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Introduction

It is well known that the chemistry of peroxides (i.e., hydro-
gen peroxide, organic peroxides, or other peroxides such as
peroxodisulfate) in a wide variety of (industrial) chemical or
biological systems often involves radical species formed in
those solutions. Predominantly, hydroxyl radicals (or high-
oxidation-state metal–peroxide or oxo intermediates) are
produced through Fenton chemistry in the presence of cata-
lytic amounts of transition-metal ions.[1–9] Peroxides are also
known to react with reducing radicals, usually forming ROC

radicals.[10]

Hydroxyl radicals in turn react with organic molecules in
solution to produce secondary radicals, for example, alkyl

radicals.[11,12] Furthermore, in all catalytic processes involv-
ing alkyl radicals, alkylperoxyl radicals are formed in the
presence of dioxygen.[12–20] These transients are also formed
in biological systems usually during oxidative-stress phe-
nomena.[21,22] However, the reactions of alkyl and alkylper-
oxyl radicals with peroxides were not studied.
Hydroxyl radicals are known to react with dimethyl sulf-

oxide (DMSO) to produce methyl radicals or peroxomethyl
radicals in the presence of oxygen [see reactions (7)–(9)
below].[23] Indeed, the formation of methane or ethane (or
final products of methyl radicals in aerated solutions) in
DMSO-containing aqueous solutions is often taken as evi-
dence that hydroxyl radicals were intermediates in the reac-
tion mechanism and, therefore, DMSO is used as a probe
for hydroxyl radicals.[24–26]

Although DMSO is widely used to generate methyl radi-
cals in dilute aqueous solutions by radiation or Fenton
chemistry, its interactions with other radicals, which might
be formed in the solution, was not fully studied. The reac-
tion of hydroxyl radicals (produced by irradiating N2O-satu-
rated aqueous solutions or using the Fenton reagent) with
DMSO results in the production of methane and ethane,
with the respective yields dependent on dose rate (i.e. , the
steady-state concentration of the methyl radicals) and the
concentration of DMSO. Ethane, the major product, is
formed by the bimolecular radical reaction of two methyl
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radicals, whereas methane is formed by the abstraction of
hydrogen atoms from DMSO or methanesulfinic acid
(CH3SOOH).

[27,28] Recently, the rate constant of the reaction
of methyl radicals with DMSO, thus contributing towards
the formation of methane through abstraction of hydrogen
atoms from the methyl group of DMSO, according to reac-
tion (1), was reported.[29]

CCH3 þ ðCH3Þ2SO! CH4 þ CH2SðOÞCH3

k1 ¼ 100� 20m�1 s�1 ðpH 4Þ
ð1Þ

Thus, it was of interest to study the reactions of further radi-
cals with DMSO, for example, those derived from a perox-
ide/DMSO system.
As hydrogen peroxide is prevalent in biological systems[30]

and is also a product of the irradiation of dilute aqueous sol-
utions, it was of interest to study the reaction of hydrogen
peroxide with methyl or methylperoxyl (in aerated systems)
radicals derived from DMSO.
A variety of bleaching processes employ additives to cata-

lyze the reactions of peroxides, which usually involve trans-
fer reactions of oxygen atoms. Possible additives are carbo-
nates or persulfates. However, as in all systems involving
peroxides radical processes often contribute to the reaction
mechanism, it was of interest to include peroxide substitutes,
such as peroxymonocarbonate (HCO4

�) and persulfate, and
investigate their reactions with methyl or methylperoxyl rad-
icals, or rather the influence of the addition of carbonates
on the reaction between hydrogen peroxide and methyl or
methylperoxyl radicals. The results may be relevant to radi-
cal-induced biological deleterious processes[31,32] and to the
catalytic oxidation of various substrates by hydrogen perox-
ide in the presence of HCO3

� ions.[33–35]

Experimental Section

General : All the materials used were of analytical-reagent grade and
were purchased from Merck, Aldrich, or Fluka. The solutions were pre-
pared using distilled water, which was further purified by using a Milli-
pore Milli-Q system. The final resistance was better than 10MWcm�1. All
pH measurements were performed using a Corning 220 or a HANNA HI
9017 pH meter, and the pH value was adjusted by the addition of HClO4

and/or NaOH. N2O gas was purchased from Maxima. Dioxygen traces
were removed by passing the gas (He, Ar, or N2O) through a wash bottle
containing aqueous V2+ ions (0.1m) in dilute H2SO4 over zinc amalgam
(the aqueous solution of V2+ ions was prepared by the reduction of
NaVO3 with zinc amalgam) and a wash bottle containing distilled water.
All the solutions were saturated with the desired gases by bubbling the
gas through the solution in a glass syringe for 15 min.[36,37] Solutions with
the desired oxygen content were prepared by mixing degassed solutions
with oxygen-saturated solutions by syringe-to-syringe transfer.

Irradiation : A Noratom and a Nordion 60Co-g source with dose rates of
3.5–8.0 and 38—82 Gymin�1 (over the time range of the investigation),
respectively, were used for low-dose-rate experiments and analysis of the
products. The dose delivered to the vials, identical to those irradiated for
the analysis of the final product, was measured using the Fricke dosime-
ter for low-dose-rate situations (irradiation with the 60Co-g source); a so-

lution of 1.0I10�3m NaCl, 1.4I10�3m FeSO4, and 0.8 n H2SO4 was used
with G ACHTUNGTRENNUNG(FeIII)=15.6.[38]

GC analysis : GC analyses of methane and ethane were performed on a
HP 5890 gas chromatograph with FID and TCD detectors and a Poro-
pak Q column. GC analysis of methanol was performed by using a high-
space method on a Varian 3600 gas chromatograph using a MXT-WAX
capillary column (0.53 mmI30 m).

