, the ratio of the rate constants obthelecular disproportionation and dimerization
of free radicals abomtemperature i&(HO' + HO,)/[2k(2HO")2k(2HO,)]%° = 2.8 in the
atmosphere [92] ank{H" + HO)/[2k(2H)2k(2HO)]°° = 1.5 in water [94]. These values that are
fairly close to unity.
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for the rate of the chain formation of hydrogenrop@e and waterys(H.O,; H,O) = Vz(H20), via
reactions 3 and’'3s identical to Eqg. (3, 3a) with the correspondamglytical expression fae. The
ratio of the rates of the competing reaction¥3#/, = al/x, and the chain length 8= V3/V;. The
rates of nonchain formation of hydrogen peroxidd aatervia reactions (6) and (7) — quadratic-
law chain termination — are identical to Egs. (adyl (12) provided that = 0. In these equationis,
andx are the molar concentrations of hydrogen and axyge> x), |, andxy, are the respective
concentrations at the maximum point of the funcgtidnis the rate of initiation (reaction 1g, =

ks/ks, the rate constark, = a|m4/2k5V1/X,i is derived from the conditiodVs/ox = 0, and Bs is

the rate constant of reaction 5 (hydrogen atomméaoation), which is considered as bimolecular
within the given approximation. This rate constianthe case of the pulsed radiolysis of ammonia—
oxygen (+ argon) gaseous mixtures at a total pressiulG Pa and a temperature of 349 K was
calculated to be 1.6 x 1@’ moi™* s [65] (a similar value of this constant for the gdmse was
reported in an earlier publication [95]). Pagsbetr@l. [65] found that the dependence of the yield
of the intermediat&lO+ on the oxygen concentration has a maximum clogest 10* mol dm>.

In the computer simulation of the process, theysi®red the strongly exothermic reactiblO,, +

NH3; - H,O + ‘NHOH, which is similar to reaction 3 in Scheme 4, wlasréhe competing reaction
4 was not taken into account.

In the case of nonchain hydrogen oxidatioa the above addition reactiof’(+ O [l o
HQO,), the formation rates of the molecular oxidatiooducts in reactions 6 and $agheme 4, =
ks = ks = 0) are defined by modified Egs. (11) and (12yvirich g = 0, @l + X) is replaced with 1,

andk; is replaced withkaddKeq (KaddKeq is the effective rate constant Hf addition to theD4 dimer,
k

Keq=K/k’is the equilibrium constant of the reversible teac20, «E» O4 with k”>> kagd H']). The

formation rates of the stable products of noncluiidation ; = 0), provided that either reactions
(2) and (4) or reaction (2) aloneks( = 0) occurs $cheme 4 in the latter case,

reactions 6 and 7 involve tHdO, radical rather thatdO,), are given by modified Egs. (11) and

(12) with = 0, @l +X) replaced with 1, anef replaced wittx.
Note that, if inScheme £hain initiationvia reaction 1 is due to the interaction between muégc
hydrogen and molecular oxygen yielding the hydraaglicalHO® in stead ofl” atoms and if this

radical reacts with an oxygen molecule (reactiorto4form the hydrotrioxyl radicaHO; (which

was obtained in the gas phase by neutralizatiamiztion (NR) mass spectrometry [83] and has a
lifetime of >10° s at 298 K) and chain termination takes phaieereactions 5—7 involving thHO

and HQ;, radicals instead oH" and HO,, respectively, the expressions for the water chain
formation rates derived in the same way will appear a rational function of the oxygen
concentratiorx without a maximumyz(Hz0) = VK, / (kyx+./2KV, ).

