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The technique of pulse radiolysis-kinetic absorption spec
trophotometry is a convenient means for generating elec
tron adducts of various compounds in aqueous solution and 
studying several aspects of the chemistry of these adducts. 
The present paper deals with the kinetics of electron addi
tion to acrylamide derivatives, the position and kinetics of 
protonation of these adducts, the decay of the protonated 
electron adducts, and the oxidation of certain electron ad
ducts and their protonation products. 

Principal chemical equations are exemplified in eq 1-7 

H2O * H, -OH, eM-, H3O
+, H2O2, H2 (1) 

•OH + (CH3)3COH -CH2C(CHj)2OH + H2O (2)2 

eM" + CH2=CHCONH2 — • CH2CHCONH2-" (3) 

CH2CHCONH2-
- + H3O

+ *=? CH2CHC(OH)NH2 + H2O (4) 

CH2CHCONH2-" + HB — • CH3CHCONH2 + B" (5) 

2CH2CHC(OH)NH2 —>- products (6) 

CH2CHCONH2-" + A — - CH2=CHCONH2 + A-" (7) 

where k2 = 5.2 X 108 M~[ sec - 1 (ref 2), and A is an oxi
dant. Cross reactions of the radicals formed in reactions 
2-5 are also considered to take place to extents which de
pend on radicals and conditions. 

Under the conditions employed (see below), the hydroxyl 
radicals reacted with tert-hutyl alcohol, eq 2. The resulting 
CH 2C(CHs) 2OH radical3 is known to have a low reactivity 
toward a wide variety of (nonradical) substrates so that 
tert-butyl alcohol is very widely used as a scavenger for 
OH. The observations reported below appeared to be free of 
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interference ascribable to use of this scavenger. No scaven
ger was used to remove H atoms. 

Previous pulse radiolytic-kinetic spectrophotometric in
vestigations of electron adducts of a,/3-unsaturated carbonyl 
compounds include the adducts of acrylamide,4,5 /V-ethyl-
maleimide,6'7 saturated amides,8 acrylic acid derivatives,9 

and a,/3-unsaturated ketones.10-11 

Experimental Section 

Pulse radiolysis experiments were performed using single pulses 
of 2.3 MeV electrons of ~30 nsec duration (Febetron 705 ma
chine). The technique and conditions have been described pre
viously.3'12 

The following chemicals were used as such: Polyscience Ultra-
pure acrylamide; Calbiochem menadione; Aldrich Analysed p-cy-
anoacetophenone; 99.99+% zone refined benzophenone supplied 
by James Hinton, Columbia, S.C; Aldrich Analysed 97% 4,4'-
dimethoxybenzophenone; Matheson, Gold Label Ar and N2O; 
Mallinckrodt A.R. 70% HClO4 and tert-butyl alcohol; Baker and 
Adamson A. R. KOH, NaH2PO4, KH2PO4, Na2HPO4, K2HPO4, 
Na2B4O7-IOH2O, KCNS, and NH4Cl; Fisher Purified NaClO4-
H2O; Aldrich 98% trimethylamine-HCl; Merck Reagent 
NaHC03; Eastman ethylamine-HCl, diethylamine-HCl and tri-
ethylamine; Matheson Coleman and Bell cyclohexylamine; Calbio
chem ammonia-free, A grade glycine. 

Matheson Coleman and Bell piperidine and K & K Lab. pyrrol
idine were freshly distilled before use at ~20 Torr. Eastman prac
tical grade methacrylamide was recrystallized three times from 
ethyl acetate and then sublimed at 20 Torr; mp 107-108.5° (un
corrected) (lit.13 110-111°). Crotonamide was prepared by the 
reaction of ice cold J. T. Baker ammonia solution with Aldrich 
90% crotonyl chloride. The amide was recrystallized once from dis
tilled water and sublimed at 20 Torr: mp 154.5-156° (uncorrect
ed) (lit.14 158°). Aldrich 0,/3-dimethylacrylic acid was converted 
to the amide by reaction with SOCl2 in the cold, followed by treat-

Protonation Reactions of Electron Adducts of Acrylamide 
Derivatives. A Pulse Radiolytic-Kinetic 
Spectrophotometric Study 

