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Radical-Induced Oxidative Transformation of Quinoline
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The primary events of the oxidative transformation of quinoline, an environmental pollutant, by different
radicals have been investigated using pulse radiolysis. The hydroxyl radical reacts by adding to both pyridine
and benzene rings of quinoline to form the OH-adducts. On the other hant, &@lizes the quinoline to

its radical cation, which further undergoes hydrolysis to yield the OH-adducts. The possibility of the quinoline
radical cation to undergo hydrolysis has been independently verified by generating the radical cation under
laser induced photoionization conditions. The quinoline radical cation produced in acetonitrile shows high
reactivity toward water. The rate foDH reaction is greatek(= 1.0 x 10'°© M~ s71) than that found for

SOy reaction k= 3.5 x 10® M1 s™1). With oxidation potential at 1.87 V vs NHE, quinoline is nonreactive
toward *N; radicals and less reactive towar@ radicals k = 3.2 x 18 M~! s™1). The mechanistic
understanding of the primary oxidation pathway of quinoline will aid in designing strategies for the abatement
of pollutants containing nitrogen heterocycles.

Introduction Quinoline is, in concentrations of 10 mg/L, a major N-
heterocyclic constituent of creosote (the distillate from coal tar),
and a common contaminant of soil and groundwater in areas
of wood preservation and fossil fuel faciliti&$31*Consumption

. PR ) ) . . %bf wood preservatives in 1999 in the US totaled approximately

carcinogenic:”® Quinoline, 1, is a simple heterocycle in which 364 thousand metric tons with creosote being the primary wood

a benzene ring is fused to a pyridine ring. It occurs naturally preservative used in the United StatesAccording to an

and was originally isolated from coal tar. The quinoline Environmental Protection Agency assessrHeni the aquatic

derivgtives are cpnstituents of antiseptics,.pharmacle uticals Withenvironmentad fate of quinoline, this compound is biodegradable

a variety of med|C|_naI purposes, chlo_roq_uﬁebemg Just one at a rate depending on different conditions, such as temperature

example of an antimalarial _drug. Quinoline a‘f‘d its derivatives and the microbial population. Complete biodegradation in water

are also usgd as raw mate_n_al and as solvent in the man_ufactur(?1as been reported in as little as-@ days in natural water

of dé/es,.pall.nts, gno: r:jerb|C|d§élfjxamplgs fgr corkr:merua}IIY samples with the major metabolites expected to be 2-hydroxy-

used qguinolines include a mixed cyanine dye, the pyrvinium quinoline and 2,3-dihydroxyquinoline. Quinoline is also likely

o e enmide 2 b Botobzed wih halives ranging o 21 days g
pacs, » ung 'the summer to 160 days during the winter. Hydrolysis, oxidation

mseptludes., anpl pharmaceuticals, quinoline itself is a hePato'and volatilization are not considered to be significant for
carcinogen in mice and ratd.It has been shown mutagene with - ) S ; o
chemical transformation of quinoline under ambient conditions.

the Ames assay! that quinoline (along with several deriva- S e
tives), is indirect mutagene and “likely to be carcinogenic in _ Advance oxidation processes (AOP) such as radiolysis, photo-

The contamination of surface and groundwater by N-
heteroaromatics is a major environmental contérsince many

humans™2 Fenton oxidation, ozone/UV photolysis, photocatalysis, are
radical-mediated processes that are effective for the removal of
NHCHMe(CH,),NEt, organic contaminants found in watér?' However, recent
reports have shown that in many instances, the end products
m = can be more toxic than the parent compound or that the toxicity
N a N is not diminished after the treatme®#3For example, Thomsen

2 and co-workers used nitrifying bacteria to measure the inhibition

1
Me.N COOH from wet oxidative-treated quinoline samples under different
’ N | S reaction conditions (using air or pure; @ aqueous phase at
NENF NNEN elevated temperature and pressdfe)n three out of four
Me M /\ " s HN%( experiments, the products formed by wet oxidation were more
3 ¢ N ¢ Y toxic than quinoline itself and the samples using short oxidation
times were less toxic than those using long times. There is still
much debate about the mechanism and the main oxidative
* To whom correspondence should be addressed. Phone: (219) 631-species involved in some of these proceg4e¥.The hydroxyl
5411. Fax: (219) 631-8068. E-mail: pkamat@nd.edu. WWW: http:// radical is thought to be the main reactive species in AOPs, but
www.nd.eduspkamat. I L ’
* Notre Dame Radiation Laboratory. other possibilities include the oxidation by the hole produced
* Department of Chemistry and Biochemistry. by photoirradiation of TiQ or reaction with activated oxygen
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species? Cermenati and co-workers found different product Reaction with*O~ was studied in MO-saturated basic

distribution for the photo-Fenton degradation of quinoline solutions (pH> 13). At this pH most of theOH radicals are

