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The review presents a compilation and an analysis of the results of quantitative kinetic studies on liquid-phase interactions
between atoms and free radicals. Problems such as the diffusion mechanism for the recombination of atoms in solution,

the competition between recombination and disproportionation reactions of alky! radicals in the liquid phase, the mechanisms
of the reactions of secondary and tertiary peroxy-radicals, the effect of the viscosity, internal pressure, and dielectric constant
of the liquid on the rate constant for the interaction between the radicals, and also the role of radical hydrogen bonds are
discussed. The rate constants for 142 interactions of atoms and radicals in different solvents are quoted.

The bibliography includes 165 references.

I. INTRODUCTION

The interactions of atoms and radicals play an important
role in a wide variety of free-radical reations. In chain
reactions such as polymerisation, oxidation, and halo-
genation the elementary steps involving interactions
between free radicals are responsible for chain termination
(in the absence of inhibitors). For this reason, the
concentration of free radicals and hence the rate of the
chain process depend on the rate constants for these reac-
tions. Atoms and radicals arise in the liquid phase under
the action of light and penetrating radiation. Very
frequently in such cases the reactions between free radicals
determine not only the rate of formation of products but
also their composition.

Reactive free radicals and atoms interact with one
another very rapidly; this retarded the quantitative study
of these processes for a long time. The development and
extension of thekinetic methods for the investigation of fast
reactions constituted an important pre-condition for the
vigorous development of studies on radical reactions in
the last twenty years. A large amount of data has
accumulated on the kinetics of recombination and dispro-
portionation reactions of free radicals. The interest in
these reactions is not fortuitous, since they constitute an
example of the interaction of chemically highly reactive
species and occupy an important place in chain processes.
The aim of the present review is to examine the experi-
mental data and theoretical concepts concerning the inter-
actions of atoms and radicals in solution.

The rate constants for the reactions of atoms and
radicals are measured by the following methods: electron
spin resonance (ESR), method of the non-steady-state
kinetics of chain reactions (NKR), the method of inter-
mittent illumination—the rotating sector method (RSM),
flash photolysis (FP), pulse radiolysis (PR), flow methods
(FM), the method of photochemical space intermittency
(PSI), and the method of competing reactions (MCR).
These methods have been described in monographs and
individual papers!-8,

II. RECOMBINATION OF ATOMS IN SOLUTION

In the gas phase atoms recombine in triple collisions of
two atoms with a third particle (molecule or atom) which
partially deactivates the excited molecule formed from the
atoms. In solution a third particle (solvent molecule) is
always present. Therefore the rate of recombination of
atoms in solution is limited solely by their diffusion. The
rate constants for the recombination of hydrogen, bromine
and iodine atoms are similar (Table 1) and lie in the range
1 X 102°-3 x 10% litre mole~* 5!, Since in each elemen-
tary recombination step two atoms disappear and one
molecule is formed, in the steady state wj = 2k[x]?, where
wj is the rate of initiation and %k the recombination rate
constant. Table 1 and other tables list the values of
1g (2k), the dimensions of k being throughout litre mole™ s-!.

b4

Table 1. Rate constants for the recombination of atoms
in solution (6 = 4.57T/1000).

Atom Solvent ¢ *C 1g(2k) Method Refs.
H H.0, pH=3 25 10.08 PR 9
H H.O, pH=0,4—3 25 10.445 PR 10
H H.O, pH=0,1—1,0 25 10.48 PR n
H H.0, pH=2 .25 10.30 PR 12

mean value 40.30+0.43
Br CCly 25 10.6 FP 13
1 CCly 15—35 | 14.40—5.6/0 RSM 14
1 CCly 25 10. FP 15
I CCly 25—50 | 12.49-3,2/0 FP 16
I CCly 25 10.64 FP 1
1 CCl, 25 10.30 FP 18

mean value for 25 10.28+0.15
1 n-CeHyy 15—35 | 12.20—2.4/8 RSM 4
1 n-CeH¢ 25 10.30 RSM 18
1 n-CeH,q4 25 10.64 RSM 17
i nCgH,y 25 10.56 RSM 16
{ Cl,C=CC1--CCl=CCl, 15—35 | 12.50—3.3/0 RSM s
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The rate constant for diffusion is related to the diffusion
coefficient by Smoluchowski's equation!®: kp =
410DN/1000, where o is the diameter of the diffusing .
species (cm), N the Avogadro number, and D the diffusion
coefficient (cm? s7!); kp is expressed in litre mole™ g1,
The diameter of the iodine atom is 4.3 A. Table 2 lists
the diffusion coefficients of iodine atoms !¢ calculated from
the experimental values of 2, and includes for comparison
the experimental diffusion coefficients of iodine mole-
cules 2021,

Table 2. Diffusion coefficients of atomic 4 and
molecular 2%2! jodine.

10°p,, 10°p, ,

Solvent t, °C . 2 2

em? st em? 571
C.H 15 3.5 —
nCHy 25 %0 4.05
CClg 17.5 2.1 1.30
CCl, 25 25 1.50
CCl, 38 41 1.84
CCl=CCI—CCl=CCl, 15 1.4 =
CCl=CCl—CCl=CCl, 25 1.9 -
CCl=CCl—CCl=CCl, 35 201 —

Using the Stokes —Einstein equation D = £T/3m0, it is
possible to calculate kp from the viscosity n: kp =
8RT/3000n. According to this expression, the product
kpnT -1 for different solvents should be constant. However,
in fact kpn/T for iodine atoms varies from solvent to
solvent!t: at 25°C it is 1.29 X 105 in n-hexane, 2.22 X 105
in carbon tetrachloride, and 6.15 X 10° in hexachloroethane.
Consequently the Stokes —Einstein equation does not hold
rigorously for the diffusion of atoms in liquids. This can
be explained by the fact that the viscosity depends on the
dimensions of solvent molecules and the interaction forces
between them, while the diffusion coefficient is determined
by the interaction between the diffusing species and solvent
molecules.

IO. DISPROPORTIONATION AND RECOMBINATION OF
ALKYL RADICALS

Alkyl radicals interact in two ways: they recombine
with formation of a new C—C bond and disproportionate
with the abstraction of a hydrogen atom by one radical from
another with formation of an olefin and an alkane. The
interaction between methyl and ethyl radicals may serve
as an example:

CH; -+ C,H; — CH,CH,CH; + 80.5 keal mole”
CH; + C,H; — CH, + CH,=CH, -+ 64 kcal mole”

1
1

The heats of these reactions have been calculated from
the heats of formation of the radicals quoted in Ref. 22.
The ratio of the disproportionation and recombination rate
constants of alkyl radicals has been measured experimen-
tally in the following way. An azo-compound was decom-
posed photochemically in a solvent; this resulted in the
following reactions:

R—N=N—CH,CH.R" % R £ RCHCH;+N, »

R CHCHR ~IRH + CHy=CHR',
k.
R F -CHCH:R’ ~> RCH;CHR’,
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The radicals disproportionated and recombined in a
solvent cage. Since the olefin CH,=CHR’ was obtained
only by the disproportionation reaction and the hydrocarbon
RCH,CH,R’ by the recombination reaction, analysis of the
products for the relative amounts of the olefin and the
alkane yields the ratio of the rate constants: kq/kr =
[CH,=CHR']/[RCH,CH,R’]. Table 3 shows that this ratio
depends on the structure of the reacting radicals and is in
the range 0.1-1. The difference between the activation
energies for recombination and disproportionation in the
reactions between a methyl and an ethyl radical and
between two ethyl radicals is Eyr — Eq = 0.4 kcal mole™.
In the solid state, in contrast to solution, 1g(kg/kp) is
independent of temperature 28,

Table 3. Relative contributions of the disproportionation
and recombination of radicals with a free valence at a
carbon atom (9 = 4.57T/1000).

