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1. INTRODUCTION

The investigation of the influence of the solvent on the
kinetics of radical liquid-phase reactions is of considerable
importance for the theory of reactivity. The interaction of
a reacting species with solvent molecules alters the elec-
tronic structure and reactivity of the species. From a
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knowledge of this interaction it is possible to obtain impor-
tant information about the factors influencing the reactivity
of the reacting species. There is, moreover, another
practical aspect of this problem, associated with the choice
of solvent and the improvement of technological processes.

The strongest specific interactions exerting a significant
influence on the kinetics and sometimes also the mechanism
of liquid-phase radical reactions are those revealed in
hydrogen bonds and m-complexes. The aim of the present
review is to examine the part played by these interactions
in kinetics and to reveal their nature and mechanism, that
is to analyse the structural-kinetic aspect of specific inter-
actions.

2. HYDROGEN BONDS IN RADICAL REACTIONS

The problem of the part played by hydrogen bonds in the
kinetics of chemical reactions was first raised by Emanuel'. !
A later review? examined a large amount of material on the
influence of hydrogen bonding on the kinetics and mechanism
of many reactions (chiefly ionic). Numerous studies car-
ried out since that time have confirmed conclusively that
the manifestation of hydrogen bonding is one of the funda~
mental characteristics of liquid-phase kinetics. Much of
the mechanism by which hydrogen bonding affects the rate
of radical reactions is not yet clear, however.

It is first of all important to know whether a reaction
takes place through equilibria involving the association of
the reacting species by hydrogen bonding and if so, which
of the constants of the multi-stage equilibrium are impor-
tant. It is possible that the reaction involves not only free
non-associated molecules, but also solvates, so that hydro-
gen bonding is also manifested in the activated complex.
The coordination number of the solvated complex is then
always of considerable importance.

Physical methods of study (X-ray diffraction, electron
diffraction, infrared spectroscopy, nuclear magnetic reso-
nance, etc.) make it possible to obtain extensive thermo-
dynamic information on the structure of the solvates, their
coordination numbers, and the equilibrium constants for a
large number of classes of substances. This material has
been collected in a number of reviews and monographs 33,
Different methods often give contradictory information on
the structure of solvates, but even if the structure of the
associated forms is fairly well known, it is difficult to esti-
mate the part which they play in kinetics: for this, kinetic
analysis of the influence of association on the reactionrates
is necessary.

In radical reactions, each of the participants in the re-
action — the molecule and the radical — may be asso-
ciated. Let us consider first the influence of association
of the molecules on the rate of their reactions.

In the study of the decomposition of hydroperoxides,
which are the primary products of the oxidation of most
organic and many inorganic compounds, it has been estab-
lished that at sufficiently high concentrations of the hydro-
peroxide, its decomposition obeys the kinetic equation for a
first-order reaction and apparently proceeds according to
the scheme

3ROOH - RO+ H,0 + RO. (1)
This has been observed in the decomposition of ethyl linol-

eate®, cyclohexyl?, tetralin8, n-decyl®, t-butylio, and
cumene hydroperoxides.
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It was assumed that the hydroperoxide molecules are
associated by hydrogen bonding to form dimers®$s;11, and
that their decomposition to give radicals is thereby facili-
tated considerably.
in fact confirmed by physical methods 7s22, but kinetic proof
of the preferential participation of the associated hydro-
peroxide in decomposition according to scheme (1) was
given only recently in papers by Denisov1%13,  An ana-
logous effect of increase in the rate of decomposition is
brought about by intramolecular hydrogen bonding in acyl
hydroperoxides 1,

The decomposition of hydroperoxides is also facilitated
by the presence of other substances capable of undergoing
association with the hydroperoxide molecules by hydrogen
bonding, for example alcohols ¥, organic acids15, etc.
This phenomenon was studied in detail % for the decomposi-~
tion of n-decyl hydroperoxide in the presence of hexanoic
acid. It is assumed that the decomposition scheme is

K k . .
ROOH -- n R'COOH = (associate) » RO -+ OH -+ n RCOOH , 2)

It was shown that the coordination number » of the asso-
ciate, that is the number of molecules of acid in the com-
plex with the hydroperoxide, is equal to 2; the equilibrium
constants K and the constants 2 for the decomposition of the
complex to form radicals were also determined. The acti-
vation energy for the decomposition of the hydroperoxide in
the associate (16.1 kcal mole-!) was found to be much less
than that for the decomposition of the hydroperoxide in the
absence of the acid (23.8 kcal mole~1), All these facts in-
dicate that hydrogen bonding occurs in the elementary
stages of the decomposition of the hydroperoxides to form
radicals. A detailed analysis of the mechanism of decom-
position involving hydrogen bonding, from the viewpoint of
the heats and activation barriers of the elementary reac-
tions, was given by Berezin17?,

In radical substitutions (in particular, in the most exten-
sively studied reactions involving hydrogen atom abstrac-
tion), the presence of associates of molecules reacting with
one another or with solvent molecules by hydrogen bonding
means that both free molecules and their associates may
take part in the reaction, at different rates. Kineticproof
for this differentiated participation is given in a number of
papers.

Thus Berezin's work 17,18 on the oxidative decarboxyla-
tion of decanoic acid according to the scheme
RCOOH -+ 1 0, -  00H +-RC
s o ®)
7° LR
RC\O R +CO,
where rO, represents the peroxide radical of the hydrocar-
bon rH in which the decarboxylation takes place, estab-
lished convincingly that only monomeric non-associatedacid
molecules take part in the reaction (3), the acid dimers
formed by hydrogen bonding being quite inactive.

Study of the reaction of diethyl phosphite with the tri-
-t-butylphenoxyl radical 1® showed that the effective rate
constant for the reaction in benzene increases considerably
with decrease in the concentration of phosphite.  Kinetic
analysis of this dependence showed that the free tri-t-butyl
phenoxyl reacts much more rapidly with the monomeric
form of the phosphite than with the associated form, the
coordination number of which is two. Thus here also the
monomeric molecules are found to be much more active
than the molecules associated to form dimers.

The association of hydroperoxides was .

Hydrogen bonding is revealed most clearly in the kine-
tics of radical reactions with strongly associated mole-
cules such as alcohols and phenols. The analysis of these
reactions has now yielded a sufficiently clear picture of the
mechanism and nature of the kinetic influence of hydrogen
bonding.

