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The zwitterionic radicals HO —CH —CH(COO )NH3+ (4a) and HO —C(CH3) —
CH(COO )NH3+ (4b) are the main species produced upon OH ' radical attack in aqueous solu­
tions at pH 3—7 at the amino acids serine, HO — CH2—CH(COO )NH3+, or threonine,
HO — CH(CH3) — CH(COO ")NH3+, respectively. Both radicals undergo elimination of NH4+ ion 
to form the radicals 0 = C H - C H - C 0 0  (7) or CH3- C O - C H - C O O ” (9) respectively.

The pKa of the serine-derived cationic radical H O —CH —CH(COOH)NH3+ (3a) (3a 4a +
H"), was determined by ESR spectroscopy to 2.2 ± 0.1 at 276 K. From kinetic data the pKa(OH) 
of radical 4a (4a ^  O —CH —CH(COO )NH3+ (5a) + H +) was calculated to 7.0. The elimina­
tion of NH3 takes place from the ketyl radical 5a (type-B mechanism), the rate constant was 
calculated from kinetic data to 2.4 x 106 s~‘ at 290 K.

The half-lives of radicals 4 a and 4 b were measured by time-resolved conductivity changes upon 
pulse radiolysis, 170 ± 10 jis for 4a and 26 ± 2 |as for 4b, at 290 K and pH 5.8.

With the threonine derived radicals elimination of NH, takes place at the stage of the 
a-hydroxyalkyl radical 4b (type-A mechanism). In this series the pKa of the product radical 
CH3—C O -C H —COOH (8) ( 8 ^ 9  + H +). was determined by ESR spectroscopy to 2.7 ±0.1.

The reasons for the observed mechanistic differences (type-A versus type-B decay) are discuss­
ed. As further examples for a type-B decay some preliminary data on the elimination of HF from 
the radicals CF3-C(OH) —CF3 and CF3—CH -O H  have been added.

Introduction

a-Hydroxyalkyl radicals which carry a leaving 

group X  in the ß-position (X = F, Cl, Br, OCOCH3, 

0 P 0 3H~) are known to undergo heterolytic decay in 

aqueous solution (ref. [1,2] and references cited in

[2]). Reaction (1) is an example.

h o - c h - c h 2- x

H + + 0 = C H —CH2 + X “ (1)

With the above leaving groups the reactions are 

that fast that the a-hydroxyalkyl radicals cannot be 

observed by ESR spectroscopy in aqueous solution 

(ki = 5-105 s-1 at room temperature for X = 

O C O C H 3  and is still larger with X = halogens [2]). 

Mechanistic details will be referred to in the Discus­

sion.

Reprint requests to Dr. G. Behrens and Dr. G. Koltzen­
burg.

Verlag der Zeitschrift für Naturforschung, D-7400 Tübingen
0341-0382/85/1100-0785 S 01.30/0

a-Hydroxyalkyl radicals with “bad” leaving 

groups* like e.g. OH or OCH3 in ß-position are ob­

servable as such in close to neutral aqueous solution 

by ESR spectroscopy. In order to detect their 

heterolytic decay acid or base catalysis is required 

[3 — 5], for examples see reactions (2) and (3). Reac­

tions of this type have frequently been discussed in 

radical chemistry of sugars and related compounds 

[6],

h o - c h - c h 2- o h  + H +

H O -C H -C H 2-O H 2+ (2 a)

h o - c h - c h 2- o h 2+

H + + 0  = CH -CH 2 + H20 (2b)

H O -C H -C H 2-O H  + OH-

-o - c h - c h 2- o h  + h 2o (3 a)

~o - c h - c h 2- o h

0 = C H - C H 2 + OH* (3 b)

The acid catalysis improves the leaving group 

propensity (decreases the nucleophilicity of the leav-

* Leaving group propensity is a relative figure and should 
always be seen in context with the electrophilicity of the 
organic frame from which departure takes place.
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ing group) and the base catalysis reduces the elec- 

trophilicity of the organic skeleton*.

a-Hydroxyalkyl radicals with NH3+ groups in 

ß-position or with alkylated such groups, NR3+, 

respectively, are known from ESR spectroscopy to 

decay without catalysis at pH 6.5 but to gain stabili­

zation towards that decay at pH 2. This phenomenon 

was mechanistically explained [8] by assuming dis­

sociation of H~ from the OH group of radical 1 to 

give the ketyl radical 2, reaction (4f). The ketyl radi­

cal 2 then decays with formation of NH3 and an acyl- 

alkyl radical which was the species observed at 

pH 6.5, reaction (4d). At pH 2, however, reproto­

nation of the ketyl 2 to give radical 1, reaction (4r), 

became that much faster than reaction (4d) that only 

radical 1 was observed.

(4 f)
h o - c r - c h ,- n h 3+

1 ' (4r)

H + + ~ 0-CR-CH 2-N H 3+ (4f), (4r)

2

o - c r - c h ,- n h 3+ --->
2 “ (4d)

0 = C R - C H 2 + NH3 (4d)

la , 2a: R = H, lb , 2b: R = CH3

* Heterolytic cleavage reactions may be regarded as intra­

molecular redox reactions. From  this viewpoint acid 

catalysis improves the oxidative power o f the leaving 

group and base catalysis improves the reducing power o f 

the radical site which latter is in accord w ith measured 

such properties o f ketyl radicals com pared w ith a-hy- 

droxyalkyl radicals [7], Both kinds o f explanation, how ­

ever, are equivalent and both w ill be used in that sense 

throughout this paper.

C-N bond breaking of the ketyl radical in reaction 

(4d) is analogous to the Cß-O bond breaking of the 

ketyl radical in reaction (3 b), but the formation of 

the ketyl radical by reaction (4f) is spontaneous 

while formation of the ketyl radical in reaction (3 a) 

is by reaction with base.

a-Hydroxyalkyl radicals derived by H-abstraction 

by OH' radicals in aqueous solution from the amino 

acids serine or threonine, respectively (cf. Scheme 1 

and Scheme 2), could be expected to belong into the 

same class as the a-hydroxy-ß-ammonioalkyl radicals 

and to decay analogously. ESR spectra of radicals 3a 

and 3b (measured at pH 2) [10, 11] and of radical 4a 

(measured at pH 6.5) [10, 12], see Scheme 2, have 

been reported and the formation of these radicals by 

H'-abstraction has been confirmed by the observa­

tion of spin adduct radicals [13]. The decay of these 

radicals, however, has not been reported so far.