Analysis of formaldehyde: A previously reported procedure was fol-
lowed[39] in which formaldehyde reacts with a reagent containing 0.050m

acetylacetone, 1.0m ammonium acetate, and 0.033m acetic acid to form a
yellow complex. The concentration of formaldehyde was determined col-
orimetrically at the wavelength of maximum absorption (l=412 nm).

Analysis of peroxides : The concentration of peroxides was determined
by using the iodide method.[40] A solution containing KI and ammonium
heptamolybdate is mixed with a solution containing potassium biphtha-
late to obtain the following final concentrations: 3.2I10�5m ammonium
heptamolybdate, 0.02m potassium biphthalate, and 0.08m KI at pH 4.
This solution is added the samples to be analyzed, which contain various
concentrations of peroxides, and the I3

� complex is formed according to
reactions (2) and (3).

2I� þH2O2 þ 2Hþ ! I2 þ 2H2O ð2Þ

I2 þ I� Ð I3
� ð3Þ

The formation of I3
� ions is followed at the absorption maximum of l=

352 nm. This method does not differentiate between hydrogen peroxide
and other peroxides in the system.

Analysis of sulfate ions: Detection by ion chromatography on a Dionex
DX500 Instrument with an anion specific column (ION PAC AS 4 A-SC
4 mm) and a carbonate buffer as an eluant was carried out.

UV/Vis studies : A Hewlett Packard 8452 A diode array UV/Vis spectro-
photometer recorded the UV/Vis spectra.

Formation of radicals with ionizing radiation : Herein, the products of the
reaction of methyl or methylperoxyl radicals with hydrogen peroxide,
peroxymonocarbonate, or persulfate in aqueous solutions were studied.
The radicals were formed by irradiating the solutions with ionizing radia-
tion. When ionizing radiation is absorbed by a dilute aqueous solution
the initial products are formed according to reaction (4).[41]

H2O
g, e�
��!CH ð0:60Þ, COH ð2:65Þ, e�aq ð2:65Þ, H2O2 ð0:75Þ, H2 ð0:45Þ ð4Þ

The G values are given in parentheses (G values are defined as the
number of molecules of each product per 100 eV of radiation absorbed
by the solution). The distribution of these products in the solution after
1I10�7 s is homogeneous.[41]

The reactions of hydroxyl radicals were studied by saturating the solu-
tions with N2O (0.022m) to decrease the interference from other initial
radicals as a result of the reaction of N2O with the hydrated electron
[e�aq; reaction (5)].

[11]

e�aq þN2O! N2 þ COH þOH� k5 ¼ 8:7	 109 m�1 s�1 ð5Þ

It is important that [H+] was kept below 1I10�3m as e�aq reacts in a dif-
fusion-controlled manner with protons [reaction (6)].[11] Under these con-
ditions, the hydrated electrons all react with N2O to yield the hydroxyl
radical as the major product.

e�aq þH3O
þ ! CHþH2O k6 ¼ 2:2	 1010 m�1 s�1 ð6Þ

Methyl radicals were formed in aqueous solutions containing DMSO by
reactions (7) and (8).[27]

COHþ ðCH3Þ2SO! ðCH3Þ2SCðOÞOH k7 ¼ 7:0	 109 m�1 s�1 ð7Þ

ðCH3Þ2SCðOÞOH! CH3SðOÞOHþ CCH3 k8 ¼ 1:5	 107 s�1 ð8Þ
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In solutions containing dioxygen, methyl, or other alkyl radicals (CR) are
converted into the corresponding peroxyl (RO2C) radicals in reactions ap-
proaching the diffusion controlled limit [reaction (9)]; for example:

O2 þ CCH3 ! COOCH3 k9 ¼ 4:1	 109 m�1 s�1 ½42, 43� ð9Þ

Results and Discussion

Reaction of hydrogen peroxide with methyl radicals : N2O-
saturated aqueous solutions containing hydrogen peroxide
(0.50–1.5I10�3m) and DMSO (0.10m) at pH 5.5 were irradi-
ated in vials with a 60Co-g source (230 radmin�1) for a total
dose of 6900—100000 rad. Blank solutions contained only
DMSO (0.10m). The resulting mixtures were analyzed by
GC for the gaseous products ethane and methane (Table 1).
As expected, N2O-saturated solutions containing DMSO
only result in the production of methane and ethane.[27,28]

The relative yields of methane and ethane depend on the
concentration of DMSO and the dose rate, as these gases
are formed by reactions (1) and (10).

2 CCH3 ! C2H6 ð10Þ

Thus, a combined G ACHTUNGTRENNUNG(CCH3) value of 6.0 results, that is, all the
initially produced hydroxyl radicals during the radiolysis of
aqueous solutions are converted into methyl radicals.
On the introduction of hydrogen peroxide into the

system, the yield of ethane decreases slightly versus the
DMSO blanks, whereas the yield of methane increases dra-
matically, thus resulting in a combined G ACHTUNGTRENNUNG(CCH3) value of up
to 10.7 under the above conditions; that is, more methyl rad-
icals were produced relative to the initial radical yield (G=

6.0). Therefore, the presence of hydrogen peroxide in solu-
tion induces the production of additional methyl radicals.
The reaction of methyl radicals with hydrogen peroxide

has been studied,[44] but the results given herein differ con-
siderably from those previously reported for a system con-
taining less DMSO[44] (10�3–10�2m vs. 0.10m in this system).
The rate constant of the abstraction of hydrogen atoms from
hydrogen peroxide by the methyl radical has been reported
[reaction (11)]:[44]

CCH3 þH2O2 ! CH4 þ CHO2 k11 ¼ 2:7	 104 m�1 s�1 ð11Þ

whereas the reaction of methyl radicals with hydrogen per-
oxide to produce the hydroxyl radicals has been ruled out.
In the previous study (which used relatively low concentra-
tions of DMSO), the production of methane increased with
increasing concentration of hydrogen peroxide, but no cata-
lytic effect had been observed.[44]

The present results indicate that at relatively high concen-
trations of DMSO and low dose rates reaction (11) is fol-
lowed by reaction (12) (pKa value of HO2C is 4.8

[45]).