(monohydroxylated quinolines dominant) and the Fghoto- converted intdO~ as K4("OH) = 11.9; the rate constants of

catalysis (2-aminobenzaldehyde as the major product), suggestthe forward and reverse reactions are £.20°° M1 s 1 and

ing the complexity in the oxidative degradation mechani8m. 1 x 10° s71, respectively?® This species can behave as an
These issues demand a better understanding of free-radicaloxidant withE® = 1.77 V vs NHESC

induced reactions of quinoline and its derivatives so that The azide radicatN; was formed by pulse radiolysis of

effective strategies for environmental remediation could be sodium azide solutions (0.01 M) using phosphate buffer (50

developed. Compared to other AOPs, radiolysis has the advan-mM) at two pH values (pH- 7 and pH~ 4) and NO-saturated:

tage of generating oxidizing radicals selectively and of providing

mechan!stlc and k|ngt|c |nformat|0n.of the primary processes "OH+ N, — OH™ + N, A3)

responsible for chemical transformations. Quinoline also serves

as a model compound to establish the mechanism of oxidative

. . . . . a1
transformation of a larger class of N-heterocyclic compounds Az|de_rad|cal is a mild omdgntE(O . 1'33.\./ VS NHE)’ more
(e.g., imazaquin) that are commonly used as herbicides Orselectlve than hydroxyl radical and participates in one-electron

fungicides. Here, we report the reaction of quinoline with oxidation via primary formation of radical cations. The azide
different oxidative radicatshydroxyl radicals/oxide radical ~adical has a very sharp absorption band-a74 nm and very

: : : ; little absorption above 300 nm. The sulfate radical,'SGs a
anions, azide radicals, and sulfate radieajenerated by pulse . .
radiolysis. yp very strong oxidantE°® = 2.43 V vs NHE) and reacts with

organic substrates by electron transfet It was prepared by
Experimental Section the reaction of persulfate dianion (5 mM) with solvated electron

. . in N2-saturated solutions:
Materials and Methods. Quinoline was purchased from

Lancaster (98% purity) and it was distilled before using. All
other chemicals were purchased from Aldrich, Fluka, or Sigma
and were used without further purification. The pHs of the
phosphate buffers and other solutions were adjusted with IHCIO The hydroxyl radical was scavenged by addirBuOH (0.05
(70%) and NaOH. The oxidation potential of quinoline in M), and the yield of S@~ wasG(SQs ™) = 2.7.

acetonitrile was determined using cyclic voltammetry method. ~ Laser Flash Photolysis.The quinoline solutions in acetoni-

A BAS-100 Electrochemical Analyzer was used for these trile were prepared using a fresh bottle of acetonitrile HPLC
measurements. grade. All solutions were prepared so that the optical density at
Pulse RadiolysisPulse radiolysis experiments were carried 308 nm was~1.5. All solutions were irradiated using an Applied

out using the Notre Dame 8-MeV Titan Beta model TBS-8/ Physics Excimer laser system (308 nm, output20 mJ/pulse,

16-1S linear accelerator with a pulse length of-218 ns. A pulse width~10 ns). A typical experiment consisted of a series

typical experiment consisted of a series ef#® replicate shots,  Of five replicate shots, which were averaged for single measure-

which were averaged for a single measurement. Dosimetry wasment.

carried out with NO-saturated solutions of 10 mM KSCN Computational Methods. Theoretical results were obtained

assuminges72 nn{(SCN)~ ) = 7580 M~ cmt andG = 6.13. using the Gaussian 98 at the B3LYP/6-31G* le¥feThis level

The G-value is defined as the number of species formed/100 of the theory has been shown to adequately predict reaction

eV, andG = 1 corresponds to 0.1036M J! in SI units. energies and transition-state energies for radical pathWwé§s.