Radical 4 b was not observed by ESR spectro­

scopy. With threonine the formation of radical 

CH2-CH(OH)-CH(COOH)NH3+ is documented 

[10, 11, 13]. The assignment to cationic or zwitter- 

ionic radicals 3 or 4 was based on the assumption that 

the pKa’s of the radicals were not too far apart from 

those of the parent compounds.

We have now been able to measure the pKa of 

radical 3 a and to produce evidence for the decay of 

the zwitterionic radicals 4a and 4b. We used ESR 

spectroscopy, time resolved electrical conductivity 

measurements in combination with pulse radiolysis 

and product analysis after 6l)Co-y-radiolysis. We shall 

show that only radical 4 a decays through formation 

of its ketyl radical 5a analogously as la  does via 2a 

(see reactions (4)) but that radical 4b decays by rate

H O-CH2-CH(COO")NH3+ H O -CH (CH 3)-CH(COO~)NH3+ Scheme 1. The amino acids under in­

serine threonine vestigation and their pKa values at 

pKa’s at 274 K [9]: 274 K.

2.3 (COOH), 9.9 (NH3+) ; 2.2 (COOH), 9.7 (NH3+)

HO-CR-CH(COOH)NH3+

3

~0-CR-CH(C00H)NH3+

6

HO-CR-CH(COO~)NH3+

4

0-C R -C H (C 00“)NH3+

5

3a, 4a, 5a, 6a: R = H, radicals derived from serine,

3b. 4b, 5b, 6b: R = CH3, radicals derived from threonine.

Scheme 2. a-Hydroxylalkyl or ketyl 

radicals in different ionization states 

derived from serine or threonine, re­

spectively, with the numbering used 

in this paper.
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determining C-N bond breakage and rather belongs 

into the first mentioned class of radicals (see reaction 

(1)). In view of the close similarity of radicals 4 a and 

4b this result is quite unexpected. The factors which 

determine the selection of the mechanism of decay of 

a-hydroxyalkyl radicals will be discussed.

Experimental

Materials

Serine and threonine (Merck) were used as re­

ceived. 2-Aminoethanol and l-amino-propanol-2 

(EGA) were vacuum-distilled prior to use. Water 

was triply distilled. Other chemicals were of analyti­

cal grade.

ESR spectroscopy

A photolytic in situ technique was used [2,14]. OH' 

radicals were produced by photolysis of H20 2. Opti­

mal signals were obtained at 0.1 m H20 2. The reac­

tion temperature was 276 K. pH values were ad­

justed with HC104 or NaOH.

60Co-y-radiolysis

In water OH' radicals, H' atoms and solvated elec­

trons, e;q, are produced as the main reactive species. 

In the presence of N20  solvated electrons are con­

verted into OH' radicals in a fast reaction: N:0  + 

e~q + H20  —> OH' + OH - + N2. The radicals which 

subsequently react with solute then consist to 90% of 

OH' and 10% of H'. N20  was freed from traces of 0 2 

by passage through an oxysorb column (Messer­

Grießheim). By using a mixture of N20 /0 2 (4:1, v/v) 

the formation of OH' by the above reaction of e^q 

with N20  is practically not inhibited but H' atoms 

and carbon centered radicals (if not too short lived) 

are fully scavenged by 0 2. y-Radiolysis was carried 

out at 273 K at dose rates around 0.1 Gy s-1, doses 

ranged from 65 to 300 Gy causing 2 to 8% conver­

sion of the substrates which were 10-: m. The radia­

tion chemical yields are given in G-values which are 

defined as the number of molecules formed (or de­

composed) per 100 eV of radiation energy absorbed.

1 Gy = 6.24 x 1015 eV g-1.

Ammonia

After y-irradiation solutions were set to pH >  12 

and NH3 was measured potentiometrically with a

NH3-sensitive electrode (Orion), calibrated with 

N H 4CI solutions. NH3 concentrations were found to 

be linear with dose while the unirradiated blanks 

were practically free of NH3.

Measurements of radical decay rates

Time-resolved changes of d.c. conductivity (time 

resolution 1 11s) were measured after a 2.8 MeV elec­

tron pulse of 1 ^s duration [15]. Inherent to the 

method is a signal component right after the pulse 

which is due to the radiation-induced formation of 

H + and OH". This signal component is pH- and 

dose-dependent. A further signal component is a re­

producible dose-dependent noise signal. To account 

for these signals they were measured together using 

solutions of 4-hydroxyproline (which additionally 

gave rise to a very small but just detectable perma­

nent conductivity increase) at the same concentra­

tion (10~: m), pH (5.8) temperature, and doses as 

used with serine or threonine, respectively. With 

computer aid these signals were subtracted from 

those obtained with serine or threonine, respective­

ly. The resulting curves were automatically analyzed 

by computer. First order rate constants thus obtained 

were extrapolated to zero dose.

All measurements were done at N20-saturation.

Results and Discussion

ESR spectroscopy 

Serine

In acidic solutions up to pH 5.4 signals of the radi­

cals 3a or 4a were observed. Small differences in the 

couplings observed as compared to published data 

[10—12] are attributed mainly to the lowrer tempera­

tures used in our experiments. We found a pH de­

pendence of the couplings which is most pronounced 

with the values for ap1, see Fig. 1. The half value of the 

changes is at pH 2.2. Therefore a pKa of radical 3a 

at 2.2 (at 276 K) is assumed. It is assigned to the 

COOH function of 3a since the OH couplings are 

well resolved and protonation of the amino function 

in the above pH range appears granted. Our finding 

supports the earlier assumption [10, 11] that the 

pKa’s of the a-hydroxyalkyl radicals derived from 

serine or threonine (3a and 3b) are not far apart 

from those of the amino acids, cf. Scheme 1. The pKa 

of the OH function will be discussed later.
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different g-factors. Therefore a mixture of E- and Z -  
conformers, E-l and Z - 7 ,  is assumed*:

pH

Fig. 1. Splittings aH and aN of the radicals H O —CH — 
CH(COOH)NH ,+ , 3a, and H O -C H -C H (C O O “)NH3\ 
4a, in acid-base equilibrium as a function of pH, 276 K, 
1CT2 m  serine.

Above pH 4 the signals of the zwitterionic radical 

4 a  decreased in intensity and they were no longer 

observed at PH >  5.4, but new signals grew in in­

stead. These are assigned to the radical anion 

0 = C H —CH—CO O- (7 )  which is then formed by 

elimination of NH4* from 4 a  according to the overall 

reaction (5).

