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Studies of the sulforxidation of alkanes TIT

A pulseradiolysis study on the reactions of

cyclohexyl radical with SC‘-2 and 02 respectively

Bengt Bjellgvist and Torbjérn Reitberger, .
Depariment of Nuclear Chemistry, The Royal Institute
of Technology, Stockholm, Sweden.

Sumnary: The {ransient abseorptions produced by pulses of
high-energy electrons into pure cyclchexane resp. into
o have been studied. The

UV-absorption spectra observed are ascribed to cyclchexyl-,

cyclohexane contaizﬁng SOP or O

cyclohexylsulfinyl- resp. cyclohexylperoxyredicals, The
cyclohexylradical spectrum hag a maximam at A < 240 nmm and
€0 = (23 20,7 » 107 e~ 1. The cyclohexylsulfinyl-
radical probably has a maximun at A = 355 nm
(1.0 £ 0.3) « 10° i

reported for the cyclohexylperoxyradical we have found only

€355 =

~1 . . .
cn . Contrary to what is earlier

one a‘?sorpt;on_'ma.i:?].muEl‘]w:Lth lma:& = 255 mm and 6255 =
=(4E1) 107 ¥lem s

Tke rate-constants for the reactions

Y,
K
1 - :
. N . (
CeHyy* + 50, C¢Hy450, (1)

and k7
CeHiq® + 0p ™ Cghigy 0y (7)
. . . 9 1 1
have been delermined to k., = (2.0 X 1) » 107 N 's

end k, = (3.4 £ 0.6) - 10§ w171,
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It is concluded that the competition between reactions (1)
and (7) determines the kinetic chain-length in the initial
stage of the sulfoxidation of pure hydrocarbons. Reported
G-vaiues for the sulfoxidation in the presence of water are
higher than expected from this competition and this is
attributed to the fact that resetion (1) to an appreciable
extent takes place in the polar phase,

Introduction:

~In an earlier work /1/ it was shown that initially the
reaction-rate of the spontaneous sulfoxidation grows
exponentially, The time constani was found to increase
with the 302/ 02 - ratio. ‘The follewing reaction sequence
was suggested:

R + 50, = RS0, (1)

RSO0, + 0, - RS0,0,* (2) ¢ propagation
R30,0,* + RH - RSO,0,H + Re (3)

RE0,0,8 + 50, - Rso5- + HSOB' (4)

Hsoa- + RS0,0,H - 11503- + H,80 A (5) }branching
ESO;* + RE - 1150311 + Re (6)

R + 0, - RO+ 4]

RO,* + RS0,0,* - stable product (8)) +termination

The compe"ui.tion between reactions (1) and (7) was assumed
to be responsible for ’ché' observed dependence on SOQ-resp. .
O,-concentration. The reactions (1) and (7) have earlier
been studied in the gas-rhose for 11" = Collge /2/ and the
ratio 1c1_/}:7 was found %o be = 1072 X), Tt is commonly

accebted that zadiolysis oi 1iquid cyclohexane produces

x)

If this very ilow value had eny velevance for <the liguid
nhase sulfoxidation ths above given reaction mechanis
seems impessivle. )

e T S T e e e A T,
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cyclohexylradicals.as the dominating radical /3, 4, 5/. SOV
Pulseradiolysis siudies on cyclohexane containing small

amounts of SO2 and O2 thus should make it possible to

——

detexmine k‘l and k7 in the liquid phase., The constant k7
has earlier been measured by ESR-technique and was found
to be 4.3 107 [/6/. The aim of this work was to determine
k.l and k7 in the liquid phase in order to clearify the

importance of reaction (7) for the sulfoxidation of alkanes.

Experimental

radiolysis experiments was trezted with oleun (25 % in SO3

1 part oleum per 10 parts-cyclohexane) until the UV~absorpiion

e S A

{ xR 200 nm) caused by aromatics and olefins completely

vanished., The acid breakdown producis as well as SO? and
) SO3 were extracted with 1 I ¥aOH. The hydrocarbon was then
i ) dried with alkali pellets and distilled. The cyclohexane

purity was once more conirolled by UV-spectrophotometry /7/.