Experiments were performed using continuous solution flow All single-point energies were corrected for zero-point energies

mode. Analysis of optical absorption versus time was done using from harmonic frequency analysis of the optimized structures.

ORIGIN (Microcal) software. Solvent effects evaluated using the CPCM model for water with
When dilute aqueous solutions are irradiated with high-energy € = 78.39 and the energies from these calculations were also

radiation, the energy is absorbed mainly by the solvent water, corrected by adding zero-point energies corrections from the

giving rise to the production 0DH radicals, hydrated electrons  gas-phase frequency calculations.

and°*H atoms as reactive free radicals and to some to some

H,0,, Hy, and HO™: Results and Discussion

&g T S05 — SO +5S0,” 4)

B Reaction with *OH Radicals. The hydroxyl radical is highly

H,O w»—"0OH(2.7)+ e ,(2.7) + "H(0.55)+ H,(0.45)+ reactive toward aromatic and heterocyclic compounds and it

H,0,(0.71)+ H'(2.7) (1) usually adds to the aromatic ring to form the hydroxycyclo-

hexadienyl radical with a characteristic absorption in the-310
350 nm rangé/~3° The time-resolved transient absorption
spectra of quinoline (0.85 mM, pH 6) recorded following
pulse radiolysis of a pD-saturated aqueous solution are shown
in Figure 1. Both the uncorrected (the difference) and the spectra
corrected for the quinoline ground-state absorption show a
characteristic peak at 320 nm, which we attribute to the OH-
adduct of quinoline by analogy with previous studies done on
pyridine and benzen®&:*° On the basis of the dosimetry and

where the values in parentheses indicate G@alues. The
concentration ofOH was in the 3-5 uM range.

The *OH radical is a very strong oxidanE{ = 1.9 V vs
NHE).2” The reaction ofOH radicals with quinoline was carried
out in N;O-saturated solutions. Solvated electronggavere
converted toOH radicals (reaction 2).

€ 5T NO—"OH+ OH + N, 2) maximum absorbance values, we obtain an extinction coefficient
of 6400 M~ cm™* at 320 nm for the OH-adduct of quinoline.
and a system consisting of 90%H radicals and 10% H atoms The absorptiontime profile at 320 nm (Figure 2A) allows

was achieved under these conditions waftOH) = 5.4 and the determination of the rate at which the primary OH-adduct
G(*H) = 0.5528 is formed during the radiolysis of a quinoline solution (0.8 mM,
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0.04 }H i TABLE 1: The Reaction Energies for the Formation of the
’ Isomeric OH-Adducts in Gas Phase and in Water
0.03 AEave (gas phase) AEae (Water)
isomers [kcal/mol] [kcal/mol]
< 0.02 .
< Q —20He -18.9 -19.5
0.01} Q —30H —16.8 —18.9
Q —40H -19.9 -21.2
0.00 Q —50H —-21.5 —-235
. , A Q —60H —16.8 —18.6
300 400 500 Q—70H -16.3 -17.8
Wavelength, nm Q —80OH -21.8 —23.9

Figure 1. (A) Time-resolved absorption spectrum of the transient(s) a2 QOnly two rotamers were averaged for this isomer.
formed after the pulse radiolysis of an aqueoy®Maturated solution
of quinoline (0.85 mM) at pH- 6, at (a) 1, (b) 10, and (c) 166s. (B) - . . e . I .
(a) Absorption spectrum of ground-state quinoline, (b) difference indicate if there is specificity ofOH addition. Possibility exists

absorption spectrum of the transient ag&0and (c) transient absorption  for *OH addition at different positions of the aromatic rings

spectrum corrected for the ground-state absorption of quinoline (Scheme 1).
WhereasOH is a very reactive species, it has been shown
004 150 ' | in the past to be very selective in both the addition and H
nm