Berezin 17:20 showed that the rate constant for the reac-
tion between the methyl radical and t-butyl alcohol with a
tritiated hydroxyl group according to the scheme

. koT N
CHg -+ (CHg)g COT— CH,T 4 (CHy)3 CO (4)

depends to a marked extent on the concentration of thealco-
hol in n-heptane; with increase in the alcohol concentra-
tion, the reactivity of free methyl with respect to the
hydroxyl group decreases sharply. This agrees with the
idea that only monomeric t-butyl alcohol molecules react
with methyl radicals. Detailed kinetic analysis showed
that the associates apparently have a cyclic structure; it
was also possible to determine the thermodynamic charac-
teristics of the association equilibrium. This work con-
firmed earlier qualitative observations that associated
hydroxyl groups in alcohols are unreactive 21,

The association of phenols has an analogous influence on
the reactivity of their hydroxyl hydrogen atoms withrespect
to methyl radicals !’; the same is true of the reactions of
phenols and amines with peroxide radicals22. The hydroxyl
hydrogen of alcohols is also comparatively inert with res-
pect to hydrogen atom abstraction?s,

The influence of the medium on the kinetics of the reac-
tions of nitrophenols with the stable tri-t-butylphenoxyl
radical, involving the removal of hydroxyl hydrogen, has
also been studied?4:25, For o-nitrophenol, the rate con-
stants for this reaction and the activation energies are quite
independent of the nature of the solvent in which the reac-
tion takes place (benzene, hexane, acetone, or methanol),
but for m-nitrophenol the medium has a marked influence
not only on the rate constants but also on the activation
energies (Table 1). A linear relationship between the loga-
rithms of the pre-exponential terms and the values of the
activation energy, that is a compensation effect, is ob-
served. The compensation effect is apparently due to the
influence of the medium; this influence is localised and is
determined by the interaction between the reaction centre
and the solvent. The dielectric properties of the solvent
have no significant influence on the reaction rate constants
even for such dipolar species as the phenoxyl radical and
phenol; this follows from the data for o-nitrophenol. This
also indicates, in particular, that the reacting radical is
not solvated (apparently because of steric hindrance).
Comparison of the results for o= and m -nitrophenols indi-
cates that the hydroxyl hydrogens of o-nitrophenol do not
form hydrogen bonds with the solvent because of the steric
hindrance created by the nitro-group and also because of
the strong intramolecular hydrogen bond. When the acetone
or alcohol is diluted with inert solvents (heptane), the

TABLE 1. Pre-exponentialfactors kyand
activation energies E for the
reaction of m-nitrophenol with
tri-t-butylphenoxyl.

Solvent kop cm® 87 |E, keal mole™
Eenzene 8.10716 10.2
Acetone 5.-1071 14.7
Methanol 6.1071s 17.3
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m-nitrophenol associates are broken down, yielding the
more reactive molecules of the monomeric phenol and a
corresponding increase in the effective rate constant 25,

The reaction of a radical with a molecule capable of
undergoing solvation can be represented in the following
general form:

.R-}-XOH,, If RH4X0
R+ XOHs _, RH 4 X0
XOHg
X0+ R 5 x0R

(5)

K
XOH, 4 nS 2

where R represents any reacting radical (for example éHs,
tri-t-butylphenoxyl, or the peroxide radical), and XOH, and
XOHs the reacting molecules of a phenol or alcohol with a
free hydroxyl group or with a hydroxyl group solvated by =
solvent molecules respectively. This scheme assumes
that the radical reacts with the free and solvated molecules
with the respective constants 2, and k5, and also that solva-
tion equilibrium is established.

With the condition that &, >k, and k, > ks, analysis of
scheme (5) leads to the following expression for the rate of
disappearance of R radicals:

dIR] | ket kKISIT
-~ =2 W[R] [XOHlz,

where [XOH]; denotes the total concentration of reacting
molecules of the phenol or alcohol, and [S] the concentra-
tion of solvating molecules. The effective rate constant is
given by the expression
ko + kK [S]" )

1+ K[ @

and depends on the concentration [S].

ket =

Relationship (I) was analysed for the example of the re-
action of tri-t-butylphenoxyl with m ~nitrophenol in mixtures
of acetone or alcohol as solvating solvents with an inert
solvent (heptane)25, At low degrees of dilution with heptane,
that is with the condition that K[S]” > 1, Eqn. (I) can be
transformed into

k(l
kot = + ks,
eff SP* S (II)

By differentiating expression (IT) with respect to the concen-
tration [S] and taking logarithms, we obtain the equation

dhett

dls) (m

log

= 108% —(n + 1) log[S].

From Eqns. (II) and (III) and the experimental dependence of
the effective constant Z.ss on the concentration of solvating
solvent [S] it is possible to determine the coordination num-
ber n and to calculate the values of 2,/K and ks.

Fig. 1 shows the dependence of Z.¢f on the concentration
of acetone in its mixtures with heptane, and also the loga-
rithmic form of this dependence, which satisfies Eqn. (III).
The slope of the straight line 2 gives » = 1 and the intercept
onthe axis of ordinates gives the valuek /K = 1.7 X 1078 -3,
From Eqn. (II) we then obtain s = 1 X 10726 cm3 s~ (at 22°).
The coordination number 7 is also equal to unity for the re-
action in methanol.

If the reacting molecule undergoes association not with
the molecules of the medium but with other similar mole-
cules, the reaction can again be described by a scheme

194

10% kg0 cm® s‘"

= !

g 5 710%[s], particles cm™
a7 28 logls)-21
Fig,1, Dependence of kgt onthe concentration
of acetone in its mixtures with heptane (curve 1)
and its logarithmic transform (straight line 2)
faccording to Eqn, ()] forthe reaction of
m-nitrophenol with tri-t-butylphenoxyl, 25

dkgg
d{xoHly
IO”I&.“, cm® s

log

+43

log[XOHl 3 - 19

10" [xoH] ¥, em™
Fig.2, Dependence of kef onthe concen-
tration of m-nitrophenol and its logarithmic
transform [accordingto Eqn, (IV)]for the
reaction of m-nitrophenol with tri-t-butyl-
phenoxyl. %

similar to scheme (5), and the corresponding analysisgives
the equation

dk £
1 |_.__..e (v
o8 dlxoxls! )

where A is a constant, From Eqn. (IV) and the data given
in Fig. 2 it follows that for the self-association of m -nitro-
phenol the coordination number z = 2,25

-4 +( l_z) log [XCHIs,
n

It should be noted that the coordination number of the
solvate complex in the thermodynamic sense denotes the
number of solvating molecules present in the complex. The
coordination number » appearing in the kinetic equations
has its kinetic significance, which does not coincide with
the thermodynamic concept. It denotes the number of re-
active molecules or groups liberated or held in the elemen-
tary equilibrium step of hydrogen bond rupture and forma-
tion. Thus in the kinetic equations we cannot use the co-
ordination numbers obtained by physical methods, although
in certain particular cases the absolute values of the kine-
tic and thermodynamic coordination numbers may coincide.