H O -CH -C H (CO O -)NH3+ ->

4 a
NH4+ + 0= C H  —CH —COO- (5)

7

The pH half value, the pH at which one half of the 

radicals 4 a  undergoes decay into 7 and the other half 

undergoes bimolecular racical-radical termination, is 

estimated to 4.7 ±0.1. The signal intensity of 7 be­

gan to decrease at pH 2̂  8 and at pH 9 the signals 

were no longer observable. The reason for this de­

crease in alkaline solution will be discussed in con­

text with y-radiolysis experiments. The spectrum of 7 
is asymmetric with respect to line heights and line 

shapes, a picture which may be expected with a mix­

ture of two species with similar splittings but slightly

0. M 

C - C  
H 7  X C 0 0

H\ . / H 7 7  
.C - C  Z - 7

o '  X C 0 0 "
E- 7 ;

a{J = 1 .76m T, on = 0.7 mT, g = 2 .00^ 9

Threonine

Radical 3 b was observed only in rather acidic solu­

tions. The ESR parameters at 276 K and pH 1 were: 

tfß(lH): 0.46 mT, ap(3H): 2.10 mT, fl(OH): ~ 0 mT, 

tfN: 0.71 mT and g = 2.0033. The lines are unusually 

broad, ^  0.03 mT, with half widths in the order of 

the expected OH splitting which is not resolved at 

our conditions. The splittings differ slightly from 

those reported earlier at 300 K [11].

Radical 3 b  decreased in signal intensity already at 

pH 3= 0.8 and was no longer observable at pH 2.5. 

New signals grew in instead. The couplings proved to 

be pH dependent and were moreover asymmetric 

with regard to line heights and line profiles. Assign­

ment is therefore and in view of the size of the cou­

plings to Z -  and £-conformers of the neutral radical 

CH3—CO —CH —COOH (8) or of the anion radical 

CH3—CO —CH —CO O- (9 ) ,  respectively, depending 

on the pH of observation. The pH dependence is 

depicted in Figure 2.

From the inflection points of the curves in Fig. 2 a 

pKa for radical 8 of 2.7 is derived. A pKa of similar 

size is expected for

HoC

0. .H ^  • /  c - c  
/  \

E- 8 ;
C 0 0 H

h 3c n  # / H
C - C  8

0  COOH

There is an earlier assignment [16] of an ESR spectrum 
to radical 7. That spectrum was obtained by y-irradiation 
of propiolic acid at 77 K. But only the major coupling 
of 1.8 mT and a g factor of 2.005 could be measured 
with low accuracy. An assignment to the radical 
0  = CH —CH —COOH [17] refers to ESR signals ob­
tained upon photolysis of tartaric acid at 302 K. An aH of 
1.847 and a g factor of 2.00506 were measured there. In 
view of the high resolution of those spectra it is surprising 
that no small couplings could be seen. We therefore be­
lieve that this earlier assignment needs revision.
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the radical 0 = C H —CH—COOH and therefore the 

assignment of the product radical observed with 

serine at pH >  4 was to the anion radical 7.

pH

Fig. 2. Splittings a11 of the radicals CH3—CO — CH — 
COOH, E-8 and Z-8. and C H ,-C O -C H -C O O  , E-9 
and Z-9, in acid-base equilibrium as a function of pH, 276 
K, 10-2 m  threonine; g(average) = 2.005.

The gross spectral changes with pH clearly demon­

strate the elimination of ammonia from an a-hy- 

droxyalkyl radical of threonine. The observations 

may be described by the overall reaction (6).

CH3-C(OH)-CH(COOH)NH3+ -*

3b

NH4+ + CH3-C O -CH -CO O H  (6)

8

The increase in signal intensity of radicals 8 was 

steepest between pH 1.5 and 2.0, that is around 

three pH units below the pH range of the steepest 

increase of radicals 7 from serine. From this large 

difference it became suspicious that the a-hydroxy- 

alkyl radicals from serine and threonine decayed 

along different pathways since only small differences 

were expected should the radicals decay by the same

reaction mechanism. We therefore checked the be­

haviour of the radicals la  and lb  which are known to 

decay by the same mechanism, reaction (4), and 

which are otherwise the structural analogues of 4 a 

and 4b.

2-Ammonioethanol and 1 -ammonio-2-propanol

The known decay of radicals la  and lb  [8] was 

confirmed, cf. reactions (4) and the Introduction. 

The splittings observed for la  at 276 K were: a« = 

1.83 mT, aft = 1.15 mT, aH(OH) = 0.13 mT, aN =

1.05 mT, and aH(NH3) = 0.03 mT. The signals of lb  

were weak and broad. The pH half-values for the 

elimination of NH4+ from la  was 5.0 ± 0.1 and from 

lb  5.5 ± 0.1, the former value being determined 

from the decrease of the signal intensity of la  the 

latter determined from the increase of signal intensi­

ty of CH2-C O -C H 3.

Mechanism of ammonia elimination 

from the serine-derived radical

We can already conclude at this stage that the 

serine-derived zwitterionic radical 4a decays in an 

analogous way as the radicals la  and lb  derived 

from the ammonioalcohols. The observed stabiliza­

tion by acid of 4a against decay occurs in the pH 

range of 5.4 to 4.0. This number is well above the 

pKa(COOH) of radical 3a (2.2) and well below the 

pKa of the NH3+ group which is assumed to be >  9. 

Therefore, the stabilization by acid is mechanistically 

to be assigned to the protonation of the ketyl radical 

5a to yield 4a, reactions (7), Scheme 3. The break­

age of the C-N bond occurs at the stage of the ketyl 

radical. The overall reaction is reaction (5).

A quantitative treatment is based on further re­

sults which follow. That treatment will also exclude 

the possibility that the threonine-derived radical 4b 

decays in analogy to the serine-derived radical 4a.

(7f)
HO-CH-CH(COCT)NH,+ <=» H+ + ~ 0 - C H - C H (C 0 0 )N H 3

(7r> 5a4a

O —CH—CH(COO_)NH-

5a (7 d)
0 = C H —CH —COCT + NH3 

7

Scheme 3. Mechanism of am­

monia elimination from the 

serine-derived zwitterionic radi­

cal 4a in aqueous solution.
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Time-resolved measurements of electrical conductivity 

changes upon pulse radiolysis

Measurements with serine or threonine were done 

at pH 5.4 which number is close to the values of the 

isoelectric points of the amino acids (serine: 5.7. 

threonine: 5.6). In our measurements the zwitter- 

ionic amino acids behaved practically like electrically 

neutral substrates and what is measured is the forma­

tion of mobile ions, as is indicated e.g. by the gross 

reaction (5). The mobility of NH4+ is roughly 'A of 

the mobility of H~ (a species otherwise frequently 

encountered in such measurements) and the mobility 

of the radical anions 7 or 8 is estimated to be roughly 

Vw of the H+ mobility. Thus the net changes were 

expected (and found) to be relatively small. It is as­

sumed that there is not much of a gross change in 

anionic mobility after radical-radical termination. 

