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Oxidation of aniline in aqueous solution by -OH radicals proceeds predominantly via addition 
to the ring followed by elimination of OH" on the microsecond time scale to form the aniline 
radical cation. Direct oxidation by electron transfer accounts for less than 4% of the -OH 
reactions. The different hydroxycyclohexadienyl isomers produced by -OH addition decay at 
different rates with this decay catalyzed both by protons and phosphate. In basic solution the 
resultant radical cation deprotonates to form the anilino radical. The p Ka for the equilibrium 
between the acidic and basic forms of this radical is 7.05 ± 0.05. Secondary radicals such as Br2-~ 
or N3- oxidize aniline directly by electron transfer and allow rapid preparation of the radical 
cation even in basic solution, as is conclusively demonstrated by observation of the Raman 
spectrum of the radical cation on the nanosecond time scale at pH 10.4. The deprotonation 
process can be followed directly by time resolved absorption spectrophotometry in the pH range 
of 9 - 1 1 and is shown to occur via reaction of the radical cation with OH~ at a rate constant of 
2.2 x 10'° M"1 s"1. Reaction of anilino radical with water is relatively slow (k ~ 2 x 103 s_ 1) . Time 
resolved Raman methods show that benzidine radical cation is an important tertiary transient, 
indicating that second order reaction between radical cations results to an appreciable extent 
from coupling at ring positions. 

The oxidat ion of anil ine in aqueous solution by 
•OH radicals has been examined several t imes by 
optical pulse radiolysis methods [1, 2] and it has 
been shown that the p redominan t in termediate 
present in acidic solutions, af ter decay of the 
initial intermediate , is the aniline radical cation 
(C 6 H 5 NH 2 - + ) . In basic solution the anil ino radical 
(C 6 H 5 NH-) is fo rmed , as is conf i rmed by in-situ 
radiolysis-ESR studies [3]. Interpretable ESR spectra 
of the intermediates in acidic solution have not as 
yet been obta ined, apparent ly because of line 
broadening very likely associated with exchange of 
the amino protons. However, recent t ime resolved 
resonance R a m a n studies clearly show that at pH 5 

* The research described herein was supported by the 
Office of Basic Energy Sciences of the Department of 
Energy. This is Document No. NDRL-2668 from the Notre 
Dame Radiation Laboratory. 

Reprint requests to Dir. Dr. R. H. Schüler, Radiation 
Laboratory and Dept. of Chemistry, University of Notre 
Dame, Notre Dame/Indiana 46556, USA. 

the radical cation is present at microsecond t imes 
and it has been possible to obta in sufficiently strong 
Raman signals to assign f requencies to its sym-
metrical vibrations [4], The R a m a n spectrum shows 
that this radical is structurally very similar to 
phenoxyl. In basic solution only relatively weak 
Raman signals a t t r ibutable to anil ino radical, which 
absorbs less strongly than does the radical cation, 
are observed [5]. In order to obtain a more complete 
mechanistic picture of this oxidat ion process for 
optimizing the Raman and ESR experiments we 
have carried out pulse radiolytic studies on a some-
what shorter t ime scale than used in the previous 
studies. Many details and complicat ions not pre-
viously evident become apparent . In agreement with 
the previous investigations [1, 2] our studies show 
that oxidation by -OH radical occurs predominant ly 
via its addi t ion to the a romat ic ring to form amino 
substituted hydroxycyclohexadienyl radicals 

-OH + 0 { 3 ~ N H 2 ( 1 ) 
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followed by el iminat ion of O H f rom the adduct 

, o > OH + (2) 

to produce the radical cation. Above pH 4 O H " eli-
minat ion occurs mainly on the microsecond t ime 
scale in contrast to the - O H oxidation of phenol 
where format ion of phenoxyl radical f rom the 
adduct is strongly catalyzed by both acids and bases 
[6]. We have found it possible to bypass this slow 
step by using secondary oxidants such as Br2

T or 
N 3 - to oxidize anil ine directly and rapidly to the 
cation by electron transfer [7], e.g. 

V + O ^ " 2 N- + ( 3 ) 

and as a result have been able to follow its deproto-
nation in basic solution. 

( 7 ) — * N H 2 + O H — ^ - N H + H 2 0 ( 4 ) 

- 4 

We report here our various observations which give 
a rather detai led picture of the overall oxidation 
and equi l ibra t ion processes. 

Experimental 

solution and to examine the second order processes. 
Raman signals were observed on the microsecond 
t ime scale af ter pulse i r radiat ing 10 M M aniline 
solutions with 2 MeV electrons. Initial radical con-
centrations in these cases were ~ 1 0 - 4 M. 

