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Oxidation of Phenol in Aqueous Acid: Characterization and Reactions of Radical Cations
vis-a-vis the Phenoxyl Radical
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Aqueous sulfuric acid containing up tel4 M acid Ho = —7.0) was used as solvent in pulse radiolytic
redox studies to characterize cationic transients of pherngls@H) and map their reactions. The primary
radical yields were first measured to correlate the variation in various radical concentrations as a function of
increasing acid fraction in the solvent. Compared to their respective values at pH @@ increased

with almost a linear slope 0f0.024 umol J* for Hy™! (or pH™) up to Hp —6.0 (Ox = *OH + SO;),
whereasG(H*) increased with a slope 6£0.033umol J* for Ho~* (or pH™1) up toHo —5.0. In the presence

of >10 M acid Ho < —5.0), phenol was oxidized to its radical catioHgOH", which further reacted with
phenol and generated the secondary, dimeric radical catighsQE),"*, following an equilibrium reaction
CeHsOH'" + CgHsOH = (CeHsOH),", with Keg= 315+ 15 ML The two cationic radicals were characterized
from their individual UV~vis absorption spectra and acidity. TheHgOH'* absorption peaks are centered

at 276 and 419 nm, and it was found to be more acidi, (@ —2.75+ 0.05) than (GHsOH)*" (pKa =
—1.98 + 0.02), having its major peak at 410 nm. On the other hand, in the presencé.®fM acid the
CeHsO reactions followed the radical dimerization route, independent of the parent phenol concentration.

Introduction steady-state condition. The ensuing semi-oxidized phenol
radicals were supposedly detected by their time-averaged esr
signal, but any likely interference from radieahdical, radicat
solvent and radicalsolute(s) type reaction product(s) was not
checked. Thus, a confirmation of the real time radical stability
therein was missing, although a time resolutior=d00us was

Phenolic chemistry in a variety of application areas such as
auto- and anti-oxidation, biochemical synthesis, the dye, pes-
ticide and drug industry, stabilizers in polymers and plastics,
atmospheric and water pollution control, etc. involving its
o oo gonaay oseaet i o GRS avalal o Tansnt dtection by Gucerty,
generation and reactions of the appropriate phenoxyl radical asIt has been shown by quantum chem|_ca| calculations that in
the reactive intermediafé:® Even in the case of phenol the gas phase, as a_result of favorable |_ntermqlecular hydrogen
(CgHsOH), which often serves as a convenient reference or bonding (andcaslaso S”.m“'taf‘eous aromaticomatic attraction),
model system for these phenolic compounds, the phenoxyl both phendFeand its catiof add to anoth_er ph‘?”o' F“O'ecu'e.
radical, GHsO" is considered to be the predominasgmi- and_ _produce_ the more stable, respective dimeric species.
oxidized species, and hardly any information is available Additionally, it is reported that due to favorable hydrogen

regarding the chemical behavior of its conjugate acid, the phenol g&gg;}negd ?onl:r:gb?; doiI:a\lllva(t:ziggle% L;lniisn Cagif?eerqel:ﬁnggy%n?:t
radical cation, GHsOH™. In most oxidative reactions though clusters?in light of these theoretical reve%ations doubts now
(other than a direct H-abstraction), the formation gHEO* ’ 9 ’

; ) i o .
would necessitate a favorable deprotonation of the intermediate?"'>€ about the assumed chemlcal .Stab'"ty efiOH, and it
CoHsOH+, formed first in reaction 1. seems plausible that the cation might not have been detected

exclusively, or might have missed out completely in the presence
of the prevailing=1 cM phenol concentratiohAs a result, even

the reported radical acidity value could have arisen due to
another cationic species. A complete time-resolved reevaluation

The lone measurement in agueous acid medium reports thatof Phenol oxidation via the cationic route is therefore overdue,
CeHsOH*+ deprotonation occurs &ty —4.8 (Hammett acidity ~ Poth for unequivocal gHsOH"* generation and for character-
function scale, the proton activity correctelgbeing—2.0)2 ization, as well as for an update of its chemistry. Only then
Thus, GHsOH* possibly remained elusive in mildly acidic ~May the existing knowledge of phenol oxidation be comple-
aqueous medium employed so far in other time-resolved phenolMmented.
oxidation studies, although its presence otherwise has been Taking a cue from the previous stuélyhe solution acidity
reported in nonaqueous medium, in gas phase and in frozenin our measurements was set as before, following the Hammett
matrix 35 acidity function scal®® (Ho) but the real-time mapping of radical

A scrutiny of the experimental procedure of the previous generation and decay was achieved with the pulse radiolytic
study? however, reveals that phenol oxidation in aqueous (PR) oxidative route. In the present PR measurements, perchloric
sulfuric acid medium was carried out with Ce(IV) under a acid use was restricted mainly due to the attainable upper acidity
limit of its solutions Hy —5.3)1° Only H,SO; allows measure-