As already noted, in the associates of m -nitrophenol
with solvent molecules the value of the kinetic coordination
number is unity. This means that only the association of
one solvent molecule is significant for kinetics; further
association and further growth of the solvate sheath are not
significant. 1In the self-association of m -nitrophenol2s or
diethyl phosphite 1, however, the kinetic coordination num-
ber is equal to two, that is two reaction centres take part
in the act of complex formation. Thus the reactions of the
radicals with the solvated molecules are not elementary re-
actions, but involve at least three elementary acts: the re-
action of the radical with the free non-solvated molecule,
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the reaction with the solvate, and the solvation equilibrium.
The effective rate constants naturally depend on the concen-
tration of reacting molecules (self-association) or the
degree of dilution by an inert solvent (solvation by the sol-
vent). These dependences indicate the existence of specific
interactions between the reagents and the molecules of the
medium, and they can often be used to investigate the de-
tailed mechanism.

An extremely significant fact in kinetics is that a reac-
tion centre solvated by hydrogen bonding is completely un-
reactive 18-20 or, strictly speaking, so little reactive that
ks « ky. %8

One reason for this is probably steric hindrance of the
reactive group in the solvate. This suggestion alone is ob-
viously insufficient, however, since the distance corres-
ponding to the hydrogen bridge is fairly large and often can-
not prevent a reaction by steric hindrance alone. It is
clear, for example, that in the reactions of a hydrogen
atom, the lack of reactivity of associated hydroxyl groups2®
cannot be attributed entirely to steric effects. Another
reason is apparently that the formation of a hydrogen bond
in a complex of the type A-H. .. B leads to partial transfer
of charge from the donor B to the acceptor molecule 26 and
an increase in the polarity of the reacting bond A-H. This
is indicated by the increased intensity of the stretching
vibrations of the A—H bond in the infrared spectra, and
also by the dipole moments of the complexes and the dielec-
tric properties of substances containing hydrogenbonds 26-29,
The important contribution made by the structure with
charge transfer A™...H...B" in the complex with hydrogen
bonding is also indicated by the linear relationship between
the displacement of the stretching and bending vibration
frequencies in the hydrogen bridge 3¢ and by experimental
results on NMR chemical shifts on the N nucleus of pyri-
dine taking part in hydrogen bonding with methanols:,

Moreover, there are grounds for assuming that the
hydrogen atom in the complex A-H. .. B is positively
charged relative to an ordinary hydrogen atom which is not
forming a hydrogen bond, the electron density deficit
amounting to 15-20%. This is indicated by electron dif-
fraction datas2, and also by calculation of the NMR chemi-
cal shifts (in the one-electron approximation)3s, It istrue
that the question of the degree of ionicity of the hydrogen
atom is still open28, but from the kinetic viewpoint the
polarisation of the A~H bond in the complex A-H...B is
apparently the chief factor leading to the sharp decrease in
its reactivity.

Hydrogen bonding manifests itself not only in the kine-
tics of radical substitutions, but also in additions across a
double bond. Thus ovtho-substituted N -phenylmethacryl-
amides, whose molecules do not show intermolecular inter -
action by hydrogen bonding, are polymerised much more
rapidly than their meta - and para-isomers, whose mole-
cules are associated 34,

Until now we have been considering the association of
reacting molecules. Let us now consider the influence of
association of the radicals on the rate and mechanism of
radical reactions. Here two cases are possible: firstly,
when the radical forms hydrogen bonds with molecules with
which it does not react, and secondly when hydrogen bond-
ing by the radical precedes formation of the activated com-
plex, that is the radical is solvated by the molecule or
group with which it reacts. As shown below, the kinetic
manifestations of these two possibilities are fundamentally
different.

In a study of the decomposition of acetyl peroxide %5 it
was shown that the acetyl radicals are more stable in acetic
and propionic acids than in aliphatic solvents. This stabi-
lisation of the decomposition of the acetyl radical wasattri-
buted to hydrogen bonding between the radical and the acid
molecule.

The retarding influence of added water on the oxidation
of cyclohexanone was noted by Denisov 3, who showedthat
this phenomenon is due chiefly to a decrease in therate con-
stant for chain propagation. This decreased activity of the
percxide radical was assumed to be due to solvation of the
radical by water molecules. The proposed kinetic scheme,
according to which solvated and non-solvated radicals take
part in chain propagation with different rate constants,
shows satisfactory agreement with the experimental data.
In this paper Denisov formulated clearly for the first time
the idea that the participation of radicals in hydrogen bond
formation was quite reasonable, and the kinetic conse-
quences of this participation. Subsequent work fully con~
firmed these ideas.

Thus Rust and Youngman %, in a study of the oxidation of
2,4-dimethylpentane and 2,4-dimethoxypentane, showed
that in these hydrocarbons oxidation proceeds very inten-
sively through intramolecular attack by the peroxide radical
on the tertiary C-~H bond in the ¥ -position:

T !
HyC—C—CH,—C~CH; — H,C-—(l:—CH,—.(J.',—CH“ (6)

o H OOH

0,

where R represents a methyl or methoxy group. If one or
both of the methyl or methoxy groups are replaced by
hydroxyl groups, however, the ability of the hydrocarbons
to undergo intramolecular attack by the peroxide radical
disappears almost completely. This is effectively illus-
trated by the scheme given below.