Curve2 in Fig. 3 describes, in terms of the overall efual/,, =V, x(alf , + x%)/ £ 2 for the
rates of reactions 3 and 7 (which was derived fis. 3a and 12, respectively, the latter in the
form of V, =V1X4 / fnz] (12a) [96] in whichk, is replaced with its analytical expression derived
from Eqg. (8) withg = 0 everywhere), the dependence of the hydrogeoxjuke formation rate
(minus the rateVy, o =5.19x 10° mol dni® s™ of the primary formation of hydrogen peroxide

after completion of the reactions in spurs) onithigal concentration of dissolved oxygen during
the y-radiolysis of water saturated with hydrogenx20™* mol dm®) at 296 K [63]. These data
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were calculated in the present work from the ihisi@pes of hydrogen peroxide buildup versus
dose curves for &Co y-radiation dose rate g = 0.67 Gy §' and absorbed doses Bf[] 22.5—
304.0 Gy. The following values of the primary ragia-chemical yield G (species per 100 eV of
energy absorbed) for watgrradiolysis products in the bulk of solution at pgH9 and room
temperature were used (taking into account YhatGP andV; = G4P): GH202 = 0.75 andGy =

0.6 (initiation yield; see Conclusions) [94}; = 4.15x 10 mol dm>s™; 2ks = 2.0 x 16° dm® mol”

1 51194]. As can be seen from Fig. 3, the best descripifdhe data with an increase in the oxygen
concentration in water is attained when the ¥4tef the formation of hydrogen peroxiga the
nonchain mechanism in the chain termination reacti¢curvel, a = (8.5+ 2) x 1079 is taken into
account in addition to the ratg of the chain formation of this prodwat the propagation reaction

3 (dashed curvg, a = 0.11% 0.026). The rate constant of addition reactiore@amined fromx is
substantially underestimateky = 1.34x 10" (vs 2.0 x 10 [94]) dn mol™ s™. The difference can
be due to the fact that the radiation-chemical ifjpecof the process were not considered in the
kinetic description of the experimental data. Thiemtude oxygen consumptiona reactions that
are not involved in the hydrogen oxidation sche6®&97,98] and reverse reactions resulting in the

decomposition of hydrogen peroxide by intermed@teducts of water radiolysi:egq, H', HO),

with the major role played by the hydrated electrone;OI [94].

General Scheme of the Free-Radical Addition to Olefins, Formaldehyde, and Oxygen

The general scheme of the nonbranched-chain addifia free radical from a saturated compound
to an olefin (and its functionalized derivativedrmaldehyde, or dioxygen in liquid homogeneous
binary systems of these components includes th@fig reactions [57,97,98].
Scheme 5

Initiation

1. 1082 2R;;

1a. Ry +RA DM L RA+R;;

for addition to an olefin at comparable componeamtcentrations,

1b. Ry +R,BOfP . R,B+R;.

Chain propagation

2.R;+R,BOM = R;;

3. Ry +RA O - RA +R;;

for addition toO, and the 1-hydroxyalkyl radical toH0,

3a.R; 0% - RR'CO +R};

3b.R, +RAIM . R,A+R;.

Inhibition

For addition to an olefin afH-0,

4. R, +R,BON - R,B+R;;

for addition t0O.,

4a.R;+R,BO - Ry, .

Chain termination

5. 2R, O - Prod,
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6. R} + Rz O - Prod,
7. 2Ry 55 0 1 - Prod,

In this scheme, | is the initiator, for exampleyexoxide [5,17,18,29,30J,, is any reactive radical

(initiator); A is an atom of hydrogen [2,5,6,17,28+-24,29-32] or halogen [2,5,19-21]; B is an
atom of hydrogen [5,17-21,23,24,29-32], halogen, [@2oxygen (in oxidation) [2,5 6,16,44-46];

R; is a radical such a®Ck [19], ‘CCl; [20], an alkyl [2,5,6,21], a 1-hydroxyalkyl [5,6, 22—

24,29,32], or a similar functionalized radical [Glddend); R’ is the formyl 8,9,29], an alkenyl

(propenyl or higher) [2 5,17-22], a 1-hydroxyalkeffy,17,18,23,24], or a similar functionalized
low-reacrtive radical [5,18] (inhbitor) or the o)y atom (in oxidation) [2,5,6,13,14,16,44—

46,56,57,96-98]R’,, is the low-reactive alkyltetraoxyl 1:2 adduct @i RO, [13,14,56,57,96—