Aniline was vacuum distilled and m a d e up by 
weight to a known concentrat ion in 18 Megohm 
water prepared by a Mill ipore Milli-Q system. Per-
chloric acid or potassium hydroxide was normally 
used to adjust the pH of the system. In the pH range 
of 5 - 9 appropr ia te concentrat ions of monobas ic 
and dibasic sodium phosphates (Baker analyzed) 
were usually used to buf fe r the system. An Orion 
811 pH meter cal ibrated with Orion reference 
buffers was used to de te rmine the pH of these solu-
tions. pH measurements are generally accurate to 
± 0.02 units or better. In a n u m b e r of studies Fluka 
sodium azide or Baker potass ium b romide was used 
to prepare N 3 - or Br2

T as a secondary oxidant . 
Solutions were purged of air and saturated with 
N 2 0 to convert cäq to -OH with a flow system 
being used to replenish the sample between pulses. 
C 6 D 5 N H 2 obta ined f rom Merck, Sharpe and 
D o h m e was used to examine effects of ring deutera-
tion on the absorpt ion spectra. Exper iments were 
carried out in D 2 0 to examine effects of amino 
deuterat ion. 

Pulse radiolysis me thods using optical absorpt ion 
detection, as employed in this study, have been pre-
viously described [ 8 - 1 0 ] . A 5 ns pulse f rom the 
Radiat ion Laboratory ' s 8 MeV LINAC produced 
•OH radicals at an initial of concentration in N 2 0 
saturated solutions of ~ 3 x 10 _ 6 M . The signals of 
the transients were recorded digitally and processed 
locally dur ing the exper iments with an LSI 11/2 
micro-processor. T h e resultant data were then trans-
ferred to a VAX 11/780 compute r for examinat ion 
of details of both the t ime and spectral response of 
the system [10]. Signal averaging methods were used 
extensively to develop avai lable details. Dosimetry 
was via a secondary emission moni tor cali-
brated by reference to the thiocyanate dosimeter 
(10 mM S C N - ; N 2 0 sa tura ted) [11], 

T ime resolved resonance R a m a n experiments 
were also carr ied out, using pulse radiolytic ap-
proaches previously described [12], in order to 
confirm the fo rmat ion of the radical cation in basic 

Results and D i s c u s s i o n 

Spectra of the radicals 

For reference purposes absorpt ion spectra at-
t r ibutable to the anil ine radical cation and the 
anil ino radical observed in studies using azide 
radical as the oxidant are given in Figure 1. These 
spectra, which, as commented on below, appea r to 
be without complicat ions f rom other contr ibutions, 
were observed ~ 2 ps af te r pulse i r radiat ing acidic 
or basic 10"3 M solutions of anil ine containing 0.1 M 
sodium azide and saturated with N 2 0 to convert 
e~q to -OH. The extinction coefficients reported in 
Fig. 1 are based on a radical yield of 5.5 radicals / 
100 eV, as is pert inent to reactions with mil l imolar 
solutes in N 2 0 saturated solutions [13, 14]. In these 
solutions -OH radical reacts very rapidly with 
N j (k = 1.2 x 10'° M - ' s _ ' ) [7], so that N 3 - radical is 
produced in ~ 1 0 - 9 s . The N 3 - then serves as a 
secondary oxidant to oxidize the anil ine directly via 
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WAVELENGTH - nm 

Fig. 1. Absorption spectra of the aniline radical cation ( • ) and anilino radical (o) observed 2 ps after pulse irradiating a 
N 2 0 saturated solution containing 0.1 M N a N 3 and 0.001 M aniline at, respectively, pH 5.2 and 10.5. 

electron transfer (reaction 3) and thus avoid the 
adduct formed in reaction 1 [7], 

The spectrum obta ined in acidic solution in Fig. 1 
has a moderate ly intense absorpt ion in the 3 9 0 -
430 nm region with well def ined max ima at 406 and 
423 nm and very little absorpt ion above 440 nm. In 
Raman experiments with excitation in the 423 nm 
band one f inds very pronounced resonance en-
hanced signals which clearly show that this band is 
a t t r ibutable to the anil ine radical cation [4], In early 
flash photolysis studies of aniline solutions at 
pH 4.6 Land and Porter [15] also found an absorp-
tion band in the 3 8 0 - 4 3 0 nm region with a maxi-
m u m at 423 nm which they at t r ibuted to the radical 
cation. The spectrum of Fig. 1 represents a more 
well resolved version of their reported spectrum. In 
pulse radiolysis studies both Wigger et al. [1] and 
Christensen [2] have reported that reaction of -OH 
with aniline initially results in an in te rmedia te ab-
sorbing at ~ 350 nm (presumably the -OH adduct ) 
which in acidic solutions decays on the microsecond 
t ime scale to give the anil ine radical cation with a 
broad absorpt ion at ~ 420 nm. In basic solution 
they at tr ibuted a weak absorpt ion at 400 nm to the 
anilino radical. O u r studies of the -OH oxidat ion 

process (see below) show spectra at long t imes 
which are qualitatively similar to these previous 
results but somewhat complicated by the presence 
of contributions f rom other transients. The spectra 
of Fig. 1 are by far the simplest we have observed 
among the various oxidants and in par t icular ex-
hibit only a low absorpt ion in the region of 350 nm 
where Christensen [2] has shown that the cyclohexa-
dienyl radicals produced by H a tom addi t ion ab-
sorb significantly. We conclude that the H a toms 
produced in the radiolysis of N 2 0 saturated solu-
tions at a yield of 0.52 [13, 16] are effectively re-
moved by reaction with the azide. 