Radical Salvent t, °C 'g(kd/kr) Refs
CH,+C.H, 1-CyHy +CH,=CHCH, —75—1002.416-0,40/0] 23
CH,+C.H, (CH,),CHCH,C(CH,), 0o 287 2
CH,+C.H, CH,y(OH)CH,0H 0 |2.965 2%
2C.H (CH,),CHCH,C(CHy); 65 |1.16 2%
2C,Hj (CH;).CHCH,C(CH,); 0 J1.25 %
2C.H; CoH;CH, 0 127 2
2CH; (CH,),CHOH 0 |1.305 26
2C.Hy CH,(OH)CH,OH 0 |1.415 %
2C,H; CH,(OH)CH.OH 65 |1.38 %
2C.H gas phase 0 1.5 2
2C,H; n-C;Hyg —175—99 (2.944-0.37/6 7
2CeHy(CHa)C' CoHCH(CHy)s 20—60 (3.73 2

2 cyelo-CyH cyclo-CgH o 23 {0.04 29
2CH,CHOH H,0 23 [T.40
/T N\¢©OH
N/ cyclo-CgH;, OH 25 0.30 3
2~CH,G(CH,)COOCH; | CH,=C(CH,)COOCH, 0—60 |1.99—2.26/6] 32

The recombination of hydroxyalkyl radicals results in
the formation of a diol and their disproportionation yields
an alcohol and a carbonyl compound. For example:

. 1 _, CHyCH (OH) CH (OH) CH,
2 CH,CHOH —

L* , CH,CHO 4 CH,CH,0H .

The rate constant ratios kd/kr have been calculated
from the composition of the products formed in the radiol -
ysis of the corresponding alcohols. The relative contri-
butions of the disproportionation and recombination of alkyl
radicals vary from solvent to solvent owing to the effect of
the internal pressure of the liquid on k4 and k#p. With
increase of the internal pressure in the solvent, kq/k, for
ethyl radicals increases from 0.13 in the gas phase to 0.26
in ethylene glycol at 0°C.26 There is a satisfactory
linear relation between 1g (kg/ky) for ethyl radicals and
P‘S’Z, where Pg is the internal pressure of the solvent?s:

Ig (Ry/hy) = — 1.08 + 4.76 x1072p}%s,

The explanation is that the volume of the activated complex
in the disproportionation process is somewhat smaller
than in recombination. For ethyl radicals, V¥ — V§ =

2.4 cm?® mole™ at 0°C. 26
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Table 4. Overall rate constants for the interactions of radicals having a free valence at a carbon
atom.
Radical Solvent 1, °C 182 &) 15(24) Method |References
GH] CHe —140—170 | 9.51(30°) | 10,11 PR k]
CH, (CHy); CH; #CyHys 25 9.30 - RSM u
C,H,CH; C.H,OH-+(CH,0H),CHOH 25 7.60 - PR s
CH,CHy alkane 23 7.9 - FP »
C4H,CH, C,H,CH, 23 9.91 - RSM L]
cclg CHCl, 24 7.845 - RSM K
cciy CH,=CHOCOCH, 25 8.025 —_ NKR 8
ccly CH,=CHOCOCH, 25 7.725 —_ RSM 38
cCly CHCly 25 8.21 - RSM B
CCly CH,=CHOCOCH, 23 8.00 — RSM 39
cet} 25 8.00 - NKR 0
H
PN
‘ “ RH 25 6.83 -— RSM it
NN/
C.H,EHCH, RH 60 8.30 - NKR °
CH, (CH,), CH=CH—CH
C,H,0CO(CH,), CH=CH RH 25 7.18 - NKR °
==C (CHs)(CH,):C(CH)=CH~CHa
CH,=C {CH,)(CH,);C(CH5) CH.-CH, - 25 8.413 _ NKR 3
CH,=(CH,)C(CH,)sCH,C=CH
(CHa)C" cyclo-C Hy, 25 9.30 — RSM 4
CiH,C"(CHy)s RH 60 ~6.70 - NKR 42
(CH,CEN CJH,Cl 60 ~8.30 - NKR ]
(CH),CeN [+3:9 25 9.64 - ESR s
ays- CH, 25 9.64 - ESR 8
CH,CHOH H,0 23 9.04 - PR »
CH,CHOH H,0 23 9.15 - PR “®
CH,CHOH H,0 23 9.30 - PR a
_>_0H RH 25 8.53 - PR 3t
<—>_OH RH4-CH,=C (CH,), 25 8.32 - PR 3
(CeH,)ICOH (CH.),CHOH 25 7.77 - FP «
~CH,—~CHgq CeHe 83 9.02 — —_ RSM )
~ CH,—~CH; CHy=CH, —20 8.66 — —_ RSM 50
CHEHCH, ~ CHu==CHC,H, 0—-25 6.45(25°) | 8.505 2.8 NKR st
CH,CHCH, ~ CH,=CHCH, 28 6.78 - - NKR 82
C H,CHCH, ~ CH,=CHC,H, 15—25 6.48 (25°) 7.875 1.9 NKR 3
C,H,CHCH, ~ CH =CHC,H, 0—60 7.86(60°) | 9.27 2.4 RSM 54
. mean value 8.85 1.5 3
p-CH;0CH CH,~ CH,=CHC,H,0CH, 0 7 { . — -_— NKR 85
~ CH,CHCOOCH, CH,COOC,H, 26—50 8.55 - - RSM %
~ CHCHCOOCH, CH,COOC,H, 30—60 | 6.63(30°) | 10.45 5.3 RSM s
~ CH,CHCOOCH, CH,COOC,H, 28 8.00 - - NKR 2
~ CH,CHCOOC H, CH=CHCOOC H, 25 6.92 - - NKR 5
~ CH,EHCOOC Hs CH,=CHCOOC H, 25 8.52 - - NKR L
~ CH,EHCOOC H, CH,=CHCOOC H, 25 4.255 —_ —_ RSM 0
~ CH,EHCOOC H, CH,=CHCOOCH, 28 7.53 - - NKR 82
~ CH,& (CH,)COOCH, CHy=C (CH,) COOCH, 30—60 | 7.39(30°) | 9.4 2.8 RSM st
~ CH,¢ (CH,)COOCH, CH,=C (CH,) COOCH, 2450 | 7.82(24°) | 8.555 1.0 RSM [
~ CH,C (CH);COOCH, CH,=C (CH,) COOCH, 28 7.41 - —_— NKR 52
mean value 7.69 7.69 0.4 3
~ CH,C (CH;) COOC3H, CH,=C (CHs) COOC,;H, 30 7.65 — —_ RSM 63
~ CH,{ (CH;)COOCH, CH.-% ;{CH-) COOCH, 28 8.255 - _ NKR 52
s
~ CH,C (CH,) COOC(CH,)s CHz=célCOaC (CHa)s 20—90 7.15(30°) 7.95 1.1 RSM 64
5
~ CH,¢ (CH;) CH,CH (CHs), CH,-(]JCH,CH (CH,)y 30 7.08 -_— NKR 65
CH,
~ CH,¢ (CHy) CH (CH)), cH,—dCH,CH (CH), 28 8.00 - NKR 52
N
~CH,CHCI 0 2555 | 9.07(30°) | 12.115 RSM 66
~ CH,CHCN HCON (CH:) 13—40 6.26 - NKR 67
~ c.énen HCON (CHo)e 0—G0 | 7.94(60°) | 10.11 RSM o
~ CH,CHCN HCON (CH,), 60 8.89 — RSM o9
~ CHEHCN CH,=CHCN 25 7.09 - NKR 7
~ CH,C (CHy) CN CH,=C (CH,) CN 60--80 | 6.23(30%) | 9.83 RSM 14
~ CH,CHCONH, H,0 25 7.16 - RSM 7
~ CH.CHCONH, H,0 10—40 | 7.21(30°) | 10.11 RSM 7
~ o cH=cH—(™ 25 6.48 - KR &
CH,CH \ S /\ NI
~CH,CH —" 7 cu,-cx-x-{ | 25 7.52 - RSM "
N
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Table 4 (cont'd).
E,
Radical Solvent t, °C Ig(2k) 1g(24) kcalmole'l Method {References
N\ )
ﬁ\] ” 25 6.95 — — NKR I
~CcHeH —{_} CHy=CH- }
N N
/N o
| CHON (CHa)s 25 6.545 — — NKR
~CHCH — /—CH,
N
~ CFy—CF; H,0 30—70 | 1.12(30°) 1.26 0.2 NKR 76
~ CF,—CFy H,0 40—60 | 1.79 (30)° 4.14 3.25 :g:god 4