abstraction reactions with six-membered heterocyclic com-
pounds*243We employed computational analysis to calculate
0.02} | the energies of the reactants and of various hydroxylated radical
products (OH-adducts) in the gas phase and in a cavity model
representing the aqueous solution. The attack*@f on
0.00 A | quinoline could produce three rotamers for each position, as is
F ‘ illustrated in Scheme 2.
0 300 600 900 Table 1 summarizes the computed reaction energies, i.e., the
Time, ns differences between the energies of the product and reactant,
averaged for each isomer in gas phase and in water. The
computations suggest that the addition reaction®éf to both
rings are energetically favorable. The reaction energy values
range from—18.6 to—23.9 kcal/mol for the formation of the
OH-adducts in water and from16.3 to —21.8 kcal/mol for
1 the formation of the OH-adducts in gas phase. Since these values
B are spread across an interval of oty kcal/mol, there seems
R=0.999 to be no overwhelming energetic preference for any isomer
095 03 e o9 .ad.du<_:t as compared to the others. On. the basis of.thes_e results,
[Quinoline], mM it is likely that the observed absorption spectra in Figure 1
Figure 2. (A) The buildup of the intermediate(s) at 320 nm in a pulse- represent the Welgh'_[e_d average of the_ |somer|c_O|-!-adducts
irradiated solution of quinoline (0.85 mM, pH 6, N;O-saturated). formed f_rom t_he addition ofOH to both r_lngs of quinoline.
(B) Plot of the first-order transient formation rate constant at 320 nm  Reaction with *O~. Although the reactions oD~ have not
vs different quinoline concentrations {8 purged solutions). been extensively studied, there has been an increased interest
in its chemistry. Its contribution can be significant in the
N,O-saturated, pH- 6). The bimolecular rate constant for the radiolytic chemistry of highly alkaline solutions. In strongly
reaction of quinoline witltOH radicals, determined from the alkaline solutions,”"OH radical is rapidly converted to its
linear dependence of the first-order growth rate constant on theconjugated bas#®~.%4 The time-resolved transient absorption
quinoline concentration (Figure 2B), is 18@.05) x 1010M~1 spectra of quinoline (0.61 mM, pH 13.2) recorded following
s L. This shows that theOH radical attack on the quinoline  pulse radiolysis of a bD-saturated aqueous solution are shown
occurs with a diffusion controlled rate. These results are in in Figure 3.

AA

agreement with previous stud#4! which showed thatOH The difference absorption spectra of the transient(s) recorded
radicals are highly reactive toward arenes and react with nearlyfollowing the attack ofO~ on the quinoline are very similar to
diffusion controlled ratesk(> 10° M~ s™1). the transient(s) formed by the attack ‘@iH. This similarity

Although the strong absorption above 300 nm confirms the between the spectra was observed in other studies adwéll.
formation of hydroxycyclohexadienyl-type radicals, it does not For example, Dey and co-worké?ssuggested that in the
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Figure 3. Time-resolved absorption spectrum of the transient(s) formed

after the pulse radiolysis of an agueousONsaturated solution of
quinoline (0.61 mM) at pH- 13.2 at (a) 0.75, (b) 10, and (c) 168.

The inset shows the build-up trace of the intermediate(s) at 320 nm.

reaction of*O~ with 2-aminopyridine, an OH-adduct is ulti-
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The lower rate constant for the oxide radical ion as observed
in this study is an indication of a different type of reactivity
with quinoline than that of the OH radicaD~ is a nucleophilic
species with a preference for H abstraction and has a low

mately formed in the presence of water. However, no explana- tendency to undergo addition reactions-@orders of magni-

tion on the reaction pathway was given in their study. Simic
and co-worker® reported thatO~ addition to benzoate at pH

tude less thanOH).4446.5152Since quinoline has no alkyl side
chains and the formation of an aryl radical is energetically

14 produces a transient species with identical absorption unfavorable, hydrogen abstraction is not a feasible pathway in

spectrum to that of the OH-adduct and suggested thatkhe p
of the hydroxyl group on the resultant hydroxycyclohexadi-
enylcarboxylate radical is greater than 14.

Since the equilibrium betwee®H and*O~ (equilibrium 5)

Ka
‘'OH="0 +H" (5)
is achieved well before the reaction with the solute, some
studie4® assume that the reactivity at high pHs is due mainly
to the oxide radical anion, with a negligible contribution from
the hydroxyl radical. However, since the reactivity of hydroxyl
radical is significantly higher than that ¢®~, we can expect
contribution from both these oxidative species at high alkaline

this reaction. The addition pathway has been suggested previ-
ously for reactions ofO~ with aromatic®® Neta and Schulét
reported the rate constant for the addition reactiorQOofwith
p-phenoxybenzoic acid to be 16 10° M~1 s71 or a partial

rate constant of & 10’ M~1 s~ per aromatic ring. Simic and
co-worker48 reported the rate constants for the reactiorCof

with 1- and 2-naphthoic acids in the range of-1£28 (+30%)

x 108 M~1 s, For quinoline, such an addition reaction would
involve a nucleophilic attack predominantly on the heteroaro-
matic ring, which is deactivated by the electronegativity of the
nitrogen atom. Should such an addition reaction occur, we would
expect the [quinoline©~]-adduct to protonate immediately via
the reaction with the solvent and the observed spectrum should

pH. Thus, it is necessary to evaluate the individual contributions P€ that of on OH-adduct.