98] (inhibitor); R3 is the active 1:1 adduct radicaR, is an active fragment radical, such as

hydroxymethyl [8,9,12,29,3 an alkoxyl radical, or hydroxyl (in  oxidation)
[2,5,6,13,14,16,44,46,56,57,96J9&:A, RoB, RiA, and RA are saturated moleculeszBRis an
unsaturated molecule, viz., an olefin [2,5,11,17-&#maldehyd€8,9,12,29-3P. or dioxygen (in
oxidation) [2,5,6,13,14,16,44-46,56,57,96}9&R'R"CO is a carbonyl compound viz., aldehyde
[2,6,8,9,12,14,29-32,4%r ketone[2,6,14,29,32,44 RsA and RB are molecular products (1:1
adducts); and Prod stands for molecular producteefiimerization and disproportionation of free
radicals.

The chain evolution stage 8theme Include consecutive reactions 2, 3; 2, 3a; an@Baparallel
(competitive) reactions 3, 3a; 3, 3b; 3, 4 (or 4a)d 3a, 4 (or 4a); and consecutive-parallel
reactions 2 and 4 (or 4a). Addition to olefins escribed by reactions 1-3, 4, and 5-7 and the
corresponding rate equations (1)—(4a). Addition th@ carbonyl carbon atom of the free
(unsolvated) form of formaldehyde is representeddactions 1, 1a, 2—4 (the main products are a
1,2-alkanediol, a carbonyl compound, and metha@aokl, 5-7 and is described by Egs. (5) and (6).
In the case of hydroxymethyl addition, the procestudes reactions 1, 1a, 2, 3, 5a, 4 (the main
product is ethanediol), and 5—-7 and is describeBdy(7). If the nonchain formation of ethanediol
in reaction 5 is ignored, the process is descrimgdeq. (5). Addition to the oxygen molecule is
described by reactions 1, 1a, 2-3b, 4a (the mandymts are an alkyl hydroperoxide, alcohols,
carbonyl compounds, and water), and 5-7 and E§jS8@), (9), and (9a).

The main molecular products of the chain proceBRsA; RR'CO, and RA — result from reactions

3, 3a, and 3b — chain propagation through the ikeadtee radicalR; or R}, R'R"CO. The

competing reaction 4, which opposes this chain ggapon, yields the by-productB® a nonchain
mechanism. The rate of formation of the products cmplicated function of the formation rates

(Vsa= Vap) and disappearance rates of the free radi@lsandR'z(Za): V(R3:A, RR"'CO, RA, R3B)

=Vo=V3+V3,+ V4(4a) = (V]_a+ V3 + V3p —V5) - (Vlb + V4(4a) —V7). The rates of reactions 5—7kag

= 0 ([RiA] >> [R2B]) are given by Egs. (9)—(11). The rate ratiosh®# competing reactions are
Va/Vaaa) = al/x andVa,/Vau) = pIx (Wherea = ka/Kaga, ff = Kau/Kas mol dni®, andl andx are the
molar concentrations of the reactant®\Rind RB, respectively), and the chain lengthvis (V3 +
V33)/V1. Unlike the dependences of the rates of reacdan®r 4 at i, = 0, withVaua < V1), 5, and

7 (Egs. (9), (10), and (12)), the dependenceseofdtesy of reactions 3, 3a,b, 4 (kf, # 0), and 6
(Egs. (1)—(9a) and (11)) ax have a maximum. Reaction 1b, which competes vatttion la,
gives rise to a maximum in the dependence descriyedq. (2), whereas reaction 4 or 4a,
competing with reactions 3 and 3a,b, is respongdiléghe maxima in the dependences defined by
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Egs. (1), (3)—(7) or (8, 8a) and (9, 9a). The l@astive radicalR},** and R’,,, resulting from
reactions 4 and 4a, inhibit the nonbranched-chdditian of R; to olefins (or formaldehyde) and

dioxygen, respectively. Reaction 4a leads to nauhpctive loss ofR; adduct radicals.
For approximate estimation of the parameters okthetic equations (3), (4), (8), and (9), Eq. (4)
under the conditions (& << (al + X)~/ 2KV, (ascending branch of a peaked curve) andkB)