V. Madhavan,1 N. N. Lichtin,* and E. Hayon* 

Contribution from the Pioneering Research Laboratory, U.S. Army Natick Laboratories, 
Natick, Massachusetts 01760, and the Department of Chemistry, Boston University, 
Boston, Massachusetts 02215. Received June 29, 1974 
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The pA"a values of the electron adducts vary linearly with the pKa values of the corresponding carboxylic acids: for acrylam
ide, 7.9; methacrylamide, 8.0; mz«.s-crotonamide, 8.5; /3,0-dimethylacrylamide, 9.5; A'.A'-dimethylacrylamide, 8.5; trans-
cinnamamide, 7.2; methyl methacrylate, ~7. Slower irreversible protonation of the electron adducts takes place at the /3-car-
bon atom and is subject to general acid catalysis which obeys the Br^nsted catalysis law. Uncatalyzed specific rates of 0 pro
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acrylate, 4.5. The second-order decay of reversibly protonated electron adducts competes with irreversible /3 protonation. 

Madhavan, Lichtin, Hayon I Electron Adducts of Acrylamide Derivatives 



2990 

Table I. Specific Rates of Reaction of Hydrated Electron 

Substrate0 k,b 1010AT1 sec-1 

Acrylamide 
Methacrylamide 
rrarcs-Crotonamide 
(3 ,(3-Dimethylacry lamide 
A'.A'-Dimethylacry lamide 
rrarcs-Cinnamamide 
Methyl methacrylate 

3.1 ± 0.1 
2.4 + 0.3 
1.3 ±0.1 

0.56 ± 0.05 
1.6 ±0.02 
3.0 ± 0.1 
1.3 ± 0.1 

"At pH 9.2 in the presence of ~0.1 TWf-BuOH. bUncertainties are 
mean deviations. 

ment with ammonia solution. The resulting amide was recrystal-
lized from Eastman spectrograde benzene and then sublimed twice 
at 20 Torr: mp 106-108° dec (lit.14 107-108°). Polyscience TV1TV-
dimethylacrylamide was distilled at 15 Torr and a middle fraction 
boiling at 75° was used. It showed a single peak upon gas chroma
tography on a 4% SE 30 column. Polyscience methyl methacrylate 
was shaken with a 5% solution of NaOH containing some 
Na2C03, washed repeatedly with water, dried over MgS04, and 
distilled under 20 Torr of nitrogen. Its NMR spectrum did not dif
fer from that reported in the literature.15 Aldrich 97% cinnamam-
ide was recrystallized from 90% Eastman spectrograde benzene-
10%ethanol. 

Dosimetry. Dose per pulse was determined by measuring the ab-
sorbance at 500 nm due to (CNS)2-- produced by the irradiation 
of N^O-saturated 0.04 M KCNS solutions, taking 6500 = 7600 
M~] cm"1 and Ct(CNS)2-"] = 5.6 molecules/100 eV3. G(eaq~) 
was taken as 2.8 and G(H) as 0.6. 

Results 

Kinetics of Addition of Electrons. Specific rates of reac
tion of the hydrated electron with substrates were deter
mined by following the decay kinetics of eaq~ at 700 nm. 
Clean pseudo-first-order kinetics was obtained by using 
concentrations of amide at least ten times as great as the 
initial concentrations of e a q

- . Measurements were carried 
out in 10 - 3 M borate at pH 9.2 in the presence of ~0.1 M 
/-BuOH. Resulting second-order rate constants are assem
bled in Table I. 

Transient Absorption Spectra. The initial spectra were 
measured directly ~0.1 ^sec after the pulse. In some cases, 
extrapolation to this time was made for short-lived species 
using first-order decay data. The spectra of electron ad-
ducts were measured in ~ 1 0 - 3 M borate buffer at pH 9-
10.5 and those of the protonated electron adducts (see Dis
cussion section) in 2 X 10 - 3 M phosphate buffer at pH 4 — 
6. Values of pA.a for the reversible protonation of the elec
tron adducts were determined by measuring the absorbance 
at a fixed wavelength as a function of pH. Spectra and "ti
tration curves" for acrylamide, methacrylamide, crotonam-

Figure 1. Initial transient absorption spectra produced by reaction of 
eaq

- with 2 mA/ acrylamide at pH 9.2 (O) and 4.0 (A) in 1.0 M aque
ous r-BuOH under Ar (1 atm). Total dose 4 krads/pulse; absorbance 
measured ~0.2 /isec after the pulse. Insert: change in absorbance at 
300 nm with pH. 