Measurements were performed at rather low dose 

rates in order to permit the radicals to undergo first 

order decay reactions much faster than bimolecular 

radical termination. The size of Ax measured was in 

accord with the assumption of G values for ion for­

mation of 4 to 5. The build up of conductivity (after 

application of corrections mentioned in the Expe­

rimental) was of first order and the half lives 

derived were: 170 ± 10 (.is with serine at 290.4 K and 

26 ± 2 [,is with threonine at 289.6 K. These observed 

half lives are assigned to the lifetimes with respect to 

ammonia elimination of the zwitterionic radicals 4 a 

and 4b. respectively.

Yields of NHj after 60Co-y-irradiation

G-values of NH;, were determined after 60Co-y-ir- 

radiation of aqueous solutions of serine or threonine 

at 273 K either at saturation with N:0  or with a mix­

ture of N:0 /0 :, 4:1, v/v with certain variation in the 

PH of the solutions. The results are summarized in 

Table I.

It is seen that with serine at N:0-saturation the 

NH:,-yields begin to decrease with decreasing pH at 

pH 3.9 from 4.8 down to 1.4 at pH 0. With threonine 

such decrease is seen to begin only at pH 0. With 

threonine there is an increase in G(NH:,) from 4.0 at 

PH 3.6 to 4.5 at pH 3 and to 4.8 at pH 1 which is 

beyond the limits of error. Below pH 3 the solvated 

electrons from the radiation-induced ionization of 

water are increasingly scavenged by H+-ions and no 

longer by N:0 . At pH 2 this leads to a composition 

of the reactive radicals from water of approximately

Table I. G-values* of NH, as a function of pH. determined 
after 6"Co-y-irradiation of aqueous solutions at 273 K of 
10': m  serine or threonine: for details see Experimental: 
accuracy ± 5% .

Amino acid PH

G(NH,) 
saturation 
with N:0 with N:0 /0 :

serine 0 1.4
1 2.8
2.2 3.6
3.9 4.8 1.3
6.2 4.9
7.0 1.3
10 4.0

threonine 0 2.8
1 4.8
3 4.5
3.6 4.0
5 4.0
6 4.2 0.8
7 0.8
8 4.0
9 2.8
11 4.0

* For definition see Experimental.

40% OH' and 60% H'. The increase in G(NH3) is 

then explained by a higher selectivity of the H' atoms 

compared with the OH' radicals in abstracting H 

from the carbon which carries the OH group. Such 

effect is also expected with serine at pH ^  3. There, 

however, this effect meets with the onset of stabiliza­

tion by acid of radical 4 a against elimination of NH:, 

as was discussed above. It is therefore difficult to 

exactly determine a pH-half-value for the elimina­

tion of NH:, from radical 4 a under y-irradiation. We 

have taken a value of 2.0. and we believe that this is 

approximately the pH value at which at our irradia­

tion conditions radical 4 a eliminates NH3 and under­

goes bimolecular termination (without NH^-forma- 

tion) both at the same rate. Fortunately, the uncer­

tainty of this value does not have too much of a 

bearing on the conclusions derived from this value 

(see further below).

The extent of formation of the 

a-hydroxyalkyl radicals

Recognition by ESR spectroscopy of a certain rad­

ical as a major or even as the only species does not 

necessarily mean that one is dealing with the main
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radical produced*. Information as to the extent of 

formation of radicals 4a or 4b by O H - radical attack 

at serine or threonine in aqueous solution may be 

gained from the results presented in Table I. Taking 

a G-value for the sum of OH' and H ‘ of 6.6 in the 

N20-saturated solutions G(NH3) values of 4.9 for 

serine and of 4.0 for threonine mean that roughly 75 

or 60%, respectively, of the radicals produced from 

the substrates lead to NH3 formation. This is the 

maximum percentage of radicals 4 since also other 

radicals in these systems might give rise to some 

NH3.

As is inferred from the conductivity measurements 

the radicals 4 are long-lived enough to be fully 

scavenged by oxygen. This will lead to the corres­

ponding peroxyl radicals 

H 0 - C H (0 0 ')- C H (C 0 0 )N H 3+ or 

H 0- C (C H 3)(0 0  )- C H (C 0 0“)NH3+. These are 

expected to decay analogous to other a-hydroxyalkyl 

peroxyl radicals [19] mainly into H 0 2' and 

0  = C H - C H (C 0 0 )N H 3+ or 

CH3—C O —CH(COO~)NH3+, respectively, but any­

way mainly not to give rise to NH3. As may be seen 

from Table I at saturation with N20 /0 2 G(NH3)-val- 

ues are low at pH 7. At pH 10 or 11 the radicals 

HOCH2-CH -N H 2 or HO-CH(CH3)-C H -N H 2 

are the main radicals formed [18], The peroxyl radi­

cals thereof are expected to give high yields of NH3 

along their pathways of degradation as is inferred

* This caveat has found recent justification in amino acid 
radical chemistry: In aqueous alkaline solutions of a 
variety of amino acids, not comprising serine or 
threonine, so-called a-radicals of the amino acids, 
R —C(COO )NHi, e.g. R = CH, for alanine, have been 
observed by ESR spectroscopy as the only H-abstraction 
radicals [12] by use of Ti3+/H20 2/EDTA systems for OH ' 
radical generation. The a-radicals are however not the 
main species formed upon OH' attack on the amino 
acids. Only very recently it was reported [18] that in 
alkaline solutions of aliphatic amino acids, including 
serine and threonine, the main process following OH ' 
attack consists of decarboxylation and formation of a- 
amino radicals R —CH —NH2. These are strongly reduc­
ing species [18] and it is suggested that it is their fast 
reaction with H20 2 which prevents ESR spectroscopic 
detection in such systems. This will also explain our fail­
ure to observe any radicals from serine at pH >  9. To 
explain the selective appearance of the amino acid a- 
radicals the earlier investigators [12] discussed a) differ­
ences in the regio selectivity of the OH ' attack, a to the 
NH2 and ß to the NH ,+ group, in accord with the elec- 
trophilic nature of the OH' radical, and b) involvement 
of Ti3+/EDTA/amino acid complexes which they ob­
served in some instances.

from the behaviour of analogous radicals [20]. G- 

values of 4 found in the presence of N:0 /0 2 in al­

kaline solution are in accord with this expectation. In 

view of the low G(NH3)-values in acidic solution 

(N20 /0 2) it is then concluded that the main radicals 

in alkaline solution can only be minor** ones in 

acidic solution. Thus formation of the radicals 4 and 

their decay dominates the radiation chemistry of aque­

ous serine or threonine in neutral to acidic solutions.

