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The reactivity of ketyl and alkyl radicals in reactions
with carbonyl compeunds
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A parabolic model of bimolecular radical reactions was used for analysis of the hydrogen
transfer reactions of ketyl radicals: >C OH + RICOR? -» >C=0 + R!R2C'OH. The
parameters describing the reactivity of the rcagents were calculated from the experimental
data. The parameters that characterize the reactions of ketyl and alkyl radicals as hydrogen
donors with olefins and with carbony! compounds were obtained: >C"OH + RICH=CH, -
>C=0 + RIC'HCH;; >RICH=CH, + R2C"HCH;,R? -» R2C"HCH; + RXCH=CHR3.
These parameters were used to calculate the activation energies of these transformations. The
kinetic parameters of reactions of hydrogen abstraction by free radicals and molecules
(aldehydes, ketones, and quinones) from the C—H and O—H bonds were compared.
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Reactions of radical abstraction of a hydrogen atom
by a free radical from a molecule are widely abundant
and well studied. The majority of these reactions occur
rapidly with heat release (AH < 0) and low activation
energies. Reverse reactions, in which the radical acts as
the donor of the hydrogen atom and the molecule is its
acceptor, are less known and poortly studied. They are,
in particular, the reactions of ketyl and alkyl radicals
with carbonyl compounds:

R'RZC"OH + RIRIC=0 —= RICORZ + R3RAC OH,

RSCH,C H, + RPR*C=0 —e RSCH=CH, + RZR?C OH.

These transformations occur during photolysis and
radiolysis of alcohols and carbony! compounds! and are
also intermediate stages in chain reactions of thermoly-
sis, oxidation, and polymerization in the presence of
alcohols, carbony! compounds, and quinones.

A parabolic model is an efficient method for analysis
of the reactivity of radicals and molecules in bimolecular
reactions.? It makes it possible to classify the reactions
of radical abstraction, divide them into groups, and to
calculate and compare parameters characterizing the
reactivity of each group. This method was used in this
work to characterize and analyze the following pro-
cesses:

R'RZC"QOH + >C=0 —= R'COR? + >C"OH,

RCH,C H, + >C=0 —+ RCH=CH, + >C"OH,
R'R2C"OH + CH,=CHR3 —» R'R2C=0 + CH4C HR?,
RICH,C " Hy + CH,=CHR? —= RICH=CH, + CH,C HR2.

Calculation procedure

For exampie, the parabolic mode! considers? the abstrac-
tion reaction

R'R2C OH + >C=0 —+ R'R2CO + >C OH,

as the result of intersection of two potential curves, one of
which describes the potential energy as a parabolic function of
the amplitude of vibration of the cleaved (ith) bond and
another curve describes that of the formed (fth) boand. The
radical reaction is characterized by the following parameters:3

(1) enthalpy of the reaction AF/, that includes the differ-
ence of zero energies of reacting bonds

AH, = D;— Dp+ 0.5AL(v; = vp3, ()

where D; and Drare the dissociation energies, and v; and vy are
the frequencies of stretching vibrations of the ith and fth bonds,
respectively; 4 is Planck s constant; and L is Avogadro’s number;
(2) activation energy E, that includes the encrgy of the zero
vibration of the attacked bond and is related to the energy F
determined experimentally by the simple correlation (v; = v):

E, = E+ 0.5hLv — 0.5RT; )

(3) distance r, at which the attacked H atom is removed in
the elementary reaction;

(4) parameters b; and by which are dynamic characteristics
of the cleaved {6; = nv(2p)'/?) and formed bonds (b =
nv(2up'/?, where p; and g are the reduced masses of atoms
that form these bonds, and 2b? is the force constant of the
bond.