L dried either with concentrated sulfuric acid or calcium

\

|

: \ O2 was generally used directly from the tube, while SO2 was : {
|

sulphate. 1

Preparation of samples: The optical cells used in the experi-

ments were of Suprasil quartz, cylindrical in éhape, 20 nm
long and with a diameter of 20 nm, The cyclohexane was
degassed on a vacuumline by conventional freeze-pump-thaw

5

cycles until the residual pressure was <5 * 10 7 torr at
i -196 °C, The 80, vas measured with a gas buret Toepler-purp ,
combination and freezed out together with the degassed cyclo- - -

hexane in the cell. In order to deitermine the rate consisut

of the reaction (7) sma2ll asmounts (0.3-0.9 ml) air satuveted

cyclohexane wers added to the degassed liquid.

e
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o~ and 02 -

To measure the rate-constants k1 and k
> were used.

, SO
2 7

-5 « 10

The determination of the transient absorption spectrum in

3

concentrations in the range 5 - 10~

50,-containing cyclohexane was made in 1077 M solutionms.

2
For the recording of the peroxyradical spectrum air saturated

cyclohexane was used.

Irradiation and measurements: The kinetic speetrophoto-

meter for pulse radiolysis is described in details else-
where /8/. The microtron-accelerator produces single
pulsés of 7 MeV electrons at peak currents 100 * 20 mA.

Second order decays were produced from 4-4.5 us pulses and

the sweep~rate on the oscilloscop was adjusted to 5 or 20
ps/cm. In order to measure the pseudo-first order rate~
constants 1-2 us electron pulses were used and the sweep-

rate was 1-5 ps/cm., The influence of stray light was reduced
by a number of filters available at the exit slit of the
monochromator. The dose was measured with a secondary emission

chamber earlier calibrated by a K,Fe (CN)6 dosimeter /9/.

Results: Changes in the optical transmission of pure and
802 - containing cyclohexane have been determined. Graphs
of 1/0.D. (0.D. = optical density) as function of time as
well as of (0.D.) - time as function of 0.D. were produced.
3 M“in 302 the
initial part of all decay curves show gocd agreement with

For pure cyclohexane and cyclohexane 10~

second order kinetics (fig. 1). As the optical density has
decreased to 0.003% - 0.00A slight deviations from linearity .
appear. This effect, mainly due to a statistical uncertainty
in the position of the basc line, may be due to disturbance

from the mains.

1
From the %o " resr. %-— values the rate-constants and

) . o - .
extinetion Coefficients heve been calculated assuming the

e

G-value of eyelchexylradical formation to be 4 * 0.5 /5/.

The absorption spectra are given in fig. 2 resp. 3 and




3.2.1971 5(6)

Studies of the
sulfoxidation ... II

numerical values of Xk and € in tables 1 and 2.

With the oscilloscope sweep-rate used (20 ws/cm) the
optical density of air saturated cyclohexane reaches a
constant value after the pulse. The resulting absorption

spectrum is shown in fig. 4.

The reaction R+ + 02 has been followed at 280 nm as an
increase of optical density after the pulse, Similarly
the rezetion R* + 502 was followed at 360 nms In both
cages the observed pseudo-first order rate constants were
found to be proportional to the concentration of dissolved

gases,

Transient spectra: The absorption~spectrum for the cyclo-
herylradical obiained in this work is given in fig, 2
together with the spectrum given by Sauwer and Meni /4/.
The ordinate has been chosen as 5% to make the comparison
independent of faults in dosimetyry as well as differsnces

in assumed G-values. A very good agreement is observed for

‘A= 260 nm, but forx < 260 nm the G/k-values found in

this work zye significantly highex., Due to the fact that
accurate measurements at shorter wa.velengt@s than 235 nm
could not be made the position of the mayximum can not be
determined. As the spectrum of Szuner and Mani seems ‘o0 be
influenced by stray—-lighf it can be concluded that the
maximom may he found at a wavelength shorter than 240 nm.
The rate~constant for tho geacjl;ior; CSH'H' + CBEﬁ- is found
tobek = (7.8 £ 0.5) » 107 ¥ '8« As can be seen from
table 1 the agreement with csrliexr reported results is
faivly good. The extinction coefficient atA =240 nm thus

should be (2.3 £ 0.7) * 107 ¥ e, The true value may

eventually bz higher as the interference by scattered light .

fisa)
can not be fully excluded.