ðCH3Þ2SOþHO2
C=O2

C� ! ðCH3Þ2SCO2H!
CCH3 þ CH3SðOÞOOH=CH3SðOÞOO�

ð12Þ

This behavior is the source of the additional yield of methyl
radicals.
It should be pointed out that one cannot rule out the pos-

sibility that reaction (13), which is analogous to reac-
tion (31), also occurs.

Table 1. Products from irradiated solutions containing 0.10m DMSO with/without the addition of hydrogen peroxide at various concentrations and/or
the addition of bicarbonate.

ACHTUNGTRENNUNG[H2O2] [m] G(peroxides)[a] G ACHTUNGTRENNUNG(CH3OH) G ACHTUNGTRENNUNG(CH2O) G ACHTUNGTRENNUNG(C2H6) G ACHTUNGTRENNUNG(CH4) pH ACHTUNGTRENNUNG[HCO3
�] [m] G(peroxides)[a] G ACHTUNGTRENNUNG(CCH3)

[b]

0 – – – 1.5 3.0 5.5 – – 6.0
5.0I10�4 – – – 1.2 6.6 5.5 – – 9.0
1.0I10�3 – – – 1.1 8.5 5.5 – – 10.7
1.5I10�3 – – – 0.9 8.9 5.5 – – 10.7

0 0.4 0 0 1.5 3.0 8.8 0.4 6.0
5.0I10�4 0.2 0.5 0.24 1.2 6.7 8.8 – 0.2 9.8
1.0I10�3 0.1 1.2 0.26 1.1 8.5 8.8 – 0.1 12.2
1.5I10�3 0 1.8 0.28 0.9 9.0 8.8 – 0 12.9

0 0.4 0 0 2.3 5.0 8.8 0.050 0.4 9.6
5.0I10�4 0.1 0.6 0.28 1.2 5.8 8.8 0.050 0.1 9.1
1.0I10�3 0 1.3 0.49 1.1 4.2 8.8 0.050 0 8.2
1.5I10�3 0 1.9 0.70 1.1 3.2 8.8 0.050 0 8.0

0 0.4 0 0 2.6 5.2 8.8 0.10 0.4 10.4
5.0I10�4 0.1 0.6 0.32 1.3 5.6 8.8 0.10 0.1 9.1
1.0I10�3 0 1.6 0.54 1.2 3.7 8.8 0.10 0 8.3
1.5I10�3 0 2.1 0.72 1.2 3.0 8.8 0.10 0 8.2

[a] G(peroxides)=G ACHTUNGTRENNUNG(H2O2)+G ACHTUNGTRENNUNG(CH3OOH)+G ACHTUNGTRENNUNG(CH3S(O)OOH)+GACHTUNGTRENNUNG(HO2CH2ACHTUNGTRENNUNG(CH3SO); the analysis of peroxides (see Materials and Methods) does not
differentiate between these peroxides. [b] G ACHTUNGTRENNUNG(CH3OH)+G ACHTUNGTRENNUNG(CH2O)+2GACHTUNGTRENNUNG(C2H6)+G ACHTUNGTRENNUNG(CH4)=G ACHTUNGTRENNUNG(CCH3); given under the assumption that all radicals react to
produce these products exclusively.
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ðCH3Þ2SOþHO2
C ! H2O2 þ CCH2ðCH3ÞSO ð13Þ

The results suggest that reaction (12) is relatively slow, and
therefore the chain reaction is short and observed only at
relatively high concentrations of DMSO. The results, thus,
indicate that methyl radicals are formed not only by the re-
action of the hydroxyl radicals with DMSO, but also by its
reaction with the superoxide radicals.

Possible termination reactions are given by reactions (1),
(10), and (14)–(16).

2HO2
C ! H2O2 þO2 ð14Þ

CHO2 þ CCH3 ! CH3O2H ð15Þ

CCH2ðCH3ÞSOþHO2
C=CCH3 !

HOOCH2ðCH3ÞSO=CH3CH2SðCH3ÞO
ð16Þ

It should be mentioned that especially under conditions of
long irradiation times the oxygen produced in reaction (14)
(rather quickly under these pH conditions) would react with
the methyl radicals to produce methylperoxyl (COOCH3)
radicals.

The fact that the production of ethane decreases slightly
in samples containing hydrogen peroxide in a concentration-
dependent fashion is in accord with the relatively low rate
constant of reaction (11), which therefore lowers only slight-
ly the steady-state concentration of the methyl radicals.