The five parameters listed above arc related to each other
by the following correlation:3

br. = al£, — AH)? + E\2, 3
where o = b/b; b = b;
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The br, parameter makes it possible to calculate the charac-
teristics of the whole group of reactions with br, = const: the

activation energy of the thermoneutral reaction £, (AH, = 0)
Eg = (br)¥(1 + )7L 4)

As a rule. all reactions of the same group are characterized
by the constant prc-exponential factor A, which allows one to
calculate the E value through the rate constant (k) by the
Arrhenius equation:

E = RTIn(A/k). (5)

The br, parameter calculated from the cxperimental data
can be used for calculation of the activation energy of any
individual reaction belonging to this group.? At « = [, when
the bonds with the same force constants are cleaved and
formed, the £, value can be calculated from the equation

E\? = 0.5br, + (2br,)"'AH,, (6)

and at a # 1 (different force constants of the cleaved and
formed bonds), it can be calculated from the formula

EMY = pr(l — oa)7HL = a[l = (0 — al)(br) 2] (7)

Equations (6) and (7) arc valid for reactions with enthalpy
aH,, which varics in the interval® AH, 0 < AH, < AH, a0
For highly exothermic reactions with AH, < AH, ., the
activation energy is virtually equal to zero (£ = 0.5R7),
whereas for exothermic reactions with AH, > AH, .y, £ = 8H
+ 0.5RT. The limiting values of AH, depend on the br,
parameter and encrgies of the zero vibration of the cieaved
(0.5hv;L) and formed (0.5hv ) bonds:4

AH iy = —(brofa)? + 2br,a”3(0.5ALv)V? ~

- 0.5(1 — az)hLvi. (8)
A oy = (br)? = ?.1.’:r,:m(0.5hLv/)‘/2 +

+ 0.5(a? ~ VilLvy. (9

For reactions with AH, < AH, i, and AH, > AH, ., the pre-
exponential factor A depends on the AH, value, since the
higher JAH,], the larger the collision cross section of particles:*

A = Ag{t + B(!AH«:'VZ - IAHc,min/maxil/z)}2» (10)

where p = | and 1.6 for the C..H...C and O...H...O transi-
tion states, respectively.

Resuilts and Discussion

Reactions of ketyl radicals with
carbonyl compounds

Since in the reaction of the ketyl radical with a
carbonyl compound the hydrogen atom is transferred
from one oxygen atom to another and hydroxyl-contain-
ing compounds forni hydrogen bonds with these com-
pounds, these reactions are preceded by the formation of
the complex:3

R'R2C OH + O=CR3R* === RI!R2C OH...0=CRR* —
— R'RZ2C=0 + HOC R3A4.

In this mechanism, the reactions indicated should be
characterized by a high pre-exponential tactor 4. In the
present work, in the calculation of the activation energy
by Eq. (5), we used 4 = 2.5 10% L mol™! s7! for the
reaction in the liquid phase in the nonpolar solvent. In
the polar solvent Y (alcohols, ketones, acetonitrile, erc)),
ketyl radicals form a complex with the hydrogen bond:’

X

RIR2C'OH + Y === RIR2C'OH..Y.

This decreases the concentration of free ketyl radi-
cals involved in the hydrogen transfer reaction. The
experimental values of rate constants of the reactions of
hydrogen transfer from the ketyl radical to ketone or
aldehyde at 298 K are presented in Table 1. These data
were used for calculation of the activation energy E from
Eq. (5). The concentration (fraction) of free Ketyl groups
in such solvents as alcohol, acetonitrile, and benzene
was estimated as follows. The rate constants of the
reaction

PhMe,CO" + HOCgHs —= PhMe,COH + CgHgO"

in different solvents at 298 K have been estimated pre-
viously!® by the pulse photolysis technique. The values
obtained!® were used in this work as the ratio of the
rate constants of the reaction in the given solvent and
in CCly (k/kccy,) for estimation of the ratio
[R‘RZC'OH]/[R‘RSC'OH,..Y] = (1 + Ky[YD™"

MeCN
6.7-1073

Y CCl,  CgHg
klkea, | 0.32

MC}COH
42-1073

The results of calculation (values of the activation
energy) are presented in Table 1. The br. parameter
characterizing the whole group of these reactions of H
atom abstraction from the ketyl radical by the carbonyl
compound was caiculated by Eq. (3) using the following
values: o = 1 (the same force constant corresponds to
the cleaved and formed O—H bonds), 0.54ALv =
21.7 kJ mol™!, AH, = AH, since v; = v/ (see Eq. (1)).
The 6ér. parameter has close values br,(aver.) =
12.88+0.31 (kJ mol™!1)¥/2, so that this group of reac-
tions is characterized by the following parameters (see
Egs. (4), (8), and (9)):

a brc re” lo” EeO ‘AHe,lnin/max’
J(k§ mol~1)172 /m kJ mol™!
{ 12.88 2.350 41.5 45.9

