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Studies_of_the_sulfoxidation of_alkanes II

A pulseradiolysis study on the reactions of

cyelohexyl radical with SCp and CL respectively

Eengt Bjellqyist and Torbjörn fieitberger,

Department of Nuclear Chemistry, The Royal Institute

of Technology, Stockholm, Svfeden.

Summary: The transient absorptions produced by pulses of

high-energy electrons into pure cyelohexane resp. into

cyclohexane containing SO« or 0„ have been studied. The

UV-absorption spectra observed are ascribed to cyclchexyl-,

cyclohexylsulfinyl- resp. cyclohexylperoxyradicals. The

cyclohexylradical spectrum has a maximum at X 24O nm and

S = (2,5 ± 0,7) • 105H-1CnT1S2 The cyclohexylsulfinyl'

radical probabljr has a raaximuin at \ = 355 nm €.,
+ \ 7> - 1 - 1 ->

(1.0 x 0.3) • 10" M cm . Contrary to what is earlier

reported for the cyclohexylperoxyradical we have found only

one absorption maximum with X = 255 rim and

= (4 z 1) • 10-* M cm '.

I
í

*

The rate-constants for the reactions

1C
SO2

V1

and
(7)

Q " 1 * 1

have been determined to k = (i;.O i 1) • 10' M B
and k- = (3.4 ± 0.6) • 10^ K"1s"1.
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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-values for the sulfoxidation in the presence of water are

higher than expected from this competition and this is

attributed to the fact that reaction (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 constant was found to increase

with the SOp/O2 - ratio. -The follcving reaction sequence

was suggested:

R" + SO2

BSO2- +

2• + EH

2H + SO

HbO7- +

RSO,- + RH

R" + O2

RSO2-

RSO2O2-

RSO2O2H

RSO- +

RSO,- +

RS0,H +

+ R-

ESO,-

H2 S 04

(D
(2) /-propagation

(3)J
(4)"
(5)

(O.
-branching

HO2- (7)

stable product (8)J termination

The competition between reactions (1) and (7) was assumed

to be responsible for the observed dependence on S0„-resp. .

Og-concentration. The reactions (1) and (7) have earlier

been studied in the gas-pĥ .so for R- = ^QHC" /2/ and the
-2 x)

ratio k^/k- was found to be «* 10 . It is commonly

accepted that iadiolysis of liquid cyclohexane produces

If this very low value had any relevance for xhe liquid
phase sulfoxidation the abov? given reaction mechanifsm
seems impossible.
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cyclohexylradicals as the dominating radical /3, 4J 5/«

Piilseradiolysis studies on cyclohexane containing small

amounts of S0? and 0? thus should make it possible to

determine k.. and k„ in the liquid phase. The constant k-

has earlier been measured by ESR-techidque and was found

to be 4.3 • 10' /6/. The aim of this work was to determine

k.. and k„ in the liquid phase in order to clearify the

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

Experimental

Materials: The cyclohexane (Merck p a) used in the pulse

radiolysis experiments was treated with oleum (25 Ja in SO,

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

( \ ̂> 200 nm) caused by aromatics and olefins completely

vanished. The acid breakdown products as well as S0? and

SO7 were extracted with 1 II ITaOH. The hydrocarbon was then

dried with, alkali pellets and distilled. The cyclohexana

purity was once more controlled by OT-spectrophotometry

Op was generally used directly from the tube, while S0„ was

dried either with concentrated sulfuric acid or calcium

sulphate.

Preparation of_samples: The optical cells used in the experi-

ments were of Suprasil quartz, cylindrical in shape, 20 nm

long and with a diameter, of 20 nm, The cyclohexane was

degassed on a vacuualine by conventional freeze-puinp-thav/ •

cycles until the residual pressure was' < 5 * 10 torr at

-196 C. The SO« was measured with a gas buret Toepler-puinp

combination and freezed out together with the degassed cyclo-

hexane in the cell. In oriier to determine the rate constant

of the reaction (7) small suaouiits (O.3-O.9 ml) air saturated

cyclohexane were added to the degassed liquid.
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To measure the rate-constants k.. and k_, S0„ - and 0„ -

10~4 - 5 10 were used.concentrations in the range 5

The determination of the transient absorption spectrum in

SO „-containing cyclohexane was made in 10~ M solutions.

Por the recording of the peroxyradical spectrum air saturated

cyclohexane was used.

Irradiation and measurements: The kinetic spectrophoto-

meter for pulse radiolysis is described in details else-

where /8/. The microtron-accelerator produces single

pulses of 7 MeV electrons at peak currents 100 ± 20 mA.