The effect of bicarbonate on the reaction of methyl radicals
with hydrogen peroxide : In the bleaching industry, peroxy-
monocarbonate, also called peroxocarboxylic acid, is often
employed as a substitute for hydrogen peroxide. It is well
known that the addition of carbonate accelerates the reac-
tion of hydrogen peroxide with various reductants as the
considerably more reactive peroxycarbonate ion (HCO4

�) is
produced.[46,47] The method for the activation of hydrogen
peroxide by bicarbonate developed by Drago and co-work-
ers[48,49] encompasses an intermediate peroxomonocarbonate
complex as the oxidizing species in the chain reaction. The
reaction between hydrogen peroxide and bicarbonate to
form HCO4

� ions proceeds very quickly at room tempera-
ture in aqueous solutions at approximately neutral pH.
Peroxymonocarbonate is formed in the equilibrium reac-

tion (17) and subsequently oxidizes nucleophilic substrates
(S) [reaction (18); NHE=normal hydrogen elec-
trode].[46,47,50]

H2O2 þHCO3
� Ð HCO4

� þH2O k17 ¼ 0:33m�1 ð17Þ

SþHCO4
� k18
�!SOþHCO3

� EoðHCO4
�=HCO3

�Þ ¼
1:8� 0:1 V ðvs NHE=25 �CÞ

ð18Þ

The second-order rate constants k18 of the oxidizing reaction
of HCO4

� ions are generally several orders of magnitude

(200–2000, depending on the substrates) larger than the re-
spective reactions with hydrogen peroxide.[46,47]

In general, peroxocarboxylic acids are formed by the reac-
tion of RC(O)X with hydrogen peroxide [reaction (19)].

RCðOÞXþH2O2 ! RCðOÞOOHþHX ð19Þ

The activation of hydrogen peroxide by bicarbonate has re-
cently been studied intensively as the hydrogen peroxide/bi-
carbonate system has the potential to replace organic perox-
ides or peroxo acids in organic syntheses (e.g., epoxidation
of olefins), in bleaching processes, and as active ingredients
in cleaning agents. The reactive hydrogen peroxide/carbon-
ate complex is also of importance in biological systems in
which the HCO4

� ion is one of the reactive oxygen species
(ROS) that contributes to oxidative stress in biological sys-
tems.[21,22]

N2O-saturated aqueous solutions containing hydrogen
peroxide (0.50–1.5I10�3m) and DMSO (0.10m) at pH 8.8,
and solutions with added bicarbonate (0.050 or 0.10m) were
irradiated in vials with a 60Co-g source (230 radmin�1) for a
total dose of 6900–100000 rad. Blank solutions contained
only DMSO (0.10m). The resulting mixtures were initially
analyzed by GC for the gaseous products ethane, methane,
and, later on, formaldehyde, methanol, and peroxides ac-
cording to the procedures given above (Table 1, Figure 1,

and Figure 2. In the absence of hydrogen peroxide, the addi-
tion of bicarbonate had a major influence on the yield of
methyl radicals produced in the system. Therefore, it should
be concluded that reaction (20) takes place in addition to re-
actions (1) and (10):

CCH3 þHCO3
� ! CH4 þ CO3

C� ð20Þ

or less probably reactions (21) and (22) occur:

CCH3 þ CO3
2� Hþ
�!CH4 þ CO3

C� ð21Þ

CO3
C� þ ðCH3Þ2SO H2O

��!CCH3 þ CH3SðOÞOCO2
�=

ðCH3SðOÞOHþ CO3
2�Þ

ð22Þ

Figure 1. Methane production in irradiated, deaerated aqueous solutions
containing DMSO (0.10m), hydrogen peroxide (0–0.0015m), and hydro-
gen carbonate (0–0.1m) at pH 8.8.
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It is plausible that also the termination reaction (23) plays a
role.

CCH3 þ CO3
C� ! CH3OCO2

� ð23Þ

It should be pointed out that the results indicate that reac-
tion (20) is not fast, and therefore the yield of ethane in-
creases with increasing concentration of bicarbonate. The
reaction of the methyl radicals with bicarbonate has not
been reported so far. It should be noted that probably other
alkyl radicals formed in the presence of bicarbonate will
react similarly. Likewise, reaction (22) has not been reported
and should be taken into account in all systems containing
DMSO and bicarbonate.
With the introduction of hydrogen peroxide into the bi-

carbonate-containing system, the total yield of the methyl
radicals (initially calculated from the yield of the gaseous
products ethane and methane alone) decreases dramatically,
even below G=6.0. Thus, it is obvious that additional prod-
ucts besides ethane and methane are formed from the reac-
tions of the methyl radicals in this system. Thus, the search
for products was extended to include the plausible products
methanol, formaldehyde, and peroxides. The total yield of
peroxides was determined without differentiating between
them. No other products were observed in any of these ana-
lytical techniques.
It is seen that while the addition of hydrogen peroxide or

bicarbonate alone increases the total yield of methyl radi-
cals, this yield decreases on the addition of both solutes into
the system. This behavior is mainly evident in a drastic de-
crease in the amount of methane produced in those systems
containing hydrogen peroxide and bicarbonate. The de-
crease in ethane production on changing the concentration
of hydrogen peroxide on the other hand is very similar with
or without the addition of bicarbonate into the system.
These results indicate clearly that the methyl radicals react
with the complex anion OC(O�)OOH as methyl radicals
react with excess bicarbonate or hydrogen peroxide through
reactions (11) or (20) and eventually reproduce methyl radi-
cals through the chain reactions (22) or (12). Thus, reac-

tion (24) is clearly faster than reactions (20) or (11), though
under the experimental conditions [H2O2]=30 ACHTUNGTRENNUNG[HCO4

�].