Observability of the decay reactions as a function 

of radical lifetime

While at pH 3.9 radical 4a is “stable” in our ESR 

experiments it has undergone complete decay during 

y-radiolysis in the presence of N:0  (Table I, serine). 

This difference is explained by the different mean 

radical lifetimes in the two sets of experiments: 

around 0.3 milliseconds at our ESR conditions and 

around 60 milliseconds during y-radiolysis with re­

spect to bimolecular radical termination. For details 

see the Appendix. First order radical decay reactions 

with somewhat longer half lives than 300 îs will 

therefore escape our ESR spectroscopic detection. At 

pH 4.0 the decay of radical 4a became just detect­

able and it is understood that on a ~ 200-fold longer 

time scale of mean radical life this radical has com­

pletely decayed.

To explain the variance with the earlier ESR ob­

servations with serine and threonine [10—12] it is 

assumed that there the mean radical lifetime with 

respect to bimolecular radical termination was signif­

icantly shorter than in our experiments. In the earlier 

experiments the OH' radicals were produced by use 

of the Ti3+/H20 2 rapid mixing system where certainly 

much higher rates of OH ' radical generation — and

** With respect to the assignment of the conductivity build 
up to the decay of radicals 4 the behaviour of the minor 
radicals with respect to ion formation and in particular 
proton formation needs consideration. Formation of 
the neutral a-amino radicals does not lead to gross ion 
formation, the radical CH2-CH OH -CH (COO  )NH,+ 
is a non conducting zwitterion and the a-radicals of the 
amino acids which are born as 
CH2O H -C (CO O  )NH,+ or
C H ,—C H O H —C(COO )NH ,+ may be assumed to ex­
ist at pH 5.4 as neutral species 
CH2OH -C (CO O H )N H 2 or
C H ,—CHOH —C(COOH)NH2. The latter assumption 
is based on analogy with the pK.,’s of the glycin-derived 
radical H2N —CH —COOH for which values of 6.6 
(COOH) and ^  1 (NH, + ) have been reported [21. 22].
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hence bimolecular termination and hence shorter 

mean radical lifetimes — are achievable than in our 

photolytic flow system, so that at the earlier condi­

tions the first order decay reactions were too slow for 

being detectable. Thus earlier, radical 4a was ob­

served at pH 6.5 at which pH we observed the decay 

product 7 only and radical 3 b was earlier observed at 

pH 2 where we could just detect it and saw mainly 

radical 8. The variance with the earlier observation 

can not be adduced to differences in H20 2 concentra­

tion since this was the same.

pH  effects on radical lifetimes

The zwitterionic radical 4 a from serine

The observed rate constant for the decay of radical 

4a, cf. Scheme 3, reactions (7f), (7r) and (7d), is 

given by Eqn. (I) [23],

k7f x k7
'•observed (I)

kid + [H ] x k7r

see also the Appendix. k7f is related to the pKa(OH) 

of 4 a through the equilibrium constant Ka for the 

equilibrium 4a 5a + H^ by k7{ = Ka x k7r. The 

rate constant for protonation of 5a is klx. [H~] is the 

proton concentration, and k7d is the rate constant for 

ammonia elimination from the ketyl radical 5a. It 

may be seen that for k7d >  [H+] x klT the kobs ap­

proaches k7f, for k7d = [H+] x klx the kobs is twice 

k7f, and for k7d <£ [H+] x k7r very substantial stabili­

zation of radical 4a is achievable.

We have obtained estimates for k7f and k7d by the 

following procedure: The stationary state is consid­

ered at which half of the radicals 4a decays bimolecu- 

larly and the other half decays via 5 a by ammonia 

elimination. We have the experimentally determined 

pH half values for the ESR and y-radiolysis condi­

tions. A value of k7l =  4.5 x 101(l m-1s-1 is selected 

from protonation rate constants for analogous reac­

tions [24], Radical generation rates are derived from 

G-values and dose rates for y-irradiation conditions 

and such rates were determined experimentally for 

the ESR conditions. A rate constant for bimolecular 

radical termination of 2 x 109 m-1s-1 is taken. Steady 

state considerations then led us to two equations con­

taining the unknowns k7{ and k7d from which the 

values Alcaic) = 2.90 x 103 s-1 and &7d(calc) =

1.95 x 106 s-1 are derived. For details see the Appen­

dix. With these calculated values, with k7r as as­

sumed and equation (I) a &7ohs(calc) at pH 5.8 of

k7i x 0.963 is obtained. This means about 4% of 

stabilization by acid of radical 4a at pH 5.8.

It is now assumed that the experimentally deter­

mined value as measured by time-resolved conduc­

tivity build-up on pulse radiolysis of &obs(exp) =

4.1 xlO3 s-1 (from In 2/t1/2, t 1/2 = 170 xlO-6 s) at 

pH 5.8 is also about 4% lower than A:7f(exp), 

&7f(exp) = 4.25 x 103 s-1. This value of &7f(exp) 

stands for a pKa(OH) value of radical 4a of 7.0. With 

k7r as assumed and the values for &obs(exp) and 

/c7f(exp) from equation (I) a value for A:7d(exp) of

2.4 x 106 s-1 is derived. The £(exp)-values refer to a 

temperature of 290 K. Summarizing:

4a?±5a + H + 5a-»7 + NH3 (7d)

pKa(OH) = 7.0 k7d = 2.4 x 106 s-1 

at 290 K

k7d is about the same size as the rate constants of the 

decay of related ketyl radicals [25], reactions (8) and

(9).
“0 - C R ,- C H R 2- 0 H ^ 0 = C R 1-CHR2-t-0H- (8)

(R 1? R2 = H, CH?, CH2OH;

3.1 + 106 s-1 k 8.1 x 106 s_1), or

~ 0 - C - C - 0 R ^ 0 = C - C -  + RCT (9)
i i  i i  w

(R = alkyl; k >  5 x 103 s-1)

There is apparently little change in the rate con­

stants of decay of the ketyl radicals on alkyl substitu­

tion or with the nature of the leaving group.