From Fig. 1 the extinction coefficients of the 
aniline radical cation at its 406 and 423 nm m a x i m a 
are, respectively, 3310 and 4 1 1 0 M - 1 c m - 1 . The latter 
value is approximately twice that est imated by 
Land and Porter [15], but should be accurate to 
± 200 \ r 1 c i r T 1 [14], The extinction coeff icient of 
anilino radical at its 401 nm m a x i m u m is 1250 ± 
50 NT1 c m - 1 . 

The structure in the spectrum of the radical 
cation exhibited in Fig. 1 very closely resembles 
that of phenoxyl radical [12, 17], with which it is 
isoelectronic, suggesting that the band at 423 nm 
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corresponds to a transition between the lowest 
vibrational levels of the ground and excited states. 
The frequency di f ference 1050 c m - 1 ) , though < 
slightly less than in the case of phenoxyl , indicates s 
that the band at 406 nm involves a relatively high 1 
frequency vibration in the excited state. Although 
the anilino radical and its radical cat ion are also 
isoelectronic, both their optical absorpt ion and 
Raman spectrum [5] are qui te different indicating a 
large change in the electronic structure on depro-
tonation. 

Deuter ium substi tut ion has only a mino r effect on 
the absorption spectrum of the radical cation. As 
with phenoxyl radical complete deutera t ion of the 
ring shifts the principal absorption to shorter wave-
lengths by less than 1 nm with very little change 
in intensity. The change in the appearance of the 
1 <- 0 transition found for phenoxyl [12] is not 
observed in the present case. Deutera t ion of the 
amino group has a modestly greater effect , shif t ing 
the absorption to shorter wavelengths by ~ 1.5 nm 
with about a 5% increase in intensity. 

The acid-base equilibrium 

The p K ä for acidic dissociation of ani l ine radical 
cation has been est imated by Land and Porter to be 
~ 7.0 [15], As is shown below the dissociation equi-
l ibrium is, in fact, controlled by the reaction of the 
cation with base (reaction 4). We have examined 
the pH dependence of the contr ibut ion of the ; 

radical cation as manifested by the relative ab-
sorbance at 423 nm following -OH oxidat ion. Mea-
surements made over the interval 2 0 - 3 0 ps af ter the , 
pulse in 1 0 - 2 M phospha te buffer , when decay of the j 
OH adduct and equi l ibrat ion are complete , fit a j 
simple titration curve extremely well (Figure 2). 
The inflection point corresponds to a pKa of 
7.05 ± 0.05, with the stated error l imits de termined 
f rom the standard deviat ion between the data and 
the sigmoidal t i t rat ion curve between pH 6.5 and 
7.5. The slope of the latter at its inflection point, 
calculated from the difference between the acidic 
and basic forms of the radical [18], agrees with the 
observed dependence, giving assurance that artifacts 
do not contribute significantly to the equi l ibr ium 
processes in the region of pH 7. 

Oxidation by • OH 

During the present study the rate constants for ' 
reaction of -OH with aniline were de te rmined f rom 

i 1029 

the product bui ldup kinetics for a solution 2 x 10 - 4 M 
in aniline in both acidic and basic solutions. In 
order to avoid complicat ions f rom reaction 2 mea-
surements were made at isosbestic points between 
the -OH adducts and the aniline radicals (375 nm in 
acidic solution; 395 nm in basic solution; see 
below). The measured rate constants are 8.9 x 
109 M - 1 s - 1 at pH 5.0 and 7.3 x 10 9 M - 1 s - 1 at pH 11.1. 
Correcting the latter for the presence of 14% O r , 
which reacts at a lower rate (see below), we obta in a 
rate constant of 8.2 x 109 M - 1 S - 1 for reaction of -OH 
at pH 11.1. Since the rate constant should be inde-
pendent of pH over this range the small d i f ference 
appears to result largely f rom uncertainties in inter-
pretat ion of the growth curves. F rom the combined 
results the rate constant for reaction 1 is 8.6 ± 0.4 x 
109 M - 1 s - 1 . This value is similar to de terminat ions 

3000 

2000 

uj<J 

IOOO 

pH 

Fig. 2. pH dependence of the relative absorbance observed 
2 0 - 3 0 ps after pulse irradiating a N 2 0 saturated solution 
0.001 M in aniline also containing 0.01 M phosphate. The 
sigmoidal curve corresponds to simple equil ibrium with 
pKä = 1.05. 

i . i— 
7 10 
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Fig. 3. Absorption spectra observed at (o) 2 and at ( • ) 
24 |is and (A) for solutions also containing 0.2 M tert-butyl 
alcohol after pulse irradiating a N 2 0 saturated 0.001 M 
aniline solutions (a) at pH 5.2 and (b) at pH 9.0. The sum 
of the contributions expected from Fig. 1 and the H atoms 
adducts is given by the dotted spectra. 

m a d e by competi t ive methods (Matthews and 
Sangster (7.1 x 1 0 9 M " ' S _ 1 ) [19] and Anbar, Meyer-
stein and Neta (8.9 x 1 0 9 M " ' S_1) [20]), but consider-
ably lower than the value of 1.4x 10 , 0 M~ ' s"1 given 
by the previous pulse radiolysis studies of Christen-
sen [2], We note here that when growth is followed 
by rapid decay one tends to underest imate the 
initial reaction period and as a result overest imate 
the rate constant. This problem is avoided in the 
present study by working at the isosbestic points. 

