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The mechanism of th®H oxidation of aromatic diamines in water has been examined using time-resolved
Raman spectroscopy as a diagnostic tool pfhenylenediamine (PDA) as a model system. It has been
shown that the initial transient that is formed in the reaction in basic solutions is the cation"jRFBdical

and not theOH adduct ofp-phenylenediamine (PDAOH), as thought previously. In mildly acidic solutions,
where PDA exists in its amine-protonated forms, a fraction*©fH radicals is converted into the
p-aminophenoxyl radical (APhDat the expense of PDA The production of PDA occurs in two steps:

first, simultaneously with theOH adducts at a diffusion-controlled rate and, second, on decay of the adduct
radicals on microsecond times. Thus, transient absorption spectra display a marked pH dependence that was
attributed previously to the acitbase conversion of th®H adduct and cation radicals. It is concluded that
direct electron transfer (ET) is the dominant pathway in"@id oxidation of neutral diamines, which competes
with adduct-mediated electron transfer (AMET) path on amine protonation.

Introduction and explain the pH dependence of the transient absorption

Because of its wide chemical importance, the reaction of spectra in aromatic diamines, observed in earlier stifdies.
hydroxy! radical {OH) with aromatic molecules and ions in  The AMET path in theOH oxidation of aromatic diamines,
water has remained a topic of vigorous research for dedafles. including PDA, was first proposed in an early work, which used
Transient absorption spectra and kinetics in the reaction areoptical absorption for transient identification and kinetic moni-
generally interpreted in terms of initial formation*6fH adducts toring? The initial absorption in basic solutions was thought to
followed by H-/water catalyzed loss of OH which results in be due to theOH adduct radical that acted as a precursor for
the loss of an electron from the molecule or ion (adduct- the cation radical that_was presumed to appear severgl micro-
mediated electron transfer; AME¥§.This oxidation mechanism ~ S&conds later. Interestingly, the absorption spectra attributed to
has been revised recently to account for a direct electron transferthe adduct and cation radicals were found to be similar, with
(ET) component in the reaction that was not recognized few distinguishing features. A marked pH dependence was noted
previously® In the new reaction mechanism, t@H radical in the transient absorption spectra recorded at different time
displays dual reactive behavior (ET as well as AMET). It reacts intervals, which was ascribed to the Pprotonation of the amine
primarily by the AMET mechanism when the ionization 9roup of theOH adduct and cation radicals. These early spectral
potential (IP) of a neutral aromatic molecule is greater than 8 and kinetic interpretations have often been used as the standard
eV and by direct electron transfer (ET) when IP is less than 7 N the_lnvestlganns of analogous systems and have never been
eV. In the intermediate IP range, both mechanisms are effective.duestioned.

The aromatic diaminésare chemical systems of relatively low The electronic structure of the aquequiphenylenediamine
IP and, therefore, likely to display the ET mechanism. On the cation radical (PDA’) has been studied, in our laboratory, by
other hand, protonation of the amine should increasanRich time-resolved resonance Raman spectrosédgyubstantial

should affect the nature of the reaction intermediates and theirdouble bond character of the radical CN bonds, indicated by
formation mechanism. In particular, an increase in the AMET the stretching frequency (1422 c#), can only be visualized
component and a decrease in ET are expected. Thus, the pHy placing most of the excess positive charge on the radical on
dependence of th®H oxidation of aromatic diamines should  two nitrogen atoms?*!Therefore, proton addition to the amine
provide a test for the new mechani&mersus the AMET groups of PDA" is not possible in mildly acidic solutions
mechanisn®:® With this perspective, we have examined the because of strong electrostatic repulsidfWe were not able
reaction of*OH with p-phenylenediamine (PDA), a prototype to observe the HPDA"* radical even in strongly acidic aqueous
of aromatic diamines, in mildly acidic to basic aqueous solutions. solutions (pH< 0). Obviously, protonation of the cation radical
Time-resolved resonance Raman spectroscopy was used fois not a plausible explanation for the pH dependence of the
transient identification. We report, in this work, the formation transient absorption spectra and kinetics. It is shown here that
of the p-phenylenediamine cation (PDA andp-aminophenoxyl the previous mechanistic conclusions were based on misiden-
(APhO) radicals on oxidation of singly protonatpephenylene- tification of the reaction intermediates.