Kinetic methods make it possible to measure the overall
rate constants for the interactions between alkyl radicals,
which are listed in Table 4 [k = kg + by, the values of
lg(2k) are listed]. Table 4 shows that the radicals
C,H:, ¥ (CH,),C", * C-H;CH;, ** and CH,CHOH, 3%%6,47 inter-
act with very high rate constants in the range 1 x 10°—

5 x 10° litre mole™ s~!, which are equal [1g (2%)] or close
to the rate constants for the diffusion of radicals. The
radicals R,CCN recombine with formation of a C-C or

C —N bond 7&;
R,.C(CN)C(CN)R
2 RyCCN —l
RC=C=N—C(CN)R, .

Tetralyl, cumenyl, and trichloromethyl radicals inter-
act with rate constants which are significantly smaller than
the diffusional rate constants. The problems associated
with the interactions of macroradicals with one another in
polymerisation processes have been examined in mono-
graphs®™ and in a review®°,

IV. REACTIONS OF HO* AND RO" RADICALS

The rate constant for the recombination of hydroxy-
radicals is equal to the diffusion rate constant (Table 5).
On the other hand, phenoxy-radicals substituted in the 2-,
4-, and 6-positions recombine very slowly. The recom-
bination of substituted phenoxy-radicals is mainly of the
“head to tail” type 8:

7 /R TN R\/ =<R
R R .

V. REACTIONS BETWEEN PEROXY-RADICALS

1. The Hydroperoxy-radical

The HO; radical has amphoteric properties and in
aqueous solution can be present in the forms HO;, O;, and
H,0;" depending on the pH. At pH = 5 the equilibrium
HO; = H* + O; is displaced to the right®: pKHO; =4.4 3
0.4 at 23°C. % The rate constant for the reaction
0; + 0; —~ O, + 02~ is 1.5 X 107 litre mole™ s~ at 23°C. ¢
At pH < 2 the equilibrium is displaced to the left and under
these conditions the disproportionation of the HO’ radicals
takes place: HO; + HO; = O, + H,0,; k = 2.2 x 10° litre
mole™! s7! at 23°C. % It is interesting to note that the
electron transfer process between two O; radical-ions
which bear the same charge is much faster than the

adiabatic reaction with transfer of a hydrogen atom between
two neutral HO, radicals. In strongly acid media at
pH < 1, HO; is protonated: HO; + H* = H,0;* at 23°C
pK = 1.0 + 0.4.98 In this pH range the rate constant for the
reaction of HO; radicals depends on the ionic strength of
the solution, which is characteristic of an ion—ion type of
reaction. The rate constants® are & = 3 x 10° litre
mole™ s~! for the reaction between HO; and H,0;* and
£ = 0.5 X 10° litre mole™ s7! for the reaction between
2H,0;* species.

Inorganic solvents the formation of hydroperoxy-radicals
is postulated in the oxidation of cyclohexadiene, dihydro-
naphthalene, and 9,10-dihydrophenanthrene:

H  ,—. /H —
NSNS S HOs + 2 N
H/\___/' +o~z HOI ‘l‘ \___/

or

H_ ,— H H_ - H . —_
X" o XD gpmroit (D
This is proved by the fact that in the oxidation of the
above hydrocarbons hydrogen peroxide is formed and also
by the similarity of the disproportionation rate constants
for the peroxy-radicals derived from the hydrocarbons.
For example, in chlorobenzene at 30°C 2 = 6.3 x 108 litre
mole™! s7! in the oxidation of cyclohexadiene and 2 =
3.5 X 108 litre mole™ s~ in the oxidation of dihydronaph-
thalene. The sharp difference between the rate constants
for the disproportionation of hydroperoxy-radicals in
organic solvents and in water can be accounted for by the
fact that in water HO; radicals are linked by hydrogen
H

bonds of the type HO;. . .HOH and "O,H. . ,o< , which
sharply reduces the rate of their interaction. In a hydro-
carbon solvent the rate constant for the interaction of HO;
radicals is close to the diffusional rate constant (Table 7).