Proportion of pro-

Hydrocarbon ducts of intramole~
cular attack, %
C C
| | 95
C—C—C—C—C
C OH
| | 1
C—C—-C—C~C <
OCHg OCH,4
| 60—70
C—C—C~-C—C
(l)Cﬂs OH
| 1.5
C—C—C~C~—C <
(l)H OH
| 1
C—C—C—C—C <

The absence of intramolecular attack (6) in the hydroxyl-
~containing molecules indicates unambiguously that the
peroxide radical forms an intramolecular hydrogen bond of
the following type:

C

|
C—-C—-C———<cC-C,
|

0-0.. ‘H—!J

which decreases s reactivity with respect to the intra-
molecular attack at the C—H bond and even leads to a
change in the direction of the attack, that is to a change in
the oxidation mechanism.
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In a number of studies of hydrocarbon oxidation, mea-
surements have been made of the ratios of the constants
k,/VE, for the reactions of peroxide radicals:

. k, .
RO, + RH- RO,H + R
ks
RO, + RO~ O, + stable products,

in various solvents. It was found that the ratio & /Vk, is
much smaller in solvents capable of solvating the RO radi-
cal by hydrogen bonding than in inert solvents. Thls was
observed by Howard and Ingold 38 for the oxidation of tetra-
lin and cumene in acetic acid and t-butyl alcohol, by Hendry
and Russell 3 for the oxidation of alkenes and arylalkyl
hydrocarbons in ethanol and acetic acid, and by Denisov 40
for the oxidation of isopropyl alcohol in methanol and water.
These phenomena can be explained on the basis of thetheory
that the reactivity of the RO, radical is decreased by solva-
tion,

The most convincing proof of solvation of the peroxide
radical was obtained by Zaikov and coworkers4!, who mea-
sured not only the ratios %,/vk,, but also the actual con-
stants #, and k,, They showed that solvation of the perox-
ide radical (in the oxidation of methyl ethyl ketone in
aqueous solutions) decreases its reactivity with respect to
both chain propagation and disproportionation; the solvate
is much less reactive than the free radical, and the coordi-
nation number of the solvate is equal to unity. The kinetic
data were also used to determine the heat of solvation of
the RO, radical.

Walling and coworkers 42-44 studied the competition be-
tween two reactions of the t-butoxyl radical — decomp051-
tion (7) and substitution (8):

Kdec
(CHs CO' =3P (CH,), CO +- CH, - n
ksubst
(CHg)s CO' + RH —— (CHy)sCOH +R - (8)

and the influence of solvents on the quantitative ratio of the
products of these reactions, They showed that in a solvat-
ing solvent such as acetic acid the difference in the activa-
tion energies of reactions (7) and (8), equal to (E gcomp -

- Esumst), decreases sharply relative to the value in the
gaseous phase or in inert solvents. This effect was attri-
buted to the influence of solvents (and in particular hydrogen
bonds) on the activated complex of reaction (7), which is
thereby facilitated, with a corresponding decrease in the
activation energy Edecomp, and hence in the difference

(E decomp = Esubst). In view of the observation of Levy and
Szwarc %5 that the acetyl radical is stabilised by hydrogen
bonding, however, it is difficult to suppose that in the pre-
sent instance hydrogen bonding will facilitate the decompo-
sition of the (CH,),CO radical. It appears more probable
that hydrogen bonding by the t-butoxyl radical hinders the
substitution (8), leading to an increase in E s and hence to
the experimentally observed decrease in the difference
(Edecomp - Esut). This interpretation explains the results
obtained42~# and does not contradict the ideas developed by
Denisov 3¢ and confirmed in other work.

The kinetic effects associated with the localised specific
interactions between the reacting molecules and radicals
and the solvent molecules must apparently be related for
the most part not to the activated complex but to the original
state, since the lifetime of the activated complex is much
less than the characteristic durations of these specific
interactions. This remark naturally does not refer to such
universal interactions as the dipole—dipole interaction,
manifested in the dependence of reaction rates on the dielectric

196

. of the EPR spectra of radicals in various solvents.

constant of the medium. An example is provided by the
detailed work of Zaikov, Maizus, and Emanuel’ 45,46 on the
influence of the medium on the rate of oxidation of hydro-
carbons, alcohols, and ketones, and also by the work of
Hendry and Russell % on the oxidation of alkenes and aryl-
alkyl hydrocarbons in various solvents,

Thus in all cases when the radical forms hydrogen bonds
with those molecules with which it does not react, the re-
sult is a decrease in its reactivity in the main reaction; the
reaction consists of the ensemble of elementary acts of
chain propagation (with the participation of the non-solvated
radical and the solvate) and equilibria of radical solvation.

If, however, the radical forms a hydrogen bond with the
molecule with which it subsequently reacts, this association
facilitates the reaction considerably. Effects of this type
were observed by Szwarc and Smid4? for the decomposition
of propionyl and benzoyl peroxides in acetic and trifluoro-
acetic acids. The ethyl radicals obtained by decomposition

of the C2H5C<O radical react with the acids at the C~H or
0

C~F bond. In the decomposition of benzoyl peroxide, the

PhC\0
composition and react with the acids at the O-H bond, lead-
/O O

ing to the formation of CH,C and CF, C

‘ No- No-
which subsequently decompose readily, The final gaseous
products were methane and trifluoromethane respectively.
Energetically, however, the reaction of the benzoyl radical
at the O-H bond in the acid is much less favourable thanthe
reaction at the C—H bond. This anomalous behaviour of
the benzoyl radical is due to the characteristic features of
its structure, namely its ability to form a hydrogen bond
with the hydroxyl hydrogen. This hydrogen bonding pre-
cedes the formation of the activated complex and facilitates
the reaction.

radicals are relatively stable with respect to de-

radicals,

Analogous effects were observed by Berezin and co-
workers 17,18 in a study of the oxidative decarboxylation of
acids. In these studies the rate of the reaction of peroxide
radicals at the O—H bond in acids was found to be greater
by a factor of 13 than the rate of their reaction at the C-H
bonds, although energetically the first reaction is less
favourable (by almost 12 kcal), so that its rate should have
been less than that of the second reaction by a factor of al-
most 50. Here also, the unusual behaviour of the peroxide
radical is apparently due to hydrogen bonding.

Although there are very few papers on the kinetic mani-
festation of hydrogen bonding involving radicals, there is
no doubt that radicals take part in such bonding. Proof for
this is provided by the large number of papers on the study
Ithas
been shown that the relaxation time and hyperfine splitting
in the EPR spectra of radicals depends to a marked extent
on the nature of the medium in which the radicals are found 48752,
This effect is naturally due entirely to the properties of the
medium and is regarded by a number of authors®2,5 as a
solvation effect. Solvation alters the properties of the un-
paired electron, its state, the distribution of its spin den-
sity, and hence the reactivity of the radical.

A simple model has been proposedss for the solvation of
radicals. It was suggested that the changes in the split-
tings in the spectrum are due entirely to the redistribution
of the m-electron spin density of the unpaired electron, and
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that this density is influenced by the ligand which is solvat-
ing the radical and altering the electronegativity of the atom
to which it is attached. Calculations by the molecular orbi-
tal method with allowance for the corresponding changes in
the Coulomb integrals give the correct sign and magnitude
for the observed effects.