diamine (H'PDA). The phenoxyl radical (APHD is not

produced when neutral PDA is oxidized. The results confirm Experimental Procedure

the dual oxidative behavior (DOB) of th@®H radical in watet ]
The hydroxyl (OH) radical was produced by electron pulse

 Current address: Du Pont, New Jersey. irradiation of NO-saturated water. The hydrated electrag (e
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and hydroxyl radical*OH) are the main products of radiolysis
of oxygen-free water on the 100 ns time scateln N,O-
saturated water, the,g reacts with NO (26 mM) to convert
into *OH radical in less than 5 ns4g+ N,O — *OH + OH
~+ Np; rate constant of 9.k 10° M~ cm™1). The H radical

is a minor product{10%) of the radiolysis of water that reacts
with aromatic molecules by addition but does not form the cation
radicall The oxidizing species X was prepared by reaction
of *OH radical with 0.1 M Nal dissolved in solution (A +
*OH — OH ~+ Njg"; rate constant of 1.% 101° Mt cm™).3
The yield of N was taken to be equal to that @H. The N

radical generally reacts with organic substrates by electron

transfert Therefore, comparison of the radical cation yield in
the*OH oxidation with that in ¥ helps to determine the fraction
of the *OH radical involved in electron transfét* The *OH
oxidation is a complex reaction involving several transients with
overlapping absorption spectra. Identification of the reaction
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substituent groups may lead to elimination of the substituent,
instead of OH, forming an oxy radicak814 The latter pos-
sibility does not arise if reaction has occurred by direct electron
transfer (ET), since only the cation radical would be produced.
The observation of an oxy radical is definite evidence of the
*OH addition. Surprisingly, no oxy radical has been identified
previously in the’OH oxidation of aromatic diaminés.

Dual Oxidative Behavior of *OH in Water. In the new
oxidation mechanisrfithe*OH radical displays dual oxidative
behavior (DOB), as illustrated in the following reaction scheme.

M + *OH —» [M'OH ¢ MOH]ue — MOH’

N 1l
M" + OH™ M* + OH"
(ET) (AMET)

The adduct and a fraction of cation radicals can appear
simultaneously in the reaction, at the rate@H encounter with

intermediates, estimation of their yields, and kinetic determina- M in water. The formation of the cation radical in two steps,
tions are not always possible by the commonly used optical first by ET and then by AMET, is an important feature of the
absorption method. Therefore, time-resolved resonance RamarPOB mechanism, although these pathways may not be always

spectroscopy was employed for transient identificatfol?.

Pulse radiolysis time-resolved optical absorption and reso-

kinetically distinguishable.
The relative energies of the MOH~ and MOH electronic

nance Raman techniques, described in detail in several previougonfigurations, which are likely to be accessed@H encounter

publications from this laboratory, were used for transient
detectiont*~16 Radiolysis by 8 MeV, 5 ns electron pulses from
a linear accelerator facility in the laboratory, which typically
produces a radical concentration 8 x 1076 M per pulse,

with M in water, determine the ET and AMET components of
the DOB mechanisfiA simple description of DOB is possible

in terms of IPs for neutral aromatics. lonization involves a
delocalized @ electron. As pointed out earlier, ET is the

was used in optical absorption measurements. Absorbance wa§lominant oxidation pathway for IP(My 7 eV and AMET for

generally calibrated in terms of extinction coefficient, assuming
the yield of radical equal to that ®®H. For fractional yields,
the actual extinction coefficient can be estimated by dividing

the apparent extinction coefficient in the spectra by the fraction.