In a 1 M M aniline solution reaction of -OH will, 
f rom the above rate constant, be essentially com-
plete in less than 1 ps. As indicated by the dotted 
curves in Fig. 3 and also as reported by the previous 

investigators [1,2] the spectra observed immediately 
af ter pulse i rradiat ing a N 2 0 saturated 1 M M aniline 
solution are domina ted by a broad absorpt ion band 
at 350 nm which can be attributed to the mixture of 
hydroxycyclohexadienyl radicals resulting from 
•OH addit ion. This absorpt ion largely decays on the 
microsecond t ime scale so that the spectra observed 
24 ps af ter the pulse, given by the solid curves in 
Fig. 3. have features similar to those found with 
azide oxidation. It is seen, however, that these latter 
spectra exhibit apprec iable absorpt ion at ~ 350 nm 
whereas very little is found in the case of azide 
oxidat ion. Exper iments with tert-butyl alcohol 
added to selectively remove -OH radicals show that 
the observed d i f ference can be largely at tr ibuted to 
the H a tom adducts . In the experiment at pH 5 at 
24 ps there is, however , addit ional absorpt ion of 
- 350 M"1 c m - 1 which indicates that ~ 10% of the 
radicals are still of a hydroxycyclohexadienyl type 
even though decay, f rom the apparent period of 
3.5 ps, should be virtually complete. We will com-
ment on this point below. Since about 10% of the 
radicals will have been consumed in second order 
processes the concentrat ion of the radical cation at 
24 ps will be only - 8 0 % of the -OH radicals 
initially produced. If we correct for this factor the 
contr ibut ion a t t r ibutable to the radical cation at 
423 nm in Fig. 3 a (3300 M~' c m - 1 ) corresponds to an 
extinction coefficient of 4125 M _ 1 cm" 1 , corroborat-
ing the de terminat ion using azide oxidation. It is 
noted that if the observed spectrum is only cor-
rected for the contr ibut ion from H atom addition 
the spectrum at t r ibuted to the radical cation will be 
distorted toward shorter wavelengths and the extinc-
tion coefficient of the peak at 423 nm under-
est imated. At pH 9.0 the absorpt ion at 350 nm is 
slightly in excess of the sum of the signals expected 
f rom anil ino radical and the H atom adduct , after 
corrected for decay. F h e observed difference in-
dicates that - 5% of the OH adducts still contribute 
at the observation t ime in basic solution. 

The t ime dependence of the absorbance at 
423 nm (Fig. 4), taken in the absence of phosphate, 
shows that the initial absorbance is very low. Extra-
polat ion to zero t ime gives an initial value of 
330 M"1 c m - 1 , which places an upper limit of 9% on 
the fract ion of -OH radicals which oxidize aniline 
directly to the radical cation by electron transfer. 
However, f rom the spectrum observed at 0.1 ps 
(Fig. 5 a) we est imate that more than half of this 
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Fig. 4. Time dependence of the relative absorbance ob-
served at 423 nm ( • ) and at 350 nm (o) for a solution con-
taining 0.01 M aniline at pH 5.2 in the absence of buffer at 
(a) 20 ns/point, (b) 200 ns/point. 

WAVELENGTH - nm 

Fig. 5. (A) Absorption spectra observed (o) 0.05 micro-
second and ( • ) 0.1 microseconds after pulse irradiating a 
10 raM aniline solution ( N 2 0 saturated) at pH 5.2. (B): Ab-
sorption spectra observed 0.1, 0.2, 0.4, 0.6, 0.8, 1.0, 1.2 and 
1.4 microseconds after the pulse. Absorption monotonically 
decreases with time at 350 nm and increases at 423 nm. 

C P eft 

a t o o & o o o o 

0 1 1 r-
0 0 0.5 1.0 1.5 

4 0 0 0 b ( b ) 

2000 -

absorbance is a t t r ibutable to H a tom and O H 
radical adducts. OH radicals clearly react main ly by 
addit ion with direct oxidat ion by electron t ransfer 
f rom anil ine accounting for less than 4% of the 
reaction path. 

Decay of the OH adducts 

In the previous studies decay of the hydroxy-
cyclohexadienyl radicals was treated on the assump-
tion that the observed t ime dependence could be 
characterized by a simple exponential . Tha t this is 

not so is readily seen in Fig. 4 where in the absence 
of phosphate both the decrease in absorbance ob-
served at 350 nm and the increase found at 423 nm 
manifest a rapidly decaying componen t having a 
period ~ 0.5 ps and addi t ional components with 
periods ~ 2 and 10 ps. A longer lived component 
must also be present since the absorbance at 15ps 
is still rising and is only 80% of that expected f rom 
the other studies. These measurements were made 
at pH 5.2 in a 1 0 - 2 M aniline solution where addi-
tion of -OH is complete in ~ 0.1 ps. Because four 
isomeric hydroxycyclohexadienyl radicals are ex-
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T I M E - M I C R O S E C O N D S 

Fig. 6. Growth of the radical cation as observed at 423 nm for solutions containing ( • ) 0, (A) 1.3, (o) 6.8, and 
(A) 23 MM N a H 2 P 0 4 at pH ~ 5.2. 