T E-mail: tndas@apsara.barc.ermet.in. ments even dtlp < —5.3 and the first part of our measurements
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describes the specific details of such experimental protocols andResults and Discussion

auanfcaton of varous pysical pAramters SSSeNAL O prmary acical Vs i Aqueous A Wihan cease
9 9 ) ParL, in acid fraction in the solvent, in addition to t@H and BO,**/

e oot e e e o S et a0 adcas fom reacion 2, ot oidizn radicals such as
SO, ClOs and CIQr are generated following reactions 3 and
to seconds are presented. These measurements reveal th

importance of secondary radical reactions and also provide the

updated radical acidity values. H,0 = "OH, H202'+/H02', H, e, ete )
Experimental Section *OH + H,50/HSO,” — SO,
Materials and Procedure. Water used in these studies was ; ; ; -
obtained from Millipore Gradiant A10 system, with conductivity (and direct radiolysis of 550/HSO, ") (3)
>18 MQ cm~! and organic carbor:5 ppb. The gasesDAr,
N2 and NO used for purging were obtained locally from British
Oxygen Ltd. (purity~ 99.95%). HCIQ solution (62 wt %) and
H,SO, (98 wt %) were obtained locally from SD Fine Chemicals
and Thomas Baker, respectively, and used without further
purification. Phenol used in this study was the best purity grade
available from Lancaster. It is pertinent to note here that in high
sulfuric acid concentrations>(14 M), irreversible sulfonation
of phenol has been reported in a previous sttidyherefore
the upper limit of solution acidity was restricted tol4 M
whereas the corresponding solutidavalues were set following
the details available in the literatuteAs a precautionary check
on phenol stability, its absorption spectrum in appropriate O
saturated acid solutions was always verified prior to a PR study.
These spectral measurements were made on a Hitachi 2001
spectrophotometer. In the concentration range@f#o 5 cM,
phenol remained (chemically) stable for at least 30 min after
mixing in acid solution. In PR measurement, the phenol sample
was always added to the acid medium immediately before e "+ HO —H (6)
pulsing and any possibility of its thermal decomposition was aq 3

therefore ruled out. All measurements were carried out at During oxidative measurements; khterference was best
ambient temperature close to 251 °C. minimized by saturating the solutions with;@he reporteck;

The reported gas-phase stabilization energy®kcal mof value of 1.2x 10° M~1 s71 at low pH® decreased steadily
for the (GHsOH), specie®’ led us to check its presence in the  and reached a value 0§7.0 x 10° M1 st at Hy —7.20

samples. Because the phenol spectral profile remained un-

changed when its concentration was increased frarivi4o 5 H + 0, (+H30+) — H202’+ 7
cM, it is assumed that in aqueous acid thgH§DH), species

is absent. Additionally, in the absence of a definite spectral  Although HO reaction with phenol is not yet reported, at

HCIO,/CIO,” ~ ClO; & ClO, (4)

In molar LSO, solution SQ*~ forms both by the direct
radiation chemical effects on,8O/HSO,~ (pKa1 = —10.0,
pKaz = 1.9)!% and also by theOH reactions Kon+,s0, = 1.4
x 10" M~ s t andkopsnsa, = 4.7 x 1P M1 s71).26 In the
case of HCIQ, CIOs* and CIQe are formed only by the direct
radiation chemical effects shown in reactio#’4n reaction 2,
the commonly denoted HOradical is presented in its proto-
nated form on the basis of its reporteldpralue of 1.2+ 0.3,
equilibrium 58

H,0," + H,0=HO, + H,0" (5)
In acid solution, H (H-atom) becomes the primary reducing

species as a result of “inside-spur protonation” gf éollowing
reaction 6.

support for the presence of the protonated specigids@H," the appropriate acidity, #0,"" may act as the oxidant. The
even atHo —7.0, phenol is uniformly represented asHgOH thermodynamic support for such a reaction arises from the
throughout this presentation. higher HO,*" reduction potentialE° ~ 1.5 V at pH 0¥-22as

