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Abstract: Aqueous NO-saturated solutions of sodium 4-(6’-dodecyl)benzenesulfonate were pulse irradiated with high-energy
electrons and the formation and disappearance of radicals absorbing in the near-UV was observed. Most of the radicals were
formed during the pulse by the addition of OH radicals from the radiolysis of water to the aromatic ring in the detergent mole-
cules. A small fraction of the radicals was formed with a delay of some 200 us. This effect is attributed to a slow reaction of
alkyl radicals (formed by OH attack on the long aliphatic tail of the detergent molecules) with the aromatic ring. The radicals
decay in a second-order process, the rate constant being 2k = 4.2 X 108 M~!s~!atan ionic strength of 0.1 M and at detergent
concentrations below 2 X 1073 M. Above this concentration, the rate constant becomes smaller. The dependence of the rate
constant on the detergent concentration is understood in terms of the establishment of the micellar equilibrium M., = M,_;
+ M. for the radicals, followed by mutual deactivation of either two monomer radicals M. or a monomer radical with a radical
in a micelle M-,. Deactivation between two radicals in micelles is too slow to contribute significantly to the disappearance of
the radicals. Both the critical micelle concentration (2 X 10~3 M) and the rate constant (4 X 108 M~1s~1) of the back reaction
in the micellar equilibrium (at an ionic strength of 0.1 M, maintained by added NaClO4) were derived in the analysis of the

kinetic data on the disappearance of the radicals.

Introduction

Micellar systems have often been used to solubilize com-
plicated organic molecules in water and to study their reactions
with free radicals (such as eaq~, OH, and H) produced by ra-
diolysis of the solvent.! In most of these studies, the rate con-
stant of reaction was determined using the method of pulse
radiolysis, and in a few cases the fate of the radical that resulted
from the attack of the solubilized molecule was also investi-
gated.!3 However, the micelles themselves may be attacked
by free radicals. OH radicals, for example, are reactive toward
many detergents.! They generally react by abstracting a hy-
drogen atom from a C-H bond. The properties of the resulting
radicals of the detergent have not yet been described.

In the present paper, the formation and especially the dis-
appearance of radicals in aqueous solutions of sodium 4-(6’-
dodecyl)benzenesulfonate (I) was investigated by using the
method of pulse radiolysis. The solutions were irradiated under
an N»O atmosphere by a 50-ns pulse of high-energy electrons.
Hydrated electrons from the radiolysis of water reacted
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practically instantaneously according to e.q~ + N,O + H;0
— N, + OH™ + OH, and the OH radicals attacked the de-
tergent to form organic free radicals. These radicals were de-
tected by their optical absorption in the near-UV. Their bi-
molecular disappearance was studied under various concen-
tration conditions.

It soon became evident in these studies that the kinetics of
reactions of detergent radicals are strongly linked to the ki-
netics of the micellar systems involved. Let M be a molecule
of the detergent and n the mean aggregation number of a mi-
celle. A dynamic equilibrium exists:

M,=—=M,.1+ M q))

k+
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Figure 1, Oscillograms of the 320-nm absorption of pulsed solutions of
sodium 4-(6’-dodecyl)benzenesulfonate at various concentrations of the
detergent.

It is characterized by the rate constants k~ and k* for the exit
and entrance of a monomer molecule. If we introduce a radical
site into a small fraction of the molecules of the detergent,
monomer radicals M. as well as micelled radicals M., (only
one radical site in a micelle) will exist in the system. The rate
constants k~ and k* may be expected to remain unchanged
by the introduction of the radical site since this procedure af-
fects only a small part of the long-chain detergent molecule.
The residence time of a detergent radical in a micelle will be
n/k~. Provided that this time is essentially shorter than the
time required for the chemical reaction of the radicals, the
equilibrium between M-, and M. is established before they
disappear. M., and M. may have different reactivities toward
either themselves or a third reactant.