>> (al +x)+/2KV; (descending branch) is transformed into simplections (direct and inverse

proportionality, respectively) of the concentrationf the unsaturated compound. These functions
allow tentative estimates of the parameteranda to be derived from the experimental product
formation rateV provided that/; and %s are known:

3, V= w/V1k2X/¢x/ 2k, (13)
3. ¥= (Vi/9)[(al/x) + 1], 14)
where g = 1 under conditions (a) and (b) aid= 2 at the point of maximum (whekex O (« +

x)-/2k:V, ). Equations (8) and (9) under the conditior” >> (al + S + x)/ 2KV, (descending
branch of a peaked curve) can be transformed igg @5) and (16), respectively, which express
the simple, inversely proportional dependencegattion rates orand provide tentative estimates
of a andp:

Vs = Vial/ @ X, (15)

Va, = Vil @ X, (16)
where ¢ = 2 at the point of maximum (whetex? O (al + 8 + X)/ 2KV, ) and ¢ = 1 for the

descending branch of the curve. Equation (305 under condition (b) transforms into Eq. (15).
For radiation-chemical processes, the ratem the kinetic equations should be replaced with
radiation-chemical yield& using the necessary unit conversion factors aadédtationshipsd/ =

GP and V; = &G(R;)P, whereP is the dose rateg is the electron fraction of the saturated

component RA in the reaction system [100], a@®{ R;) is the initial yield of the chain-carrier free
radicals (addends) — initiation yield [39,94].

The optimum concentration of the unsaturated corpbin the system maximizing the process
rate, Xn, can be calculated using rate equations (3a), (@a), and (9a) or the corresponding
analytical expressions fde provided that the other parameters involved irs¢hequations are
known. This opens up the way to intensificatiorsofme technological processes that are based on
the addition of free radicals ©©=C, C=0, and O=0 bonds and occuvia a nonbranched-chain
mechanism through the formation of a 1:1 adduct.

CONCLUSION

The above data concerning the competition kinetfdhie nonbranched-chain addition of saturated
free radicals to the multiple bonds of olefins (atsl derivatives), formaldehyde, and oxygen
molecules make it possible to describe, usingegteations (1)—(9a), obtained by quasi-steady-state
treatment, the peaking experimental dependencige dbrmation rates of molecular 1:1 adducts on
the initial concentration of the unsaturated conmgbaver the entire range of its variation in binary
systems consisting of saturated and unsaturate¢paoents (Figs. 1-3). The proposed addition
mechanism involves the reaction of a free 1.1 addadical with an unsaturated molecule yielding
a low-reactive free radical (the reaction 4 competwith the chain propagation reactions in

“The stabilization energy of the low-reactive free radicals CH,=C(CH;)CH,, CH,=CH C HOH, and HC =0 in
the standard state in the gas phase is =52.0, —42.1, and —24.3 kJ mol_l, respectively [4,99].
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Schemes 134 In such reaction systems, the unsaturated contpasl both a reactant and an
autoinhibitor, specifically, a source of low-reaetifree radicals shortening kinetic chains. The
progressive inhibition of the nonbranched-chaincpsses, which takes place as the concentration
of the unsaturated compound is raised (after thgeirman process rate is reached), can be an
element of the self-regulation of the natural psses that returns them to the stable steady state.

A similar description is applicable to the nonbraea-chain free-radical hydrogen oxidation in
water at 296 K [63] (Fig. 3, cun®. Using the hydrogen oxidation mechanism consiibere, it
has been demonstrated that, in the Earth’s uppersgthere, the decomposition of i@ its reaction
with the HO® radical can occuvia the addition of the latter to the ozone molecyielding the

HO, radical, which is capable of efficiently absorbindJV radiation [82].

Generally, the organic pollutants investigatedthis study especially the organochloride are
alarming and therefore need immediate attentioedoice the activities leading to the discharge in
the environment. It is important that the relevaanthorities should identify the specific sources of
this orrganochorides and impose quick and stringeeasures to deter there discharge into the
water bodies and the environment in general.
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