CCH3 þ ðOÞCðO�ÞOOH! products ð24Þ

Analysis of the product distribution shows that whereas the
yield of methanol is nearly independent of the bicarbonate
concentration, the yield of formaldehyde rises with increas-
ing bicarbonate concentration. Both formaldehyde and
methanol are formed in parallel reactions [reactions (25a)
and (25b)].

A conceivable intermediate
that leads to the formation of
methanol is A, whereas formal-
dehyde is derived by reaction
(26).

As the combined yield of methanol and formaldehyde is
small relative to the total amount of methyl radicals pro-
duced in the system, it is plausible that methane is produced
by reaction (27).

CCH3 þ ðOÞCðO�ÞOOH! CH4 þ ðOÞCðO�ÞOOC ð27Þ

It is also plausible that the radical (O)C(O�)OOC does not
react with DMSO to produce further methyl radicals. The
fate of the latter radical with DMSO might involve abstrac-
tion of a hydrogen atom to form CCH2ACHTUNGTRENNUNG(CH3)SO or oxidation
of the sulfoxide to sulfone. It should be noted that in GC
analysis of solutions containing bicarbonate and hydrogen
peroxide at least one further product, not identified, is ob-
served. The main conclusion to be drawn from the bicarbon-
ate/hydrogen peroxide/DMSO system is that the formation
of the (O)C(O�)OOH complex accelerates and alters the
mechanism of reaction of hydrogen peroxide with methyl
radicals.
It should be mentioned that the yield of the peroxide

products measured under the experimental conditions is not
accurate, as the amount of peroxides produced in the system
is relatively small compared with the initial concentration of
hydrogen peroxide. Moreover, G(peroxides)=0 indicates
that peroxides in those systems disappear. As GACHTUNGTRENNUNG(H2O2)=

0.75 for the irradiation of dilute aqueous solutions, approxi-

Figure 2. Ethane production in irradiated, deaerated aqueous solutions
containing DMSO (0.10m), hydrogen peroxide (0–0.0015m), and hydro-
gen carbonate (0–0.1m) at pH 8.8.
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mately this amount is destroyed in those systems that show
G(peroxides)=0. This yield is also approximately equal to
the yield of formaldehyde produced in those systems, thus
supporting the proposed mechanism.

Reaction of hydrogen peroxide with methylperoxyl radicals :
Alkyl radicals form peroxoalkyl radicals in the presence of
dioxygen, therefore methyl radicals are converted exclusive-
ly into methylperoxyl (CO2CH3) radicals in aerated solutions.
In general, these species are relatively strong one-electron
oxidants.[10] Moreover, the chemistry of organic peroxyl radi-
cals ROOC is characterized by their biradical reactions, thus
leading to the formation of a variety of products, as shown,
for example, in reaction (28).

2 ðCH3Þ2CHOOC ! ðCH3Þ2CHOOHþ ðCH3Þ2COþ 1=2O2=
1O2

ð28Þ

The chemistry of organic peroxyl radicals in aqueous solu-
tion has been intensively studied by von Sonntag and co-
workers.[51] In general, the first intermediate formed by bi-
molecular reactions of two peroxyl radicals is an intermedi-
ate of the type given in reaction (29).

2R1R2CH�OOC ! R1R2CHOOOOCHR2R1

ðR1, R2 ¼ H or alkylÞ
ð29Þ

The dimer produced in reaction (29) is short-lived and can
decompose according to reactions (30a)–(30d), which often
occur in parallel.

Thus, the final products of the decomposition of CH3OOC in
aqueous solutions are 50% CH2O, 27% CH3OH, 14%
CH3OOH, 5% HCO2H, and 2% CH3OOCH3,

[51] with the
detection of 23% of H2O2 (all the given percentages are rel-
ative to the yield of the hydroxyl radical). Obviously in this
case, 56% of the radicals react by reaction (30a), which is
basically a disproportionation reaction.
N2O/O2-saturated (70:30) aqueous solutions containing

hydrogen peroxide (0.50–1.5I10�3m) and DMSO (0.10m) at
pH 5.5 and 8.8 were irradiated in vials with a 60Co-g source
(230 radmin�1) for a total dose of 6900–100000 rad. Blank
solutions contained only DMSO (0.10m). The resulting mix-
tures were analyzed for the products methanol, formalde-
hyde, and peroxides (Table 2).
The results clearly show that in the absence of bicarbon-

ate only the pH of the solution affects the formaldehyde

and methanol yields, which is in accord with a previous
report.[52] On the other hand, the addition of hydrogen per-
oxide affects the yield of peroxides. The fact that the pro-
duction of formaldehyde and methanol is independent of
the concentration of hydrogen peroxide indicates that hy-
drogen peroxide does not react or reacts very slowly with
CO2CH3 radicals, as otherwise at least one of those product
yields would have been influenced.
The increased yield of peroxides can be explained by re-

actions (31)–(33).

CH3O2
C þ ðCH3Þ2SO! CH3O2Hþ CCH2ðCH3ÞSO ð31Þ

CCH2ðCH3ÞSOþO2 ! CO2CH2ðCH3ÞSO ð32Þ

CO2CH2ðCH3ÞSOþH2O2
H2O
��! HO2

C=ðO2
� C þH3O

þÞ
þHO2CH2ðCH3ÞSO

ð33Þ

If reaction (34), which is analogous to reaction (12), contrib-
utes to the mechanism, it does so also in the absence of hy-
drogen peroxide and would not influence the yield of any of
the measured products.

CH3O2
C þ ðCH3Þ2SO! CCH3 þ CH3SðOÞOOCH3 ð34Þ

The main product of the reaction of methylperoxyl radicals
(CO2CH3) with each other is formaldehyde [reaction (30)].