The br, parameter can be used for calculation of
activation energies of various reactions of this group.
For this calculation, it is necessary to estimate the
enthalpies of the corresponding reactions. The enthalpy
of the reaction of the ketyl radical with carbonyl com-
pound is equal to the difference of dissociation energies
of the cleaved O—H bond of the ketyl radical RIR*C"OH
and the formed O—H bond in the R3R4C"OH radical.
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Table 1. Kinetic parameters of reactions of ketyl radicals with carbonyl compounds

Reaction Medium AH k (298 K) E br, Refer-

/& mol™! /L mol™! 571 /kJ mol™! J(k] mol™H1/?  ence

Me;C OH + Me(CH,),CHO Me,CHOH 0.0 3.0-103 20.2 12.76 6
Me,C"OH + PhCHO Me,CHOH —28.6 1.8-10% 10.0 13.21 6
PhMeC OH + PhCOPr MeCN 0.0 3.7+ 103 20.8 12.85 7
PhC HOH + PhCHO CeHg 0.0 8.0-10% 229 13.18 8
4-Me;CCH4C (OH)Ph + PhyCO MeCN 0.0 1.3-10% 17.7 12.36 9

Nore: k are experimental values; AH, E, and br, were calculated by Egs. (1)—(3).

Table 2. Enthalpies (AH) and activation energies (£) of reactions of hydrogen transfer from ketyl radicals to

carbonyl compounds

R'R2C"OH AH (E)/kJ_mol™!
CH,0 MecCHO  Mc,CO  PhCHO  PhMeCO  Ph,CO  p-OC4HGO
H,C OH 0 14.4 18.1 ~11.5 ~7.8 ~33.7 ~110.6
(21.0) (28.5) (30.5) (15.4) (17.2) (5.8) (1.2)
MeC HOH  —144 0 3.2 -25.9 -22.2 —48.1 ~125.0
(14.1) (21.0) (22.8) (9.0) (10.6) (1.6) (1.2)
Me,C OH -18.1 -3.7 0 ~29.6 ~25.9 ~51.8 —128.7
(12.4) (19.1) (21.0) (7.5) (9.0) (1.2) (1.2)
PRC HOH 1.5 259 28.6 0 3.7 -222 —99.1
(26.9) (34.9) (37.1) (21.0) (22.8) (1.6) (1.2)
PhMeC OH 7.8 22.2 259 ~3.7 0 ~25.9 —-102.8
(25.0) (32.8) (34.9) (19.1) (21.0) (9.0) (1.2)
Ph,C OH 33.7 48.1 51.8 22.2 25.9 0 ~76.1
(39.5) (48.5) (59.2) (32.8) (34.9) (21.0) (1.2)
HOCH,0" 110.6 125.0 128.7 99.1 102.8 76.9 0
(94.6) (106.9) (129.9) (100.3) (104.0) (78.1) (21.0)

Note. The E values were calculated by Egs. (2) and (6).

The energy of dissociation of the O—H bond in ketyl
radicals was calculated from the following thermochemi-
cal equations:

il

R'R2CHOH = R'RZC'OH + H",

RIR2C OH = R'R2C=0 + H",

according to which D(O—H) = —AH(R'RIC OH) +
AH(RIRZC=0) + AH(H') and AH(R'RXC'OH) =
AH(R!RZCHOH) + IXC—H) — AH(H"). The enthalp-
ies of formation of molecules in the gas phase!! and
dissociation energies of the corresponding C—H bonds
in hydrocarbons!? are taken from reference books, and
AD = D(C—H)gy — D{a-C—H)goy have been deter-
mined previously.13 The D(O—H) values thus calculated
for the series of ketyl radicals are presented below.