from these radicals at high pH.
The bimolecular rate constarke, was determined by

Since*O~ is also a strong oxidarit;>® possibility exists for
the direct electron transfer betwe&@~ and quinoline. The

measuring the transient absorption growth constant (320 nm)oxidation potential of quinoline in acetonitrile was determined
at different quinoline concentrations. From the slope of the linear to be 1.63 V vs SCE (oE° =1.87 V vs NHE). The small
plot of growth rate constant versus quinoline concentration we difference (0.1 V) between the two redox couples shows that

obtain kexp @as 8 x 10® M~ s71. Since both*OH and*O~
collectively contribute to this value, one can exprksgin the
form of eq 6.
Kexp = Konl OHN(['OH] + [[O']) + Ko ['O ]I/

([OHI+ 0] (6)
Expressing the’OH] and fO~] concentrations as a function of

the dissociation constamt, of hydroxyl radical, eq 6 can be
summarized as follow&

_ Kon + Ko-(KJ[H™])
1+ KJH]

()

Xp

whereKz = 1.26 x 10712 M, kexp = 8 x 108 M1 571, and
kon = 1 x 10 M~1 s71. By substituting the values df,,
k-on, andkexp in €q 7, we obtain the bimolecular rate constant
for the reaction of quinoline withO~ asko = 3.2 x 1 M1

s~ L. Although the rate constant o®~ reaction ko) is nearly

30 times lower than that for OH radical reaction, high
concentration ofO~ at pH 13.2 drives theO~ reaction with
~40% probability. (Note that the ratio between the concentration
of the two species was calculated to b@T]/[*OH] = 20/1 at

pH 13.2, using the Henderseitlasselbalch equatidi)

the electron transfer between th® and quinoline is still
possible. The lower rate constant determined from our analysis
(3.2 x 10* M~1 sh is in the range of electron-transfer rate
that one would expect on the basis of electron-transfer tR&cs;.
Single-electron-transfer processes wih have been described

by several researchers. For example, Neta and Schuler suggested
that*O~ reacts with the phenoxide anion by electron transfer
with the formation of the phenoxyl radicét & 6.5 x 1B M~1
s71).51.54|oele and co-workeP8 suggested thaO~ reacts with
uracil, cytosine, adenine, and guanine by one-electron oxidations
with rate constants in the range of (28.8) x 108 M~1s71,

If such an electron-transfer process should proceed with
quinoline, the formation of a radical cation in the radiolysis at
alkaline pH is expected. However, direct observation of radical
cation under these experimental conditions poses additional
problems. In the absence of strong acidic media as well as in
the absence of any stabilizing electron donating groups, the
radical cations are very short lived and are likely to undergo
hydrolysis to form OH-adduct¥:62.62Thus, both addition of
*O~ and single-electron transfer are probable pathways of
quinoline oxidation at pH 13.2. Since the observable transient
species is the OH-adduct in both these types of mechanisms
(Scheme 3), it is not possible to distinguish between these two
mechanisms. Moreover, the similarity of the reported rate
constants of both the addition and single-electron-transfer
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MY The pseudo-first-order rate constant for the formation of the
0.021 A 3 /‘ intermediatekirm Was monitored at the absorption maximum
b, 001 320 nm using different quinoline concentrations. The bimo-
lecular rate constant for the reaction of quinoline with sulfate
radical was found to be 3.5 10° M~1s™1. The dependence of
the pseudo-first-order rate constant for the formation of the
intermediate on the quinoline concentration is shown in Figure
4B. This follows the trend that the rate constants forsSO
reaction are generally lower than those found for t&ed
reaction3®
While discussing the reaction 0O~ with quinoline, we
pointed out the possibility that the radical cations, in the absence
2250 B ] of strong acidic media as well as in the absence of any stabilizing
T electron-donating groups, are very short-lived and undergo fast
% hydrolysis to form OH-adduct¥:61.62f this argument holds
[ true, the stable form (microsecond scale) of the transient
following the oxidation of quinoline with oxidizing radicals
0.75F | would be the OH-adduct form. Indeed, the similarities of the
R=0.997 spectral characteristics of those obtained in the reaction with
sulfate and hydroxyl radical (Figures 1A and 4A) support the
hydrolysis of quinoline cation radical in aqueous solutions
(reaction 8).