Analysis of the EPR spectra of the nitrogen of the stable
2,2,6,6-tetramethylpiperidine N -oxide radical 5% showed that
in solvating solvents (alcohol, water, or glycerol) the spin
density of the unpaired 7-electron on the nitrogen atom in
the >N-O fragment increases by 3-4% relative to its value
for inert solvents.

A detailed study of hydrogen bonding with the participa-
tion of an unpaired electron was made 5,57 for the example
of aliphatic N-oxide radicals. It wasshownthatthe changes
in the EPR spectra are not related to the dielectric proper-
ties of the medium as a whole, but are due chiefly to hydro-
gen bonding. There is an increase in the constant for the
isotropic splitting on the nitrogen as a result of the increase
in spin density and possibly a change in bond hybridisation,
leading to an increase in the proportion of the s-state in the
wave function of the unpaired electron. There is a simul-
taneous decrease in the g-factor, the change showing a
fairly good correlation with the displacement of the n-m*
absorption band of the radical towards shorter wavelengths 58,
Thus the participation of the unpaired electron in hydrogen
bonding leads to a significant change in its electronic state.

The same papers %,5 describe a study of the dynamics
of the equilibrium for the solvation of radicals according to

K
the scheme: R, +#7S & Rs, where R, and Rs represent res-
pectively “free” radicals and radicals solvated by mole-
cules of the solvent S. The frequency of hydrogen bond
formation and rupture was found to be much greater than
the difference in the constants for the isotropic hyperfine
interaction for the free and solvated radicals, that is the
characteristic time required for equilibrium to be estab-
lished is much less than 2 X 10-7 s. The value of the co-
ordination number # for water is equal to unity, and the
energies of the hydrogen bonds involving participation of the
unpaired electron in the N-oxide radicals amount to 4 +
+ 2 kcal mole~?! on the average and do not differ greatly
from the energies of ordinary hydrogen bonds. Thisappa-
rently means that although the state of the unpaired elec-
tron in the hydrogen bond does indeed change, the maincon-
tribution to the bond energy is made by the donor-acceptor
interaction of all the remaining electrons.

Hydrogen bonds involving other radicals, includingintra-
-radical hydrogen bonds, have also been studied®. In
none of these cases was it possible to obtain hyperfine split-
ting on the hydrogen atom taking part in hydrogen bonding,
because of the short relaxation time for the solvation equi-
librium. For strong hydrogen bonds, however, for
example in the anion-radicals of naphthazarin and quini-
zarin® this splitting was apparently obtained. Further
evidence of this was also provided by data on the scalar
paramagnetic relaxation in NMR €%,61 associated with the
appearance of an unpaired electron on the hydrogen atomin
the hydrogen bridge; the constants for the hyperfine inter-
action on this hydrogen atom are about 10t-10% s~!. An
interesting feature is that the paramagnetic oxygen mole-
cule (triplet ground state) is also solvated by solvent mole-
cules %2,

From the kinetic viewpoint, the formation of a hydrogen
bond between the radical and the molecule with which it
subsequently reacts may have two effects. Firstly, the

formation of this complex may lead to an increase in the
entropy of activation of the reaction, since the original
state becomes a complex which subsequently undergoes
monomolecular decomposition:

R4+HAZR---H-A—RH+A.

Secondly, the participation of the unpaired electron in
hydrogen bonding may lead to electronic perturbation of the
reacting A-H bond in the complex R...H-A. Since the
unpaired electron is delocalised over the A—H molecule,
this complex as a whole can be regarded as a radical; it
is possible that exchange or magnetic interactions play an
important part in the complex. The idea of these interac-
tions was put forward by McConnell 3 to explain the para-
magnetic catalysis of polymerisation and cis—trans iso-
merisation. Berlin and Blyumenfel'd® developed this idea
to explain the effects of “local activation”., These ideas
can also apparently be used in radical reactions. Herethe
reactivity of various radicals and molecules can be ex-
plained in terms of exchange interactions in the activated
complex, the charge and spin densities at the reactive
centre of the radical, etc. At least the kinetic manifesta-
tion of hydrogen bonding between radicals and reacting
molecules can be readily explained on the basis of these
ideas.

3. 7-COMPLEXES IN RADICAL REACTIONS

In addition to the influence of hydrogen bonds, another
characteristic feature of liquid-phase radical reactions is
the influence of the aromaticity of the medium. This has
been noted in many papers and is usually attributed to 7-
-complex formation by the molecules and radicals.

According to Mulliken's classification®5, 7-complexes
are one of the forms of donor-acceptor complexes, in
which the donors and acceptors are molecules with labile
m-electron clouds (they are also called charge-transfer
complexes — CTC). The main interaction in these com-
plexes is between the filled electronic orbitals of the donor
and the vacant orbitals of the acceptor.

7-Complexes have now been fairly well studied by physi-
cal methods. Electronic transitions between the filled
orbitals of the donor and the vacant orbitals of the acceptor
in the complex lead to the appearance of new absorption
bands in the ultraviolet and visible range, so that spectro-
photometry is most widely used to study the structure and
properties of these complexes. Not only molecular com-
plexes, but also complexes involving atoms®€-68 and radi-
cals®~71 have been studied.

The formation of m-complexes, leading to partial trans-
fer of charge within the complex, should alter the elec-
tronic structure of the species and their reactivity. This
effect should be shown particularly clearly in the kinetics
of liquid-phase reactions, in view of the characteristic
features of the liquid state.

There are extremely few papers devoted to the kinetic
manifestation of 7-complexes. We shall examine first 7-
-complex formation by molecules taking part in reactions.

Alder and Leffler 2 okserved that the aromaticity of the
medium has a marked influence on the decomposition of
phenylazotriphenylmethane. The values of the enthalpy and
entropy of activation in various solvents were determined
with high accuracy and it was shown that there is a linear
relationship between them, that is a compensation effect is
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observed. Aromatic solvents yield higher values for the
enthalpy of activation and higher entropies, the increase in
enthalpy on going from cyclohexane to aromatic solvents
corresponding approximately to the heats of solvation of
the molecules. This suggests that the activation of the de-
composition requires preliminary desolvation. Evidence
supporting this hypothesis was found by the authors?2 in the
parallelism in the changes in the entropies of activation
and entropies of fusion of the solvents. If we regard the
breakdown of the 7-complexes (desolvation) as fusion of the
solvate sheath, this parallelism is readily understood.
Thus the decomposition of the phenylazotriphenylmethane
molecules to form radicals apparently involves consecutive
desolvation and decomposition, but the participation of sol-
vates in decomposition is not excluded.