TIME - MICROSECONDS 
Fig. 7. Decay of aminohydroxycyclohexadienyl radicals as observed at 350 nm ( • ) at pH 12. (—) and (o) at pH 13.4. 
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pected to be produced in reaction 1, it is not 
surprising that the decay pat tern is complex, as was 
previously suggested in the case of -OH oxidat ion 
of phenol [6], The curves given in Fig. 4 are cal-
culated on the assumpt ion that there are four d i f fer -
ent contributions with half per iods of 0.6, 1.4, 7.0 
and 30.0 ps, also taking into account second order 
decay of the radicals with the rate constant as 
described below. F rom the growth of the radical 
cation signal these d i f ferent components have ap-
proximate fractional contr ibut ions of 0.40, 0.35, 0.15 
and 0.10, suggesting that addi t ion may be near to 
statistical. However, in the present case, because 
their l ifetimes do not d i f fe r greatly, it is di f f icul t to 
resolve the different contr ibut ions accurately. 

One notes in Fig. 5 b that with t ime there is a 
significant shift of the absorpt ion m a x i m u m of the 
OH adducts ( f rom 344 nm at 0.1 ps to 355 nm at 
1.5 ps). This shift demonst ra tes qui te conclusively 
that there must be several contr ibut ions, with the 
species absorbing at the shorter wavelength decay-
ing more rapidly than that absorbing at the longer 
wavelength. The shorter lived componen t absorbs 
more nearly like the unsubst i tuted hydroxycyclo-
hexadienyl radical than the others, indicating that 
the amino group has a m i n i m u m interact ion with 
the radical 's n electronic system and is, therefore , at 
a position of low spin density. This aspect suggests 
it is the 2 amino hydroxycyclohexadienyl radicals 
produced by -OH addi t ion at the meta position. 
While it is also possible that it represents -OH 
addi t ion to the nitrogen, as suggested by Wigger et 
al. [1] one would expect such a radical to t ransfer an 
electron rapidly and thus be very short lived. 

In one early exper iment 10 M M phospha te was 
used in solutions near neutral to control the p H and 
catalyze equil ibrat ion. As the exper iments pro-
gressed it became obvious that the phospha te also 
catalyzed decay of the hydroxycyclohexadienyl 
radicals appreciably. This aspect is i l lustrated very 
well in Fig. 6 where it is seen that 70% of the radical 
cation is produced in 0.5 ps in the presence of 
23 M M phospha te but only 25% in its absence. T h e 
rapid initial growth of the cation signal seen in 
Fig. 6 is also reflected by a similarly rapid decay of 
the adduct signal. Dihydrogen phospha te clearly 
acts as a proton donor , catalyzing the loss of OH" . 
From the data of Fig. 6 we est imate that at phos-
phate concentrations ~ 10 M M the decay rates are 
increased by about an order of magni tude . This 

increase corresponds to catalytic coefficients in the 
range 108 - 109 M"1 s _ 1 , depending on the isomer. 
As a result the more stable isomers decay on the 
microsecond time scale so that decay is about 90% 
complete at ~ 20 ps. The previous reports of a 
decay with a period of 2 - 5 ps [1, 2] appea r to be 
largely the result of appara tus constraints that 
limited observations to the microsecond t ime f rame. 
Even in the presence of 23 M M phospha te there is a 
small component of decay of the adduct on the 
10 ps t ime scale so it is, in retrospect, not surprising 
that a contr ibution to the absorpt ion spect rum 
remains at this t ime in Figure 3. 

Oxidation by O 7 

F h e pK.d of -OH radical is 11.9 [21] so that at 
high pH it is converted to 0 7 . This latter radical 
does not add to aromat ic systems rapidly and reacts 
with aniline somewhat more slowly than does -OH 
[22-24] , The rate constant measured at pH 13.6 is, 
af ter correction for the 2% -OH remaining, 2.1 x 
109 M _ 1 s"1. This value compares favorably with rate 
constants, of 1.6 x l O 9 and 2.4 x 109 M" 1 s"1 given 
previously [2, 23]. 