AA

0.00 ey 320 nm

0.01f

0.0 0.5 1.0 1.5
Time, us

0.00 ~

300 400 500 600
Wavelength, nm

0.2 0.4 0.6
[Quinoline], mM
Figure 4. (A) Time-resolved absorption spectra following oxidation

of quinoline with S@~ at pH ~ 7 (Nx-purged 0.6 mM quinoline — _, At 2—

solutions containing 0.05 MBUOH, 5 mM K;S,0g, 50mM phosphate Q+ SO, Q" +SG,

buffer; reaction 4) (a) 0.75, (b) 5.75, and (c)@9after the pulse (Inset IH.O

shows the formation of the transient(s) at 320 nm). (B) Plot of the 2

first-order transient formation rate constant at 320 nm vs different OHT 8
quinoline concentrations in the reaction of quinoline with sulfate [Q-OH] (8)

radical. Photoionization of Quinoline. To assess the stability of

. L . quinoline radical cation, we employed pulsed UV laser to induce
reactions poses further challenge toward estimating the contribu- hotoionizai his al idi inoline invol
tion of individual processes photoionization. This alternate way to oxidize quinoline involves
) ) T ) ) subjecting the acetonitrile solution of quinoline to high energy
Reaction with Sulfate and Azide RadicalsTo obtain further laser excitation (308 nm, 20 mJ/pulse).
insight into a possible electron-transfer mechanism, we inves-

tigated reactions of quinoline with other oxidizing radicals. As Q + hv — Q* — 30~ (9a)
described in the Experimental Section, it is possible to generate N B
secondary oxidizing radicals such as'nd SQ~ by using Q+nhv— Q™ + g, (9b)

appropriate primary radical scavengers (see reactions 5 and 6) . ) . ] ]

in a pulse radiolysis experiment. It has been shown that SO  Both triplet excited state and the radical cation formed during
reacts with aromatic compounds and DNA-nucleobases via the laser pulse excitation were characterized using nanosecond
direct electron transfer to form a radical catf3né4 laser flash photolysis apparatus. The radical cation of the

The reaction of quinoline with these oxidizing radicals quinoline formed following laser excitation is quite stable on

provides us a means to compare the oxidation process with thatthe monitoring time scale, since typical unimolecular decay

. ; . o . . ., reactions such as deprotonation and carbmarbon bond
of *OH radicals. The azide radical is a selective oxidant which - . ) .

X . . . fragmentation are not favored in this case. The transient
reacts exclusively by single-electron-transfer with the primary b . ded d 49 after | |
formation of radical cation&®% The transient absorption absorption spectra recorded 1 and A after laser pulse

. : . . . excitation of quinoline in Msaturated acetonitrile are shown
spectrum recorded following the reaction with Kadicals does in Figure 5 A
not show any significant absorption in the 36860 nm region. . . .
. The absorption maximum at 400 nm in the spectrum recorded
The weak absorption chang&A < 0.001 at 320 nm) observed P b

in the radiolvsi X ¢ (not sh indicati £l at early times corresponds to the triplet excited state. The
In the radiolysIS experimen (not s _own) was indicative of low spectral characteristics 8Q* have been independently con-
reactivity of quinoline toward Bt radicals. This low reactivity

arises from the lower oxidation potential ofNadicals E° = firmed from a triplet-triplet energy-transfer proce8s.This

1 81T : triplet quinoline decays with a lifetime of 14 while the 330
1'?,’3 V vs NHE}! as compared to the oxidation potential of nm absorption peak remains undisturbed during this time period
quinoline (1.87 V vs NHE).