In Raman experiments, 2 MeV,-100 ns electron pulses,

IP(M) > 8 eV. In the intermediate IP range, oxidation by both
mechanisms is possible. On protonation of aromatic amines
(MH™), an increase in IP is expect&tHowever, complications
arise due to large solvation effects on ionic species (e.,, H
MHT) involved in acid-base equilibria, and a description of

delivered by a Van de Graaff accelerator at dose rates thatthe reaction in terms of the gas-phase IP is not feasible. Instead,

produced 16*—10-5 M radical concentration, were applied. The
Raman scattering was probed by an excimet@0 mJ)-pumped
dye laser pulse~10 ns), tuned in resonance with the optical

it would be reasonable to consider the standard free energy
difference AG°) between MH and M in water, known from
pK,, to visualize the effects of protonation on the reaction. For

absorption of the radicals. The spectra were recorded by usingexample, the gas-phase IP in PDA is 7.1%Whe oxidation of
an optical multichannel analyzer (OMA) accompanied by an H PDA (pKa = 6.1; AG® = 0.36 eV) and HPDAH" (pKa =
intensified gated diode array detector, with the gate pulse (20 3-3; AG® = 0.2 eV) is likely to resemble that of neutral
ns) synchronized with the Raman signal pulse. Extensive signalmolecules with IP~ 7.46 and~7.66 eV, respectively. These

averaging was performed to improve &8l ratio in the Raman

IP values are in the range where the ET and AMET components

spectra, with the accelerator and laser operated at a repetitiorPf DOB are expected to be conveniently obser¥atie loss of
rate of 7.5 Hz. In both experiments, a flow system was used to @ P electron from HPDA and HPDAH" would initially
refresh the solution between consecutive electron pulses. Ramarroduce the HPDA™™ and H"(PDA™)H radicals. Since these
band positions were measured with reference to the known SPecies are unobservable even in extremely strong acidic

Raman bands of common solvents, such as ethanol.

Results and Discussion

The aqueoug-phenylenediamine, like most aromatic di-
amines, exists in three protonation forms (PDA;RDA, and
HTPDAH™; pKss of 3.3 and 6.1) in a narrow pH rangé’
Moderately strong PDA solutions (greater than millimolar) act
as buffers on electron pulse irradiation. In basic solutions (pH
> 8), it is the neutral PDA that is available for reaction, and in
very acidic solutions (pH< 2.5) it is H'PDAHT. At pH 4.5,
the singly protonated form (HPDA) should dominate the
reaction. If oxidation occurred by the AMET mechanism in all
protonation forms, as claimed previou$lhe*OH radical would
add initially to different ring sites. The subsequent/H,O
catalyzed® OH~ loss from the adduct radicals would produce
the cation radical® Lifetimes ranging between 3 and 23
have been ascribed to th®H adducts of different aromatic
amines’ The *OH addition to the ring sites adjacent to the

solutions (pH< 0), they must be extremely short-lived 1011

s) and must convert instantly into PDAin mildly acidic
solutions, without a perceptible effect on formation kinetics.
We present here spectroscopic and kinetic evidence for the
formation of PDAT, first simultaneously with HPDA—OH"

(ET step) and then on decay off ADA—OH* (HTPDA—OH*

— PDA"" + H,0; AMET step), displaying the dual oxidative
behavior (DOB) ofOH in water.

*OH Oxidation of PDA in Basic Solutions For a proper
understanding of the pH effect on oxidationgphenylenedi-
amine in acidic solutions, comparison with the reaction inter-
mediates and their kinetic behavior in the neutral molecule is
required!® Figure la depicts the absorption spectrum obtained
1 us after electron pulse irradiation of an@®saturated aqueous
solution containing 1 mM PDA at pH 8. The reaction period,
as determined by the temporal evolution of optical absorption
in Figure 1la, was 12045) ns, which gave a rate constant of
8.3 0.5) x 10® Mt cm™1. Under the chemical conditions
used, this spectrum should mainly contain contributions from
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Figure 2. (a) Raman spectrum obtained by excitation at 460 nm, 100
ns after electron pulse irradiation of,®-saturated aqueous solution
containing 2 mMp-phenylenediamine at pH 8QH oxidation, solid