Even at pH 13.5 a moderate ly strong absorbance 
is observed at 350 nm. It is seen in Fig. 7 that this 
absorbance decays appreciably on the microsecond 
t ime scale. Fhe transient component is a t t r ibutable 
to hydroxycyclohexadienyl type radicals. The initial 
magni tude of this component 700 M" 1 cm" 1 at 
pH 13.5) is somewhat in excess of the contr ibut ion 
expected f rom -OH addi t ion ( ~ 300 M " ' cm"1) . We 
estimate f rom this that ~ 10% of 0 7 reacts by 
addi t ion to the ring, i.e., that the partial rate 
constant for 0 7 addi t ion is 2 X 1 0 8 M ~ ' S _ i . This 
value is, however, somewhat higher than expected 
f rom the rate constants found for addi t ion of 0 7 to 
other aromat ic systems [23, 24] so it needs conf i rma-
tion by more extensive studies. At longer t imes 
the signal at 350 nm decays to a relative absorbance 
of ~ 400 M - 1 cm" 1 , as expected f rom the sum of 
contributions f rom the anil ino radical and the H 
a tom adducts. Of part icular impor tance is the decay 
noted in Fig. 7, which exhibits contr ibut ions of ~ 1 
and ~ 6 ps even at very high pH, showing that 
complete loss of O H " f rom the adducts is sur-
prisingly slow in strong base. Decay appears to be 
complete at ~ 20 ps and the resultant spectrum is 
essentially the sum of the expected contr ibutions 
f rom the anilino radical and the H a tom adducts. 
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Fig. 8. Time dependence of optical absorbance (o) at 360 nm and (•) at 423 nm for a N 2 0 saturated solution contain-
ing 0.1 M Br - and 0.01 M aniline at pH 9.7. The signal at 360 nm represents the decay of Br 2 \ A transient signal having 
a decay half period of 0.53 ps is observed at 423 nm after decay of the Br2~ is complete. This latter signal is attrib-
utable to the radical cation initially found in the oxidation by Br2~. 

Oxidation by Br2 • 

The rate constant for oxidat ion of aniline by 
Br2

T, as de termined f rom the decay of the ab-
sorbance of the latter at 360 nm in 0.1 M Br2

T 

solutions, is 2.1 ± 0.1 x 108 M _ 1 s _ 1 and independent 
of pH f rom 5.9 to 11.3. T h e spectrum observed at 
2 ps for a solution 0.01 M in aniline and 0.2 M in KJBr 
at pH 5.9 is, af ter correction for the H atom adduct 
and the trace of Br2

T remaining, as given for the 
radical cation in Figure 1. There is no indication of 
any addi t ion of bromine . In this case oxidation 
appears to occur entirely by electron transfer to the 
Br2

T. 
At pH 9.7, for a solution 10~2m in aniline, one 

observes a signal at 423 nm which decays with a 
half period of 0.53 ps af te r the Br2

T has completely 
decayed (Figure 8). This transient is at tr ibuted to 
the radical cation produced by electron transfer to 
Br2

T with the decay manifes t ing its deprotonat ion 

by reaction with base. We est imate that the rate 
constant for reaction 4 is approximate ly 2.6 x 
1 0 i o M - 1 S - 1 . The Br2

T absorpt ion , however, inter-
feres in measurements at shorter t imes and effec-
tively precludes detai led studies of this in termedia te 
at significantly higher pH values. 

Oxidation by azide 

Azide radical is a considerably better secondary 
oxidant than Br2

T in that it does not absorb signif-
icantly at wavelengths longer than 300 nm and 
allows the initial bu i ldup of the radical products to, 
be followed readily. The rate constant for reaction 3, 
as de termined f rom the growth of the anil ino signal 
in 10~ 4 M anil ine solution, is 4.4 x 109 M~' s~' at 
pH 12. Unde r these condit ions equi l ibra t ion is more 
rapid than oxidat ion (see below) so that the growth 
period should accurately reflect the rate for reac-
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Fig. 9. Time dependence of the 
absorption at 423 nm at pH (o) 
10.05, ( • ) 10.26, (A ) 10.50, ( • ) 
11.00, ( • ) 11.43 for a N 2 0 sat-
urated solution 0 . 1 M in sodi-
um azide and 10"2 M in ani-
line. Curves are calculated as-
suring that reactions 3 and 
4 occur consecutively with k3 
taken as 3.9 x 109 M -1 s _ 1 and 
Ä.-4 2 x 1010 M~1 s - 1 ) opti-
mized for best fit of the data. 

T I M E - MICROSECONDS 

t ion 3. This value is in very good agreement with 
the previous measurement of 4.5 x 109 M _ 1 s _ 1 [7], 

Because the p K.d for protonation of aniline is low 
(4.6) one does not expect the rate for its oxidat ion 
by N 3 - to be strongly dependent on acidity above 
p H 5. Examinat ion of the time dependence of the 
radical cation signal in a 10~4M ani l ine solution at 
p H 5.4 showed the growth to be exponential with a 
per iod corresponding to a rate constant of 3.9 x 
1 0 9 M - 1 S ~ ' . This value is in agreement with the 
previous determinat ion [7] but 10% lower than 
found in basic solution. This slight di f ference very 
likely reflects a low rate for oxidat ion of ani l inium 
ion by N 3 •. 

At concentrations above IO -3 M the t ime de-
pendence in acidic solutions is no longer exponen-
tial but rather exhibits two components , as found in 
the case of N3- oxidat ion of p-methoxyphenol [7], 
Fo r a solution 10 - 2 M in aniline the signal at 423 nm 
initially increases on the nanosecond t ime scale at 
the rate expected f rom the rate constant reported 
above. However, af ter oxidation is ~ 75% complete 
addi t ional oxidation occurs on the microsecond 

t ime scale with the rate being proport ional to the 
acid concentrat ion. Similar spectra were observed at 
both short and long t imes so that two oxidat ion 
paths, both of which p roduce the radical cation, are 
implicated. T h e explanat ion previously given in the 
case of p -methoxypheno l cannot apply here since 
the nature of the substra te is not affected by pH. 
Rather the na ture of the oxidizing species in acidic 
solution must be b rought into question. At this 
point it seems likely that -OH oxidat ion of azide 
yields, in part , an in te rmedia te which decomposes 
to N 3 • only on the microsecond t ime scale in an acid 
catalyzed process. Such a two step process would be 
expected to affect the secondary oxidat ion only 
when carried out at very high substrate concentra-
tions. Aspects of this p rob lem are currently being 
examined in more detail . 