2. Tertiary Peroxy-radicals

The reaction between tertiary peroxy-radicals has been
investigated in detail for cumenyl peroxy-radicals. Among
the products of the initiated oxidation of cumene, Blan-
chard® detected a peroxide acetophenone and proposed the
following reaction mechanism:

2RO, — [ROOOOR] — 2RO + O, ,
2RO’ - ROOR,,
RO’ — CH, -+ CHyCOC,Hj .
The formation of oxygen in the reaction RO; + RO*O™* —

ROO*R + OO* was demonstrated by Bartlett and Traylor 95,9
in experiments with heavy oxygen (oxygen-18). Oxygen
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Table 5.
Radical Solvent t, °C lg (2k) Ig(24) kchI,nok'l Method Refs
HO' H,0, pH=7 25 9.9 —_ - MCR 82
HO* H,0, pH=0.4+3 25 10.08 —_ - PR &
(CH,),CO CCl, 1055 8.32 8.32 0 RSM 8
CH,0* H,0 20 9.03 - - FP 3
cH),cH Y0 cyelo-CyHy s %5 | 0.2 - - kinetic | 86
p-HOC,H,0° H,0, pH=7 25 9.34 — - PR 87
4—C§-o’ alkune 20 7.60 - - FP 8
HJCQO' ccCl, 20 8.48 - - FP 85
HSCQ‘C%"' cel, 20 | 7.42 - - FP 8
(‘.HSOQ_O- CHCI, —30 | 570 - - NvR | 88
‘CHa’zC“‘Q-ﬁ‘ CeH, 10501 0.41 (10°)| 5,24 6.23 kinetic 89
‘CHJJIHGO' cyclo-CgHyy 10—500 0.75 (10°) 4.91 5.50 ditto 89
(CH:MIH—GO' p-CH;0CH OH 10—50{ 0.55 (10%)| 6.13 7.20 » 89
«:H,)QCHG—O‘ CH,CN 10—50| 0.70 (10°)| 7.02 8.16 > 89
(cml,f:ﬂ—d—o' CeH,Cl 10-50{ 0.50 (10°)| 5.88 | .04 » 89
G,H,(CH:‘)CHQO‘ CeH, 1050 1.78 (10%)) 5.22 | 7.0 > 90
H
0" | CeHs 10--50| 0.10 (10°)| 6.23 7.93 > 20
(('mHs):l(lH‘Q%' cyclo-CqHgy 25 0.62 - —_— » 86
HyCan
) /CH 0° cyclo-CgHy,y 25 0.145 — —_— » 86
CHCH,0
CHy CH, alkane 25 9.00 - — FP 91
=
no->___\ .
N
¢H, CH, H,04C,H,0H 25 9.20 - - FP 91

was passed through cumene undergoing oxidation and

containing together with 1%0=!60 molecules also 1-6% of
180=180, At the outlet from the reactor the oxygen was
analysed mass-spectrometrically and the presence of

1%0="%0 molecules was established, thus demonstrating the
occurrence of the reaction R—160—-8Q" + 18°Q-180 R —
R!%0° + 1%0=120 + R18Q°, In experiments on the sensitised
oxidation of cumene under conditions such that the chains
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are short it was established that the amount of oxygen
evolved as a result of the reaction between two peroxy-
radicals exceeds by a factor of 1.7-2.6 the number of
elementary steps involving the disappearance of free radi-
cals in this reaction®. Consequently the interaction of
two tertiary peroxy-radicals has the following mechanism:

2RO; ___l

The recombination of alkoxy-radicals and their libera-
tion into the bulk phase has been investigated in the decom-
position of di-t-butyl peroxyoxalate °”:

ROOR + O,

2RO+ 0O,

(CH,);COOCOCO00C (CHy)s — 2 (CHy)sCO" + 2 CO, ,
2 (CHg),CO* ——— (CH,);COO0C (CH)s ,
7 (CHy)3CO" ——— 2(CH;):CO",
(CH,),CO" + RH ~» (CH,),COH 4- R’
{CH,);CO" — CH,COCH; + CH; ,

The decomposition products are a peroxide and an alcohol.
Table 6 shows that, with increase in the viscosity of the
solvent, the yield of the peroxide increases at the expense
of a reduced yield of the alcohol (temperature 45°C). ®7

Table 6. Products of decomposition of di-t-butyl
peroxalate in various solvents.
s | g s st
n-CyHy, 2.20 | 3.9 | %.6
s 5.6 5.5 | 53
(CHy)sCOH 46 0
Nujol 1000 76.8 | 23.2

Evidently a similar situation arises in reactions
between peroxy-radicals:

—— ROOR

2RO; ~ 0y + 2RO —|
2RO .

This mechanism of the interaction between tertiary
peroxy-radicals has been demonstrated for t-butylperoxy-
radicals ®® in a study of the decomposition of t-butyl hydro-
peroxide initiated with azobisisobutyronitrile. It was
established that the rate of decomposition of the hydro-
peroxide w, measured from the amount of oxygen evolved,
is directly proportional to the rate of initiation w; and the
ratio w/wj is significantly greater than unity: it is 9 at
65°C and 4 at 36°C. The rate constant for the reaction
2RO; — 2RO’ + O, is 19.5 x 102 litre mole™ s~* at 22°C
with E = 15.5 kcal mole-!, while for the reaction 2RO; ~
ROOR + O,, £ = 3.9 X 102 mole~! s~ (also at 22°C) with
E = 10.2 kcal mole~!.

The data for the isotope effect in the oxidation of cumene
with deuterated methyl groups are somewhat inconsistent
with the above mechanism %, The mechanism leads to the
expectation that the replacement of a CH; group in cumene
by CD, should not affect the rate of reaction between two
RO; radicals and consequently also the rate of oxidation.
However, experiments have shown that [CD;]cumene is
oxidised somewhat faster owing to a lower rate of chain
termination. This contradiction can be accounted for by
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postulating a more complex mechanism for chain termina-
tion in cumene undergoing oxidation, in particular by the
participation in these processes of the radicals CH,00’
(and CDy00"}. The overall mechanism of chain termina-
tion of cumene undergoing oxidation is as follows 1°°

RO’ - CHj -+ CHCOC,H;
CHj + 0, - CH00"
CH400" + ROO" — ROH + 0, 4+ CH,0,
RO’ 4- ROOH — ROH + ROO" .

: . #ROOR + O,
2R00" (ROOOOR]<2 o :0 *
2

RO'+RH->ROH 4R,

The involvement of methylperoxy-radicals in chain
termination can be avoided by introducing into cumene,
cumenyl hydroperoxide at a concentration such that the
following rapid transfer reaction takes place %

CH,00" ++ ROOH — CH,00H + RO, .

The rate constants for the reactions of tertiary peroxy-
radicals are in the range 108—10° litre mole™ s-1,

The reaction of ozone with KOOC(CH,), at —78°C yielded
a solid ! goluble in pentane which decomposes at —30°C
with formation of t-butyl peroxide and O,. It is suggested
that it is the tetroxide ROOOOR. The reaction of t-butyl
hydroperoxide with lead tetra-acetate in dichloromethane
at a low temperature'® gives rise to a substance which
decomposes reversibly to peroxy-radicals on raising the
temperature from —110° to —85°C. At a higher tempera-~
ture (in excess of —82°C) it decomposes with evolution of
O, and irreversible destruction of free radicals. The
results have been interpreted as follows 103;

2 RO, 2 ROOOOR 4 ZRO T 0,/ "0 0R + 01
Las 2RO" - O,
K= 1gK = 3.55—6.0/0, lgk, = 0.27—11.0/8

8=4.57 T/4000,

3. Secondary Peroxy-radicals

The C—H bond is involved in the elementary reaction
step between two secondary peroxy-radicals!® as shown by
the reaction products and the isotope effect. The inter-
action of two peroxy-radicals derived from ethylbenzene
yields one molecule of acetophenone '™, while in the inter-
action of cyclohexylperoxy-radicals the principal products
are cyclohexanol and cyclohexanone in equal amounts 3,
The isotope effect in the reaction between two RO; radicals
amounts to 1.9 (at 60°C) in the case of ethylbenzene!%,
while for the peroxy-radicals derived from styrene and
a-deuterostyrene kH/kp = 3.9 (30°C) with Epp —Eg = 1.9
kcal mole™.,1% These results agree well with the mecha-
nism proposed by Russell 1%

2R,CHOO" — R,C=0 + O, + HOCHR, .