The monomer-micelle equilibrium is perturbed by a tem-
perature jump. In the earlier investigations, one relaxation time
has been observed and rate constants for the dissociation of one
molecule from the micelle have been derived from such data.®’
The results from NMR measurements, however, could not be
reconciled with a mechanism in which only one relaxation time
is involved.® In the more recent fast relaxation experiments,
two processes have been observed.?!9 The shorter relaxation
time is attributed to a shift of the mean aggregation number
n of the micelles whose total number remains constant. The
ratio k=/n as well as the width of the distribution of n can be
obtained from such experiments. The longer relaxation time
is attributed to a change in the number of micelles. It will be
shown below that the kinetic data obtained for the bimolecular
disappearance of the radicals of the detergent can also be used
to derive the important rate constants of the micellar equilib-
rium of eq 1.

Experimental Conditions and Results

Standard pulse radiolysis equipment with optical detection
of the short-lived intermediates was used (4-MeV electrons:
50-ns pulse duration; dose per pulse 1500 rad). All solutions
were bubbled with a stream of purified nitrous oxide for 0.5
h.

Oscillograms of the optical absorption at 320 nm of solutions
containing the detergent at various concentrations are shown
in Figure 1. The reaction of the OH radicals is fast enough to
be practically completed after the pulse. The absorption which
is recorded immediately after the pulse is attributed to the
detergent radicals. Their spectrum at ¢ = O (¢ = time after the
pulse) is shown in Figure 2. The maximum at 320 nm is typical
for radicals of the hydroxycyclohexadienyl type which are
formed in the fast addition of OH to aromatic rings.!! The
extinction coefficient of such radicals is generally slightly
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Figure 2. Absorption spectra immediately and 80 ms after the pulse. De-
tergent concentration 0.1 M.

higher than 3000 M~! cm~!. Knowing the absorbed radiation
energy and the yield of free radicals in N,O-saturated solution
(G = 5.4 radicals per 100 eV of absorbed radiation energy),
one could calculate an extinction coefficient of 2700 M~! em™!
from the initial absorption after the pulse. It can thus be con-
cluded that almost all of the OH radicals produced by the pulse
are attached to micelles to form radicals of the hydroxycy-
clohexadienyl type. It cannot be excluded that a small fraction
of the OH radicals attacked the detergent via H-atom ab-
straction at the long aliphatic chain. The alkyl radicals that
would result from such an attack absorb at wavelengths sub-
stantially shorter than 320 nm. OH attack at the aromatic part
of the detergent is more probable for two reasons:

(1) The rate constant for OH addition to aromatic rings is
generally larger by at least one order of magnitude than for H
abstraction from aliphatic chain.!2

(2) The aromatic rings are located at the surface of the
micelles while most of the aliphatic residues stick together
inside; an OH radical residing mainly in the aqueous phase will
therefore preferentially encounter the aromatic groups.

The absorption decays at long times after the pulse. How-
ever, as may be seen from curve ¢ in Figure 1, a small increase
in absorption occurs during about 200 us after the pulse until
the decrease takes over. At detergent concentrations below 2
X 1073 M, the increase was not observed. The general shape
of the oscillogram did not change by varying the wavelength
of observation. This indicates that the delayed absorption is
caused by a species that has practically the same absorption
spectrum as the one present immediately after the pulse.

At times much longer than those shown in Figure 1, the
solutions had a constant residual absorption which became
stronger with decreasing wavelength. Figure 2 also shows this
absorption spectrum at 80 ms after the pulse. We ascribe it to
a product that is formed in the deactivation of the cyclohexa-
dienyl type radicals of the detergent. Experiments were also
carried out with solutions of aromatic compounds that do not
form micelles, i.e., with benzenesulfonic acid, p-isopropyl-
benzenesulfonic acid, p-tert-butylbenzenesulfonic acid, iso-
propylbenzene, and tert-butylbenzene. In all these cases, the
absorption of the hydroxycyclohexadienyl-type radical was
present immediately after the pulse. No delayed absorption
was built up afterwards. In all these cases, a residual absorption
remained at longer times.