[51]

The effect of bicarbonate on the reaction of hydrogen per-
oxide with methylperoxyl radicals : N2O/O2-saturated (70:30)

Table 2. The effect of the addition of hydrogen peroxide on the produc-
tion of methanol, formaldehyde, and peroxides in irradiated, aerated sol-
utions containing 0.10m DMSO.[a]

ACHTUNGTRENNUNG[H2O2] [m] ACHTUNGTRENNUNG[HCO3
�] [m] G ACHTUNGTRENNUNG(CH2O) pH G ACHTUNGTRENNUNG(CH3OH) G(peroxides)[b]

0 – 2.8 5.5 1.5 2.9
5.0I10�4 – 2.8 5.5 1.5 2.9
1.0I10�3 – 2.8 5.5 1.5 3.7
1.5I10�3 – 2.8 5.5 1.5 4.8

0 – 3.2 8.8 1.1 3.0
5.0I10�4 – 3.2 8.8 1.1 3.0
1.0I10�3 – 3.2 8.8 1.1 3.2
1.5I10�3 – 3.2 8.8 1.1 4.8

0 0 3.2 8.8 1.1 3.0
0 0.050 3.2 8.8 1.1 3.0
0 0.10 3.2 8.8 1.1 3.0

5.0I10�4 0 3.2 8.8 1.1 3.0
5.0I10�4 0.050 2.8 8.8 1.5 1.8
5.0I10�4 0.10 2.4 8.8 1.9 1.4
1.0I10�3 0 3.2 8.8 1.1 3.2
1.0I10�3 0.050 2.8 8.8 1.5 1.7
1.0I10�3 0.10 2.3 8.8 2.0 1.1
1.5I10�3 0 3.2 8.8 1.1 4.8
1.5I10�3 0.050 2.7 8.8 1.6 2.7
1.5I10�3 0.10 2.3 8.8 2.0 0.8

[a] G ACHTUNGTRENNUNG(CH3OH)+G ACHTUNGTRENNUNG(CH2O)+2G ACHTUNGTRENNUNG(C2H6)+G ACHTUNGTRENNUNG(CH4)=G ACHTUNGTRENNUNG(CCH3); given
under the assumption that all radicals react to produce these products ex-
clusively. [b] G(peroxides)=G ACHTUNGTRENNUNG(H2O2)+G ACHTUNGTRENNUNG(CH3OOH)+G-
ACHTUNGTRENNUNG(CH3S(O)OOH)+G ACHTUNGTRENNUNG(HO2CH2 ACHTUNGTRENNUNG(CH3SO); analysis of the peroxides (see
Materials and Methods) does not differentiate between these peroxides.
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aqueous solutions containing hydrogen peroxide (0.50–1.5I
10�3m) and DMSO (0.10m) at pH 8.8 and solutions with
added bicarbonate (0.050 or 0.10m) were irradiated in vials
with a 60Co-g source (230 radmin�1) for a total dose of
6900–100000 rad. Blank solutions contained only DMSO
(0.10m). The resulting mixtures were analyzed for the prod-
ucts methanol, formaldehyde, and peroxides (Table 2).
The results show that:

1) The addition of bicarbonate does not influence the yield
of the products in the absence of hydrogen peroxide;
thus, we conclude that methylperoxyl radicals do not
react or react very slowly with bicarbonate.

2) Despite this fact, the yield of the products changes dra-
matically by the addition of bicarbonate in the presence
of hydrogen peroxide (though under the experimental
conditions [H2O2]=30 ACHTUNGTRENNUNG[HCO4

�]), in particular:

a) the yield of formaldehyde decreases on the addition of
bicarbonate;

b) the yield of methanol rises with increasing bicarbonate
concentration;

c) the sum of these two products (methanol and formalde-
hyde) is independent of the concentration of hydrogen
peroxide or bicarbonate;

d) the yield of peroxides decreases with increasing bicar-
bonate concentration in solution.

Therefore, the following conclusions can be drawn:

1) The yield of formaldehyde is reduced to only two thirds
of the amount produced in solutions not containing bi-
carbonate; thus, k(CH3O2C+HCO4

�)=

10k(CH3O2C+H2O2).
2) The main reaction in bicarbonate containing solutions is

shown in reaction (35).

This reaction clearly does not proceed by an outer-
sphere mechanism, and probably a free CH3O2

+ ion is
not formed, rather a partial positive charge, which results
in an attack by an OH� ion or water. This reaction in-
creases the yield of methanol and decreases the yield of
the products, mainly formaldehyde and peroxides,
formed in reaction (36).

2CH3O2
C ! products ð36Þ

The methylperoxyl radical acts as a reducing species (for-
mally resulting in a CH3O2

+ species) in contrast to most
of its typical reactions,[51] though disproportionation reac-
tions [e.g., reaction (30a)] are observed.

3) The dramatic decrease in the yield of the peroxide in the
presence of bicarbonate shows that k35=3000k31.

The results discussed above show that the HCO4
� ion is

considerably more reactive toward the CH3O2C radicals than
hydrogen peroxide. Moreover, the formation of the HCO4

�

ion changes the mechanism of the reaction between the rad-
icals and hydrogen peroxide at least partially and, therefore,
the product distribution of the reaction. Thus, it is seen that
the addition of bicarbonate to hydrogen peroxide also cata-
lyzes the reaction of bicarbonate with radicals and not just
nucleophiles. These findings are in accord with the use of bi-
carbonate as an enhancer of hydrogen peroxide in industrial
oxidations. Furthermore, the above findings might help to
shed light on important mechanisms in biological reactions.