A reaction of this kind can take place in two ways: via
a cyclic activated complex or via the intermediate forma-
tion of the tetroxide. Calculation shows? that the forma-
tion of a cyclic activated complex should involve a high
negative entropy of activation, which leads to the calculated
constant 2 = 1. The pathway via the intermediate forma-
tion of the tetroxide should be faster:

2R,CHOO"—R,CHOOOOCHR, — R,C=0 + R,CHOH -+ O, -

This mechanism was recently confirmed by Howard and
Ingold 1% in the following way. According to this mecha-
nism and the spin conservation rule, the reactions between
two peroxy-radicals should result in the formation of
singlet oxygen. Singlet oxygen is known to react rapidly



Russian Chemical Reviews, 39 {1), 1970

with 9,10-diphenylanthracene with formation of an endo -
peroxide. Secondary peroxy-radicals were obtained in
benzene solutions by the reaction of s-butyl hydroperoxide
with Ce* ions. The addition of 9,10-diphenylanthracene
to this type of system leads to the formation of an endo-
peroxide. This demonstrates the formation of singlet
oxygen by the reaction

2 R,CHOO" — R,CHOOOOCHR, ~ R,C=0+4R,CHOH 410, .

If instead of a secondary hydroperoxide, a tertiary
hydroperoxide is introduced, an erndo-peroxide does not
form in agreement with the mechanism

2RO, -» ROOOOR —+2R0" + 20, .

The rate constants for the reactions of secondary
peroxy-radicals are of the order of 107—10%litre mole ' s~%,
This mechanism can be revised slightly on the basis of
data for the decomposition of peroxy-macroradicals
derived from polyethylene!®®, It has been established that
bond dissociation in the sensitised oxidation of linear
polyethylene takes place in the peroxy-radical stage by the
following reactions

RO; —» dissociation of C~C bond
2 RO; -+ dissociation of C - C bond,
The dissociation of the C—C bond following the reaction
between two RO, radicals can be accounted for by postulat-

ing the formation of alkoxy-macroradicals, which subse-
quently break down with dissociation of the C—C bond:

2RO, ~ 0, + 2RO" ,
RO"— aldehyde +R’- .«

The linear polyethylene contained virtually no tertiary
C —H bonds and therefore the alkoxy-radicals were
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obtained by the reaction between secondary peroxy-radicals,
for which the following general mechanism may be pro-
posed:

10, -} ketone + alcohol
2RO0" ROOOOR/ ),ketone + alcohol
g, + 2ROSROOR
NgRo'

RO'+RH->ROH4R,
RO" — aldehyde + R .

Quantitative measurements show that in polyethylene
undergoing oxidation in chlorobenzene at 115°C there are
six C—C bond dissociation steps for each 100 elementary
reaction steps between two RO; radicals!®s, Thus for
macroradicals also the reaction 2RO; — alcohol + ketone +
10, appears to predominate.

Among the reaction products from cyclohexylperoxy-
radicals obtained by pulse radiolysis in cyclohexane at
25°C, cyclohexene and a hydroperoxide were detected,
together with an alcohol and ketone, with radiation-chem-
ical yields of 1.14 and 1.10 respectively3!, Under these
conditions (low temperature, high RO; concentration), the
hydroperoxide could not form in an appreciable amount by
the reaction of the peroxy-radical with cyclohexane. One
may postulate the formation of cyclohexene by dispropor-
tionation between two cyclohexyl radicals. Then dicyclo-
hexyl, for which kq/k, =1 (Table 7), should form with the
same radiation-chemical yield. However, experiments
have established that for dicyclohexyl G = 0.3, i.e. is 4
times smaller than for cyclohexene. This suggests a new
disproportionation reaction of peroxy-radicals:

— 00’ —« ,OOH
N/ L7 Nt N\ -1
2\ Ly { J + Q ANu + 0, + 28 kcal mole

Table 7. Rate constants for the interactions of peroxy-radicals.
Radical Solvent t, °C Ig (2k) 1g(24) becat :;,ole'l Method Refs,
HO, H,0, pH=0,5—1,5 143 6.82(30°) | 11.08 | 5.9 FM 107
HO, H,0, pH=2,7 25 6.40 - - FP 108
HO, H,0, pH=2 23 6.64 - - PR %
HO, H,0, pH=2 23 6.74 - - PR 109
HO, H,;0, pH=2 —10—50 6.40(30°) | 9.8 4.7 FM 10
" HO, ccl 30 10.05 - — | msm |
HO, CeH,Cl 30 9.10 - - RSM 1
HO, CHCl 30 8.85 - - RSM 1
HO, CH,CN 0 6.935 - —_ RSM i
HO; n-CyoHog 30 9.43 —_ —_ RSM 1l
HO, /“<:/ —\ 30 7.78 — - RSM 12
N/ —/
HO; \_=__=> % 7.82 - - RSM 11
CHy(CH,);00 CH,0H 7 7.48 - - M 1o
N/
CH4(CH,),00° U j 30 7.60 — - RSM 13
AN
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Table 7 (cont'd).