ide, /3,/3-dimethylacrylamide, cinnamamide, /V,TV-dimeth-
ylacrylamide, and methyl methacrylate are shown in Fig
ures 1-7. Values of Xmax) fmax) and pKa are assembled in 
Table II. Two bands are apparent in each spectrum; Xmax 
values of the more intense band observed with electron ad
ducts fall in the range 270-385 nm, with fmax in the range 
11,000-46,000 M~] cm - 1 . For each protonated electron 
adduct, Xmax is blue shifted ~25 nm compared to the radi
cal anion and «max is about the same. Maxima of the weaker 
bands fall 100-150 nm to the red from the more intense 
maxima with emax in the range 500-4000 M~] cm - 1 . 

Decay Processes. Acrylamide. The decay behavior of the 
electron adduct was studied in the pH range 9.3 to 13, well 
above the p7^a of the adduct. Decay of absorbance was fol
lowed to ~90% of completion and was found to be cleanly 
first order over this range, independent of variation of the 
initial concentrations of e a q

_ from 1 to 2.5 X 10 - 5 M and of 

Table II. A.max, em a x , pKa, and Decay Kinetics of the Initial Transient Species Produced by Reaction of eaq~ with Acrylamide Derivatives 

Substrate 

Acrylamide 

Methacrylamide 

rrartS-Crotonamide 

/3,i3-Dimethylacrylamide 

/V, A'-Dimethylacry lamide 
rrans-Cinnamamide 

Methyl methacrylate 

^max. nm 

270 
375 
275 
370 
265 
410 
260 
430 
285 
355 
500 
250 

Protonated radical 

emax> 
mAr1 cm"' 

11.7 
1.2 
8.5 
1.3 

13.5 
0.6 

13.9 
0.5 
6.4 

37.5 
1.0 

11.9 

10" 
2k,a 

AT1 sec"1 

3.0 

4.0 

4.0 

4.0 

2.4 
2.4 

e 

PK3 

7.9 ± 0.2 

8.0 ± 0.2 

8.5 ± 0.2 

9.5 ± 0.2 

~8.5 f t 

7.2 ± 0.1 

~7Z> 

xmax> n m 

290 
380 
300 
370 
285 
410 
270 
440 
295 
385 
550 
290 

Radical Anion 

emax» 
mAr1 cm"1 

13.6 
2.3 

11.0 
3.8 

12.2 
1.2 

13.9 
1.0 

13.7 
46.0 

3.0 
13.7 

k, 10s sec"1 

1.4C 

13.0C 

0.2C 

0.2<* 

3.7^ 
c,e 

4.5C 

"Measured second-order specific rate of decay of absorbance. * Approximate value due to the relatively fast decay of the product of revers
ible protonation. c 1 mAf borate buffer or in the absence of any buffer. ^By linear extrapolation to zero buffer concentration. ffMixed kinetics; 
k < 103 sec-1 for first-order component. 
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Figure 2. Initial transient absorption spectra produced by reaction of 
e a q

- with 2 mA/ methacrylamide at pH 10.0 (O) and 4.9 (A) in 1.0 A/ 
aqueous /-BuOH under Ar (1 atm). Insert: change in absorbance with 
pH at 310 and 370 nm. Absorbances extrapolated to "zero time" at pH 
above 8. 

X ,nm 

Figure 3. Initial transient absorption spectra produced by reaction of 
eaq~ with 1 mA/ rrarts-crotonamide at pH 10.2 (O) and 6.0 ( A ) in 0.5 
M aqueous ?-BuOH under Ar (1 atm); total dose 2 krads/pulse. Insert: 
change in absorbance with pH at 260 nm. 

acrylamide from 10~3 to 1O-2 M. The first-order rate of 
decay was independent of pH over the measured range 
(Table II). It was also independent of ionic strength, as de
termined by varying the concentration of NaQC>4 from 
0.01 to 0.1 M. The rate was, however, dependent on the na
ture and concentration of the buffer. It was demonstrated 