The reaction of persulfate with methyl radicals : Many
bleaching processes employ peroxide/persulfate
(�O3SOOSO3

�) systems, and the sulfate radical (SO4C
�) has

been widely assumed to be the reactive species. Persulfate
differs from other peroxide ROOH systems in that the ab-
straction of a hydrogen atom by methyl radicals [reac-
tion (11)] is not possible in this case.
N2O-saturated aqueous solutions containing persulfate

(0.10–1.0I10�3m) and DMSO (0.10m) at pH 4.5 were irradi-
ated in vials with a 60Co-g source (230 radmin�1) for a total
dose of 6900–100000 rad. Blank solutions contained only
DMSO (0.10m). The resulting mixtures were analyzed by
GC for the gaseous products ethane and methane and for
the plausible products methanol, formaldehyde, and sulfate
ions (Table 3). The yields of ethane and methane decreased
with increasing persulfate concentration. That the yield of
ethane or methane is not decreased considerably more, indi-
cates that the reaction of persulfate with the methyl radicals
is not fast. The addition of persulfate to the system also
leads to the formation of methanol (the yield of methanol
rises with increasing persulfate concentration), whereas
formaldehyde was not formed. These products led to a com-
bined sum of G=6 for the yield of the methyl radical
(Table 3). Moreover, the formation of sulfate ions was mea-
sured, and it is clear that sulfate ions are produced in a cata-
lytic process (Figure 3).
Analysis of the products from the experimental studies

suggest a mechanism given in reactions (37)–(39).

Table 3. Irradiation products of solutions containing 0.10m DMSO with/with-
out the addition of persulfate of varying concentrations.[a]

[persulfate] [m] pH G ACHTUNGTRENNUNG(CH4) G ACHTUNGTRENNUNG(C2H6) G ACHTUNGTRENNUNG(CH3OH) G ACHTUNGTRENNUNG(SO4
2�) G ACHTUNGTRENNUNG(CCH3)

[b]

0 4.5 3.0 1.5 0 0.1 6.0
1.0I10�4 4.5 2.6 1.4 0.6 11 6.0
2.0I10�4 4.5 2.5 1.3 0.9 23 6.0
4.0I10�4 4.5 2.5 1.3 1.0 47 6.1
8.0I10�4 4.5 2.4 1.2 1.2 89 6.0
10.0I10�4 4.5 2.4 1.2 1.3 120 6.1

[a] CH2O was not detected in these experiments. [b] G ACHTUNGTRENNUNG(CH3OH)+2G-
ACHTUNGTRENNUNG(C2H6)+G ACHTUNGTRENNUNG(CH4)=G ACHTUNGTRENNUNG(CCH3); given under the assumption that all radicals
react to produce these products exclusively.
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CCH3 þ S2O8
2� H2O
��!ðCH3

þ=CH3OHÞ þ SO4
2� þ SO4

C� ð37Þ

SO4
C� þ ðCH3Þ2SO! CCH2ðCH3ÞSOþHþ þ SO4

2� ð38Þ

CCH2ðCH3ÞSOþ S2O8
2� H2O
��!SO4

C� þHOCH2ðCH3ÞSO
þHþ þ SO4

2�
ð39Þ

This mechanism explains the catalytic formation of sulfate
ions in this system. At high doses slightly more than twice
the total amount of persulfate in the system is detected as
sulfate ions; therefore, the additional sulfate ions must stem
from the oxidation of DMSO. The explanation for this find-
ing is that apparently reaction (40) is faster than reac-
tion (38), which should also hold true for CH(O)S(O)CH3

and the final products in this chain of reactions, the end
product of which is sulfate.

SO4
C� þHOCH2ðCH3ÞSO! SO4

2� þHþ þ CCHðOHÞSðOÞCH3

ð40Þ

The fact that reaction (38) occurs and not reaction (41) is in-
teresting, as it proves that oxidizing radicals with different
characteristics react differently with DMSO.

SO4
C� þ ðCH3Þ2SO! CCH3 þ CH3SðOÞOSO3

� ð41Þ

Thus, the radicals COH, HO2C, and CO3C
� react predominantly

by the pathway that produces methyl radicals, whereas the
abstraction of hydrogen atoms from the methyl groups of
DMSO probably also plays a role. On the other hand, SO4C

�

radicals react exclusively by the pathway of the abstraction
of hydrogen atoms from the methyl group, otherwise a yield
of GACHTUNGTRENNUNG(CCH3)>6 would have been found.

From the decrease in the concentration of ethane and
methane, the radiation dose rate, and the rate constants for
reactions (1) and (10) (k1=100[29] and k10=1.2–1.6I
109m

�1 s�1, respectively),[43] the rate constant for reac-
tion (37) can be estimated as k37=500�250m

�1 s�1. This
value is not very accurate because of the decomposition of
persulfate in the chain reaction.

The reaction of persulfate with methylperoxyl radicals :
Whereas the sulfate radical (SO4C

�) has been widely as-
sumed to be the reactive species in all persulfate-containing
radical reactions, a recent report shows that in aerated solu-
tions (under oxidizing conditions) the radical anion O2S2O8C

�

is also involved.[53]

N2O/O2-saturated (70:30) aqueous solutions containing
persulfate (0.10–1.0I10�3m) and DMSO (0.10m) at pH 4.5
were irradiated in vials with a 60Co-g source (230 radmin�1)
for a total dose of 6900–100000 rad. Blank solutions con-
tained only DMSO (0.10m). The resulting mixtures were an-
alyzed for the products methanol, formaldehyde, and sulfate
ions (Table 4). No peroxide final products were detected;

moreover, all the persulfate decomposed during the irradia-
tion at such high doses. The yield of formaldehyde decreases
with increasing persulfate concentration, whereas the yield
of methanol increases. These results clearly show that form-
aldehyde is formed by the biradical reaction of two methyl-
peroxyl radicals [reaction (42)].