RHE

e
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The cyclohexylperoxyradical spectrum (fig. 4) shows no
résemblance with what has earlier been reported /10, 11/,
The spectra have, however, been recorded with somevhat
different experimental conditions. In our work N?_ has
been present and the oxygen concentration has been

~ 2+ 1072 M as compared to & 1 * 1072 M in the earlier

work.

It seems somevhat unreasonable that the discrepancy should
be due to these differences. Assuming a G-valuc for the
peroxyradical formation of 4 + 0.5 the extinction coefficient
can be estimzted to be 6255 =(4t1) - 10 ¥len™!, The
rate~constent for the formation of the peroxyradical was
found to be (3.4 £ 0.6) = 10° 1 1s~T,
The absorption observed in cyclohexane containing .‘302 is
ascribed to be 06H11SO2 ~ radical formed in o reaciicn
betueen the cyclohexylradical and 802. In a ‘10-'4 1
802~solu1;ion ve assume that no other spgcies than the
cyclohexylradicals will react with 502 (i.e. no electron

or hydrogenradical scavenging vceurs). The rate-constanis
for the reaction (1) was then determined to be

259+ 107 ¥l The decay of the absoxption obeys
second order kinetics in a 10—’7) M solution. Ve suggest

that the reaction observed is the combination of two
CGHHSOz—radicals possibly forming the mixed anhydrid

of sulfonic and sulfinic acid. Oae and Ikura /12/ believe
that they have prepared a sulfinyl sulfonate and Kice and
Favstriteky /13/ bave suggested that this compound is formed
by the vecombination of two £r850,*-~radicals. The value found
for-éif:ﬁ is (7.2 £ 0.5) 1078, Assuming G(CGH11802-) to
e 4 £ 0,5 ve get k = (7.1 % 1.5) « 10° W 's™" ang

€cs = (1.0 £ 0.3) - 107 5§ Vem 1,

A%
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Sulfoxidation of cyclohexene: If the kinetic chain-length
KL of the sulfoxidation reaction in cyclohexane is assumed
to be determined by the competition between reactions (1)
and (7), where RO, combines with a chain propagating

radical in meaction (8), the results of this work give

C‘.302 '3502
0.12 » <K < 0.54 =
2 2

In the presence of water the sulfoxidation is an unbranched
chain-reaction due to the fast reaction between persulfaonic
acid and water. In this case the G-value for the y-initiated
reaction should be determined by the product of the radiztion~
yield of radicals, which can initiate the rezction, G; and the

chain-length
G (sulfonic acid) = G; * K, (1)

It seems rezgonable to believe.that the reaction is initiated
not only by the sulfinylradicals formed but also by the
HSOE—ra.dicals. The bond strength of ESOa' has bean estimated
to be 50-60 keal mole'-1 /14/ and gas phase studies show that
the reaction H* + 50, + M is fast /14, 15/. In cyclohexane
containing high concentrations of 802 we assume that the sum
of G(RSOZ-) + G(HSOE-) is approximately 6. From this value
the rate-~constants and solubilities we calculate the G-valus
for sulfonic acid production in the presence of water at

25 °C and By / B, = 2 to be 40 < G (sulfonic acid) < 180.
o Yo

Compared with earlier repcorted G-values for the sﬁlfoxidati-:n
in alkanes (table 4) this value seems somewhat smaller. As
both react}:‘;on (1) and (7) vrobaebly are diffusion controlled,
the radin :1’:;_ should be rather insensitive to temperatuve

and approximately constant for different hydrocarbonz. The
SO2 - ani 02 ~concentrations in cyélohexane were determined -

for the experiment2l conditions used by Hummel et al. /16/
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0 -
$ =15 °C and 1>502/1>02 =2).