Wavelength - nm line). (b) Raman spectrum on addition of 0.1 M Nai the solution
Figure 1. (a) Absorption spectrum obtainedu® after electron pulse ~ (N3* oxidation, dotted line). (c) (Spectrum &) (spectrum b).
irradiation of NO-saturated aqueous solution containing 1 mM
p-phenylenediamine at pH 7.83H oxidation,0). Absorption spectra |
on addition of (b) 0.1 M NaBl(Ns* oxidation,a), and (c) 0.2 Mtert-
butyl alcohol (OH scavenger[d) to the solution of spectrum a.
Spectrum in Figure 1c is of +htom adduct (PDAH").
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the transients produced B®H oxidation, with a small contribu- 6000

tion from the species produced due tordaction. Absorption
due to the latter species was ascertained by adding G&tM
butyl alchohol in solution to scaven¢@H radicals (Figure 1c).
The spectrum in Figure 1c is tentatively attributed to thre H
atom adduct (PDAH?®), which will not be discussed further.
Comparison is made in Figure 1b with theu% absorption
spectrum of the species produced when agOMaturated
aqueous solution containing 1 mM PDA and 0.1 M Nai
pH 8 was subjected to electron pulse irradiation. Oxidation in _ . o
this case is by M radical (rate constant of & 10° M~ cm2), Figure 3. (a) Absorption spectra on electron pulse irradiation gbN
which is believed to produce the cation radical (PByby direct saturated aqueous solution containing 1 rpAphenylenediamine at
p . ( Yy pH 4.5. (a) 1us (©), (b) 6.5us @), and (c) 4Qus (») after the pulse
electron transfer. The +htom is completely scavenged by™N and (d) Nr oxidation at pH 11%). () (Spectrum a)- 0.7(spectrum
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because of its high concentration in soluticand the PDA- c) (@).
H* species is not formed. The absorption spectra in parts a and
b of Figure 1 are almost identical (a strong band-@60 nm pulse is ruled out. In another experiment, the PDA concentration

with unresolved shoulder at 480 nm) except for the 360 nm in solution was raised to 20 mM, accelerating the reaction
region where the Hadduct makes a small contribution to the period. The formation kinetics of PDA was monitored by its
spectrum in Figure 1a. There is no indication from the absorption 480 nm absorption. About 85% of PDA appeared at a
spectra in Figure 1 that two distinct species are produced ondiffusion-controlled rate (period 0of10 ns) and about 2015%
*OH and N oxidation of PDA in basic solutions. It is possible, with a period of 50 ns. However, it was not possible to ascertain
however, that theOH adduct (PDA-OH*) and cation (PDA") the origin of the latter component. We assume it to arise from
radicals have similar absorption spectra, as claimed previfusly. *OH AMET. However, hydrogen abstraction by tiH radical
Therefore, a definite identification of transients is essential from amine, followed by rapid protonation Kp = 13.2 for
before the previous spectroscopic and kinetic interpretations in PDA'"),12 can also account for a small amount of PDA
terms of AMET can be confidently discarded. produced on the nanosecond time scale.

The Raman spectrum excited at 460 nm and recorded 100 The DOB mechanism predicts the fraction of PDfroduced
ns after the electron pulse irradiation of agNsaturated 2 mM via *OH adduct of HPDA (AMET) to be relatively larger, and
PDA solution at pH 8°*0OH oxidation) is shown in Figure 2a.  formation rate relatively smaller, than that in neutral PDA.
An identical Raman spectrum is obtained ogt bixidation of Therefore, the PDAcomponent that originates from th@H
PDA in basic solutions (Figure 2b). A Raman spectrum of adduct (HPDA—OH *) can be identified with certainty.
PDA"", prepared by alternative methods, is also available in  Oxidation of PDA in Acidic Solutions. Electron pulse
the literaturé! On comparison, one finds that the Raman spectra irradiation was performed on an,@-saturated aqueous solution
in Figure 2, with prominent vibrational features at 1674, 1658, of PDA at pH 4.5 where significant amounts of doubly
1642, and 1422 cmi, are undoubtedly due to the aqueous protonated (HPDAHT; pK, = 3.3) and unprotonateg-
PDA"*. The resonance Raman spectra in parts a and b of Figurephenylenediamine (PDA) are not present in the solution. The
2 have similar spectral intensities (see Figure 1c). Therefore, reaction rate constant was found to be similar to that in basic
one must conclude that the yield of PBAN the*OH oxidation, solutions, with a reaction period 120 ns with 1 mM PDA
100 ns after the electron pulse, is the same as in tite N in solution. Figure 3ac represents the absorption spectra
oxidation. The 100 ns Raman spectra excited at 530 nm, whererecorded at different time intervals after the electron pulse.
transient absorption is much weaker than at 460 nm, were alsoComparison is made with theis absorption spectrum when
no different whether the cation radical was prepared in the N3* radical was used as oxidant (Figure 3d). The 49
reaction of'OH or Ng*. Thus, a small possibility that PDA absorption in Figure 3c@H oxidation) is weaker than the 1
may form on photolysis of PDAOH* by the Raman probe laser  us absorption in Figure 3d partly because of decay of PDA
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B: pH 4.5 (PDA? + APhO-)