Figure 4. Initial transient absorption spectra produced by reaction of 
eaq~ with 2 mA/ /3,/3-dimethylacrylamide at pH 10.4 (O) and 6.7 (A) 
in 1.0 A/ aqueous /-BuOH under Ar (1 atm); total dose 4 krads/pulse. 
Insert: change in absorbance with pH at 290 nm. 
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2 

Figure 5. Initial transient absorption spectra produced by reaction of 
eaq~ with 1 mA/ /V,/V-dimethylacrylamide in 0.5 A/ aqueous ?-BuOH 
at pH 9.95 (O) and 6.1 (A) under Ar (1 atm); total dose 6 krads/pulse. 
Insert: change in absorbance with pH at 290 nm. 
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Figure 6. Initial transient absorption spectra produced by reaction of 
eaq~ with 1 mA/ cinnamamide at pH 10.1 (O) and 5.3 (A) in 0.5 A/ 
aqueous r-BuOH solution under Ar (1 atm); total dose 1 krad/pulse. 
Insert: change in absorbance with pH at 385 nm. 

by variation of buffer ratio at constant buffer concentration 
and constant ionic strength, e.g., Figure 8a, that catalysis 
was by the acid components of the buffers. Rate constants 
for buffers were determined by evaluating the slopes corre
sponding to eq 8. Three typical plots are shown in Figure 
8b. 
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Figure 7. Initial transient absorption spectra produced by the reaction 
of eaq

_ with 1 mW methyl methacrylate at pH 9.4 (O) and 4.4 (A) in 
1.0 M aqueous r-BuOH under Ar (1 atm); total dose 4 krads/pulse. 

[(CH,),NH]/[TOTAL BUFFER] 

BUFFER RATIO [(CH,)sN]/[(CHj)sNH] 

[ BUFFER], mM 

Figure 8. (a) Decay of radical anion of acrylamide catalyzed by tri-
methylammonium ions. The observed decay constants are plotted 
against the fraction of acid component of the buffer mixture (total con
centration 5 mW) over the pH range 10.3 to 11.8; M = 0.1 M 
(NaClO4). (b) Dependence of the first-order decay constant of the rad
ical anion of acrylamide on the concentration of the acid form of three 
typical buffers, NH 4

+ , H C O r , and HPO4
2". 

= k0 + &HB[HB] (8) 

The product of decay was identified as the 
CH3CHCONH2 radical by comparison of its spectrum 
with the spectra generated by the reactions shown in eq 916 

and 10. The resulting spectra are shown in Figure 9. The 
spectrum produced by the first-order decay of the electron 
adduct was measured after 7 half-lives of decay at pH 9.8 

12.0 

10.0 

8.0 

6.0 

4.0 

2.0 

-1 1 1 1 1 1 1 1 r 

0 ^ " * CHJCHCONH2 

Figure 9. (a) Absorption spectrum of the radical CH3CHCONH2: 
formed according to eq 9 ( • ) ; normalized transient spectrum measured 
35 îsec after the reaction of ea[,~ with 0.5 mM acrylamide at pH 9.8 in 
0.25 M aqueous (-BuOH under Ar (A); transient spectrum from the 
reaction of H atoms with 2 mM acrylamide (O) at pH 0.9 and in 1.0 M 
aqueous r-BuOH under Ar. (b) Secondary transient absorption spec
trum produced by decay of electron adduct of 2 mM methacrylamide 
in 1.0 M aqueous !-BuOH at pH 10.0 (A); spectrum produced by reac
tion of H atoms with 3 mM methacrylamide in 1.0 M aqueous t-
BuOH at pH 0.9 under Ar (O); total dose 19 krads/pulse. (c) Tran
sient absorption spectrum produced by the reaction of H atoms with 
0.5 mM methyl methacrylate in 0.4 M aqueous J-BuOH at pH 1.0 
under Ar (O); secondary transient absorption spectrum produced by 
reaction of ea(]" with 0.5 mM methylmethacrylate in 0.4 M aqueous 
r-BuOH at pH 9.4 under Ar (A); total dose 4 krads/pulse. 
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Figure 10. Br^nsted correlation of catalytic rate constants for /3-pro-
tonation of acrylamide anion radical-. 1, H2PO4

- ; 2, NH4
+ ; 3, 

+ H3NCH2CO2-; 4, (CH3)3NH+; 5, HCO 3
- ; 6, C-C 6H nNHj+ ; 7, 

C2H5NH3
+ ; 8, (C2Hs)3NH+; 9, (C2Hs)2NH2

+; 10, C-C5H10NH2
+; 