The 7 MeV pulse radiolysis-kinetic spectrophotometric detec- compared to phenoE? ~ 1.36 V)23 A check on such reaction
tion setup used in this study and the data analysis protocolskinetics was made by employing.®aturated pH 0 télg —2.5
have been described in detail befété3Briefly, samples were solutions containig 1 M H,O,. Then the after-pulse 4D,
irradiated h a 1 cm x 1 cm square Suprasil cell. Optical yield was enhanced to the maximum value €D.7 uM
detection of transients and related measurements was performed—1.1%2425However, further addition of 2606500 «M phenol
within the spectral range of 25800 nm using a 450 W xenon  did not show the formation of &150°; hence further involve-
lamp and a Kratos monochromator blazed at 300 nm coupled ment of HO,** in our studies was ruled out.
to a Hamamatsu R-955 photomultiplier tube. A spectral resolu-  Acid Dependent Yield of Primary Radicals. The depend-
tion of ~1 nm could be achieved whereas the background signal ency of primary oxidizing and reducing radical yiel@&Ox")
at 250 nm due to scattered light remaine®%. Sample andG(H*) on the increasing acid concentration were separately
replenishment before each pulse was made with the help of ameasured and are consolidated in Figure 1. ©(id*) values
flow arrangement and oscilloscope traces were averaged duringvere obtained by extending our recent measurements to higher
spectral and kinetic measurements. Polytetrafluoroethyleneacid concentration¥.26 Employing Ar saturated solutions (in
(PTFE) tubing was used for the entire flow system, with acid the presence of 0.15 Nert-butyl alcohol) of either (i)~150
resistant Viton tubing used for pumping 1 cM aerated SCN uM biphenyl or (i) ~250uM I, the ensuing biphenyl H-adduct
solution was used for routine dosimetry, takiBgx ¢ = 2.59 (e360 nm = 5000 M1 cm )27 or I~ (e3gonm = 9400 M1
x 1004 m? J!t ande = 7650 Mt cm™! at 475 nm* (The cm~1)28.29 concentrations were respectively estimated from the
absorbed dose later in the text always refers to the equivalentAAmax values assuming 95% conversion efficiency in each
dose measured as such.) The measured values from pulsease. Any contribution from S absorption was separately
radiolysis experiments generally have an uncertainty-d0— estimated from its 476500 nm kinetic traces and appropriately
15% and it applies to all subsequent results of this study. deducted.



3346 J. Phys. Chem. A, Vol. 109, No. 15, 2005 Das

' H,SO, (M)
~0.56 I 146 121 84 44 043 93x10°
ol T
%0.49 _isxaof i\ o ~©]
— 0.42} . 2 4 /
8 °\ —, 1:210°F S -
k=l i 05 ] o] p
® 0.35 8 1) .
&  |Glx)inHCIo, st X 9.0x10°f P '
0.28} oty 3 e |
TEE Ao s & 60d0f B ]
H,/pH . 0.% !
3.0x10°f -7 I .
Figure 1. G(Ox*) andG(H*) in aqueous acid. X (?e(? R
L . . 7 6 5 4 -3 2 1 0 1 2
On the other hand3(Ox®) estimation by routine thiocyanate H_/pH
dosimetry* was found to be unsuitable in molar acid solution. ] o
Deviations shown in Figure 1 were noticed possibly due to the Eclfljlljtri‘ca)nz H-atom scavenging potency curve of @ aqueous E5Q,
HSCN deprotonation occurring at1.13% and partial M assisted '
oxidation of HSCN/SCN (although such details are not yet 4k . , —t
known completely$! Additionally, in HCIO, solution atHg < permental
—2.5, HSCN was thermally oxidized. The corr&{Ox") values 3K R o 1]
were instead obtained from the following measurements. —
Employing Q saturated 1 cM solution of the halide ion; X g o
(X~ = CI~ or Br), ~ 98% efficiency was achieved forX s |
generation following reactions 8 and 9. w
1k === 14
X* + OX- . X- (8) 7-6 -5-40-3 -2-1
Ok L , Uit |, L
X'+ X=X, 9) 280 320 360 400

wavelength (nm)

Bry~ concentration was measured atlitgx 357 nm by taking Figure 3. Phenol H-adduct absorption spectrum obtained with Ar
€357nm= 9900 M~ cm 132 whereas the Gi- concentration was ~ Saturated solution of 0.15 Nert-butyl alcohol and 30Q:M phenol
measured at its. 335 nm by takinge — 8800 ML and |rrad_|ated_W|th 10 Gy pulse (SO contribution taken into account

a3 max g -335nm . as explained in the text). (Inset) plot &fAssonm against increase in
cm % These %' concentration estimates were suitably acig concentration: experimentafssonm(O); yield corrected\Agsonm

updated after accounting for minor radical loss within the time () and its relative first derivative (dashed line).
scale of respective measurements. The extent of egchoss
was judged separately from its own acid-dependent decayscavenging M From our recent measuremefisising the acid

kinetics. HBr and HCI K, values being—9 and —8, respec- dependent [g] and ky-+0, values, H scavenging potency of
tively, these measurements could be satisfactorily performed O, was quantified. The resulting plot is shown in Figure 2. All
over the entire acidity range, revealing the uniform ses@x) the currently relevant kinetic values and also the other ones

values. In presence 6f3 M H,SOy, even SQ@Q~ absorption (at discussed later were estimated to account for any effect of
Amax 445 nm, takingesqspm = 1630 M1 cm 113 could be gradual change in ¥8Q, solution viscosity?” Briefly, these
directly used to measure tH&Ox") value (once again taking measurements reveal theficgiom) = 1.7 x 1 M7t st
into account any radical loss). (superscript O refers to solution pH) a0, = 1.2 x 101°