A similar influence of the aromaticity of the medium
was also observed in the decomposition of symmetrical di-
phenylazoethane and bisazomethylpropionitriles, Ziegler
did not observe these effects, however, for the decomposi-
tion of hexaphenylethane. This is apparently due to steric
hindrance and the inability of the phenyl rings of hexa-
phenylethane to form 7-complexes.

Let us now consider 7-complex formation by atoms and
radicals. Their ability to take part in 7-complex forma-
tion with a donor is determined by their electrophilic
nature (electron affinity) (see Table 2).

The problem of m-complexes involving an R62 radical
with a fairly high electron affinity has been very widely
discussed for a long time. This discussion was begun in
a paper by Boozer and Hammond” who put forward a
mechanism for the inhibition of oxidation involving a 7~
-complex of the peroxide radical:

RO, - InH 2 [RO,: - - InH]
RO, - - - InH]+4 RO,~ROOH+RO,In.

This scheme was subsequently confirmed by Thomas ™ and
Denisov!3, Denisov made a detailed analysis of the condi-
tions under which this mechanism should be revealed kine-
tically, and showed the limits of its influence.

Zaikov and coworkers 45, Ingold’®, and Russell®, how-
ever, found that the dependence of the rate of oxidation on
the dielectric constant of the medium obeys satisfactorily
the Kirkwood-Onsager relationship, and no anomalies were
observed for the rate of oxidation in aromatic media.
Another extremely contradictory paper was published by
Thomas?, in which it was concluded that the RO, radical
forms a complex with trialkylamines. Direct experiments
using the EPR method to detect 7-complexes of the cumene
peroxide radicals with a strong donor such as the pyridine
molecule did not give positive results: the equilibrium for
m-complex formation is displaced considerably towards the
free radical™, whereas even for the iodine molecule (elec-
tron affinity only 54.6 kcal mole-1) the complexes with
pyridine are extremely stable.

TABLE 2, Electronaffinity of various radi-
cals (kcal mole™),
. £ lectron . Electron
Rodical offinity Radical affinity
a 8.2 OH 50
F 83.5 CRh 48
Br 81.6 PhO 27
i 74.6 CH, 25
HO, 70
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Physically, it is extremely difficult to suppose that in
the complex [RO,. . . InH] the interaction involves only 7-7
interaction and not hydrogen bonding. It might be possible
to agree that a 7-complex exists if it is assumed that the
hydrogen bond between the peroxide radical and the inhibitor
molecule InH is fairly weak, but there are as yet no serious
grounds for this, rather the reverse: such bonds should be
stable 6,57, Thus at present it is fairly difficult to reach
an unambiguous conclusion regarding the existence of m-
-complexes of RO, with aromatic molecules.

All reactions involving the addition of atoms and radicals
to aromatic systems with the formation of o-complexes do
of course involve the formation of intermediate 7-com-
plexes. This is apparently the case for the “attachment”
of H atoms and CH, radicals to aromatic molecules™,
phenylation®, hydroxylation®!, and the reactions of perox-
ide radicals®2, It is not always possible, however, to
detect the intermediate 7-complexes as kinetically indepen-
dent species; this is determined chiefly by the competing
reactions of decomposition of the 7-complex and its conver-
sion into the o-complex.

7m-Complex formation by the chlorine atom in the chain
photochlorination of hydrocarbons has been studied in most
detail by Russell®-85, In the chlorination of 2,3-dimethyl-
butane, isobutane, and other branched hydrocarbons the
chlorine atom attacks the tertiary C~H bond only four times
more readily than the primary bond. In the presence of
aromatic solvents this rate ratio increases to 50-300, that
is, tremendous selectivity is observed in the reactions of
atomic chlorine. The dielectric properties of the medium
are of almost no significance, and the order of selectivity
(with respect to solvents) shows good correlation with the
order of the basic strength of these solvents. This behaviour
of the atoms cannot be attributed to the reactions of “hot”
atoms and their “cooling” in the aromatic solvents, since
the chlorination chains are fairly long, and almost no dif-
ference is observed in the rate constants for the gaseous
and liquid phases. The most natural assumption is thatthe
Cl atom forms a m-complex with the aromatic molecule
and that this complex is much less reactive and hence more
selective than the free atom. Analogous effects were ob-
served by Russell®6 in the photochlorination of arylalkyl
hydrocarbons.

To explain the regular kinetic features of photochlorina-
tion, Russell put forward a scheme involving the reaction of
the free Cl atom and its m-complexes with coordination
numbers x equal to one and two, and also m-complex forma-
tion equilibria between the Cl atoms and one or two aro-
matic molecules. This scheme does not show sufficiently
good agreement with the experimental data®. Moreover,
it is found that the heat of formation of the complex withx =
= 2 is almost 4 times that for the complex withx =1, which
is physically unlikely. Despite the unsatisfactory kinetic
analysis, however, there is no doubt that the 7-complex is
in fact formed and that its selectivity is high.

Berezin and coworkers?®” found that the aromaticity of
the medium has a marked influence on hydrogen atom ab-
straction by the methyl radical from toluene and cyclo-
hexane. The ratio of the rate constants for hydrogen atom
abstraction fromthe aromatic molecule and from cyclohexane
decreases sharply with increase inthe concentration of ben-
zene or toluene in the mixtures with cyclohexane. This effect
at first sight reproduces qualitatively the results obtained
by Russell, but it is much more difficult to interpret, since
studies were made of the ratio of constants, each of which may
depend in different ways on the aromaticity of the medium,



Voi.36 No.3

RUSSIAN CHEMICAL REVIEWS

March 1967

The lack of reactivity in the 7 ~complexes of the t-butoxyl
radical in reactions involving the removal of a hydrogen
atom can apparently be attributed to the decrease in the
ratio Zsuxt/% decomp [S€€ Eqns. (7) and (8)] in aromatic sol-
vents 88-91,

Kinetic data on the influence of aromatic molecules on
the rate of recombination of iodine atoms in the gaseous
phase were examined by Porter and Smith®2? in terms of
complexes with charge transfer between the iodine atoms
and the aromatic molecules; the energies of these com-
plexes amount to 1.7-2.4 kcal mole~!, The formation of
m-complexes between iodine atoms and hexamethylbenzene
in the liquid phase in carbon tetrachloride has been proved
spectrophotometrically and kinetically®3; the equilibrium
constant for 7-complex formation at room temperature is
2.7 litre mole-?,

A detailed study has been made of the m~complexes of
stable aromatic N-oxide radicals and their kinetic mani-
festation in the removal of a hydrogen atom from 2,6-di-
-t-butylphenol, which is incapable of undergoing solvation®4.
It was first shown that the rate constants for the reaction of
the diphenylnitrogen oxide radical with 2,6~di-t-butylphenol
are much smaller in benzene and ethylbenzene than in hep-
tane, the activation energies and pre-exponential terms in-
creasing in the aromatic solvents. Analogous relation-
ships were also observed for substituted diphenylnitrogen
oxide radicals.