Deprotonation of the radical cation by OH' 

In basic solution it is clear f rom the strong ab-
sorption initially observed at 423 nm (Fig. 9) that 
with azide radical , as with Br2

T , oxidat ion takes 
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Fig. 10. Raman emission characteristic of the 
aniline radical cation observed 0.1 ps after 
pulse irradiating a N 2 0 saturated 0.1 M so-
dium azide solution containing 10~2M ani-
line at (a) pH6.23 (scaled by a factor of 
0.13) and (b) at pH 10.4. Excitation was in 
the absorption band of the radical cation at 
423 nm. The 1494 cm"1 signal decays by a 
factor of 6 at 0.3 ps, as indicated in (c) and 
is absent at 0.5 ps. Spectra a and b represent 
averages of 15,000 experiments. Spectrum c 
is noisier because only 1000 experiments were 
averaged. 

1494 cm -I 

Ling Qin et al. 

place via electron transfer followed by depro tona-
tion of the resultant radical cation. React ion is 
pr imari ly via this path since the m a x i m u m intensity 
of the 423 nm signal is, within errors of interpreta-
tion, as expected f rom the measurements in acidic 
solution af ter appropr ia te ly taking into account the 
growth and decay kinetics. It is especially inter-
esting to note in Fig. 9 that initial product ion of the 
radical cation is manifest by its absorpt ion even up 
to pH 11.5. 4.5 units above the equi l ib r ium point. 

That the radical cation is initially produced in 
basic solution is conclusively demonst ra ted by the 
R a m a n spectrum observed 0.1 ps af ter pulse ir-
radiat ing a solution 10~2 M in anil ine and 10"1 M in 
sodium azide at pH 10.4. One sees in Fig. 10 strong 
R a m a n emission at 1494 cm"1 characterist ic of the 

aniline radical cation [4]. This signal decays by a 
factor of 6 at 0.3 ps and is not observably present at 
0.5 ps. We estimate a decay half per iod of 0.08 ps 
f rom the Raman studies, in good agreement with 
the period expected at this pH f rom the absorption 
measurements . Quant i ta t ive studies of deprotona-
tion at lower pH values by Raman methods are, at 
the moment , effectively precluded by the neces-
sarily high required doses which result in the 
radiolytic product ion of ~ 1 0 " 4 M O H " . The sen-
sitivity is insufficient for studies at significantly 
higher p H values. 

The pseudo First o rde r rate constant for depro-
tonation. determined by fitting the absorpt ion data 
to curves calculated assuming that reactions 3 and 4 
occur consecutively, are given in Figure 11. The 
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[OH'] < I05 - M 

Fig. 11. Hydroxide ion dependence of the pseudo first 
order rate constant determined from the field of the data 
of Fig. 9. From the slope of the linear dependence the rate 
constant for deprotonation of the radical cation by reaction 
with base is determined to be 2.2 x 10'° M_1 s - 1 . 

l inear dependence on base concentrat ion shown in 
that figure corresponds to k4 = 2.2x 10 1 0 m - 1 S - 1 . In 
a similar study deprotonat ion of the N-methyl -
aniline radical cation by O H - was found to be 
3 x 1 0 1 0 m - i s - 1 [7]. Schmidt, Bromberg and Meisel 
[21] have recently reported that the d ipheny lamino 
radical cation produced by flash photolysis of the 
•OH adduct also reacts with O H - at a rate constant 
of 2.2 x 10'° M"' s - 1 . It is clear that in basic solution 
the rate of deprotonat ion of these radicals is essen-
tially controlled by diffusion of O H - . F r o m the 
equi l ibr ium constant (K4 = 1.12 x 107) the pseudo 
first order rate constant for reaction of ani l ino 
radical with water (fc_4) is 2.0 x 10 3 s - 1 which implies 
that in neutral solution the half period for equi-
libration should be ~ 1 7 5 p s . The data of Fig. 11, 
however, show a considerably greater intercept 
(4 x 10 5 s - 1 ) than expected f r o m the above so we 
must assume that deprotonat ion is catalyzed by the 
presence of azide which appears to act as a weak 
base in the present instance. Acidic dissociation of 
the radical cation cannot play a significant role 
here, as it does in the case of the d ipheny lamino 
radical cation where the p K a is much lower (4.25) 
[21], since such would imply an unreasonably high 
rate constant for reaction of the anil ino radical with 
hydrogen ion in order for the l imiting depro tona t ion 

rate to be as high as is indicated by the intercept of 
Figure 11. 