For these measurements, it was assumed that none of thes#~1 s1)19 continuously decrease with increasing acid concen-
radicals were protonated within the experimental acidity range, tration, and the respective’ values (superscript7 refers to
and consequently their respectivgalue remained unchanged. solutionHg) are~70% and~61% of theirk® estimates. More
This assumption was supported by the individual radical importantly, these numbers suggest thatselavenging by ©
overlapping spectral profiles obtained at the highest solution (saturation condition) to be effective (i.e.95%), experimental
acidity and at pH~ 0. MatchingG(Ox®) values obtained with [CsH50OH]max Need to be<90 uM at Ho —7.0, proportionately
Bry*~, Cl*~ and SQ~ support this assumption. Relati@Ox") increasing to the level o£330uM for pH > 0. However, in
values obtained in HClQare marginally lower than the ones our study, some measurements were also necessary with phenol
obtained in HSOy solutions, mainly due to the overall differ-  concentrations exceeding 1 cM. As expected then, irrespective
ences in the generation processes of the respectivénQixe of the nature of the gas used for saturating these solutions (i.e.,
two media. These measurements took care of the combinedAr/N, or O,), considerable amounts of the phenol-H-adduct(s)
effects of the continuous change of radiation energy partition were generated after pulse, and these interfered with the
between the two solvent componefft§>and the subpicosecond proposed oxidative measurements. To judge the extent of such
trapping and scavenging of the quasi-dry electron kpH interference and eliminate it, phenol-H-adduct spectral charac-
(resulting in a continuous increase in radical yields due to the teristics and their reaction kinetics were separately quantified.
reduced propensity of the “inside-spur® H- *OH reaction as The spectral measurements in Ar saturated solutions in the
compared to a fastegg + *OH reaction occurring in solution  presence of 0.15 Nert-butyl alcohol are reproduced in Figure
of pH > 0%9). In all subsequent measurements, the experimental 3.2° The characteristic HOCsHg" absorption band is obtained
G(Ox*) andG(H°*) values from Figure 1 were used to normalize at 330-335 nm atHo > —3.0, as reported in the pa$t38
various transient yields at any chosen acidity. whereas the 360 nm band observe#igt< —5.5 is ascribed to

Dissolved Q and H° Interference. During oxidative studies  the conjugate BD—CgHe+ absorption. When the acid depend-
in aqueous solutions, only dissolved Was found suitable for ent HO—CgHet AAggonm Values in the Figure 3 inset are
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normalized with respect to the*iield (refer to Figure 1), the 0.030 . . . . . n2.5x10
[HO—CsHg"J/[H20—CsHet] = 1 point is obtained atly —5.3. 4.pH12; N.O
Following the earlier methodologithe proton activity corrected 0.024 : T T 5 0x10*

T
<
1

H,O—CgHe't pK4 is obtained as-2.4. In these measurements, 3.pH 1.0; N, "
any interference due to SO or the semi-oxidized phenol at H

-
the concerned wavelengths and time windows were separately ~ 0.018f {1.5x10%
estimated and suitably accounted. =
In the case of other measurements wherséhvenging by 0.012F J1.0x10* X
dissolved Q@ was not complete, then, in addition to the after- ]

pulse interference due to HGCsHe" or H,O—CsHg", at slower

time scales, interference also appeared due subsequent peroxyl
radical formation. Its magnitude was judged from radical
formation/decay kinetics and spectral characteristics as follows. ~ 0.000b—— : . "

The rates of @addition to HO-CgHg* and HO—CgHe"" were 300 35? h /400 450
measured in solutions saturated with different ratios paNd wavelength / nm

0,. The measured value 5.1 x 10° M~1 5% its reported Figure 4. Transient (mostly €HsO) spectrum at different acidities

value being (3.£5.0) x 108 M~ s71)3-41 decreased steadily (or alkalinities): (1) and (2) obtained with,@aturated 30@M phenol

ith . - id trati d hied aval solution and irradiated with 12.5 Gy pulse; (3) obtained with N
with an Increase in acid concentration and reac aajue saturated 1 cM phenol solution (12.5 Gy); (4) obtained witON

of 1.1x 10° M~*s™%. The peroxyl radical spectral interference  satyrated 1 cM b and 5004M phenol solution (12 Gy).
was considered on the basis of its reported absorptigp €
690 M~1 cm™1),0 whereas its reported radicaladical decay
rate 9= 4.7 x 10° M~1 s71)4° was assumed to have ayl/ 0.012
dependency in the experimental medium.