Radical Solvent t.°c Ig (%) 1g(24) ke.lf-'.ole" Method | Refs.
CH,
(CH,),C='CCH,00' RH 3 5.805 — - RSM us
CeH,CH,00" RH 30 8.48 — — RSM uz
m-CHyCyH,CH,00" RH 30 8.48 - - RSM nz
0-CH,C,H,CH,00" RH 30 8.18 — - RSM n2
p-CH,CH,CH,00" RH 30 8.48 — — RSM 12
[ole3 NN
CH,(‘:HCH,CH, L l \J 30 6.18 — — RSM 3
00
(CHa)zCICH(CHa)CH(CHs). RH 4278 5.545 — - RSM i
C ><20 RH 23 6.505 - - PR 18
<D<’;0_ @/\l 2 6.3 ~ | = | rom | ms
N/
C}( 1;0 ] r\“/] 4070 6.68(30°) | 7.84 16 | Nkr | 18
AYAN .
— H
<__ pr4 . CH,COOC,H, 40170 5.37(30°) | 9.64 5.9 NKR 18
®<l;0 CH,COOH 40—-70 5.31(30°) | 9.72 6.1 NKR 16
0o’
(CH,),C=CH<I:HC,H. RH 40—60 6.48(30°) | 7.415 1.2 NKR uz
oo
=CH(l.H(CH,).CH . RH 25 7.08 - - PR 3l
o0
CH,=CH(L,H(CH,).CH, RH 30 8.41 - — RSM us
o0
CH,=CH<|:H(CH,).CH, RH 2540 5.3 - — NKR s
00
CH,:CHéHCH=CH, RH 30 9.03 - — RSM 119
o0
C,H,CHZCH(I:HC,H. RH 30 6.84 - - RSM 119
00
CHg(CHQ;CH:CH(EH RH 14 5.70 - - RSM us
C,H,00C(CH,),CH=CH RH 25 5.48 - ~ NKR us
s
CH,(CH,),(‘.‘.HCH:CH(CHQ,CO,CH, RH 30 6.02 - - RSM e
00" CH,
(CH,),c=CH<I:HCH,(l:=CHCH, RH ) 0 5.59 - - NKR ns
00" CH, i
(CH,)2C=CH(l:HCH,(|:=CHCH, RH 15 5.72 — - RSM ns
00" CH,
(cH.),c:diéncH.é:cncn, RH 25 5.72 — — NKR 18
CH,(CH,) CH=CHCHOO"
CH,00C(CH,),CH=CH RH 30 6.945 - - RSM us
CH,CH,CH=CHCH(0O")CH=-CHCH,
CH3;00C(CH,);CH=CH RH 30 7.555 — — RSM 1e
CH,=C(CH,)(CH,);C(CH;)=CH—CHOO" R { 25 5.45 - — | n~kr us
CH,=(CH,)C(CH,)sCH=CH—CH, 40 5.00 NKR ns
o
CH,(CH,),CEC(':H(CH,).CH; RH 30 7.145 — — RSM 118
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Table 7 (cont'd).

- 3
Radical Solvent t.°c g (2%) 18(24) Lc., mo,,-l‘ Method | Refs.
H
1%00' CH,OH 30 7475 - - FM 100
D,
H
o0 RH 3 8.79
< . - - RSM 19
[
. H
|=> <00 R 30 9.03 - — | rsM 119
: X oo RH 15 5.98 - - RSM m
H
<—— N RH 20—50 6.20 - — NKR 2
> 00"
Y  Vak
< Koo RH 56 6.30 — — RSM 122
s~ M
N——/" o0 RH 15 5.855 - - RSM 123
) Ak
C X oo 30 6.7 - — RSM 120
— H
< /\< oo RH 30 6.42 —_ — NKR 124
== /H RH mean 6.25 — —
N—"No0o value .
H i
¢ _><00 CH,0H 3 6.45 10.8 6.0 FM 1o
HC
o .
J==_% RH 15 5.70 - — | RsM | us
N—"\H
H,
’C\,= 00
/ N/ RH 40 5.935 - - NKR 12t
Ny
=—_ 00
/7 >< RH 40 6.52 - - NKR 125
/— H
= /00
4 ><H RH 40 6.43 — - NKR | 15
HC”  “CH,
C4H,;CH(CH,)00" RH 50—90 7.28 - — RSM 1%
C¢H,CH(CH,)00 RH 30 7.60 - — RSM 120
C4H;CH(CH;)00" RH 30 7.60 — - NKR 127
?0.
C¢H,CHCH,~ CeHCl 13—50 7.4(30°) | 9.01 1.8 RSM 128
o
C.H,(‘:DCH,~ CeHyCl 13—50 7.12(30°) | 9.80 3.7 RSM 105
?0'
p-CH,0C,H,CHCH;~ CeH,Cl 40 7.64 - - RSM 105
c',o.
PLH,CHCHCH,~ CH,CI 40 7.75 - - RSM 105
°
CeHyCHCH C,H,Cl 40 7.86 - - RSM 105
o
|
P-CICeH,CHCH,~ CeH,Cl 40 7.9 - | - RSM 105
?0'
mCICeHCHCH,~ CH,Cl 40 8.03 — - RSM 105
?0.
p-CNCH,CHCH,~ CH,Cl 40 9.45 — — RSM 108
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Table 7 (cont'd).

Radical Solvent t,°C g (2k) g(24) kcalEx;'lole'i Method Refs.
©
CyH CHCH(CHy)~ CeH,Cl 30 7.505 - — RSM 129
°
C,H,CHCH=CH, CHCI 30 8.645 - ~ | msm | 1
©
CH,CHCH=CHCH, RH 30 6.58 - — RSM 1o
(CeHy),CHOO RH 30 8.20 -~ - RSM 120
(CeH,){CDOO RH 30 8.06 - - RSM 120
(')0'
C¢H,CHCH,C.H, RH 30 7.30 — — RSM 2
i
E\"_.J oo RH 30 6.91 — — RSM 12
VAN
| I CHCI 30 7.70 - — | rsM | im
SN/
1 Noo
AVAN
Il J RH 25 7.33 - - RSM 120
/
H

|/\l/ \l RH 40 6.98 - - NKR 2

N/

H oo RH 1350 6.82(30°) | 9.93 4.3 RSM | 120

VAYAN

' J J CH,OH —10—-50 6.67(30°) | 10.0 4.6 FM 10

NN/

H/ 00
CeHy n-C4H,)CHOO' RH 30 7.70 — - RSM 12
[ole 3
(CH,).C(JHC(CH,), CH,O0H —10—50 3.92(30°) | 11.0 9.8 M 110
C|10'
(CH,);CCHC(CH,), CeHs —10—50 £.48(%0°) | 9.2 7.0 M 110
o0
cn,coéncn, RH 3575 6.35(20°) | 7.48 1.7 | wkr 116
o0
CH,CO(':HQH. RH 3575 6.32(30°) | 7.48 1.6 NKR 18
o]
4 H

TN/ —_ —_

LKoo RH 75 6.43 NKR 131
(CHy)yCOO" , CH,OH —10—50 3.54(30°) { 10.4 9.2 FM 1o
(CHR){C00 CH,0H 3665 2.50¢22°) | 10.56 | 10.2 FM %
(CHp){C00" CH, —10—-50 3.41(30°) | 6.4 4.5 FM 110
(CH),CO0" C H;CH(CH,)y 2585 3.45(35°) | 9.8 7.0 NKR 132
(CHy)sCOO* n-CgHy,y —41 4.1415 9.145 7.2 ESR 13
(CH,),CO0" | > 48—~ —24 | 4.08(41°) | 9.99 8.5 ESR 13

H
(CH31COO' X 48— —2 | 4.19(41°) | 10.12 85 | Esr -
(CH,),C00 C,H,CH(CH,)C;H, +48— —24 | 4.26(41°) | 10.12 8.4 ESR 138
(CHy),CO0" (CH,),COOH —38—0 '4.00(41°) | 9.79 8.3 ESR 101
(CH,),COO" CHCH(CHa)s 30 3.4 — — FM 101
_(CH),CCH,C(CHI,00° CJH,CHICHy), % 401 — 1 -1 m | w
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Table 7 (cont'd).