C: B—0.46 x A (APhO-)

1 1
1700 1600 1500 1400
E]

cm

Figure 4. Raman spectrum obtained by 460 nm excitation 100 ns after

electron pulse irradiation of }D-saturated aqueous solution containing
2 mM p-phenylenediamine at (A) pH 8 and (B) pH 4.5. (C) (Spectrum
A) — 0.46(spectrum B).

and its precursor by radicaradical reactions (about 1098)
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Figure 5. Temporal evolution of transient absorption on electron pulse

irradiation of NO-saturated aqueous solution containing 1 mM
p-phenylenediamine at pH 4.50) 360 nm; and @) 500 nm.
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dependable for monitoring the slow conversion of the adduct
radical (HFPDA—QOH") into PDA™.

Once it is established by Raman spectroscopy that the-400
500 nm absorption in the spectrum of Figure 3a is largely due
to PDA™*, its contribution can be subtracted from the spectrum.

and partly because of the formation of another radical, to be The difference spectrum is shown in Figure?3&his spectrum

identified later, at the expense of PBAThe absorption at 365
nm (@may in Figure 3 decays on microsecond times with
concomitant growth of absorption at 46080 nm. Conversion

closely resembles the absorption spectra@f adducts of
benzene derivativelsUnfortunately, we were unable to obtain
the resonance Raman spectrum of this species. Formation of

of the 365 nm species into the 460 nm species occurs at a ratehe cation radical (460 nm species) via decay of@id adduct

of 1.3 x 10° s"1.18 However, the 466480 nm absorption is
quite prominent in the &s spectrum (Figure 3a), which cannot
be accounted for by the decay of the 365 nm transient.

(365 nm species) is well-documented (AMET mechanisbn).
However, that accounts for only 386) % of the adduct
precursor of PDA™ (Raman estimation 38%) formed in the

The absorption spectra in Figures 1 and 3 may suggest thatreaction at pH 4.5 (see parts a and d of Figure 3). The-460
it is the cation radical that is responsible for absorption in the 480 nm absorption in Figure 3a is about £5(% of the

400-500 nm region in acidic as well as basic solutions.

absorption in Figure 3d. On excluding tipeaminophenoxyl

However, there is an overlapping absorption due to another contributiorf*-22to this absorption, one estimates a yield of 55-

species hidden underneath the spectra of Figurec3hat is

(£5)% for PDA™ (Raman estimation 46%) at/s. The H-

not readily discernible. The Raman spectra were recorded by PDA—OH* and PDA™ transients in Figure 3a appear simulta-

excitation at several wavelengths in the 44830 nm region to

neously in the reaction, as evident from the formation kinetics

identify the species. Figure 4 compares the 440 nm Ramanon the nanosecond time scale, monitored at 360 and 500 nm

spectra in the 13001800 cnt?! region, obtained on pulse
radiolysis of NO-saturated 2 mM PDA solutions at pH 4.5 and

(to avoid phenoxyl contribution), respectively (Figure 5). In
brief, 55&5)% of the*OH radicals produced on radiolysis of