Some of these spectral measurements were repeated i, HCIO 0.009
solutions mainly to analyze the extent of £Ointerference

L}

1
©
o
<
jat
S

0.006

encountered in k80, solutions. Additionally, any occurrence 0.006
of phenol-H-adduct- semi-oxidized phenol type inter-radical 5
reaction was also checked. Covering a range teft-putyl 0.003
alcohol]/[Q] values, and also by changing the irradiation dose,

the individual radical concentration as well as their concentration 0.000
ratio was varied. However, the individual decay kinetics of either

type of radical remained unaffected, suggesting a low propensity ~ -0.003
for inter-radical reactions. 20
Oxidation of Phenol in Low Acid Concentration. Although time (us)

previous Sth'es_ S_UQgeSt use of'Clas the oxidant for gHs0* Figure 5. ACUCHEM overlay of 400 nm gHsO formation/decay
generation in acidic p¥¥—*4the reported rate constant of phenol  traces obtained at different pHs with, Gaturated 24Q:M phenol

+ Cly~ reaction k1725 = (2.5-5) x 10° M1 g 14244 solution and irradiated with a 15 Gy pulse. (Inset) changedtsO*
stipulates use of at least millimolar phenol and decimolar Cl yield with pHHo. The deprotonation type plot (maximum slope at pH
concentrations. Only then can the dirt®@H addition generating ~ ~ 0.7) is explained with the set reactions in Appendix A. (Inset)

. ; ; ; experimental values (open symbol§(Ox) yield corrected values
E?eHo,g:)u%Sémrj;?rﬂrz?/zder;)ézgxglznﬁ)éidIﬁ nt)ﬁéy?aettﬁdlicsala(-l:)o (solid symbols). The solid line overlaying the 400 nm yield corrected
¢ 6 5f di o .d duci 9 luti i89.47,48 values is obtained from ACUCHEM analysis of respective kinetic

ransformed into gHsO* under conducive solution acidi#§;*": traces.

keeping in perspective the complex set of reactions leading to
Cly~ generation from theOH + CI~ reaction!3 and the H-atom reaction), the S-type curves were replaced with plots
unavoidable generation of some phenol-H adduct in the presenceshowing a gradual increase intO" yield with a decrease in
of millimolar phenol, the feasibility of gHsO* generation  solution pH. In this case the correspondingHg0* yield was
without the use of Cl was checked. Transient spectral measure- also found to be higher than the values obtained under O
ments made withtOH (as Ox in reaction 10) are shown in  Saturation. The unchangedtO" spectral profile obtained in
Figure 4. all these cases therefore suggests that iagype value of 0.71
(averaged) arises as a result ofHgO* generation following
CgHzOH + OX" — [C4HsOH] o, (10) more than one channel, depending both on solution acidity and
on the presence of O
In this case, the difference in the transient spectral profiles In a recent study, similar dependency ofHgO* yield on
obtained atHp —1.6 (similar to pH 12 results obtained with acid concentration has been proposed, but the results therein
Ns*) and pH 2.2 shows only the presence of HCyHs"OH with were based on measurements made atpB.4’ Satisfactory
its characteristic absorption at 29340 nm. With an aim to kinetic overlay of our pH 6-3 experimental traces was possible
reduce the after-pulse HECsHs"OH generation, as the solution  only after some of these projected rate values were updated by
pH was gradually reduced from 3 to O undeg €aturation, taking into account the prevailing acid concentration. The
Hendersor-Hasselbalch type plots were obtained @&{OXx") ACUCHEM multiparameter kinetic analysis softwéreas put
normalized GHsO® AAmax values obtained at 288/383/400 nm. to use and the reaction scheme shown in Appendix A was
Some of these plots are shown in the Figure 5 inset. The followed.
corresponding midpoint values (maximum slope) are obtained In this reaction set, the primary radical reactiens lead to
as 0.71 (at 288 nm, not shown), 0.69 (400 nm) and 0.72 (383 HO—CgHs"OH formation and gHsO" is subsequently generated
nm). When these measurements were repeated under Nfrom it following two reactionsj andk. Reaction deals with
saturation (then also taking into account contribution from the the unimolecular water elimination whereas reactas acid
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catalyzed. Reaction m and n deal with different HG- 0.10 . . y 2.75x10™*
CeHs*OH loss processéd.Reactionso andp are necessary to experimental
include a partial @HsO* decay even within the fast time scale yield 12 20x10™
of measurement. For data analysis it has been assumed that only corrected
CeHsO" absorbs at the wavelength of measurement (400 nm)
and the hydronium ion is represented agOH. Our results <
suggest that although the published rate values of readtjons

m and n are adequat, the rate values for reactiojsand k

shown within parentheses are unsuitable as these produced large
differences in kinetic fitting. Although all these rate values 0.02
(reactiong—n) were earlier obtained from measurements made

in solutions of pH> 3, under the present conditions of actual 0.00 K
higher acidity, suitable modification was found necessary only 250 300 350 400 450 500

for the reactiork as it alone relates to thes@* concentration. wavelength (nm)

Simultaneous modification of rate of reactipwas mandatory Figure 6. Transient absorption spectra in & BaturatedHo —7.0
as only a unique combination of these two reactions rate valuessolution of 1.5 mM phenol irradiated with 36 Gy pulse, with

allowed the desired ACUCHEM fitting of the 400 nm kinetic contributions from various radicals explained in the text. (Inset) increase
traces at various pH, shown in Figure 5. Reactibna andn in CsHsOH"+ absorption AAs19nmWith acid concentration: experimental