The decay in the absorption (Figure 1) occurs more rapidly
at higher doses of the pulse. The first half-life time of the decay
was proportional to the reciprocal initial radical concentration
at a given concentration of the detergent. The decay must
therefore be attributed to the mutual deactivation of the de-
tergent radicals. It can be recognized from the curves in Figure
1 that the radicals decay slower at higher concentrations of the
detergent although the initial concentration of the radicals
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Figure 3. Double logarithmic plot of the rate constant 2k of disappearance
of the radicals vs. the concentration C of the detergent. The ionic strength
u was either variable (O) or kept at 0.1 M (A) by adding NaClQ,.

remains constant. Typical data, such as the initial radical
concentration, the first half-life time and the calculated bi-
molecular rate constant 2k for the disappearance of the radi-
cals, are compiled in Table I. It may also be mentioned that the
decay of radicals formed in benzosulfonic acid was independent
of the concentration of this solute. Figure 3 shows the rate
constant 2k as a function of the concentration C of the deter-
gent. One set of experiments was carried out without NaClQOy
as additive, i.e., with solutions of different ionic strengths. In
the second set, NaClO, was added in such quantities as to
maintain an ionic strength of 0.1 M. Under these conditions,
the salt effect on the rate constant did not distort its depen-
dency on the detergent concentration C. As may be seen from
Figure 3,2k =42 X 108 M~ s~! if C =2 X 1073 M. At
larger concentrations, 2k becomes smaller. At concentrations
substantially above 2 X 1073 M, i.e., in the range between 0.02
and 0.1 M, 2k is proportional to 1/C.

Discussion

A significant difference in reactivity was found between
cyclohexadienyl radicals formed in the detergent sodium 4-
(6’-dodecyl)benzenesulfonate and in a compound that does not
form micelles such as benzenesulfonic acid. While the radicals
of benzenesulfonic acid disappear with a bimolecular rate
constant that is not dependent on the benzenesulfonic acid
concentration, the radicals of the detergent possess a rate
constant that decreases with increasing detergent concentration
above 2 X 1073 M, This effect is explained by the fact that
micelles are formed only above a certain critical micelle con-
centration, cme., This critical concentration apparently
amounts to 2 X 1073 M for sodium 4-(6-dodecyl)benzene-
sulfonate. Above this concentration, an increasing fraction of
the radicals is formed in the micelles and not in monomer
molecules of the detergent. Radicals in micelles M-, cannot
react with each other as fast as monomer radicals M., since the
negatively charged micelles repel each other.

The lifetimes of the radicals amount to some milliseconds
(Table I) under our experimental conditions. The relaxation
time of micellar equilibria has been found to be some 1075~
10~#s for ionic detergents.® We may thus expect the equilib-
rium between radicals in micelles and monomer radicals to be
established before the radicals disappear by reacting with each
other. The following deactivation processes ought to be con-
sidered (P = products):

M. + M. — P )
M- + M., — P (3)
M., + M., — P (4)
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Table I, Data on the Disappearance of the Detergent Radicals (1
Variable)

Concn Initial radical First

of detergent, concn, half-life time, 2k,

M M ms Y
1 X10-! 1.17 X 10~3 5.22 1.6 X 107
5% 102 1.08 X 10— 3.80 2.4 X107
1X 1072 8.84 X 10~ 0.83 1.4 X 108
55X 1073 8.67 X 10~ 0.50 23X 108
2.5%X 1073 7.33 X 10-% 0.44 3.1 X108
3IX 104 483 X 1076 0.65 3.2 X108

The total rate of disappearance of radicals is
—d[R]/dt = 2k>[M:]* + 2k3[M] [M+,] + 2k4a[M-, ]2 (5)

where [R]'= [M.] + ]M.,] is the total radical concentration
and the 2k’s are the bimolecular rate constants of the respective
processes of deactivation. [M-] and [M-,] may now be sub-
stituted by

M= [R] (6)
M-y] = S8 [R) )

where C is the total concentration of detergent molecules. The
ratio [R]/C was always smaller than 0.01. In writing eq 6 and
7, use was made of the fact that the concentration of monomer
detergent molecules in the micellar equilibrium of eq 1 is al-
ways equal to the critical micelle concentration at C > c¢mc.!3
The molar concentration of micelles is (C — cmc)/n, and the
probability for finding one molecule in a micelle with a radical
site is equal to [R]n/C. After substitution one obtains

_dR]
de
2ka(eme)? + 2kseme(C — cmc) + 2k4(C — cme)? .,
- 5 R]
(8)

The fraction on the right-hand side of eq 8 is equal to the ob-
served bimolecular rate constant for the disappearance of the
radicals.