11, C-C4H4NH+; 12, HPO4
2"; 13, H2O-; 14, B(OH)3 

+ C H 3 C H C I C O N H 2 

•H + C H 2 = C H C O N H , 

CH3CHCONH2 + Cl" (9) 

^2 — - CH3CHCONH2 (10) 

(in 1O-3 M borate buffer). The same spectrum was ob
tained when the decay was catalyzed by buffers. The inten
sity of the spectrum produced by decay of the electron ad
duct is normalized in Figure 9 to the intensities of the spec
tra produced by reactions 9 and 10. The catalytic rate con
stants for 12 buffers are presented in Figure 10. Decay of 
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the spectrum of the a radical was second order, independent 
of dose over a factor of 2. 

The decay of the primary spectrum at pH 4-6, presumed 
to be that of the protonated electron adduct (see Discussion 
section), followed mixed kinetics. However, it was possible 
to show by threefold variation of the dose per pulse, and by 
tenfold variation of the initial concentration of acrylamide, 
that the decay was second order in the transient species and 
independent of the concentration of acrylamide over the 
first two half-lives (using ~ 2 X 1O -3 M phosphate buffer). 
Under these conditions the spectrum of a second intermedi
ate was not observed during the decay process. Buffer catal
ysis was observed at this pH as well. In the presence of 5 X 
1O-2 M phosphate buffer, the initial spectrum decayed to a 
spectrum identical with that shown in Figure 9a. 

Methacrylamide. The decay of the electron adduct of 
methacrylamide obeyed first-order kinetics with a rate in
dependent of pH from 10 to 13 (1O - 3 M borate) and of 
ionic strength (NaClO4) over the range 0.01 to 0.1 M. As 
shown in Table II, the rate of decay of the electron adduct 
was about tenfold faster than that of acrylamide. The prod
uct of the first-order decay was identified as 
CH 3 C(CH 3 )CONHz by comparison of its spectrum (Fig
ure 9b) with the hydrogen atom adduct produced in reac
tion 11. The spectrum produced by reaction 11 was mea-

Table III. Xmax, emax> a n^ Decay Kinetics of the Radicals Formed 
by Addition of H Atoms 

H + CH,=C(CH,)CONH, CH,C(CH,)CONH, (H) 

sured at the end of the pulse. The spectrum from the first-
order decay of the radical anion of methacrylamide was. 
measured after 7 half-lives of decay, i.e., ~ 4 usee after the: 
pulse, and was normalized to that of the H atom adduct at 
370 nm. The spectrum assigned to the CH 3 C(CH 3 )CONH 2 

radical decayed by a second-order process. 
The decay kinetics at pH 4-6 of the presumed protonated 

radical anion was mixed in the presence of 2 X 1O-3 M 
phosphate buffer. A second-order component of the kinetics 
was identified by changing the dose per pulse, see Table II. 
The decay was accelerated and the kinetics became clean 
first order when the concentration of the phosphate buffer 
was increased to 0.1 M. Under these conditions, the secon
dary spectrum was essentially identical with that in Figure 
9b. 

frans-Crotonamide. The decay of the electron adduct in 
1O -3 M borate buffer at pH 10.2 was cleanly first order 
over the observed range, i.e., ~90% decay, independent of 
twofold variation in dose per pulse. The presumed proton
ated electron adduct decayed completely by a second-order 
process. As shown in Table II, the rate of decay of the elec
tron adduct of crotonamide was ca. six times slower than 
that of acrylamide. 

/?,/3-Dimethylacrylamide. In the case of /?,/3-dimethylac-
rylamide, both the electron adduct at pH 10.2 (1O - 3 M bo
rate) and the presumed protonated electron adduct at pH 
6.7 (2 X 1O-3 M phosphate) decayed with mixed kinetics. 
However, the decay of the electron adduct was cleanly first 
order in the presence of added buffer. Extrapolation of the 
linear dependence of the pseudo-first-order rate of decay on 
buffer concentration to zero concentration provided the rate 
constant which is reported in Table II. 

jV.jty-Dimethylacrylamide. Decays of the electron adduct 
at pH 10 (0.5 mM borate buffer) and the presumed proton
ated radical at pH 6.1 were respectively first and second 
order. Rates are shown in Table II. 