. . o AAy9nm (D); yield corrected\Asignm (B) and its relative first derivative
did not have any dependency on the actual solution acidity, and(daslf]ed( “Le%_ Pasonm ()

as expected, did not need any modification in their respective

rate values. The quality of our kinetic overlays highlights the transient formation after accounting for the slower contribution
necessity of such pH dependent measurements. If these d_etaﬂeﬁom abovek 7(sos+cas0H)- These kinetic measurements also
kinetic analyses were overlooked, then merely from the estimatereyealed minor radical loss taking place at the selected time of
of transientAAna divergent and therefore erroneosisalue measurement.
emerges. For example, an earlier report of theldO* €400nm Taking i -7

- ' g into account the absorbed dose, @(&l*)~’ (super-
value 2150 M cm™1)* correlates with the pH 2'12 MEASUTE"  script —7 refers to solutiorHo) value of 0.57umol J°* from
ment, whereas another25% higher value£2625 M * cm™) Figure 1, and the pO—CgHg"+ spectral characteristics (from
suggegts a slightly lower solut|.on pH. On the other hand, our Figure 3, assuming its complete generation), its estimated
analysis revealsf?e correct pH independesdO" esoomvalue  gpeciral contribution is shown in Figure 6 (dashed line). On
(=3550+ 250 M~ cm™). As a further support, aioonmvalue the other hand, from the absorbed dose and3{@x)~7 value

= 3540 + 200 M™* cm™ was also measured from an 4 g 47 ymol J* from Figure 1, the [Ofmax Was obtained.
independent phenol oxidation measurement shown in Figure 4gacause the kinetic analysis above revealetD% not-yet

in I_\IZO sat_urated pH 12 solution with sNas t_he oxidi_zing reacted S@~ at the chosen 1@s time window, the semi-
radical, taking the3(Ng) = 0.6 umol J™* following previous  oyidized phenol concentration was90% of [OX]max. In the
measurement$:>3 The updated @HsO" absorption spectrum  |5tter, ~59 GHsO* contribution (seen as 383/400 nm humps)
(mo_lar absorptivity vs wavelength) was used for obtaining the 55 estimated from the plot G(Ox) yield correctedAAuzgnm
desired GHsOH"" spectrum presented below. vs Ho (Figure 6 inset). The updatedidsO* absorption spectrum
Under G saturation, when phenol concentration was ap- from the previous section was used to estimate its present
propriately maintained at250uM, only the three characteristic  contribution (dotted line). On subtraction of the®+CsHe"™,
absorption peaks at 288/383/400 nm were observed Ufyto  CgHsO* and SQ~ absorptions, the difference spectrum in Figure
—3.0, suggesting only ¢E1sO° generation. Employing HCI©O 6 (solid line) shows two peaks at 277 nm (fwhm12 nm not
solutions, the above results could be reproduced from pH 3 to considering @HsOH bleaching correction) and 419 nm (fwhm
Ho —3.0. = 50 nm). These are assigned tgHgOH"" absorption, and
Oxidation of Phenol at High Acid Concentration. Below from its calculated concentration-85% of [OX]may), the€z77nm
Ho —3.0, first a hump appeared around 4425 nm in the  andesignmvalues are respectively estimated as 3#1250 and
after-pulse transient absorption profile, and with a further 1800+ 150 M~* cm™%
increase in acid concentration, new transient absorption peaks The GHsOH" Amax values are reported at 275.5 and 423
at 360-365 and 414 nm gradually emerged and gained in nm in solid argor?,and 436-440 nm in organic solvenfs.On
intensity. Concurrently, the intensity of theslzO® peaks at the other hand, the correspondingHgO® Amaxis always reported
383/400 nm gradually decreased, whereas its 288 nm peakat 400 nmP#5as observed in aqueous medium. The blue-shift
shifted to higher energy. In NsaturatedHo —7.0 solution of of the lower energy gHsOH'* peak in aqueous acid possibly
1.5 mM phenol, the transient absorption spectrum (open symbol) indicates a favorable solvent effect, thereby suggesting different
shown in Figure 6 was recorded at 48 after end of pulse.  origins of its two peaks. More importantly, further analysis of
Analysis of related kinetic traces recorded at various wave- the Figure 6 inset plot reveals its maximum slopédat—5.7
lengths suggested the presence @OHCgHg'", CsHsO* and corresponding to the deprotonation reactigl§OH* + H,O
SOy~ at this chosen time of measurement. To find their = CeHsO® + HzO™. Following the methodology described in
individual contributions in the transient spectrum, the relevant the previous studythe proton activity correctedgBlsOH"* pKa
rate constants were measured separatefpat7.0. These rate  is calculated as-2.754 0.05. The current solution acidity value