The cationic radical 3 a from serine

The COOH group in 3a is more electron attracting 

than the CO O - group in 4a. It is therefore expected 

that the deprotonation of the OH group of 3 a is 

faster than in the case of 4a and that the elimination 

of ammonia from the ketyl radical 6a (Scheme 2) is 

slower than from the ketyl radical 5a. While the first 

effect alone should lead to a larger kobs for the decay 

of 3 a as compared with kobs for 4 a the second effect 

will lead to stabilization of 3 a by acid at somewhat 

higher pH values than with 4a. Since the pH range of 

existence of 3 a is lower than for 4 a the stability of 3 a 

is granted through the efficient reprotonation of the 

ketyl radical 6a.

The radicals 1 from the ammonioalcohols

A certain increase of the pKa(OH) is expected on 

going from radical l a  to radical lb  — on C-methyla- 

tion at the radical carbon — as may be inferred
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from a comparison of known pKa(OH) values of 

a-hydroxyalkyl radicals: HO — CH 2 (10.7), 

H O -C H -C H 3 (11.6), and HO-C(CH 3) 2 (12.2) 

[7, 26], or H O-CH-COOH  (8.8) and H O-C 

(CH3)-COOH  (9.8) [27], or H O-CH-CON H , 

(5.5) and HO-C(CH 3)-CONH 2 (6.5) [28], Such an 

effect alone would lead to a slower decay of lb  as 

compared with la.

On the other hand it is known that C-methylation 

in a ketyl radical leads to a somewhat faster decay: 

k8 for ~0-CH-CH2- 0 H  is 3.1 x 106 s-1 and 5.3 x 

106 s-1 for “O —C(CH3) —CH2—OH [24], see reaction

(8). Assuming analogy this would lead to a faster 

decay of the methylated species. With radical lb  the 

former effect seems to be somewhat more important 

than the latter.

The zwitterionic radical 4 b from threonine

If the mechanism of decay of the serine-derived 

radical 4a and the threonine-derived radical 4b were 

the same a slightly larger pH half-value with 4 b com­

pared with 4a was to be expected, viz. around 0.5 

units as was found on passing from la  to lb. The pH 

half value found by ESR spectroscopy was around 

three pH units lower with 4b than with 4a. This indi­

cates a profound difference in the mechanisms of 

decay of the two radicals. There are three reasons to 

assume that this is true:

a) Considering the same mechanism of decay for

4 a and 4 b the ketyl radical 5 b should decay some­

what faster than the ketyl radical 5 a with the conse­

quence that at pH 5.4 — where around 10 per cent 

stabilization by acid was calculated for &obs(exp.) for 

4a — even less stabilization at this pH is expected for 

4b. Hence the practically non-inhibited decay of 4b 

should be measured by Ax changes. This measured 

decay rate should correspond to the deprotonation 

step of the OH group in 4b which in this instance 

must be rate determining. Assuming the pKa(OH) of 

4b to be 0.3 to 0.7 units larger than of 4a the 

A:obs(exp.) of 4b should be two to five times smaller 

than with 4a but observed was a 6.5 times larger 

value.

b) Another consequence of a slower and rate de­

termining decay of 4 b would have been the observ­

ability of this species in the ESR spectra already at 

pH 5.4. At this pH radical 4a was just detectable, 

but a radical with twice its half-life would not have 

escaped detection as is inferred from the good ob­

servability of 4 a at PH 4.7 where its half-life was 

approximately twice as long than at pH 5.4. How­

ever, nobody has so far presented an ESR spectrum 

of 4b. And the fact of the matter is, as follows from 

the measured rate of decay of 4b, that this radical is 

too short-lived for ESR observation at our condi­

tions.

c) Disregarding for a moment the above considera­

tions and facts and supposing the measured half-life 

of 4b (~ 26 îs) at pH 5.8 corresponds to the rate 

determining deprotonation at OH and assuming 

further that the ketyl radical 5 b eliminates NH3 three 

times faster than 5a, then stabilization by acid of 4b 

should render this radical ESR-observable in an ac- 

cessable pH range, viz. at pH 4 or slightly below. 

But this was also not the case. One might infer that 

4b is invisible in the ESR spectra e.g. because of line- 

broadening. But proof of its decay is the observation 

of the decay product, radical 8 or of its anion 

CH3—CO —CH —COO", 9, depending on pH. Radi­

cal 8 appeared in the spectra at pH ^  0.8, was fully 

developed at pH 2, where 3b had vanished, and 8 

was only replaced by 9 at higher pH values. There is 

no indication for stabilization by acid of the zwit­

terionic radical 4 b. Radical 4 b must decay in a pH- 

independent step. The stabilization by acid observed 

at pH  <  2 is gained by the cationic radical 3 b.

The mechanism of decay of the threonine derived 

a-hydroxyalkyl radicals

The mechanism of decay is given in Scheme 4.

(lOf)
HO-C(CH 3)-CH(COOH)NH3+

3b <10r)

HO-C(CH 3)-CH (COO“)NH3+ + H + (10) 

4b

4b ̂  H O — C(CH3)-C H -CO O " + NH3(11)

10

10 H + + CH3-C O -C H -C O O “ (12)

9

or:

4b H + + 9 + NH3 (13)

Scheme 4. Mechanism of decay of the threonine de­

rived a-hydroxyalkyl radicals 3b and 4b.

The pH dependence of the ESR spectra is gov­

erned by the equilibrium, reactions (lOf) and (lOr).
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Ammonia elimination occurs from the zwitterionic 

radical 4 b (in the serine case from the ketyl radical

5 a). In the absence of stabilization by acid C-N bond 

breakage is rate determining (H-O bond breakage in 

the serine case). The timing of the C-N and H-O 

bond breakage may be consecutive as indicated by 

reactions (11) and (12) where a new zwitterionic rad­

ical 10 is the intermediate. 10 may be regarded as 

protonated ketone with a probably negative pKa 

value and hence be of very short life with respect to 

deprotonation, reaction (12), in weakly acidic solu­

tions. Alternatively, deprotonation may set in after 

C-N bond breakage has begun but before this is 

finished. In that case NH3 elimination may be better 

describes by reaction (13) where there is no inter­

mediate but a transition state which differs somewhat 

from the transition state of reaction (11). We are 

facing the same mechanistic problems in reactions 

(1) mentioned at first in the Introduction.

The rate constant measured by conductivity build­

up of threonine solutions on pulse radiolysis, k = 

0.69/26 (is = 2.7 x 104 s-1 is then assigned to either 

reaction (11) or (13).