Using these values (0.30 M~ 50, and 0.004 vl 02) and the
k
-1-{1 - ratio found in this work the G-value for sulfonic aecid

pz'oduction is 150 * 90. This value is approximately a factor
2 smaller than the experimental G-value. The difference is
probably due to the fact that reaction (1) to an appreciable
extent tzkes place in the polar phase, vhere the concentration
ratio 502/ 02 from the solubilities of respectively SOE and O

2

in concentrated H2$0 can be expected to be much higher than

in the hydrocarbon./%?/ . Thig assumption is also in agreement
with the high disulfonic acid production reported for the
sulfoxidation of Cy5 = Cqq P-paraffins /18, 19/.

According to Gubelt /20/ the sulfonic group gives an efficient
protection of C-E-bonds in theo -, B - andy ~positions. The low
disulfonic acid production reported for the sulfoxidation of
cyclohexane /16, 21/ is most probably due to this protecting
effect. ’ ' .

The relatively short kinetic chain-length found in the
hydrocarbon phase, of the order 10-30, clearly indicates
that the reactions (7) and (8) are the domiﬁating‘ radical
consuming reactions during the initial stage of the water-
free sulfoxidation in pure hydrocarbons. The kinetic
behaviour is complicated by the fact that as the conversion
increases not only the persulfonic acid concentration but
also the kinetic chain-length inerease, This means that
an exponential increase of the reaction rate according to
Aekt only could give an approximate deseription of the
evperimental results./1/.

In the propagation sequence of the sulfoxidation the
reactions {1) and (2) are expected to be very fast compamud

to reaction (3). To which extent the reaction (1) proceeds
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in the polar phase will thus be determined by the
solubilities of the R80202'
respectively product-phase. This might, at least partly,

~ radical in hydrocarbon

explain the decrease observed in the sulfoxidation rate
with increasing chain-length of the hydrocarbons/1, 22/,
as the reaction to an increased extent will tazke place

in the hydrocarbon phase.
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TABLE 1

RATE CONSTANTS

Reaction k t Measuring References
ws~1107? %  |technique
Ol " + CgHyyt 1,8 % 0,5 |25°C |pulse radiolysis this work
2,0 £ 0,6 pulse radiolysis /4/
1,25 pulse radiolysis /2%
1,25 10°¢C |pulse radiolysis /6/
0,6 rotating sector /24/
1,35 rotating sector 725/
Cgyq + O, 3,4 £ 0,6 |25°C ipulse radiolysis this work
0,043 25% pulse radiolysis /6/
02H5' + 0, 4,2 25°C |gas flash photolysis |/26/
0,06 35°C |gas photolysis 21/
He + 02 26 pulse radiolysis /28/
CGHH- + 502 21 pulse radiolysis this work
02H5- + 50, 0,0004 gas photolysis /2/
CgH, 180, + GG, ,50,0 10,71 % 0415 pulse radiolysis this work




TABLE 2 WAVE LENGHT FOR ABSORPTION MAXIMA AND EXTINCTIOF COEFFICIENTS

Radical

Solvent

References

Cc H

Cgli1105°

CoHy450,"

CeHy g (on)so2 .

cyclohexane

cyclohexane

cyclohexane, A-saturated
cyclohexane, air saturated
cyclohexane, Oz-saturated

cyclohexane, 10721 in 50,

cyclohexanol, S0 _-saturated

2

this work
/8/

/23/

this work
/1o/

this work '

/1/

* .
According to the authors, the value is probably too low due to

the interference of scattered light.

BN




TABLE % G-VALUES FOR SULFOXIDATION IN THE PRESCENCE OF WATER
hydrocarbon gemperature P502 G-value References
C =——=% imolecules/100 eV
P50,
cyclohexane 15% 2 350 /16/
cetane 30°¢ 2,4 {211 /29
cetane 55°C 2,4 59,2 /2%
. 0
013-C18-n-paraff1ns 40°C 2 120 /18/
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