Radical D(O—H) Radical D(O-—H)
/kJ mol™! /kJ mot™t
H-C-OH 117.5 Ph,C OH i51.2
McC HOH 103.1 PhC HOH 129.0
Me,C'OH 99.4 PhMeC OH 1253

For p-benzoquinone molecule, (" QH) D(O—H) =
228.1 kJ mol™!. The activation energies £ were calcu-
lated by Egs. (2) and (6) at « = 1. The results of
calculation of AH and F are presented in Table 2. It is
seen that the thermonetitral hydrogen transfer reaction
occurs with a low activation energy (21 kJ mol™!). En-
thalpies of these reactions vary in a wide range: from
—129 to 129 kJ mol~!. The resuits of calculation of the
reactions studied are close to the experimental values of
activation energy (Table 3).

Table 3. Comparison of calculated by Eq. (6) and experimen-
al activation energies of reactions of kety! radicals with carbo-
nyl compounds

Reaction E/kJ mol™! IAH|
calcula~ experi-  /kJ mol™!
tion ment
Me,C"OH + RCHO 20 202
Me,C OH + PhCHO 9.0 10.0

PhiMeC OH + PhRC'OH 21.0 20.8
PhC HOH + PhCHO 210 229
PhC HOH + Ph,CO 21.0 17.7

w—0 =0
W \O PR
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Table 4. Activation cnergies E.o/kJ mol™! and parameters
br./(kJ mol 1172 of reactions of radical abstraction with the
0O...H...0 reaction center

Reaction br, Eg Reference
>C'OH + 0=C< 12.88 41.5 a
ArO" + HOAr 12.61 39.7 I35
R'RINO" + HOAr 12.93 41.8 16
RO, + HOAr 13.46 453 15
R'RINO" + HONR'RY 13.05 42.6 16
RO," + HONRIR? 13.50 45.6 16
RO, + HOOR 13.43 431 3

(13.0840.29)¢ (42.8+1.9)%

4 This work. 8 Average value.

We have analyzed previously the reactions of several
oxygen-centered radicals with the hydroxyl groups of
phenols!s ArOH, hydroxylamines!® R'RINOH, and hy-
droperoxides3 ROOH. The #r, and £,y values of these
reactions and those of the reactions of ketyl radicals
with carbonyl compounds are compared in Table 4.

It is seen that all seven groups of reactions are
characterized by very close values of the br. and £
parameters. This regularity allows us to include the
reaction of the ketyl radical with oxygen

R'R2C OH + O, —= R'R2C=0 + HO,"

into the series of the reaction considered for which
br, = 12.88 (kJ mol~!)!/2. The dissociation energy of
the H—0," bond is equal'? to 203.4 kJ mol™!. The
calculation showed that all ketyl radicals react with O,
to yield a large amount of heat and, hence, £ = 0.5RT.
For strongly exothermic reactions, the pre-exponen-
tial factor 4 depends on [AH] (see above). The AHA,
logA (calculated by Eq. (10)), and & values (see Eq. (5))
are presented below for these reactions, and Ay =

5107 L mot™! s~ with account of the fact that an O,
molecule attacks via any of its two oxygen atoms.

Radical —AH logA k-10710

/kJ mol ™} /L mol™! s~}

H,C OH 85.9 111 3.6

MeC HOH 100.3 1.2 4.5

Me,C OH 104.0 11.3 5.7

PhC HOH 744 10.9 2.3

Ph,C"OH 52.2 10.2 0.45

It is seen that the rate constants of these reactions
are close to the values characteristic of diffusion-con-
trolled reactions in solution, so that the abstraction of
the H atom can compete with the addition of oxygen to
the ketyl radical. This implies that two types of peroxyl
radicals, namely HO," and R'RIC(O, )OH, are formed
in parallel during the oxidation of the corresponding
alcohol. :

For the reaction of O, with H,C OH in the gas
phase, the experimentally measured value!® is & =

5.9-10% L moi~! s7!. Since the frequency of collisions
of particles in the liquid phase is approximately fivefold
higher than that in gas, the value of 3+ 109 L mot~! ¢!
corresponds to this frequency in the liquid phase, which
coincides with the result of the calculation
(3.6- 1010 L mol~! 57,

Obviously, the reaction center of the O...H...O type
determines completely the activation barrier of the
thermoneutral reaction of these seven groups of reac-
tions. In turn, this indicates the identical geometry of
the reaction center with very close O..H...O angles
between the atoms (most likely, about 100°) for all
compared groups of reactions, including those involving
the kety!l radical. This conclusion does not agree with
the sandwich (circular) structure of the transition state
suggested previously® for the reactions of the ketyl group
with the carbonyl group.