—~~

1.65x10°

values aré& (11,0 cggt+H,0-Cee) = 3.0 x 1B M1 st taken of —5.7 for GHsOH** deprotonation is considerably different
from our recent measuremefits " on+nso) = 1.0x 100 M2 from the earlier report of-4.82 A satisfactory answer for this
s kT sar+sar) = 4.5 x 108 M7t 57 K 7(so+cahson) = discrepancy was obtained from the following measurements at
2.1 x 10 M~1 s71 (following 445 nm SQ@~ decay; for time scale of>100 us.

comparison, kK Yso +ceHsony = 1.0 x 10° M7t s7%), and Slow Time-Scale Measurement at High Acid Concentra-

K 7comtcgHson) = 7.2 x 108 M~1 s71 (obtained from 277 nm  tion. Although in acid concentratior 6.5 M, the GHsO* decay
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Figure 7. Transient formation kinetics at 410 nm i €aturatedHs Figure 9. Secondary transient spectrur@)(obtained at 2 ms after
—7.0 solution of phenol irradiated with 29 Gy pulse. First order PUISe in Q saturatecHo —7.0 solution of 1.5 cM phenol irradiated

formation rate values 6.4 10% 3.5 x 10% 1.9 x 10% 1.6 x 10° and with 42 Gy pulse. Subtraction of E:OH™" contribution ¢ — —)
1.1 x 10° s * are respectively obtained with 25 mM; 12.6 mM; 5.6  'eveals the (6HsOH);™* absorption £) (Insey) transient decay profiles

mM; 2.9 mM and 1 mM phenol concentration. (Inset) 290 ngHD* obtained atH, —2.0 and—7.0 in the presence of 2.0 cM phenol.
decay traces dtlp —2.0 under @ saturation indicate the kinetics to be

independent of phenol concentration. 0.040 ; ' ’ ) ’ ’
0 o
' ' ' ' 0.032F E
6000 E
£0.024 [ 1
5000 E Iy
. 0.07 ~
*7& 4000} 0.06 4 0.016 F E
a €
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000 007 002 003 004 Figure 10. Transient absorbance obtained at 2.5 ms after pulse in O

[C.H.OH] (M) saturated sol_ution of 1 cM phe_nol solution irradiated with 20 Gy

6 '5 pulse: experimental\Anax (O); yield correctedAAmax (O), and its

Figure 8. Variation of (first order) transient formation rates under relative first derivative (dashed line).

experimental conditions described in Figure 7. (Inset) variation of

obseyyed secondary transient yield under the same experimenta[uM phenol. The (GHSOH)2'+ decay ratesk, and k, were

conditions. estimated separately from further analysis of kinetic traces
) . . obtained in milliseconds to seconds time scale (a sample trace

remained independent of phenol concentration as postulated ghown in the Figure 9 inset). On the other hand, the proposed

beforé* (Figure 7 inset), the nature of¢HsOH"" decay in (¢, OH),** absorption characteristics was obtained from the

higher acid concentration was found to be of opposite nature. Figure 9 transient spectrum, recorded with asaturatecHo

For exampleHo —7.0 kinetic traces shown in Figure 7 reveal  _7 g sojution of 1.5 cM phénol. It was estimated that at the

that as phenol concentration was increased from@0 a  ggjacted 2 ms time of measurement, 17.4864OH" contri-

few centimolar, a secondary transiet as well as its formanfn bution prevailed. After subtracting its contributions in the

rate, ,kObs were increased continuously, |mply|.ngBP.€L‘50H° transient absorption, and taking98% phenol oxidation ef-

reaction with the parent. However, as shown in Figure 8, the ficiency, we estimated the (B0H),** absorption spectrum

resulting plots of such changes in @ys and (ii) AA values and its desired:o value (5000+ 500 Mt cm-1). Although

against the_prevailing phen_ol concentration are of dis_,similar further studies are underway to quantify the proposed tertiary

nature. While the rate of increase haps values remained |, jical (GHsOH)s*+ chemistry, the current contribution from

constant, the corresponding rate of increaseAi values g .\ aiie of 9000+ 1000 M-t cm! was ~0.2%.
graduzlly Ievele%loff, thereby suggesting the proposed reaction As a result of the above exercise, a large variance in the
11 to be reversible. respective reactivity of g4sOH* and (GHsOH);* in the

- - presence of a few centimolar phenol is revealed. The concentra-
CeHsOH"™" + CgH;OH == (C¢H;OH), (11) tion ratio [(CsHsOH)>"]/[CeHsOH**] then remains close to 6:1.
Therefore, it is inferred that in the earlier steady-state measure-
The set for reactions shown in Appendix B was judged to ment employing 2 cM phendldue to ready formation but a
the most appropriate one for ACUCHEM analyses of the longer lifetime of (GHsOH),** as compared to EisOH", the
formation traces shown in Figure 7. The desired rate values for former had definitely interfered in the measurements aimed to
this purpose were obtained as follows. Although the equilibrium detect the latter, possibly due to their structural similarity as
11 forwardky; (ork. = 2.2 x 10° M~1s™1) and reversé_q; (or revealed recentl§2 As the previously reported 8lsOH" pKa
ks= 7.0 x 1®? s71) values were obtained from analysis of Figure of —2.(? has already been proved to be incorrect, a supportive
8 data, the second-order decay rate gHEOH", k, was explanation regarding the nature of the reported radical depro-
measured separately at 280 nm iH@—7.0 solution of<50 tonation atHo —4.7% is also necessary. To check ifg@OH)*™
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SCHEME 1 (b) OH+e,, —OH  k=50x10°M ‘s *®
radicalcation phenoxyl radical
Amax 4190m 7 may 400 nm (0 'OH+"OH—H,0, k=55x10°M *s*%