Second order decays were produced from 4-4.5 M<s pulses and

the sweep-rate on the oscilloscop was adjusted to 5 or 20

μs/cm. In order to measure the pseudo-first order rate-

constants 1-2 μs electron pulses were used and the sweep-

rate was 1-5 μs/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 (Clf), dosimeter /9/.

Hesults: Changes in the optical transmission of pure and

S0„ - containing cyclohexane have been determined. Graphs

of 1/0.D. (O.D. = optical density) as function of time as

well as of (O.D.) • time as function of O.D. were produced.

Por pure eyclohexane and cyclohexane 10 M in S0_ the

initial part of all decay curves show good agreement with

second order kinetics (fig. 1). As the optical density has

decreased to 0.003 - 0.004 slight deviations from linearity

appear. This effect, mainly due to a statistical uncertainty

in the position of the base line, may be due to disturbance

from the mains.

1 k
From the 7-jjj— - resp. -jr - values the rate-constants and

extinction coefficients hr.ve been calculated assuming the

G-value of cyclchexylradical formation to be 4 ± 0.5 /5/.

The absorption spectra art given ÍD fig. 2 resp. 3 and

, -•.?
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numerical values of k and € in tables 1 and 2.

With the oscilloscope sweep-rate used (20 μs/cIn) the

optical density of air saturated cyclohexane reaches a

constant value after the pulse. The resulting absorption

spectrum is shovm in fig. 4«

The reaction E* + 0„ has been followed at 280 nm as an

increase of optical density after- the pulse. Similarly

the reaction R* + S0„ was followed at 5̂ 0 nm. In both

cases the observed pseudo-first order rate constants were

found to be proportional to the concentration of dissolved

gases.

Discussion;

Transient jsjpjectras The absorption-spectrum for the cyclo-

hexylradical obtained in this work is given in fig. 2

together with the spectrum given by Sauer and Mani /4/»

The ordinate has been chosen as r; to make the comparison

independent of faults in dosimetry as well as differences

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

\ 260 nm, but for X < 260 nm the e/
k
-values found in

this work are significantly higher. Due to the fact that

accurate measurements at shorter wavelengths than 235 ̂ m

could not be made the position of the maximum can not be

determined. As the spectrum of Sauer and Mani seems to be

influenced by stray-light it can be concluded that the

maximum jaay be found at a wavelength shorter than 240 nm.

The rate-constant for the reaction Ĉ IL „• + 0,-E...,* is found

o
 1 1

 0 11 6 11

to be k = (i.S ± O.5) * 10' ¥ s . As can be seen from

table 1 the agreement with earlier reported results is

fairly good. The extinction coefficient at A =240 nm thus

should be (2.3 ± 0.7) • 10' M"
1
cm"

1
. The true value may

eventually Tas higher as the interference by scattered light

can not be fully excluded.
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!The cyclohexylperoscyradical spectrum (fig. 4) shows no

resemblance with what has earlier "been reported /1O, 11/.

The spectra have, however, been recorded with somewhat

different experimental conditions. In our work N n has

been present and the oxygen concentration has been
—3J — 2

f» 2 • 10 M as compared to «* 1 • 10 M in the earlier
work.

It seems somewhat unreasonable that the discrepancy should

be due to these differences. Assuming a G-valuc for the

peroxyradical formation of 4 Í O.5 the extinction coefficient

can be estimated to be "255 = (4 ± 1) • 10-* M,3 T,-1 -1
cm The

rate-conntajit for the formation of the peroxyradical was

found to be (3.4 ± 0.6) •- 10° I4~1s~1.

The absorption observed in cyclohexane containing GOp is

ascribed to be CVIL., SO0 - radical formed in a reaction
A

between the cyclohexy!radical and S0_. In a 10 M

g we assume that no other species than the

cyclohexylradicals will react with S02(i.c. no electron

or hydrogenradical scavenging occurs). The rate-constants

for the reaction (1) was then determined to be

2 ± 1 109 M"V1. The decay of the absorption obeys

second order kinetics in a 10 M solution. We suggest

that the reaction observed is the combination of two

CgH^SOg-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

Eavstritsky /13/ have suggested that this compound is formed

by the recombination of too AxSO2'-radicals. The value found

for is (7.2 + O.5) • 10~6 Assuming to

be 4 ± 0.5 we get k = (7-1 ±1.5) ' 108
 M8 M" 1S~ 1 and
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Sulfoxidation £f..C£cl,qhexaaej_ If the kinetic chain-length