Reactions of exchange of a hydrogen atom
between ketyl radicals and olefins

Since ketyl radicals possess a pronounced reduction
activity, it can be expected that they react rather rapidly
with olefins to reduce them to alkyl radicals:

R'R2C OH + CH,=CHR® —= R'R2C=0 + CH4C HRS.

Experimental data for these reactions are lacking;%:20
however, their activation energies can be estimated us-
ing the equations and parameters of the parabolic model
of bimolecular reactions.?? Let us compare the r, and
Ey parameters for the reactions with the C..H..O
radical center (where R° is the alkyl radical, 6 =
4.70- 101! (k) mol™H1/2 m~1y.

Reaction r,- 10t /m ELg/kJ mol™!
R* + HOOR 3.80 62.5
R* + HOAr 3.80 62.5
R* + HONR!R? 3.660 58.0
HO® + RH 3.67 58.8

It is seen that all four groups of reactions have very
close values of the r, and E parameters. The average
value of the br, parameter is 17.54£0.31 (kJ mol™)!2 It
can be assumed that this series also contains reactions of
ketyl radicals with olefins, where the same C..H...O
reaction center is formed. Then using the increment
Abr, = 17.54 ~ 13.08 = 4.46 (kI mol™!)!/2, we obtain
the parameter b7, = 12.88 + 4.46 = 17.34 (KJ mol 1)1/
for the description of the reactions of ketyl radicals with
olefins. In the case where the ketyl radical reacts with
olefin containing the phenyl group in the a-position and
the reaction center of the transition state has the
Ph—C=C...H...O structure, we use the parameter br, =
17.34 + 0.99 = 18.33 (k) mol™)!/2, where 0.99 is the
increment caused by the influence of n-electrons of the
aromatic rings on the transition state3 In the reactions of
ketyl radicals with benzene, there is a transition state with
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the C=C—C=C...H...O reaction center, which is charac-
terized by the increment3 Abr, = 1.30 (KJ mol™HV2; for
the calculation, we used the parameter ér, = 17.34 +
1.30 = 18.64 (K} mol™1)!/2. For the reactions with the
C...H...O reaction center,? o = 1.256. The parameters
characterizing the reactions of ketyl radicals with olefins
(bro/(kJ mol™H)¥/2,  E/kJ mol™!;  r - 101 /m;
~AH, min/K) mol™!; AH, . /K] mol™!) are presented
below.

Transition state bro  Eq 10V =AH i AH, oy
>C..0..H.C=C 17.34 59.1 3.689 757 129.0
>C—0. . H..C=C-C=C 18.64 683 3966 976 189.1
>C—~0..H..C=CPh 18.33 66.0 3.900 923 1539

The enthalpies of these reactions were calculated as
the difference between the dissociation energies of the
O—H bond of the ketyl radical and a-C—H bond in the
alkyl radical formed from olefin. The C—H) values
were calculated in the same way as those for O—H bonds
of ketyl radicals using the data in Refs. 11—13.

Reactions of hydrogen exchange between
alkyl radicals and olefins

Alkyl radicals are well known to react readily at the
double bond of olefin. This results in polymerization,
oligomerization, or dimerization of olefins. At the same
time, there are reactions in which alkyl radicals act as
donors of hydrogen atoms, such as disproportionation
reactions in which one alkyl radical serves as the accep-
tor and the second radical is the hydrogen donor. Simi-
lar reaction can occur between the alkyl radical and
olefin, for example,

CHy=CHj + C H,CHoMe —= MeC"H, + CHy=CHMe.