(Figure 5A). In aerated solutions, only the absorption peak at
On the other hand, the sulfate radical is a stronger oxidant 330 nm is observed, as the triplet excited state (absorption at
(E° = 2.43 vs NHE}*33 and capable of undergoing single- 400 nm) is quenched by dissolved oxygen (Figure 5B). On the
electron transfer with quinoline. The transient absorption spectrabasis of these observations we assign the absorption peak at
obtained following the reaction of SO with quinoline are 330 nm to the quinoline radical cation.
shown in Figure 4A. The difference absorption spectrum, To study the reactivity of quinoline cation radical toward
uncorrected for the ground-state absorption of quinoline, shows water, we recorded the transient spectrum in the presence of
a strong absorption band at 32830 nm and a very weak and  small amount £1%) of water, which was added to the
broad absorption in the region 37@50 nm. It is important to acetonitrile solution prior to laser excitation. In the presence of
note the point that the overall spectral features of the electron- water, the cation radical was short-lived as indicated by the faster
transfer product are similar to that of OH-adduct. decay of the absorption at 330 nm, (Figure 6A). These
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Figure 5. Time-resolved absorption spectra of the transients formed
after the laser pulse (308 nm) excitation of a solution containing 0.1
mM quinoline in acetonitrile under different experimental conditions:
(A) Deaerated solution: spectra were recorded at (@3 and (b) 40

us after laser pulse excitation. (B) Aerated solution: spectra were
recorded in the (a) absence of water and (b) presencd % of water,
2.7 us after laser pulse excitation.
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Figure 6. Absorption-time profiles of the transients at (A) 330 nm
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the strong absorption band at 310 nm was characteristic for both
species (viz., cation radical and OH-adduct of quinoline), the

decay kinetics and molar absorptivity at longer wavelengths

were different for these two transients. The strong reactivity of

cation radicals toward water is the major reason for observing
OH-adduct in the direct electron-transfer reactions involving

SOy~ radicals (Scheme 4).

The pulse radiolysis experiments presented here provide an
insight into the oxidative transformation of quinoline. These
results also aid in establishing the oxidative pathways in different
advanced oxidation processes. For example, the present study
can elaborate on the electron-transfer mechanism proposed in
TiO, photocatalysis of quinoliné? To explain the predominant
formation of 2-aminobenzaldehyde, Cermenati at al. invoked
the oxidation mechanism involving quinoline radical cation. As
demonstrated in the present study, the cation radical formed at
the TiO, interface will undergo rapid hydrolysis and thus the
fate of the final transformation will depend on the decay pathway
of the hydroxyl adduct.

Conclusions

The free-radical-induced reactions of organic pollutants are
of immense interest as they provide strategies to abate the
chemical pollution for minimizing their impact on the environ-
ment. Quinoline is considered to be a major pollutant in areas
of creosote contamination and is part of the structures of
herbicides and dyes. Quinoline is very reactive toward strong
oxidizing species such as hydroxyl radicals and sulfate radicals.
OH-adducts are the primary intermediates formed during the
oxidation process and survive on the microsecemillisecond
time scale. The photoionization experiments conducted in
acetonitrile medium confirm the ability of the radical cation to
undergo fast hydrolysis. Thus, even if the quinoline participates
in a single-electron-transfer reaction, the cation radical is quickly
hydrolyzed to form OH-adduct in the aqueous medium (Schemes
3 and 4).

The final products in the reaction of quinoline with hydroxyl
radicals are mostly monohydroxylated quinolines. Preliminary
experiments involving product analysis have confirmed the

and (B) 400 nm, recorded after the laser pulse (308 nm) excitation of gttack of hydroxyl radicals on both rings of quinoline and

a solution of 0.1 mM quinoline in acetonitrile under different condi-

tions: in deaerated solutions and in aerated solutions, in the absenc

and in the presence of 1% water.

observations further support our argument that the quinoline

radical cation is susceptible to rapid hydrolysis.
Sehested and co-worké&thave investigated the stability of

€

experiments are underway to elucidate the selectivity of the
attack and to establish the ultimate fate of the OH-adducts.
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acidic solutions. The radical cation, if formed, should have an
extremely short lifetime in the absence of electron donating

substituents. For example, the lifetime of the benzene radical

cation was estimated to be20 ns in the photoionization studies

of benzene. Mohan et §l.obtained the spectrum of the benzene
radical cation working in strongly acidic conditions, i.e., 7.8 M
HCIO4 and compared it to the spectrum of OH-adduct. While
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