The kinetic scheme for the reaction of free nitrogen
oxide radicals R, and their 7-complexes Rs with 2,6-di-
-t-butylphenol PhOH can be represented in general form as
follows:

Ro -+ PhOH —*—> RH + PhO
kg (9)
Rs + PhOH —— RH + PhO
Ro+nS K: Rs

where %, the coordination number of the 7-complex, shows
how many molecules of the solvent S must solvate the radi-
cal in order to produce a significant change in its reacti-
vity. The scheme assumes reaction by the free radical
and the 7-complex, and also m-complex formation equili-
brium. Analysis of scheme (9) leads to expression (I) for
the effective rate constant k.ss for disappearance of the
radicals. In an experimental investigation of the depen-
dence of k.sf on [S], a study was made of the rate of dis-
appearance of radicals in solvent mixtures, namely in ben-
zene diluted with heptane®, The kinetic analysis is here
similar to the analysis carried out for hydrogen bonding
(see p. 194).

Fig. 3 shows the dependence of ks on [S] and its trans-
formation into an equation similar to Eqn. (IIT) for the re-
action of dianisylnitrogen oxide with 2,6-di-t-butylphenolat
60°; the value of # obtained from the slope of the straight
line is equal to unity. Similar relationships were obtained
for various temperatures. The equilibrium constant for
7-complex formation by dianisylnitrogen oxide with benzene
has the form

K = 3.3 X 10" exp (64 00 + 2000/RT) cm™.

(10)

The numerical values of K obtained by the kinetic method
show good agreement with the values of K obtained spectro-
photometrically ®5; the energy of the bond in the 7-com-
plex, determinedkinetically, coincides withthe bond energy
found independently from thermochemical data®, This
confirms that the kinetic scheme (9) is correct.

Iog[ %] +47

10%k g cm' 5™

4

N
tog[s]~21

]

12 10°3(s], particles em”?
Fig.3. Dependence of k&t onthe con-
centration of benzene inheptane and
its logarithmic transform [according
to Eqn.(ITI)] for the reaction of di-
anisylnitrogen oxide with di-t-
~butylphenol, %

It is extremely significant that the values of ks are
smaller by an order of magnitude than the values of %,, that
is the m-complex is much less reactive than the freeradi-
cal; for kinetics, the association of the radical with only
one solvent molecule (z = 1) is significant. Further asso-
ciation and further growth of the solvate sheath have no
significance, apparently because the first solvating mole-
cule produces the greatest perturbation in the electronic
structure of the radical.

The removal of a hydrogen atom from ethylbenzene by
various stable N -oxide radicals has been studied®’. For
the reaction of dianisylnitrogen oxide with ethylbenzene,
the rate constant increases when the ethylbenzene is diluted
with n-decane. This means that the 7-complex of the radi-
cal with ethylbenzene has a low activity, and no reaction
takes place within the complex. This confirms the ana-
logous conclusion reached by Russell®® for the Cl atom in a
7 -complex,

The low reactivity of the m-complex is not a general
feature. It has been shown?®¢ that the 7-complexes of di-
anisylnitrogen oxide with pyridine and its derivatives have
a high reactivity and react with a smaller activation energy
than the free radical. This effect is not due to the influ-
ence of the dielectric constant of the medium, since in di-
chloroethane, whose dielectric constant € is close to that of
pyridine, the rate constants and activation energies are al-~
most the same as those in heptane. Thus the reactivity of
the 7-complex may depend on whether the radical behaves
as a donor or an acceptor in the complex.

The problem of whether electron transfer in the m-com-
plex of the radical involves the unpaired electron or in-
cludes other lower-lying electrons is of particular interest.
Direct measurements, by the NMR method, of the con-
stants for the hyperfine splitting due to delocalisation of the
unpaired electron on the molecules of the medium solvating
the radical showed that if such delocalisation does in fact
take place, it is extremely slight®, Studies of the dyna-
mic nuclear polarisation on a number of radicals in aroma-~
tic solvents also showed that the degree of delocalisation of
the unpaired electron on the ligand in the 7-complex is ex-
tremely slight 100102, There is apparently only slight
transfer of charge in the 7-complex. The kinetic effects
produced by this transfer are fairly large, however.

A compensation effect was observed?? in the removal of
a hydrogen atom from ethylbenzene by aromatic N-oxide
radicals. The fact that the radicals for which this effect
was observed have extremely similar structures makes it
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impossible to attribute the effect to structural differences
in the radicals. The origin of the compensation effect
must therefore be sought not in the reactivity of the radi-
cals themselves, but in their specific interactions with the
medium,

It is apparently » general feature that the compensation
effect in liquid-phasve radical reactions is usually not ob-
served when the reaction is in fact an elementary reaction.
When the reaction is complicated by specific interactions
between the reacting species and the solvent molecules
(hydrogen bonding, 7-complexes), the compensation effect
is usually observed. It can be shown that the compensa-
tion effect is to be expected when the measured kinetic con-
stants are made up of the rate constants for a number of
elementary acts®8,

4. POLAR FACTORS AND SPECIFIC INTERACTIONS IN
RADICAL LIQUID-PHASE REACTIONS

As noted above, contradictory experimental facts have
been published on the kinetic manifestation of polar factors
associated with electrostatic dipole—dipole interactions be-
tween the reacting species.

It has been shown in a whole series of papers that the di-
electric constant of the solvent has a marked influence on
the rate of the radical reactions involved in the oxidation of
ethanol and methyl ethyl ketone 45,46,108,104 " and alkenes and
arylalkyl hydrocarbons 39,76;,105 and also the rate of decom-
position of t-butyl peroxyformate 1%, In all these examples,
the dependence of the reaction rate on the dielectric con-
stant obeys the Kirkwood—-Onsager relationship and indi-
cates that the dipolar character of the transition state in
these reactions is greater than the dipolar character of the
initial reagents.