fra/is-Cinnamamide. The kinetics of decay of the radical 
anion of cinnamamide was mixed in the presence of 1.0 X 
10 - 3 M borate buffer at pH 9.2. However, the decay was 
accelerated and became clean first order upon addition of 

Substrate 
Acrylamide 

Methacrylamide 

Crotonamide 
/3,j3-Dimethylacrylamide 
.'V.jV-Dimethylacrylamide 
Cinnamamide 

Methyl methacrylate 

^max' n m 

370 

350 

360 
305 
460 
380 
322 
280" 

emax, 
mAT1 cm"1 

1.13 
1.18" 
0.58 

0.38 
0.63 
1.13 
2.75 
5.00 
1.05 

2k,c 109 

AT' sec"1 

3.0 
3.2<* 
2.4 
2.9« 

2.3 
2.2 
3.6 
2.7/ 
2.6«./ 
3.2* 

a Shoulder. b Assuming that a single species is formed. cMeasured 
second-order specific rates of decay of absorbance. d a radical formed 
by reaction 9. See ref 16. ea radical formed by /3 protonation of elec
tron adduct. /Measured at 240 nm. ^Measured at 290 nm. 

400 450 

Figure 11. Spectra formed by reaction of H atoms with 1 mM croto
namide, /3,,8-dimethylacrylamide, A'.TV'-dimethylacrylamide, and cinna
mamide in 1 M aqueous /-BuOH at pH 1.0 (HClO4) under Ar. Total 
dose 8-19 krads/pulse. 

excess buffer. At pH 4.7 (2 mM phosphate), decay of the 
presumed protonated radical was second order. 

Methyl Methacrylate. The decay of the electron adduct 
of methyl methacrylate was first order over the observed 
period, i.e., to ~90% decay. The rate was independent of 

H + CH2=C(CH3)COOCH, CH1C(CH3)COOCH3 (12) 

pH (1O -3 M borate) in the range 9.8-12.8 and of ionic 
strength (NaClO4) in the range 0.01-0.2 M. The resulting 
species was identified as the CH 3 C(CH 3 )COOCH 3 radical 
by comparing its spectrum with that of the H atom adduct 
formed in acid solution by reaction 12 (Figure 9c). The hy
drogen adduct spectrum was measured at the end of the 
pulse while the secondary spectrum produced from the 
decay of the electron adduct was measured after 4 half-lives 
of decay of the primary spectrum, i.e., 7.6 jisec after the 
pulse. The spectra shown in Figure 9 were obtained with 
identical doses per pulse and are not normalized. Their ki
netics of decay were identical. Kinetics of decay of the re-
versibly protonated electron adduct was mixed but the rate 
of a second-order component could be determined over the 
first two half-lives in 2 X 1O -3 M phosphate buffer at pH 
4.4 by variation of dose per pulse over a twofold range. 

H Atom Adducts. Table III summarizes spectral charac
teristics of the H atom adducts of the acrylamide deriva
tives measured in the presence of 1.0 M r-BuOH at pH < 1 . 
Extinction coefficients were derived taking G(H) = 3.4. 

Redox Properties. Redox properties of the electron ad
ducts of acrylamide and crotonamide were examined by the 
technique reported recently.17 Data are presented in Figure 
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Figure 12. (a) Dependence of the efficiency of electron transfer in the 
oxidation reactions of the acrylarhide and crotonamide electron ad-
ducts on the two-electron reduction potentials of oxidants at pH 7.0 
(£0 ' ) : 10 mM acrylamide and ~104 M or 5 X 10~4 M oxidant at pH 
9.7 (O) or 4.7 ( • ) ; 5 mM crotonamide and 1O-4 M oxidant at pH 9.7 
(D) or 6.2 ( • ) . Experiments carried out in 1.5 M ;-BuOH, see also ref 
15. (1) Menaquinone, (2) 9,10-anthraquinone-2-sulfonate, (3) fluo-
renone, (4) p-cyanoacetophenone, (5) benzophenone, (6) p-chloroben-
zophenone, (7) 4,4'-dimethoxybenzophenone, (8) fumaric acid, (b) De
pendence upon pH of the effiwiency of electron transfer from the elec
tron adduct of crotonamide to 4,4'-dimethoxybenzophenone; conditions 
.as above. 