K1. of the sulfoxidation reaction in cyclohexane is assumed
IJ

to be determined by the competition between reactions (1)

and (7), where EOp* combines with a chain propagating

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

0.12 <KT
L

In the presence of water the sulfoxidation is an únbranched

chain-reaction due to the fast reaction between persulfonic

acid and water. In this case the G-value for the γ-initiated

reaction should be determined by the product of the radiation-

yield of radicals, which can initiate the reaction, G
1
 and the

chain-length

G (sulfonic acid) G
i *% (D

It seems reasonable to believe-that the reaction is initiated

not only by the sulfinylradicals formed but also by the

HSO^-radicals. The bond strength of HSO
9
' lias been estimated

to be 50-60 kcal mole" /I4/ and gas phase studies show that

the reaction H* + S0„ + M is fast /I4i 15/. It* cyelohexaue

containing M g h concentrations of S0
?
 we assume that the sum

of G(ESO
2
•) + G(HSO

2
O is approximately 6. Prom this value

the rate-constants and solubilities we calculate the G-value

for sulfonic acid production in the presence of viator at

25
 0
C and V

0n
 / P

n
 = 2 to be 40 < G (sulfonic acid) < 180.

" 2 2

Compared with earlier reported G-values for the sulfoxidation

in alkancs (table 4) thifa value seems somewhat smaller. As

both reaction fi) and (7) probably are diffusion controlled,
k-j

the radio r— should be rather .insensitive to temperature

and approximately constant for different hydrocarbons. The

SOg - and O^ -concentrations in cyclohexane were determined "

for the experiment?.! conditions used by Hvunmol et al. /16/



3.2.I97I

Studies of the
sulfoxidation ... II

8(9)

(t = 15 °C and P3 /P = 2).

Using these values (O.JO M" S0„ and 0,004 M""1 O5) and the
k1

~ - ratio found in this work the G-value for sulfonic acid

production is 150 i 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 takes place in the polar phase, where the concentration

ratio SOp/Op from the solubilities of respectively S0„ and 0-

in concentrated HgSO. can be expected to be much higher than

in the hydrocarbon./17/. This assumption is also in agreement

with the high disulfonic acid production reported for the

sulfoxidation of C,7 - C.„ n-paraffins /18, 19/.

According to Gubelt /20/ the sulfonic group gives an efficient

.protection of C-H-bonds in tlieo1-, ß - 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 IO-3O, clearly .indicates

that the reactions (7) arid (8) are the dominating 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 increase. This means that

an exponential increase of th.2 reaction rate according to

Ae" only could give an approximate description of the

experimental results./1/.

In the propagation sequence of the sulfoxidation the

reactions (1) and (2) are expected to be very fast conpared

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 ESOpO • - radical in hydrocarbon

respectively product-phs.se. This might, at least partly,

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 take place

in the hydrocarbon phase.
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TABLE 1 M T B CONSTANTS

Reaction

C6H11- +C 6H 1 1-

c6Hir + 02

< W + °2

H- + O 2

C6H11.+ SO2

C2H5- + SO2

C6H11502' + C6H11S02'

k

M s «10 J

1,8± 0

2,0 ± O

1,25

1,25

0,6

1,35

3,4 ± O

0,043

4,2

0,06

26

2 ± 1

0,0004

0,71 ±

5

6

,6

3,15

t
0C

25C>c

1O0C

25(

25(

25'

35'

3C

3C

5C

3C

Measuring

technique

pulse radiolysis

pulse radiolysis

pulse radiolysis

pulse radiolysis

rotating sector

rotating sector

pulse radiolysis

pulse' radiolysis

gas flash photolysis

gas photolysis

pulse radiolysis

pulse radiolysis

gas photolysis

pulse radiolysis
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this work

/4/

/2.3/

/6/

/24/

/25/

this work

/6/

/66/

/27/

/28/

this work

/2/

this work



TABLE 2 WAVE IENGHT FOR ABSORPTION MAXIMA AND EXTINCTION COEFFICIENTS

Radical

CßH 1 •

c6HiiV

Vn8V
C6H11(OH)SO2-

Solvent

cyclohexane

cyclohexane

cyclohexane,

cyclohexane,

cyclohexane,

cyclohexane,

cyclohexanol

A-saturated

air saturated

©--saturated

10"3M in SO2

, SO„-saturated

X
max
run

S 240

240

250

255

275, 297

355

390

%

M

2

0

4

1

nax

cm

•2,3

,1 ±

w
,34

± 1

,0±

•1-io"5

± 0,7

0,4

a 2 G « 1
297

0,3

References

this work

/4/

/23/

this work

/10/

this work

/11/

According to the authors, the value is probably too low due to
the interference of scattered light.



TABIE 3 G-VALUES FOH SULKIXIDATION IN 1ZBS PRESCENCE O? WAOiER

hydrocarbon

cyclohexane

cetane

cetane

C1 _-C18-n-paraffin3

temperature
C

15°C

300C

55°C

400C

^SO2

2

2,4

2,4

2

G-value
molecules/lOO eV

350

211

59,2

120

References
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/29/

/18/
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