Radical Solvent W t °C 1g (20 824) |xcal ,f;,e-ﬂ Method | Refs.
C4H;(CH,),C00 RH 56 5.155 - - Nkk 122
CyHy(CH,),CO0° RH 50 4.45 - — RSM 134
CeHj(CH,),COO" RH 65 4.52 - - RSM 1%
C,H,(CH,),CO0° RH 23 4.64 — - ESR 185
CeH,(CH,),CO0" RH 40 4.38 - - NKR 124
C4Hjy(CH,),COO" RH 60 4.68 —_ - NKR 127
CeHy(CH,),COO RH 30 £.175 - - RSM ns
C¢H;(CH,)5COO" CH,OH —10—50 5.08(30°) | 10.7 7.8 FM 110
CqH,(CH,),C00 CoHs —10—50 4.57(30°) | 8.8 5.8 FM 1o
CeH(CHy),C00" RH 2565 4.27(30°) | 8.58 5.96 | RsM 13
oo
C¢HC(CD;), RH 30 4.08 RSM 136
p-CH;OC,H,C(CH,),00° RH 30 4.60 — - RSM 136
m-CHyOC4H,C(CH,)3;00 RH 30 4.9 — - RSM 138
0-CH;0C{H,C(CH,),00 RH 30 4.48 - - RSM 1%
(CeHy)s(CH,)COO RH 30 4.97 - - RSM 12
(CeHy)5(CH,)COO" RH 30 4.8 - — RSM 10t
(CeHyg)s(CH,)COO" RH 5088 5.98(30°) | 11.04 7.0 ESR 137
(CeH,)a(CH;)COO" CeH, —10-—50 6.34(30°) | 8.4 2.5 M no
CH,(CH3)(C,H,)CO0 CH,OH —10—50 5.46(30°) | 9.4 5.5 FM 110
CgH,(CH,)(C,H;)CO0" RH 3056 4.43(30°) | 8.48 5.8 RSN 101
CoHy(CHy)(n-CsH,)COO" RH 30 5.64 - - RSM na
C}(‘;’:‘ RH Y 5,20 - — | rsM | ma
?0.
CoH,C(CH,)CH,~ CH,Cl 13—-50 5.82(30°) | 8.50 3.7 RSM 129
oo
(\‘/\l RH 60 5.18 - - NKR 127
N/N\/
0o
(CHa)AIJCN CH,Cl 80 7.20 — — NKR 138
CH,COC(CH;),00° RH 3575 6.32(30°) | 7.48 1.6 NKR 16
At
“C\OO' n-CyoHyy 5 7.53 - - RSM 139
wGucl
W oo RH 5 6.875 - — RSM | 139
c.n.c{o RH 5 8.32 - ~ | RrsM | wo
00’
cH,cH? . RH 23 8.08 - - PR 1
“OH
<:><2g RH 23 7.255 - - PR s
<____><$ RH 7590 5.37(30°) | 7.10 24 | NKR | w2

4
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VI. REACTIONS OF MOLECULES WITH FREE VALENCES Macroradicals diffuse much more slowly, so that even in

AT NITROGEN AND TIN ATOMS

Aromatic radicals with a free valence at a nitrogen
atom interact very rapidly (Table 8). Very high rate
constants have been obtained for the radicals R,Sn. %

Table 8. Rate constants for the interactions of radicals
having free valences at nitrogen and tin atoms.
Radical Solvent t,°C | lg(2) |Method|Refe
CH,NH HO 25 | 948 | Fp 3
R
'C\/\/"\/\/
J J H,0 25 8.48 FP 144
,C/\/\N M
[ J ] H,0 25 | 9.38 | Fp s
R.N‘/ / \S \NR
Methylene Blue semiquinone H,0 25 9.18 Fp 146
H>/. __y—No, H,0 25 | 878 | PR |
(C{Hy):Sn" A cyclo-C¢Hyy 25 9.48 RSM “
n-C Hy)ySn1 cycloCeHys | 25 | 9.48 |RsM “

VII. REACTIONS BETWEEN FREE RADICALS OF
DIFFERENT TYPES

The reactions between H' and OH’, between H’ and HO;,
and between HO® and HO; radicals are very rapid and their
rates are limited by diffusion (Table 8). The rate of
recombination of alkyl radicals with peroxy-radicals is
not limited by diffusion but the reaction takes place as a
rule with higher rate constants than the reaction between
two peroxy-radicals (Table 9). In particular this is the
reason for the inhibiting effect of triphenylmethane when
the latter is introduced, for example, into cumene under-
going oxidation.
is weak, its energy amounting to only 9 kcal mole™, '8 and

under oxidation conditions the following equilibrium obtains:

(CeHy)sCOO" = (CeH;)sC +Os.

Therefore in a hydrocarbon undergoing oxidation there
is always a fairly high concentration of triphenylmethyl
radicals (the higher the temperature the higher the con-
centration) and there is rapid chain termination by the
reaction

RO; + (CIHI))C‘ — ROOC (CoHy)s

Vii. EFFECT OF THE SOLVENT.
SOLVENT

VISCOSITY OF THE

If atoms or free radicals interact very rapidly so that
k > kp, diffusion limits the rate of the process and the
diffusional rate constant kp is measured experimentally.
Then the viscosity of the solvent affects kp: the higher
the viscosity, the lower is the value of kp. For low-
molecular-weight radicals, £p = 10°—10° litre mole™ s~

The C—0; bond in the radical (C,H;);CO0O’

not very viscous media diffusion may be rate-limiting for
the reaction between two macroradicals. Sincethe viscosity
of the solution increases as polymerisation proceeds, this
entails a decrease of the rate constant for chain termina-
tion™, Data for the photopolymerisation of methyl metha-
crylate at 32°C may be quoted as an example 5¢;

% polymer. 0 15 25 35

lO"k titre mote”! 571 570 440 35 8.8

Table 9. Rate constants for the interactions of radicals
of different types.

Reaction Solvent t,°Cl Igk [Mcthod| Refs;
H4-OH H,0 25|10.08 | PR 9
H'4'OH H,0, pH =0,4-+3 25/10.505 PR 10
H'4+'OH H,0, 0,8N H,S0, 25| 9.85 | PR w,
H+OH H,0, 0,4N H,;S0, 25110.65 | PR 15
H+HO, H0. acid medium 25(10.30 | PR 151
HO'+HO, H,0, pH=0,4+3 25(10.475) PR 10
HO'}+HO, H,0 25110.04 | PR tsl
HO--HO, H.0, pH=0,5+-6,7 25| 9.85 | PR 152
C4HCH,+CH,CHOH C,H,0H-+HOCH,CH (OH)CH,0H| 25) 8.30 | PR %
Y ><so +HS0, cyclo-CeHyyOH 25| 8.45 | PR El
(CHy)sC’ + (n-CHy)sSn" cyclo-CoHyq 25| 9.30 | RSM “
(CeHy)a C + (CgH;); COO* (CoH;) CH(CH,), 30| 8.175| RsM | 10t
R+ RO.:, (in ethyl linoleate) 25| 7-70 | NKR s
R+ RO2 (in digeranyl) 25| 7.00 | NKR 18
H oo
K oo \/\
|| |+c.H,c (CHy), )+C.H,CH (CHy), 90) 6.78 | MCR | 158
NN/
C4H;CO0O" - n-C4H,,CO00" C.H,,CHO-{-nC.H“CHO 5! 7.93 | MCR | 15
oo oo
C.H‘C (CH.).-}-C.H,CHCH; CoH;CH (CHy); + CeH{C,H; 60| 5.87 [ Mcr | 185
oo oo’
i
CuH,C (CHy)s + C,H;CHCH; CoH,CH (CHy), -+ C¢HC,Hy 80| 5.945| MCR | 155
P-CILOCHO" + obﬂ CHCI 24! 7.725 SFT* | 138
P-CULOCILO + o«bmg CHCI 24(8.00 | sr7*| 18