_ 2ky(eme)? + 2kseme(C = eme) + 2k4(C = cmc)?
= =

2k
9)

At concentrations C < cmc, no radicals M-, are present. The
observed rate constant 2k is equal to 2k; under these condi-
tions. At an ionic strength of 0.1 M of the solution, 2k, = 4.2
X 108 M~!s~!is obtained from Figure 3. After correcting for
the kinetic salt effect by using the Brgnsted-Bjerrum equa-
tion, a rate constant 2k = 2.4 X 108 M—!s~! is obtained for
the mutual deactivation of two monomer radicals of the de-
tergent.

At very high concentrations of the detergent, reaction 4
should be the predominant process through which the radicals
disappear. Under these conditions, 2k should become inde-
pendent of the detergent concentration and be equal to 2k4.
However, even at the highest concentration of 0.1 M used in
the experiments of Figure 3, no indication was obtained that
the rate constant would reach a lower constant level. It must
thus be concluded that 2k, is very small and that reaction 4
does practically not occur under our concentration conditions.
The linear relationship between 2k and C in the range between
C =10"2and 10~! M in Figure 3 indicates that reaction 3 is
here the main process of deactivation. An analysis of the curve
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for constant ionic strength in Figure 3 yielded a value of 8 X
108 M~! 57! for 2k;. In this analysis, the term 2k4(C —
cmc)?/C? was neglected, and a value of 2 X 10~3 M was used
for cme. At an ionic strength of zero, 2k; would be expected
to be substantially smaller.

The rate of reaction of monomer radical with a radical in
a micelle is thus found to be larger by almost a factor of 2 than
the rate of reaction of two monomer radicals. This finding
seems surprising at first sight since the micelle should exert a
strong repulsive force on the negatively charged monomer
radical because of its large negative surplus charge. However,
one can imagine that the long aliphatic tail of the monomer
radical promotes the capture of the radical by the micelle. As
the monomer radical has approached the micelle at a certain
distance, the end of its aliphatic residue may touch the hy-
drocarbon-like interior of the micelle during its varied thermal
movement. The aliphatic end is now anchored at the micelle.
The chain contraction of the aliphatic residue into the interior
of the micelle facilitates closer approach of radical group of
the detergent molecule until mutual deactivation with the
radical already present in the micelle occurs. Reaction 3 is thus
understood in terms of the capture of a monomer radical by
a micelle, i.e., in terms of the back reaction of the micellar
equilibrium of eq 1. Under these circumstances one may
identify the rate constant k3 = 4 X 108 M—!s™! with the rate
constant k% of the micellar equilibrium.

The equilibrium constant of eq 1 is equal to the cmc:

cme =k~ /kt (10)

Usingcme =2 X 1073 Mand k* =4 X 108 M~!s~! one ob-
tains k= = 8 X 10° s~!. We have thus achieved a complete
determination of the rate constants that characterize the mi-
cellar equilibrium by using only the kinetic data for the mutual
deactivation of the detergent radicals. These results may be
compared with the results from relaxation measurements
which have recently been carried out by Hoffmann and his
co-workers and which will be published in detail elsewhere.
They obtained a value of k~/n of 1.3 X 104s~!, and also found
a cmc of 2 X 1073 M by carrying out conductivity measure-
ments. The aggregation number # of anionic micelles carrying
a dodecyl residue and an aromatic group lies between 25 and
60.'4 k~ values between 3.3 X 105 and 7.8 X 10% s~! are
therefore expected from the k~/n ratio determined by the
relaxation method. The agreement with our value of 8 X 10°
s~!, which is possibly an upper limit for the reasons discussed
above, is very satisfying.

The concentration at which 2k starts to decrease in Figure
3 is practically independent of the ionic strength of the solution.
This appears surprising since it is known from the work on
n-alkyl sulfonates that the cmc decreases with increasing ionic
strength. It may be that this decrease is less pronounced for the
detergent used in the present work. Furthermore, k3 will be
strongly dependent on the ionic strength at low tenside con-
centrations. The effects that are caused on the overall rate
constant 2k by a decrease in cmc and an increase in k3 may to
a certain degree counterbalance each other.

The above mechanism for the mutual deactivation of ten-
sided radicals resembles certain aspects of the theory of
emulsion polymerization.!® Large growing radicals surrounded
by a layer of ten-sided molecules and containing monomer
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molecules are important intermediates of such polymerization.
They cannot react with each other because of their mutual
repulsion. A smaller radical may, however, enter the poly-
mer-ten-sided agglomerate and destroy the large radical in
it. On the other hand, a smaller radical may also happen to
enter a deactivated polymer-ten-sided cluster and restart po-
lymerization there.