12. In this method the concentration of the substrate, e.g., 
acrylamide or crotonamide, and of the standard oxidant are 
adjusted so that virtually all eaq~ is initially captured by the 
substrate. The quantity plotted as ordinate in Figure 12 is 
the percent of electron transfer from the initial electron ad
duct species to the oxidant evaluated by measurement of 
absorbance at a wavelength characteristic of the oxidant 
anion radical. The dependence of percent electron transfer 
upon pH is shown for crotonamide in Figure 12b. The value 
of the pH at 50% electron transfer, ~8.25, is very similar to 
the pATa of the protonated electron adduct given in Table II. 

A-" + Ox Ox- (13) 

The rate of electron transfer, eq 13, was determined for a 
number of oxidants with sufficient excess of oxidant to give 
pseudo-first-order kinetics. The rate constants fell in the 
range 0.7-5 X 109 M~l sec - 1 

Discussion 

Rates of Reaction with Electrons. All the rate constants 
presented in Table I are close to the diffusion controlled 
limit. Experimentally significant differences among them 
are, however, apparent. Substitution of hydrogen by a 
methyl group decreases the rate regardless of where the 
methyl group is introduced into the acrylamide structure. 
The effect is, however, largest for substitution at the /3 posi
tion; a second /3-methyl group reduces the rate by virtually 
exactly the same factor as the first methyl group does, i.e., 
2.3-2.4. In contrast to the methyl group, the phenyl group 
does not significantly affect the rate of electron addition. 
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Figure 13. Correlation of pKa of protonated electron adducts of unsatu
rated amides RC(OH)NH2 with p£ a of corresponding RCO2H. R: 1, 
C6H5; 2, CH2CH; 3, CH2CCH3; 4, ^ . S - C 6 H 5 C H C H ; 5, trans-
CH3CHCH; 6, (CHj)2CCH. 

Spectra. The principal characteristic feature of the spec
tra of electron adducts is the band in the vicinity of 300 nm 
w i t h fmax of the order of 1 0 4 M - 1 cm ' . Values of Xmax of 
the much weaker longer wavelength absorption bands are 
also presented in Table II (these include a small contribu
tion due to the radical produced by H atom addition, (G(H) 
= 0 . 6 a t p H > 4 ) . 

It can reasonably be assumed that spectral changes in the 
initial spectra observed as the pH is changed are due to a 
rapid reversible protonation process. The major difference 
between the spectra of the neutral radical and the radical 
anion is a small shift toward the uv of the shorter wave
length absorption band. Such a shift is characteristic of the 
difference between the spectra of a large number of radical 
anions and their conjugate acids.18 Spectral data presented 
above exclude the possibility that fast reversible protonation 
of the anion radical takes place principally at the /3-carbon 

fast , 

H+ + CH2CHCONH2- CH1CHCONH, (14) 
reversible 

atom, eq 14, since the radical produced by /3 protonation 
would be the same species as is produced by addition of H. 
atom and would have a very different spectrum. Similarly, 
protonation at the a-carbon atom, eq 15, would leave an 

fast # 

H+ + CH2CHCONH2-" , CH2CH2CONH2 (15) 
reversible 

isolated unpaired electron at the /3 position. The resulting 
spectrum would be expected to be similar to that of simple 
alkyl radicals, i.e., short wavelength end absorption.18 

It is suggested that fast reversible protonation takes place 
at oxygen, eq 4. The difference between the spectra of elec
tron adducts and of protonated electron adducts in the pres
ent work is similar to the difference between the spectra of 
a-hydroxyalkyl radicals, e.g., CH 2OH, CH 3 CHOH, and 
(CHs)2COH, and those of their conjugate bases.3 

pKa Values for Reversible Fast Protonation of Electron 
Adducts. A limited correlation of p.rva values for reversible 
protonation of electron adducts of unsaturated amides with 
the pKa values of corresponding carboxylic acids is demon
strated in Figure 13. 