*The significance of the Russian abbreviation (TSINR,
not explained in the text) is obscure, but the authors
quoted used a stop-flow technique (SFT) (Ed. of Translation).

1. Internal Pressure of the Liquid

Since recombination of two radicals to give one mole-
cule is accompanied by a decrease of free volume, an
increase of the rate constant for the reaction between two
free radicals with increasing internal pressure of the liquid
is to be expected. Unfortunately there have been no
systematic studies on this problem. A distinct effect of
the internal pressure of the liquid on the reaction between
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two radicals has been established for the process involving
the competition between the disproportionation and recom-
bination reactions of ethyl radicals25, where a linear
relation between 1g (kq/ky) and APY? has been demonstra-
ted, Pg being the internal pressure of the solvent.

2. Non-specific Solvation

A free radical with a dipole moment is solvated in a
polar solvent, i.e. it is surrounded by a “coating” of polar
solvent molecules. If the solvent molecules do not form
hydrogen bonds or m-complexes (specific solvation) with
the free radical, then the solvation of a polar radical is
due to electrostatic forces between its dipole and the polar
medium. The rate constant for the reaction between
polar species depends on the dielectric constant of the
medium. If the dipole moment of the activated complex is
higher than for the initial species, the reaction is faster
in more polar media. The quantitative relation between
the reaction rate constant and the dipole moments of the
initial species and the activated complex on the one hand
and the dielectric constant of the medium on the other is
expressed by the following formula due to Kirkwood *57;

2 2
Ink =Ink,—— £=1 (““ ”—“—Ei),

kT2e+1 B

where k is the Boltzmann constant, € the dielectric constant
of the medium, 7p, g, and 7, are the radii of the initial
species and of the activated complex, and pa, pB, and pz
are their dipole moments. This formula was derived on
the assumption that the medium surrounding the species is
isotropic and the macroscopic dielectric constant € holds
also for the interaction between the species and the solvent
molecules. Since strictly speaking this is not true, the
above formula is approximate. The effect of non-specific
solvation on the interaction between free radicals was
investigated in detail by Zaikov, Maizus, and Emanuel’ in
the case of peroxy-radicals 16,158-160,

It was established that, when ethyl methyl ketone is
diluted with various solvents (benzene, carbon tetrachlo-
ride, acetic acid, decane, and p-dichlorobenzene), the
rate constant for the reaction between the peroxy-radicals
derived from ethyl methyl ketone increases with € and
Kirkwood's formula holds satisfactorily:

e—1

lgk_A-l-BZe_H .

At 60°C A = 3,36 and B = 6.0. By extrapolation to € = 0
and 1/€ — 0, the activation energies E._., = 6.5 kcal
mole~ and Ee_.oo = 1.2 kcal mole™ were obtained.

A linear relation between E and (€ —1)/¢ holds for the
disproportionation reaction of 2,6-di-t-butyl-4 -isopropyl -
phenoxy-radicals 89:

E=E,+4"

This relation is consistent with theoretical calculations.
The reaction of two phenoxy-radicals constitutes, from the
electrostatic standpoint, the interaction of two dipoles of

the “head to tail” type:
..:()—@—CH(CHS)Z

H,
|
3- 3+ 3- &+

CH,
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When the dielectric constant changes from ¢, to €,, the
energy of this interaction is altered by an amount:
28.9 ppugle
S
or on transition from € = 1 to € = € with up = ppg, we
obtain
AE = 2892 (e —1) ,
er
which agrees with the experimental relation.
3. Specific Solvation
Radicals with a free valence at nitrogen and oxygen
atoms can form a hydrogen bond of the type Y.. . H-X,
which should be reflected in their reactivity. A hydrogen

bond of the type ROO...H—X has been suggested ¢! and its
formation has been proved by Zaikov, Maisuz, and
Emanuel'. 116,162 =184

According to Zaikov et al.'®, the equilibrium constant
for the reaction

CH, (‘:H.
|
CH,COCHOO" + H,0 7> CH,COCH,00" . . . HOH

corresponds to 1gK = 4.88 + 4,8/0, where 6 = 4.57T /1000
(K is expressed in litre mole™1),

The radical hydrogen bond appreciably retards the
reaction between two peroxy-radicals 162,183, However,
for the peroxy-radical derived from ethyl methyl ketone 163
2k(RO; + RO;) = 18 X 10° litre mole™ s~ and
Zk(R(z' HOH + RO;. . .HOH) = 01.'70 X 105 litre mole™ s-!
at 60°C, Egp, = 1.6 keal mole™, Epg, | poy = 4.6

kcal mole™, 1g2AR0; = 17.30, and ngARO- HOH = 7.86.
e e

The existence of the hydrogen bond has been demonstrated
kinetically for the cyclohexylperoxy-radical and t-butyl
alcohol }16, the equilibrium constant corresponding to
lgK = 3. 69 + 3. 5/6 with § = 4.57T/100 (K expressed in
litre mole™),

The rate constants for the interaction of cyclohexylperoxy -
radicals do not differ greatly for solvated and unsolvated
radicals 116; ZkRO‘ = 5.0 % 108 and ZkRO .MOR’ = 1.6 %

108, Thus a hydrogen bond to a free radlcal lowers the
rate of its destruction by reaction with other radicals and
consequently increases the steady-state concentration of
radicals in the system. However, the overall rate of the
chain reaction usually falls in the presence of a solvent
forming hydrogen bonds, since the hydrogen bond also
retards the chain propagation reaction. Thus, as a result
of the formation of hydrogen bonds in the system, free
radicals become less active but their steady-state concen-
tration increases. An interesting exception are the
peroxy-radicals of 2-methylpent-2-ene 1%, the rate con-
stants for the interaction of which with one another and with
the hydrocarbon increase as alcohol is added to the hydro-
carbon. This has been explained by the formation of an
intramolecular 7-bond:

oo,
(CH,),C==CH—CHCH,

which in the presence of an alcohol dissociates as a result
of the formation of the hydrogen bond; the hydrogen-
bonded peroxy-radicals are apparently less active than the
radicals with the intramolecular 7-bond.
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