Here olefin acts as the acceptor, the alkyl radical acts
as the donor of the hydrogen atom, and the C...H...C
reaction center, which is similar to those in the reactions
of alky! radicals with C—H bonds of hydrocarbons, is
formed in the transition state. The transition state in this
center is affected (the activation energy increases) by the

Radical DC—H) Radical C~H) adjacent n-bonds.%:3 The following values of the
/kJ moi™! /kJ mot™! br./(xJ mol™1)!/2 parameter were obtained for the reac-

MeC™H, [51.5 CHy=C'H 147.2 tions R* + R'H in the parabolic model: 17.23 for the
h'\;llzCCHMhtc :g;’? l;:CC}{MA:e iggg aliphatic C...H...C reaction center, [8.11 for the
2 ' : g alkylaromatic Ph~C...H...C center, and 18.86 for the

MeC " HCH;;Me 138.0 cyelo-CgHy® 108.8

The difference between the energies of zero vibra-
tions for these reactions is equal to 5.1 kJ mol™! and
0.5ALv = 21.7 kJ mol™!. The results of calculation of
the enthalpics and activation energies of the reactions of
ketyl radicals with olefins are presented in Table 5. The

enthalpies of these reactions vary in a wide range: from,

—120 to +119 kJ mol~!. This range is broader than the
AH, in—AH, qax interval (see above), where Eq. (7)
was used to calculate E (at AH, < AH, qi,, £ = 0.5RT,
and at AH > AH, o, E = AH + 0.5RT).

allylic C=C—C...H...C center.:3 These parameters and
a = | were used for calculation of the activation energy
of reactions of the H atom transfer from the radical to
olefin. The same approach as that for the reactions of
ketyl radicals with olefins was used to calculate the
enthalpy of the reaction. The results of calculation are
presented in Table 6. The calculated data can be com-
pared with the experimental values for the chain transfer
reaction during polymerization of styrene. The H atom
transfer from the macroradical to the monomer is most
probable in this process.

Table 5. Enthalpies (A#H) and activation energies () of reactions of hydrogen transfer from the kewy!

radical to olefin

Olefin AH (E)/k] mol™!
C'H,OH MeC HOH Me,C°'H PhC'HOH PhMeC OH Ph,C"OH
CH,=CH, ~34.0 48.4 -52.1 -22.5 ~26.2 0.3
(22.9) (16.1) (14.4) (35.7) (33.8) (47.8)
CH,=CHMe -50.3 —-64.7 —68.4 -38.8 —42.5 ~-16.6
(15.2) (3.0) (7.4) (27.5) (25.7) (38.8)
trans-MeCH=CHMe —-20.5 -349 —38.6 -9.0 -12.7 13.2
(29.8) (22.5) 20.7) (42.9) (40.9) (55.5)
CH,=CMe, ~34.6 —49.0 ~52.7 ~23.1 -26.8 -{.9
(22.6) (15.8) (14.1) (35.4) (33.5) (47.4)
CH,=CHPh ~73.0 —87.4 -91.1 —61.5 ~65.2 —39.3
(12.0) (6.2) (4.8) (16.9) (15.3) (71.5)
CH,=CPh, —119.5 —133.9 —~137.6 ~108.0 —-11t.7 ~85.8
(.2 (1.2) (1.2) (1.2) (1.2) (6.8)
CgHg 8.7 -~35.7 -9.4 202 16.5 42.4
(35.2) (47.0) (45.0) (62.0) (59.8) (75.7)