Factors determining the selection of a mechanism 

of heterolytic decay in aqueous solution of an 

a-hydroxyalkyl radical which carries a leaving group 

in ß-position

We shall now discuss some of the factors which 

determine whether a given a-hydroxyalkyl radical 

cleaves its leaving group heterolytically at the stage 

of the a-hydroxyalkyl radical, like the threonine-de- 

rived radical 4b — we shall name this a type-A cleav­

age, mechanism or reaction — or, whether heteroly­

tic cleavage* occurs at the stage of the ketyl radical, 

as was shown for the serine-derived radical 4 a or was 

known for the radicals 1 - we shall name this a type- 

B cleavage, reaction or mechanism.

An attempt is made to classify some known reac­

tions accordingly.

For a type-A reaction the relative electrophilicity 

of the organic skeleton and the leaving group pro­

pensity, or perhaps better the nucleofugacity of the 

leaving group will be of importance, for a type-B 

decay reaction also the pKa(OH) becomes an impor­

tant factor.

* The following discussion will not include the homolytic 
cleavage reactions of ß-positioned groups which might 
occasionally interfere with the heterolytic ones.

a-Hydroxyalkyl radicals 11 are considered and 

compared with the analogous a-methoxyalkyl radi­

cals 12 which also undergo heterolytic cleavage reac­

tions in aqueous solution, reaction (14); X = leaving 

group. There, short lived (1-100 ns) and scaveng- 

able (by H P04--) radical cations are intermediates

[31]. Analogy is expected with the type-A cleavage of 

radicals 11 as to the effect of substituents R' and R" 

or of the leaving group X on the rate of cleavage.

H O - C R '  —C H R " - X  C H 30 —C R ' —C H R " —X
11 12

H.O
12 — CH, 0-  CR —CHR" + X ' ---- >

CH30- C R '(0H )-C H R ",

CH30- C R '- C H R "0 H  + H* (14)

a) Electrophilicity of the organic skeleton

It is the +M effect of the OH group in a-position 

to the radical site in radicals 11, or of the CH30  

group in radicals 12. which contributes largest to the 

general ease of the heterolytic decay reactions [29, 

30]. Replacing now the OH group by a O - group — 

passing to the ketyl radicals - this must lead to a 

substantial decrease in electrophilicity of the organic 

frame and rate acceleration to an extent that even 

“bad” leaving groups are cleaved, in accord with ob­

servation. With radicals 12, X = HP04~; R ', R ” = H, 

upon substitution of H by CH3 at the a- or at the ß- 

position an increase of the cleavage rate by a factor 

of ~ 10̂  was found [31], which in tendency but not 

necessarily in size may also be expected in the type-A 

decay of radicals 11. Large methyl group effects on 

reaction rates are usually found once in the transition 

states cationic partial structures are stabilized (such 

effects being much less pronounced for the stabiliza­

tion of radical partial structures). It is basically such 

methyl group effect on an incipient radical-cationic 

structure of a transition state that brings about the 

change-over in reaction mechanism from a type-B 

decay of radical 4 a (through the ketyl 5 a) to the type- 

A cleavage of radical 4b.

The methyl group effect was not strong enough to 

lead to a change-over in mechanism on going from 

radical la  to lb . The mechanistic change is brought 

about by the introduction of a COO~ group on going 

from lb  to 4b, however not by the introduction of a 

COOH group on going from lb  to 3b.
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The situation may be understood with the aid of 
the TAFT equation, Eqn. (II),

log k =  const. -  (q* x a*) (II)

where now k  is the rate constant of a type-A  reaction, 
q* is the susceptibility of such reaction, here the 
elimination of NH3, towards substituent effects on 
reaction rate constants, and o * are “polar” sub­
stituent constants, for a list of such constants see ref.
[32]. It is A log k  =  Q* x A a*. With the o*-values 
for COOH (2.08) >  H (0.49) >  CH3 (0.0) >  C O O ' 
( — 1.06) it follows that the electrophilicity of the 
organic skeleton decreases in the above sequence. 
The expected sequence of rate constants for a type-A 
decay for the radicals dealt with in this paper is then 
3a <  3b <  l a  <  lb  <  4a <  4b. Only radical 4b  
actually decays by the type-A mechanism. For the 
other radicals the decrease in electrophilicity pre­
vents it on our time scale of mean radical lives*.

b) Nucleofugacity of the leaving group

Within a given set of radicals the mechanistic bor­
der between species decaying according type-A or 
type-B mechanism also depends on the nature of the 
leaving group.

With radicals 12, R \  R" =  H and X! =  O COCH3, 
X2 =  OCOCH2OCH3 or X3 =  OCOCH2Cl the rate 
of decay was of the sequence (in terms of the leaving 
group) Xj <  X2 <  X3. The same sequence is expected  
for the type-A decay of analogous radicals 11. In 
these instances there is a rate increase with increas­
ing electrophilicity and increasing nucleofugacity of 
the leaving group. Electrophilicity and nucleofugaci­
ty however do not always go parallel which may be 
demonstrated with the sequence of rate constants of 
type-A cleavage of the radicals** HO —CH — 
CH2- N H 3+, la ,  <  H O -C H -C H 2-O C O C H 3, 13, 
<  H O —C H —CH2—Cl, 14. Here, while the elec­
trophilicity of the skeleton is held constant, it is the 
nucleofugacity of the leaving group which deter­
mines the sequence. As a measure of the nucleo­
fugacity the pKa(HX) of the conjugate acid of the 
leaving group may be taken: HC1 (negative pKa).

* This treatment is considered a first approximation. It is 
assumed that with the appearance of more kinetic data 
also other factors not adequately represented by Deval­
ues may become recognizable, as there are mesomeric 
and steric effects on transition state stabilization and 
effects thereon from charge concentration or charge 
dissipation, respectively.

H O COCH3 (4.7), NH 4* (9.3), and a high pKa corre­
sponds to a low nucleofugacity. The electrophilicity 
of the leaving groups in la ,  13 and 14 is adequately 
described by o*-values: N H 3~ (3.76), Cl (2.96), 
OCOCH3 (2.56), and it is seen that this sequence 
does not correspond to the sequence above.