The dielectric constant of the solvent has absolutely no
influence, however, on the rates of the reactions of chlorine
atoms with hydrocarbons 85, or of phenoxyl and N -oxide
radicals with phenols 24,%4, or on the rate of the copolymer-
isation of styrene with methyl methacrylate or of a-methyl-
styrene with maleic anhydride 107,18 where it would seem
that the strongest polar effects should be revealed. In
these examples, as shown above, an important part is
played by specific localised interations of the donor —-acceptor
type.

The latter influence chiefly the initial state of the sys-
tem, whereas the polar factors exert their chief influence
on the activated complex of the reaction. The greater or
lesser part played by the polar factors is apparently detér-
mined by the electronic structure of the activated complex.
The course of the radical reaction R + HX 7 RH + X can in
fact be represented by two schemes:

)
R4+ HX —
2
L

[R---He--X]-»RH+X
+) . .
[RTHX]->R™ 4+ H* 4+ X - RH + X,

Route (1) involves the slow movement of a proton from X to
R in the potential field created by rapid electronic motion.
Route (2) assumes the transfer of charge from HX to R with
the formation of R~ and the cation-radical HX, which sub-
sequently decomposes to a proton and the radical X. This
reaction path assumes that the charges in the activated
complex are separated in time and space; a consequence
of this separation is the polarisation of the activated com-
plex and the dependence of the rate on the dielectric con-
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stant. The fundamental difference between these routes is
that in one case the limiting stage involves the movements
of nuclei whereas in the other case electron transfer takes
place. Route (2) naturally does not require complete
transfer of the electron in the activated complex; only par-
tial transfer, with partial charge separation in the com-
plex, is sufficient.

The realisation of a given form of activated complex
depends on the polarity of the medium, which either facili-
tates the separation of ¢harges or hinders it, and also on
the properties of the reacting species — the ionisation
potential of the molecule HX and the electron affinity of the
radical R.

This interpretation of the form of the activated complex
enables us to look for the possibility of acid—base catalysis
of radical reactions. It has in fact been possible to ob-
serve examples of both base catalysis (the decomposition
of t-butyl peroxyformate in the presence of pyridine) 1% and
acid catalysis 108,

Thus the relative part played by polar factors and spe-
cific interactions is determined by the form of the activated
complex, and its electronic structure.

In conclusion it should be noted that the study of specific
localised interactions and polar factors and the part which
they play in the kinetics of radical liquid-phase reactions
is enriching considerably our knowledge of electronic inter-
actions in the activated complex. The need for further
intensive studies in this direction and their undoubted suc-

cess are obvious.
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I. INTRODUCTION

Many investigations !71° of the chemistry of hot tritium
atoms produced by the nuclear reactions ®Li(z,a)T and
3He(#n, p)T (recoil energy of the T atoms 2.7 and 0.2 MeV
respectively) have shown that these atoms can efficiently
take part in chemical reactions when slowed down to energies
comparable to those of chemical interaction: inparticular,
they can take part in transfer and substitution reactions
proceeding without activation energy

T* + RH— HT 4- R’ )
T*4RH-> RT 4+ H (2)

For thermal hydrogen atoms the activation energy of reac-
tion (1) is 9-12 kcal mole~!; reaction (2) is not known to
occur with thermal H atoms.

Hot T atoms can add on to the double bond of alkenes,
giving excited radicals®°, and they can also replace indi-
vidual atoms or even groups of atoms in complicated mole-
cules 17: when this happens the intermediate products can
be used in an excited state, and the decomposition mechan-
isms will be determined by a number of factors (degree of
excitastion, efficiency of transfer of the excitation energy,
ete.7s8).,
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It should be noted that the formation of fast atoms and
of excited molecules and radicals is not confined to pro-
cesses accompanying nuclear transmutations, but it occurs
also in radiolysis, photolysis, and even in thermal reac-
tions at high temperatures.

To explain various anomalies in the behaviour of atoms
and radicals, many workers in the field of kinetics have
put forward the concept of an abnormally high reactivity
for the hot hydrogen atoms and radicals obtained in the
radiolysis of hydrocarbons and in the photolytic decompo-
sition of excited molecules.

The majority of workers believe that the primary act in
the radiolysis of hydrocarbons is fissure of the C~H bond.

The energy excess E exeir - Dc—n (where D is the dis-
sociation energy of the C—H bond) apportions itself between
R and H ininverse proportion to the masses, and is carried
away mainly in the form of kinetic energy by the H atom u,

Hot H* atoms with a kinetic energy of the order of several
electron-volts are reactive at low temperatures as well as
at ordinary temperatures 1?74, Armstrong '* has demon-
strated experimentally the existence of hot hydrogen atoms in
his study of the low-temperature radiolysis of HC1 at -78°
and -196°. These atoms are produced by the decomposition
of an excited HC1* molecule (HCI* + ¢ — HCI* — H* + Cl).
Radiationyields G of 4.0and 2.4 respectively were measured
for the formation of hot and of thermal H atoms.

The concept of hot H* atoms has been invoked many
times in work on the liquid-phase and gas-phase radiolysis
of hydrocarbons 5-17, Reactions between highly excited H*
atoms and C,H, molecules have also been detected mass-
~-spectrometrically 8.

However, aquantitative interpretation of reaction schemes
involving hot atoms during radiolysis presents serious dif-
ficulties, because of the presence of various competing re-
actions, of the unknown energy spectrum of the hot atoms,
ete.

The most convenient route for the preparation of H*
atoms is through photochemical reactions, in particular the
photodissociation of the hydrogen halides HI and HBr.

II. FORMATION OF HOT HYDROGEN ATOMS DURING
PHOTOLYSIS OF HI AND HBr, AND THEIR REACTIONS

Kondrat'ev and coworkers had shown ', as long ago as
in 1934, that the reactivity of H atoms obtained by the
photolysis of HI is essentially dependent on their kinetic
energy. :

Hydrogen iodide has a continuous absorption spectrum
in the ultraviolet region, beginning at 3850 A.221  The
maximum extinction coefficient € lies in the region of
2500 A, and has a value of ~ 2 X 10-¥ ¢m?® per molecule?.
Since €y is high in the region of 2500 A, and most of the
radiation with A = 2537 A isabsorbed in the first centimeter
of optical path at atmospheric pressure, the experiments
are usually made at lower HI pressures (~ 10-30 mmHg).

The most commonly used sources of ultraviolet radiation
are low-pressure cadmium or mercury resonance lamps
of type Hanovia SC 2537 (or lamps type PRK-2 or PKR-4,
made in the Soviet Union). For experiments at X = 1849 A
these lamps are fitted with a Suprasil window #%,*3, and with
afilter of lithium fluoride irradiated with X -rays or y-rays,