Note. The E values were calculated by Egs. (2) and (7).
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Table 6. Enthalpies (AH) and activation energies (E) of reactions of hydrogen transfer from the alkyt

radical 10 olefin

Olefin AH (E)/k] mol™!
MeC'H, MeceEtC'H Me,CHC'H; CH,=C'H PhMeC'H CgHy-
CH,=CH, 0 ~-13.5 —-21.4 —-4.3 39.0 -42.7
(58.0) (51.4) 47.7) (35.9) (86.4) (52.7)
CH,=CHMe 16.3 -29.8 —-37.7 —20.6 227 -59.0
(66.4) (43.9) (40.4) (48.1) (77.5) (45.7)
rans-MeCH=CHMe 13.5 0.0 -7.9 4.2 52.5 —-29.2
(64.9) (58.0) (54.1) (62.7) (94.1) (58.7)
CH,;=CMe, —0.6 ~14.1 —-22.0 —4.9 38.4 —43.3
(57.7) (51.1) (47.6) {55.6) (86.1) (52.4)
CH,=CHPh -39.0 —~52.5 —60.4 —43.3 0.0 -81.7
(47.4) (41.6) (38.4) (43.6) (65.8) (36.6)
CH,=CPh, —~85.5 —99.0 —106.9 —89.8 —46.5 —128.2
(28.6) (23.8) (21.0) (27.0) (44.2) (20.2)
CyHg 42.7 292 213 384 81.7 0.0
95.4) (87.9) (83.7) (93.0) (118.3) (72.7)

Note. The £ values were calculated by Eqgs. (2) and (6).

~CH,C"HPh + CHp=CHPh —= ~CH=CHPh + CH;C HPh

According to the experimental data,?! the constant
of chain transfer to the monomer during styrene poly-
merization is Cy = ky/k, = 0.2exp[~22.6/(RT)], and
the rate constant of chain propagation is ky =
2.4 108xp[—37.7/(RTN)} L mol™! s}, from where the
rate constant of chain transfer to the monomer is kyy =
kyCy = 4.8 - 10%xp[—60.3/(RN)] L mol™! s7!. Similar
mechanism of chain transfer to the monomer should be
expected in the case of polymerization of vinyl chloride
and acrylonitrile (X = C1, CN).

~CH,C HX + CHp=CHX —s ~CH=CHX + CH4C HX

For vinyl chloride,! the constant of chain transfer to the
monomer is Cy = 125exp{=30.5/(RTY], &, =
3.3-10%exp[—15.5/(RT)] L mol™! s7! and ky =
ky* Cy = 4.1 108exp[—46.0/(RT} L mol™! s7!. For
acrylonitrile?! at 298 K, Cy = 11073, &k, =
382 L mol~! 57" and ky = 3.8-1073 L mol™} s~L
Since ky = Apexpl—Ep /AR, at Ay =4-108 Lmol™!s™!
we obtain Ey = 62.9 kJ mol™!. Below we present the
results of calculation of the activation energies of the
chain transfer reactions considered (see Eqs. (2) and (6),
o = 1). The enthalpy of the reaction was calculated as the
difference between the dissociation energies of the cleaved
and formed bonds (for the description of this calculation
and references, see¢ above).

X Cl Ph CN
—~AH/K) mol™! 15.5 8.6 10.0
br/(kJ mol~1)}/2 17.23 [8.11 18.11
Ep(calc)/ks mol™! 50.5 61.5 60.9
Epmlexp)/ki mol™! 46.0 60.3 62.9

It can be seen that the calculated and experimental
values of activation energies of these reactions agree
well (the average value is [Ey(cale) — Eyfexp)| =

2.6 kI mol™!). Thus, the equations and parameters de-
scribing the activation energy of abstraction of the H
atom from molecules also describe satisfactorily the
inverse reaction of abstraction of the H atom by the
molecule from the radical. This is evidence for similar
structures of transition states in these processes, in
particular, for a similar geometry of arrangement of
atoms in the O..H...0, O..H...C, and C...H...C reac-
tion centers for the reactions of abstraction of the H
atom by both the radical from the molecule and the
molecule from the radical. The quantum-chemical cal-
culations of the activation energy of hydrogen transfer
from the ethyl radical to ethylene give higher values
(£ = 128 kJ mol™! (see Ref 22) and 112 kJ mol™!
(see Ref. 23)). However, these £ values are not obvi-
ously consistent with the experimental data on chain
transfer in radical polymerization. The difference in
the or, and E_, parameters for the reactions with the
O0...H...O, O..H..C, and C...H...C reaction centers
has been considered previously? and can be explained
by different triplet repulsions and different electronega-
tivities of the O and C atoms in these reaction centers.
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