dimerization

OH OH o
-7 reaction
@ fox] - PKa (H+H—H, k=50x10CM st
275 _H|-+
H
SH O/ \O/ OH

(@ e THO —H  k=23x10"M s+

_ 1 trimeric
K=315M @ @ N @ _______ , radical () &y +0,—~HO,H0,"  k=19x10°M s '
cation

dimeric radical cation (@ H + 0,—HO,H,0," k=20x10°M st
Amax 410 nm
pKaH , (h) H* + C;H;OH — HO—CH,"
k=17x10°M g1

(i) "OH + C;H;OH — HO—C¢H."OH

@ @ k=6.6x 10M g1

(j) HO—C4H;OH— CH:O" + H,0O
was the likely answer, its acid dependent yield was measured k=20x 10fs? (for -p- adductk = 1.8 x 10° 571)47
in the presence of 1 cM phenol. In Figure 10, a plot of 2.5 ms
after-pulseAAqisnm values reveals a continuously increasing (k) HO—C¢Hg OH + H,0" — C,H.O" + H,0 + H,0"
trend with increase in acid concentration. On normalization of 21
the AA41snmvalues, an S-type curve emerges and the resulting k=20x10'M s
maximum slope atlo —4.8 is proposed to describedOH),** (for -0- & -p- adduct k, = 6.7 x 1M ts H¥
deprotonation (due to its majority contribution at 2.5 ms),
thereby confirming the above assumption. The proton activity (| HO—CHs"'OH + O, — (HO),CH:0,"
corrected (GHsOH)*" pK, value is estimated to be1.98 + 1 147
0.02. k=12x10°M's

Conclusions.In light of these results, the reactions in Scheme . 4 . -
1 emerge as the representative of free radical induced phenol(m) (HO),CeHsO," + H:O™ — HO,/H0,™ + HOCH,OH
oxidation in aqueous acid wherein the major difference lies in k=13x 1M s ¥
the preferred reactions of the cationic intermediate(s) with the
parent, which is totally absent in case gHzO reaction. When  (n) HO—CgH;"OH + HO—C;H;”OH— (HO—CH;OH),
these studies were repeated with HEI®ut restricted within k=10x 1M 114
the upper solution acidity limit of-5.3), reproducible results )
confirmed that t.he natqre of the aciq used had no influence eithergo) CeHeO" + CgHLO" — (CH-0),
on the respective radical generation process or its subsequen
chemistry. As a corollary it is proposed that the nature of acid k=2.0x 10°M~*s™* (this study
would not have any role even by < —5.3. Current success
with the use of aqueous, 80, solvent for pulse radiolytic redox ~ (P) (CgHsO), + CgHsO" — HOCH,CsH,O" + C;H;OH
reactions suggests that an entirely new methodology is now k=55x 10° M 1g? (this study
available for probing yet unknown free radical reactions, which
can complement similar studies in nonaqueous solvents. Detailed  Starting solute and after-pulse radical concentrations for the
quantum chemical calculations taking into account appropriate dose employed:
solvent effects may explain if the near-IR absorption band
observed for (gHsOH),** arises as a result of a charge reso- — <IVE _ —4 .
nance band postulated to appear in a sandwiched stri#éttre. [02] = 1.2> 10" M; [CoHOH] = 2.4 10 TM;

[H,01=0.6-1.0x 10> M; [H]=9.0x 10 ' M;
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o-— ot
Appendix A: Formation and Decay of CsHsO* in O (@ SO," + CgHsOH —~ CeH:OH
Saturated Solution at Different pHs k=21x 16M ts?

Reactions and Rate Constants. " o
(r) CgH;OH + C;HOH" — (C¢H;OH),

@H +'OH—H,0 k=7.0x10°M*st% k=22x 10°M's™
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(9) (CgHsOH),”" — CeH;OH"" + CH-.OH
k=7.0x10°s*

(t) CH:OH" + C,H.OH" — Productl
k=1.0x 1M 'st

(u) (CGHSOH)2.+ + CeH;OH— (CGHSOH)3.+
k=10x 1M *s?

(v) (CHsOH),™" + (CgHLOH),”” — Product2
k=1.0x 10'M~'s™t

Starting solute and radical concentration:

[SO,1=1.37x 10" M;
[CHsOH] =2.7x 10 *t0 2.5x 10 %M
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