8. The spectrum at pH 4.5 (Figure 4B) is considerably weaker water oxidize HPDA into PDA™ at a diffusion-controlled rate
than the spectrum at pH 8 (Figure 4A) and contains vibrational and 33¢:5)% at a rate of 1.% 10° s~ via initial addition (two-

features other than those of PBYA On digital subtraction of

step formation). About 16% of th#DH addition to HPDA

the spectrum in Figure 4B from that in Figure 4A, using a results in thep-aminophenoxyl radical. Thus, th®H radical
scaling factor of 0.46, one obtains the spectrum in Figure 4C adds as well as transfers an electron with almost equal

that is readily identifiable as that of tipeaminophenoxyl radical
(APhO), published in the literaturé.220On comparison of the
spectrum in Figure 4C with that g-~aminophenoxyl radical,
prepared by Kt oxidation ofp-aminophenol at pH 11, the yield
of APhO in the *OH oxidation of H'PDA is estimated as 16-
(+£2)%. Thep-aminophenoxyl radical (APh®is not produced
on the*OH oxidation of PDA in basic solutions. Presumably,
APhCO is formed on*OH addition to the ring carbon site (ipso
carbon position) bonded to N, followed by very fast Ni*

probability on encounter with #PDA in water.

Because of molecular asymmetry of"PDA, there is a
remote possibility that the two-step production of the cation
radical, discussed above, may arise because of the loss of OH
from two distinct*OH adducts, one being too short-lived to be
observed. If that were the case, the two steps should merge into
one in the*OH oxidation of doubly protonated PDA (H
PDAHT) where only one adduct precursor of the cation radical
is possible. TheOH adduct at the ipso position produces the

elimination. To our knowledge, spectroscopic evidence of p-aminophenoxyl radical (protonatiorkKpof 2.2)22 However,
*OH-induced deamination in the acid form of an amine has beenthe formation kinetics of PDA still has two components, as

obtained for the first time. The PDARaman intensity in Figure
4B is about 46% of the intensity in Figure 4A. Thus, 46% of
the*OH radicals produced on radiolysis of water react with-H
PDA to produce PDA" and 16% to produce APhQadicals.
This accounts for the fate of about 62% of tidH radicals at

1 us. The remaining 38% of th®H radicals are very likely
bound to PDA (HPDA—OH*) at 1 us. Because of the high

shown in Figure 6. At pH< 4, the hydrated electron reacts
with HT to convert into M atom (rate constant of % 1010
M~ cm™1) and the yield of theOH radical becomes pH-
dependent in BD-saturated solutions. Therefore, pulse radiolysis
was performed on an Nsaturated aqueous solution containing
2 mM PDA at pH 2.5. At this pH, there is a large contribution
to the 360 nm absorption by the® ldtom adduct, which does

radical concentration used in Raman experiments, the loss ofnot decay into the cation radical. It can be seen from Figure
radicals by bimolecular reactions occurs much more rapidly than 6 (absorbance scaled fadH radiation yield) that about 40%
in absorption experiments. Therefore, optical absorption is more of the absorption at 480 nm evolves simultaneously with the
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Figure 6. Temporal evolution of transient absorption on electron pulse
irradiation of N-saturated aqueous solution containing 2 ngM
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Figure 7. pH dependence of the yields of tipephenylenediamine
cation (PDA™) andp-aminophenoxyl (APh@ radicals, as determined
by transient absorption and time-resolved Raman resonance Raman,

365 nm absorption. On the other hand, the remaining 60% growsrespectively (see text).

with the decay of the 365 nm absorption, with a half period of
~2.7 us*® On comparison with the PDA formation in Hf-
PDA (Figure 3), one estimates a drop of 25)% in the yield

(in terms of *OH concentration) in the diffusion-controlled

as illustrated in Figure 7. We ignore here the loss of radicals
due to radicatradical reactions (about 10%). The yield of
APhO was measured is after the electron pulse, by Raman

component (ET) and an increase of about the same magnitudespectroscopy, on radiolysis of ;8-saturated 2 mM PDA

in the adduct-mediated (AMET) component, as expected from
the DOB mechanism. The *Hcatalyzed rate constant for the
OH~ elimination from theOH adduct of HPDAH™, estimated
as 8(2) x 10’ Mt cm1,1824js extremely low compared to
that of a diffusion-controlled process. We attribute this low value
to the Coulombic barrier experienced by the proton in approach-
ing the *OH adduct. It is well-known that th&OH addition
occurs preferentially on the ortho and para positions of the
substituted benzenes with substituent groups having strang p
electron-donating properties (e.g., OH, NM225A significant
amount ofOH addition at a position meta toeNH; in HTPDA
is not expected. Therefore, only or@H adduct (ortho) plays
a dominant role in the cation radical formation via AMET, and
the formation kinetics qualitatively resembles that ihlRfDAH™
where only one adduct precursor is possible.