2 CH3O2
C ! products ð42Þ

Clearly the reaction of methylperoxyl radicals with persul-
fate yields only methanol [reaction (43)].

CH3O2
C þ S2O8

2� ! products ð43Þ

In aerated solutions (reaction of persulfate with methylper-
oxyl radicals), a high yield of sulfate is detected that is con-
siderably higher than from the reaction of persulfate with
methyl radicals. The increase in the concentration of sulfate
ions is independent of dose rate and only dependent on the
persulfate concentration. The long chain reaction suggests
that under our experimental conditions SO4C

� is the chain
carrier and not S2O8CO2C

� or SO6C
�.

It is suggested that in reaction (43) an intermediate (B) is
formed in which the methylperoxyl radical is bound to one
oxygen atom of the peroxo group of the persulfate. This in-
termediate can then decompose into CH3O2

+ +SO4C
�+

SO4
2�, which will be followed by reaction (44).

Table 4. Irradiation products of aerated aqueous solutions containing
0.10m DMSO with/without the addition of persulfate of varying concen-
trations.

[persulfate] [m] pH G ACHTUNGTRENNUNG(CH2O) G ACHTUNGTRENNUNG(CH3OH) G ACHTUNGTRENNUNG(SO4
2�) G ACHTUNGTRENNUNG(CCH3)

[a]

0 4.5 2.8 1.5 0.7 4.3
1.0I10�4 4.5 2.5 1.8 7.2 4.3
2.0I10�4 4.5 2.2 2.1 106 4.3
4.0I10�4 4.5 1.7 2.6 195 4.3
8.0I10�4 4.5 0.7 3.6 422 4.3
10.0I10�4 4.5 0.4 3.9 538 4.3

[a] G ACHTUNGTRENNUNG(CH3OH)+G ACHTUNGTRENNUNG(CH2O)=G ACHTUNGTRENNUNG(CCH3); given under the wrong assump-
tion [see reaction (31)] that all radicals react to produce these products
exclusively.

Figure 3. Comparison of sulfate formation in irradiated, deaerated or aer-
ated aqueous solutions containing DMSO (0.10m) and persulfate (0–
0.001m) at pH 4.5.
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CH3O2
þ ! CH3

þ þO2 ! CH3OHþHþ ð44Þ

The formed sulfate radical anion reacts as above (in deaer-
ated solutions) by reaction (36) with DMSO. In the case of
aerated solutions, reaction (37) is possibly replaced by reac-
tion (43), which gives reaction (45).

CCH2ðCH3ÞSOþO2 ! CO2CH2ðCH3ÞSO ð45Þ

The CO2CH2ACHTUNGTRENNUNG(CH3)SO radical reacts further with persulfate
in a manner analogous to reaction (44). Thus, it is obvious
that in aerated solutions DMSO is oxidized to a greater
extend (and therefore more sulfate product is formed) than
in solutions not containing dioxygen. It should be pointed
out that in reaction (45) the methylperoxyl radical acts as a
reducing agent and not as oxidizing agent as in common re-
actions. Thus, alkylperoxyl radicals can act as reducing
agents with suitably strong oxidants.

Conclusion

The reactions of methyl and methylperoxyl radicals derived
from DMSO with hydrogen peroxide, peroxymonocarbonate
(HCO4

�), and persulfate were studied and led to the follow-
ing general conclusions:

1) The formation of methyl radicals in the presence of
DMSO is not a proof of the formation of hydroxyl radi-
cals in the system. The results show that HO2C/O2C

� and
CO3C

� radicals react with DMSO to produce methyl radi-
cals as well [reaction (46)].

HO2
C=CO3

C�þðCH3Þ2SO! CCH3þCH3SðO2HÞO=
CH3SðOCO2

�ÞO
ð46Þ

Thus, DMSO cannot be used as a hydroxyl radical probe
compound, even in biological systems.[24–26]

2) In the reaction of radicals with peroxides, the major re-
action observed for hydroperoxides is the abstraction of
hydrogen atoms by the radicals. However, the radicals
also interact with a lone pair of electrons on the perox-
ide, thus producing methanol and formaldehyde. This re-
action becomes considerably slower when ROOR species
(e.g., persulfate) are involved, as the abstraction of a hy-
drogen atom is not available in these systems. Further-

more, the results point out that RO2H or RO2R’ elec-
tron-withdrawing groups considerably increase the reac-
tivity of the peroxides towards radicals and not only to-
wards nucleophiles [reactions (47) and (48)].

CCH3 þRO2H! CH4=CH3OH=CH2OþRO2
C=products

ð47Þ

CO2CH3 þRO2H! CH3OH=CH2OþRO2
C=products ð48Þ

3) In the reaction of radicals with CO4H/CO4
� three differ-

ent mechanisms seem to prevail : a) the abstraction of hy-
drogen atoms; b) attack on the near oxygen atom;
c) attack on the far oxygen atom of the peroxide group.

Each of these mechanisms yields a different product.
These reactions have to be considered in biological systems
in which HCO3

� ions are always present. Finally, in any radi-
cal-induced process, including in biological systems, the re-
actions of secondary radicals (alkyl or alkylperoxyl species)
with peroxides in the presence of peroxides have to be con-
sidered.
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