An explanation for the delayed formation of a small fraction
of the detergent radicals absorbing at 320 nm may finally be
proposed. As mentioned in the Experimental Section, a small
fraction of the OH radicals may not have reacted with the
aromatic groups in the micelles of sodium 4-(6’-dodecyl)-
benzenesulfonate, but may have attacked the aliphatic residue.
An alkyl radical formed this way may subsequently undergo
a reaction with an aromatic group in the same micelle to yield
an additional radical of the cyclohexadienyl type. This reaction
could be either the addition of the alkyl radical to the ring or
the transfer of a hydrogen atom. The optical absorption of the
cyclohexadienyl-type radicals formed would be almost indis-
tinguishable from that of the corresponding hydroxycyclo-
hexadienyl radicals. The reaction between an alkyl radical and
the aromatic ring of a molecule can generally not be observed
in pulse radiolysis studies since it is too slow. That this reaction
may occur rather rapidly in the micelles is explained by the
high local concentration of the aromatic rings in the micelles
of sodium 4-(6’-dodecyl)benzenesulfonate. Using a first
half-life time of 200 us for the alkyl radicals and a local con-
centration of the aromatic rings of 2 M, one estimates the bi-
molecular rate constant of this reaction to be of the order of
103 s~L,

Acknowledgments. The authors thank the Henkel Co. at
Duesseldorf for having put a pure sample of sodium 4-(6’-
dodecyl)benzenesulfonate at our disposal and gratefully ac-
knowledge the technical help by Dr. E. Janata and helpful
discussions with Professor H. Hoffmann, Bayreuth.

References and Notes

(1) J. H. Fendler, G. W. Bogan, E. J. Fendler, G. A. Infante, and P. Jirathana,
in "Reaction Kinetics in Micelles”, E. Cordes, Ed., Plenum Press, New York,
N.Y., 1973, p 63.

(2) L. K. Patterson and M. Gratzel, J. Phys. Chem., 79, 956 (1975).

(3) M. Gréatzel, J. J. Kozak, and J. K. Thomas, J. Chem. Phys., 62, 1632
(1975).

(4) A, J. Frank, M. Gratzel, A. Henglein, and E. Janata, Ber. Bunsenges. Phys.
Chem., 80, 547 (1976).

(6) A.J.Frank, M. Gratzel, A. Henglein, and E. Janata, /nt. J. Chem. Kinet., 8,
817 (1976).

(6) G.C. Kresheck, E. Hamori, G. Davenport, and H. A. Sheraga, J. Am. Chem.
Soc., 88, 246 (1966).

(7) B. C. Bennion, L. K. J. Tong, L. P. Holmes, and E. M. Eyring, J. Phys. Chem.,
73, 3288 (1969).

(8) N. Muller, J. Phys. Chem., 76, 3017 (1972).

(9) H. Hoffmann, H. Niisslein, and W. Ulbricht, Micellation, Solubilization, Mi-
croemulsions, 1, 263 (1977).

(10) E. A. G. Aniansson, M. Almgren, N. S, Wall, H. Hoffmann, . Kielmann, W.
Ulbricht, R. Zama, C. Tondre, and J. Lang, J. Phys. Chem., 80, 905
(1976).

(11) L. M. Dorfman, I. A. Taub, and R. E. Buhler, J. Chem. Phys., 36, 3051
(1962).

(12) L. M. Dorfman and G. E. Adams, NSRDS-NBS 46, National Bureau of
Standards, U.S. Department of Commerce, Washington, D.C., 1973.

(13) See, for example, C. Tanford, 'The Hydrophobic Effect: Formation of Mi-
celles and Biological Membranes’, Wiley, New York, N.Y., 1973, p 48.

(14) K. Shinoda, T. Nakawaga, B. Tamamushi, and T. Isemura, '‘Colloidal Sur-
factants”, Academic Press, New York, N.Y., 1963, p 21.

(15) See, for example, C. Walling, "’Free Radicals in Solution*’, Wiley, New York,
N.Y., 1857, p 203, and literature references cited therein.