pH Dependence of Transient Absorption As discussed in
the preceding sections, the 46880 nm transient absorption is
associated with thp-phenylenediamine cation radical (PBA

in basic as well as acidic solutions, but its yield depends on the

time of observation and pH. In basic solutions, 1B radical

is totally (100%) consumed to produce the cation radical in less
than 1us under the chemical conditions employed. On the other
hand, the'OH oxidation of H'PDA at pH 4.5 produces only
55(+£5)% of the cation radicals in i&s. In addition, 16% of the
*OH radicals are lost in forming theaminophenoxyl (APh€)
radical, withAmaxat 444 nmé! Therefore, the PDA absorption

at 460-480 nm, measured Ls after the electron pulse,
decreases as the pH of the solution is lowered from 8 to 4.5.
This pH dependence relates to the adidse equilibrium of
PDA but not to that of itsOH adduct, as thought previously.
This does not mean that the adduct radical (PP®@H) cannot
protonate in acidic solutions. In all probability, its protonation
pKa would be very similar to that of the parent molectie.
However, there is no evidence that t{@H adduct is formed

solutions in the pH range-38. The fraction of theOH radical
used in the APhOproduction increases from 0 to 14% (Figure
7A) as PDA converts into its acid form (HPDA). There is a
corresponding decrease in the PDAield, estimated from the
480 nm absorption, 40s after the pulse (Figure 7B). The sum
of the PDA™ and APhQO concentrations shows very little
variation with pH (“A+ B” of Figure 7). This sum represents
the total radiation yield ofOH if the loss of radicals by second-
order reactions is not considered. The titration curves in parts
A and B of Figure 7 reflect the protonation properties of the
parent compound. However, the diagram in Figure 7B can be
easily misinterpreted to be due to the acimhse equilibrium of

the cation radical. Therefore, it is not surprising that 10&1
adduct and cation radicals of various aromatic amines have been
erroneously assignedgvalues very close to those of the parent
molecules, using similar titration curvés.

Conclusions

The pH effect on theOH oxidation ofp-phenylenediamine
in water has been examined as a model system for elucidating
the reaction mechanism in aromatic diamines. Our experimental
approach differs from the earlier investigations, since it com-
bines the commonly used transient absorption method with time-
resolved resonance Raman spectroscopy. We present here the
vibrational spectroscopic evidence of tliH addition, followed
by deamination, in the acid form of an aromatic diamine, for
the first time. Deamination does not occur in the basic form of
the molecule. The identification of an aromatic oxy radical as
an intermediate in the reaction @H with protonated diamines
(e.g.,p-aminophenoxyl radical ip-phenylenediamine) provides
a simple explanation for the marked pH dependence of the
transient absorption spectra and kinetics.

An important finding of the work relates to the reaction
mechanism where theOH radical exhibits dual oxidative

in appreciable concentration in basic solutions or that it absorbs hehavior (DOB) with respect to the different protonation forms

in the 460-480 nm region.

In mildly acidic solutions, conversion of th®H adduct into
the cation radical (PDR) is complete in less than 45 (rate
of 1.3 x 1®° s™1). The pH dependence of the 480 nm absorption,

of an aromatic molecule. The transfer of a delocalized p
electron fromp-phenylenediamine (FPDA and H'PDAH™)

to the*OH radical occurs directly (ET) at a diffusion-controlled
rate and via solvent-induced ionic fragmentation of the co-

40 us after the electron pulse, can be explained in terms of the valently bonded*OH adducts (AMET or adduct-mediated

pH-dependent yield of thp-aminophenoxyl radical (APhQ)

electron transfer) on the microsecond time scale. The ET



9060 J. Phys. Chem. A, Vol. 103, No. 45, 1999

component of the DOB decreases, and AMET increases, on
proton additions to amine. The effect can be conveniently
described in terms of the ionization potential (IP) of the neutral
molecule and free energy chang&G°) on protonation. It
appears that misidentification of the reaction intermediates has
been primarily responsible for the AMET interpretation of the
*OH oxidation of aromatic diamines.
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