Rates of /3 Protonation of Electron Adducts. The rates of 
decay of radical anions, summarized in Table II, were 
shown to be the rates of protonation at the f$ position. These 
rates show a relatively strong dependence on the structure 
of the amide which can be interpreted qualitatively on the 
basis of simple resonance considerations. Thus, the methyl 
group of methacrylamide cannot be significantly involved in 
resonance stabilization of the electron adduct. In contrast, 
the terminal methyl group of crotonamide does participate 
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in such stabilization through hyperconjugation. In the /?-
protonated radicals, (CH 3 ) 2 CCONH 2 and CH 3 CH 2 -
CHCONH 2 , the a-methyl group in the product from 
methacrylamide participates in stabilization of the radical 
but the /3-methyl group in the product from crotonamide 
does not. Consistent with this difference, the electron ad-
duct of methacrylamide is protonated about ten times as 
fast as that of acrylamide while the electron adduct of cro
tonamide is protonated about one seventh as rapidly as the 
acrylamide anion radical. The even slower rate of /3 proton-
ation of the electron adduct of cinnamamide can be as
cribed to a combination of loss of derealization energy and 
the electron withdrawing effect of the phenyl group. 

The fact that irreversible protonation at /3 carbon is much 
slower than reversible protonation at oxygen can be as
cribed to the requirement for rehybridization of the /3-car-
bon atom and the absence of this need in the case of proton
ation at oxygen. 

Effect of Reversible Protonation on Rate of Bimolecular 
Decay. Reversible protonation at oxygen produces a species 
which undergoes bimolecular decay so much faster than 
does its conjugate base that this mode of decay becomes 
dominant. Two factors contribute to this increased reactivi
ty: elimination of electrostatic repulsion, which can account 
for only a small part of the difference and reduction of reso
nance stabilization resulting from protonation. 

Br0nsted Correlation of Acid Catalysis of B Protonation 
of CH2CHCONH2*- Radical. Adherence of catalytic rate 
constants, &HB, to the Br^nsted relationship, eq 16, is dem-

log (kKB/p) = kH20 + a log {qKjp) (16) 

onstrated in Figure 10. Two values of a correlate most of 
the data. One of these, 1.0 ± 0.1, correlates the data for 
conjugate acids of tertiary and secondary amines. The 
other, 0.4 ± 0 . 1 , correlates the data for oxoacids and N H 4

+ 

There is now a substantial body of information on the 
ionization constants of organic free redicals in aqueous so
lutions.2 In some cases, reaction rate constants were mea
sured3-4 for proton transfer to hydroxide ion, where -RH 

ion. Points for the conjugate acids of three primary amines 
fall between the two correlation lines. An intermediate 
value of a, ~0.7 , is apparently appropriate for the latter 
group of acids. Essentially normal Br^nsted correlation is 
thus observed in a reaction characterized by specific rates 
only a few orders of magnitude slower than the diffusion 
controlled limit. 
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-RH + OH" ^ - . R - + HOH AG° < 0 (1) 

and -R - are the acid and base forms of the free radicals, 
and the standard free energy change AG0 < 0. These rate 
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Abstract: The technique of pulse radiolysis was used to observe the radicals HOCHCO2
- (I), HOCHCONH2 (II), and 

HOCCH3CONH2 (III) in aqueous solution at 22 ± 1°. The radicals were produced by hydrogen-atom abstraction from the 
respective parent compounds by OH radicals. Rate constants are reported for that reaction, as well as for the decay of the 
free radicals and of their conjugate bases. The transient absorptions of the radicals and of their conjugate bases are suffi
ciently different to permit monitoring of the deprotonation reactions, which take place with loss of the OH proton. The radi
cals are relatively acidic; pAfa is 8.8 for I, 5.5 for II, and 6.5 for III. Second-order rate constants are reported for deprotona
tion of the radicals by OH", NH3, B(OH)4

-, HPO4
2-, HP2O7

3", and P2O7
4-. In each case, AG° < O. Typical rate con

stants (sec-1 A/-') at 22 ± 1° are: 0H~ + I, 3.9 X 109; 0H~ + II, 1.1 X 1010; OH~ + III, 1.1 X 1010; NH3 + I, 7.5 X 108; 
NH3 + II, 1.2 X 109; NH3 + III, 9.7 X 108; P2O7

4- + I, 5.8 X 106; P2O7
4- 4- III, 8.5 X 108. The rate constants for deproto

nation of the radicals are similar to those for deprotonation (with AG0 < O) of stable and of electronically excited oxygen 
acids. 
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