The mechanistic border between the type-B and 
the type-A decay on the coordinate of nucleofugacity 
is between radicals l a  and 13.

c) The pKa(O H ) of the a-hydroxyalkyl radical

It is the above sequence of o*-values that deter­
mines the sequence of the pKa(OH)-values of the 
radicals la  <  13 <  14, large o*-values corresponding 
to low pKa-values. And it is the decrease in pKa(O H ) 
of radical l a  below a certain value which is one con­
dition to render the type-B decay observable to ESR  
spectroscopy, the other condition being a fast 
enough decay of the corresponding ketyl radical. 
With a very electrophilic skeleton this observ­
ability is no longer granted, and the radical 
CF3—C (0 ~ ) —CF3, 15, may serve as an example. B e­
cause of the very electrophilic skeleton the pKa(OH) 
of the radical CF3—C(O H) — CF3, 16, is as low as 1.76
[26], but from the same reason the rate of elimina­
tion from the ketyl radical 15 is that low that it was 
well observable by ESR [26]. We found that F~- 
elimination takes place upon OH' radical attack on 
hexafluoro-propan-2-ol in aqueous solution at 0()Co- 
y-irradiation, and the result is another example of 
the influence of the mean radical life on the observ­
ability of a radical decay.

Since now radical 16 decays by a type-B mecha­
nism we are able to point out another borderline on 
the coordinate of the electrophilicity of the skeleton, 
viz. one between radical 16 and the radical 
HO —CH —CH2—F, 17, which latter decays pretty 
fast [2] and probably does so by a type-A mechanism, 
see further below. To narrow the large gap in skele­
tal electrophilicity between radicals 16 and 17 and in 
order to test the wider applicability of the principles 
outlined in the preceeding chapters we briefly inves­
tigated the behaviour of the radical H O —C H —CF3, 
18, which we generated from 2 ,2 ,2-trifluoroethanol 
by H-abstraction under otherwise the same condi­

** A'(13) = 5 x 10’’ s“1 [2], k( 14) must be higher than £(13) 
since scavenging by 0 2 was practically not possible 
A(la) for a type-A cleavage must be below 103 s-1 be­
cause in this instance type-B decay became faster.
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tions as radicals 4a or 4b. Radical 18 was expected  
to possess a pKa half way in between that of 
HO —C H —CH3 and that of 16, viz. around 6 , and the 
corresponding ketyl radical was expected to decay 
faster than 15, so that both conditions for the observ­
ability of a type-B  decay were possibly fulfilled. The 
experiments confirmed this: the radical 18 was well 
observable up to pH 3.8: =  1.855 mT, op(3F) =  
3.170 mT, «(O H ) =  0.15 mT, g =  2.00323, half-line- 
width ~  0.005 mT, at 277K. The signal intensity be­
gan to decrease at pH 3.8 and this radical was no 
longer observable at pH 7.1. From pH 7.1 — 10 the 
radical CF2—CH = 0 ,  19. appeared instead: tfa(Fi) =  
4.7 mT, tfa(F2) =  4.3 mT, af? =  0.35 mT, g =  
2.00553, half-line-width ~  0.15 mT. The mechanistic 
change-over from type-B  to type-A  mechanism is 
then to be sought between the radicals 18 and 
H O —CH —CHF2 or between the latter and 17.

The pKa(OH)-value of 7.0 determined in this work 
for radical 4a  permits an estimate of the pKa-value of 
radical 14: the sum of the o*-values of the CO O - and 
the N H 3+ group amounts to 2.7, the value for Cl 
being 2.96 is only slightly larger. From this it is as­
sumed that the pKa(OH)* for radical 14 is slightly 
below 7, and since 14 decays with a rate constant >  
106 s-1 and since stabilization by acid was not seen, 
radical 14 is assumed to decay by the type-A  mecha­
nism. The same set of arguments applies to radicals
13 and 17. Quite generally speaking the type-B  
mechanism — besides with radicals with a rather 
electrophilic skeleton — requires electron attracting 
substituents which in the same time are “bad” leav­
ing groups. Possible candidates include the group of 
the nucleobases and other nitrogen heterocycles and 
research along these lines will be continued.

Appendix

Stationarity is assumed for our ESR spectroscopic 
as well as 6llCo-y-irradiation conditions concerning

* Although there is already a correlation of o*-values with 
the pKa(OH)-values of radicals “R —OH” [33] -  which 
does not include our labile radicals — that correlation 
shows too much scatter to be useful in estimating radical 
pKa's for 13. 14 or 17 or any of the other labile species. It 
was assumed [33] that the scatter was due to mesomeric 
effects of a-substituents not well comprised by o*-values.

radical 4a. At pH half value the rate of decay of 4a  
equals the rate of formation of 7 and equals the rate 
of bimolecular termination of 4a.

Then it is

k if [4a] k 7d [5a]/(£7d [5a] +  k 7l [H~] [5a]) =  
£bim([4a]: +  [7] [4a] +  [oth] [4a]), or 
k 7{k7d/(k 7d +  k 7r[H ]) =  fcbi„,([4a] +  [7] +  [oth]) =  
£bim[R‘]

Concentrations of radicals are given in brackets, 
[oth] is the concentration of all other radicals than 4a  
and 7 derived from serine, £bim is the average 
bimolecular termination rate constant of the radicals 
for which a value of 2 x  109 M- 1s-1 is taken. [R ‘] is 
the concentration of all serine derived radicals. The 
other symbols have been explained in the text. For 
k 7l a value of 4.5 x  IO10 m - 1s -1 [24] is taken.

The production rate of all serine derived radicals, 
R \  at y-irradiation (N 20 ) ,  taking a G-value of 6 .6 , at 
0.11 Gy s-1 is 7.2 x  10-8 m  s -1 which at stationarity 
equals A:bjm [R*]2, so that [R'] =  6.2 x  10-9 m .

The production rate of OH' radicals in our ESR  
photolytic flow system was determined by the meas­
urement of the rate of CP formation which follows 
OH' attack on 2-chloroethanol in 10-2 m aqueous 
solution at 276 K. For the reaction OH' +  H O —
c h 2- c h 2- c i  ->  h 2o  + H O -C H -C H 2- C l  -»  
e r  + 0  =  C H -C H 2 [1, 2] a G-value of 5.4 ± 0.15 
was determined, so that ~  80% of the OH' radicals 
produced give Cl- . A  value of 1.0 x 10-6 m for [R'] 
was thus determined for our ESR spectroscopic con­
ditions.

Using now the observed half values of pH of 4.7 
for the ESR and of 2.0 for the y-irradiation condi­
tions we arrive at two equations containing the un­
knowns /c7f and k7d:

ESR: k7fkld/(k7d +  9 x  105) =  2000
y-irradiation: k7fk7dl(k7d +  4.5 x  108) =  12.4

The result is:

k7f =  2.9 x  103 s-1 and k7d =  1.95 x  106 s -1.
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