Second order reactions 

It is difficult to de termine the second order rate 
constant for reaction between the aniline radicals 
accurately by optical absorpt ion techniques because 
the products absorb appreciably in the same region 
as the radicals. One finds, for example, that in 
acidic solutions the absorpt ion at 423 nm changes 
very little over the first several hundred micro-
seconds after the pulse even though there is an ap-
preciable increase at longer wavelengths. It is clear 
f rom this latter observat ion that the radical cations, 
in fact, combine on the hundred microsecond t ime 
scale. Since the radical concentrat ion is only micro-
molar the second order rate constant must be of the 
magni tude of 109 M - 1 s - 1 but lack of optical resolu-
tion between the individual components makes 
more detailed interpretat ion questionable. R a m a n 
spectroscopy provides the selectivity required to 
examine the individual components . T ime resolved 
resonance R a m a n studies of the decay of the radical 
cation produced f rom 10 mM aniline by azide oxida-
tion at pH 5 give the results of Figure 12. The decay 

T I M E - M I C R O S E C O N D S 

Fig. 12. Decay of the aniline radical cation ( • ) as deter-
mined from the time dependence of the Raman signals at 
1494 cm - 1 and 1614 cm - 1 , respectively. Excitation was at 
423 nm. Dashed curve represents the expected decay of the 
aniline radical cation taking 2 k5 as 2.8 x 109 M-1 s - 1 . Solid 
curve approximately takes into account reaction electron 
transfer to the radical cation from benzidine and other 
radicals and products that buildup as the reaction pro-
gresses using numerical integration methods. The rate con-
stant for reaction 7 and similar reactions is taken as 
2 x 109 M-1 s - 1 . 
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Fig. 13. Raman signals observed 50 ps after oxidation of aniline (solid spectrum) and benzidine (dotted spectrum); 
at a relative sensitivity of 0.15 by N3 \ Excitation is in the 450 nm absorption band of the benzidine radical cation. 

pattern is similar to that previously noted for 
phenoxyl. Initially the radical decays at a rate cor-
responding to a second order rate constant for 
reaction between like radicals (2 k) of ~ 2.8 x 
109 v r 1 s~'. However, as product builds up decay is 
more rapid than expected solely f rom second order 
processes because of a super imposed reaction of the 
radical cations with the products. Dur ing the course 
of this study it was, in fact, noted that as the R a m a n 
signals of the aniline radical cation at 1494 c m - 1 

decreased, three rather intense lines appeared at 

1688, 1614 and 1540 c m - 1 . These latter frequencies 
are those of the benzidine radical cation as reported 
by Hester [26]. R a m a n signals observed lOOps after 
oxidizing anil ine with N 3 - , with excitation at 
450 nm where the benzidine radical cation has an 
extinction coefficient of ~ 25,000 M-1 c m - 1 , are re-
ported in Figure 13. It is seen in this figure that the 
features are identical to that of the radical produced 
directly f rom benzidine. It is clear from this result 
that coupling of the radical cations at the para 
positions 

H 2 N 0 ' + • ( ^ N H 2 ^ H 2 N + - 0 ~ T O ' + N H 2 

represents a ma jo r fate of the radicals. Presumably reaction 5 is followed by deprotonat ion 

H 2 » + Q ^ O N H 2 " } H2N ~ 0 " 0 " N H 2 ( 6 ) 

to give benzidine which is subsequently oxidized by electron transfer to the aniline radical cation still re-
maining in the system. 

H 2 " 0 0 N H 2 " ^ H 2 N 0 + H 2 N 0 0 N H 2 ( 7 ) 
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Because the product concentration is ~ 1 0 " 4 M in 
these Raman studies processes such as the latter, 
which should have a rate constant ~ 1 0 9 M ~ ' S ~ ! , 
explain the rapid decay of the aniline radical cat ion 
on the microsecond t ime scale. Since product ion of 
the benzidine radical via this mechanism requires 
three radicals we estimate f rom the relative in-
tensities in Fig. 13 that more than 30% of the 
second order processes involve coupling at the 
4 positions of the two radicals. One, of course, 
expects that isomers of the benzidine radical will 
also be produced but these are not apparent under 
the conditions of our experiment. In any event the 
present observations show that, as with phenoxyl 
[12], coupling of these radicals at ring positions is 
very important in the oxidation and a direct result 
of de r ea l i z a t i on of the unpaired spin density to the 
2. 4 and 6 positions of the ring. 

We find that when aniline is oxidized directly 
with OH that the signals of the benzidine radical 
cation are very weak. It is noted that product ion of 

this radical cation requires rapid deprotonat ion of 
the product of the coupling via reaction 6 so that 
electron transfer will occur only if benzidine is 
formed before the initial radicals have completely 
decayed. Apparent ly azide acts as a base in de-
protonat ing the initial product formed in reaction 5. 
Deprotonat ion appears to be sufficiently slow in the 
case of direct oxidat ion by -OH that the initial 
radicals will have largely decayed before the ben-
zidine appears. 

In general we must conclude that for systems such 
as this, pulse experiments will give qualitatively 
different reaction products than found in steady 
state experiments since in the latter case the initial 
radicals will be rapidly removed by tertiary pro-
cesses. As a result the course of the overall reaction 
will be altered appreciably. If one wishes to ex-
amine products of second order processes studies 
must largely be carried out using appropr ia te pulse 
methods. 
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