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Abstract
Light scattering has been measured for aqueous NaCl and propanoi
solxtions of the
polymerl~ab~e surfactants with a reactive acrylamido group. The micelle aggregation
numbers for these surfactants ranged from only 2 to 6 and their micellar diameters
were less than 2 nm. The anomalous small size of these nucellea may be attributed to
the hydrlophibcity of the acrylamido group which is believed to be located close to the
micellar surface. The fast rate of polymerization of these surfactants, leading to high
molecular weight polysurfactants,
can thus be accounted for by the proposed micellar
structure.

INTI-LODUCTlON

Se-Iera

workers have investigated the polymerization of surface
active monomers [I-G] which resu’nted in the excellent stability of
latices [7], the highly compressed polymer film [S], the rapid polymerization f3], and the improvement of emulsion polymerization 191.
Polymerizable surfactants with a reactive acrylamido group
(CHZ =~H~~N~-)
have been synthesized recently IlO--121. The
micellization and the interfacial adsorption of sodium II-(N-methyla~ryZamido)und~~anoate were also examined by surface tension
measurement 1131.The polymerizations of these surfactants in aqueous
micellar solutions were very rapid and high molecular weight (MW}
polysGrf&ctants with a rather narrow MYV distribution were obtained
[lo-121. Such characteristic polymerizations may be related to the
micellar structure of the surfaetants. The light scattering method
was thus used in this q,vork to study the micellar structures of
sodium ll~~N-ethylacrylamido~undec~noat~
(Nail-EAAU),
sodium
II-(N-methylacrylamido)undecanoate
(NalI-MAAU),
and sodium 11~166-6622~9~~$~3.~~

@ 1991 Elsevier Science Publishers

B.V. All rights reserved.

76

acrylamidoundecanoate
(Nall-AAU).
The chemical structures of these
Na+, where R = C2H5,
surfactants are CH2 =CHCGNR(CH,),OCGGCH3, and H, respectively.
EXPERIMENTAL

The samples of Nail-EAAU,
Nail-MAAU,
and Nail-AAU
used were
the same as those previously prepared [l&13].
Water and NaCl were
purified in the usual manner [14-161. l-Propanol
of chromatographic
grade was a commercial product. Aqueous 14% vol. propanol solution
was prepared by mixing l-propanol and water in the volume fraction
ratio of 1: G. Measurements
of the specific refractive index increment
and light scattering were carried out on a differential refractometer
DLS-700,
MR-102 and L dynamic light scattering spcctrophotometer
respectively, which were manufactured by Gtsuka Electronics, Osaka.
The detailed method for the light scattering measurements
has been
described elsewhere [14--161.
RESULTS

AND DISCUSSION

The observed values of the specific refractive index increment diildc,
where ii is the refractive index and c is the surfactant concentration,
are listed in Table 1 for aqueous NaCl and propanol solutions of NallEAAU, Nail-MAAU,
and Nall-AAU
at 25°C. The specific refractive
TABLE

1

Characteristics of mlceIles of Nail-EAAU,
NaCl and propanol solutions at 25°C

CS

(M)

dfi/dc
{crn’g-‘>

CMC”
(10m2 gem-j)

Nail-MAAU

M

m

-

and Nail-AAU

B2

(lo-’
cm2 s-‘)

zrn)

(10e3 mol
cm3 gv2)

515
27.5
44.5

0.48
0.91
0.53

Aqueous NaCl solution
0.01
0.169
Nail-EAAU
0.5
0.161
0.5
0.161
Nail-MAAU

0 30(9-S)
0.37(12)
0.40(14)

1190
1810
1150

3.9
5.9
3.9

5.8
1.5
0.55

Aqueous propanol solution
0.156
Nall-EAAU
6.156
Nail-MAAU
0.150
Nal l-AAU

0.30(9.8)
0.33(11)
0.28(10)

771
697
453

2.5
2.4
1.6

2.8
3.7
2.7

DValues in parentheses

are in mM.

aI

in aqueous
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index increments for NaZ1-EAAU
decreased with increasing NaCl concentrntion (CS) and were larger in NaCl solutions than in aqueous
propanol solutions. The value for Nail-AAU
was smaller thall those
for both Nail-EAAU
and Nail-IMAAU
in aqueous propano”l solutions.
Figure f shows the piot of the reduced scattering intensity of the
micefle (Rg, -R&,)
against the surfactant
concentration
c, where
RgO and R”,, are the reduced scattering intensities of solution and
solvent, respectively,
at a scattering angle of 90”. The value of the
critical
micelle
concentration
(CMC)
ca was obtained
from the
intercept of the plot by extrapolating
to the zero reduced scattering
intensity. The CMC values for the surfactants,
as sho~n,n in I’able 1,
were
(0.35 +. 0.05) * 10B2 g cmW3 in aqueous
NaCl
solutions
and
(0.30 3_ 0.03) * lQ- "-gcm- 3-*In aqueous propanol solutions. These \Ja?ues

i

E
0
7

Q

5
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10

lo-* g mr3

1. (Ii,,
- I?&-,) values plotted against c for aqueous NaCl and propanol solutions of
Nail-EAAU,
Nail-MA_4U,
and Nail-AAU.
Aqueous NaCl solutions (upper): 0, a>,
Nall-EAAU
in 0.5 M NaCl at 25 and 4O”C, respectively;
0, Nail-RAAU
zn 0.01 M
NaCl at 25” C; k!,, Nail-MAAU
m 0.5 &I NaCf at 25°C. Aqueous 14% ~~-31.pxopanol
sohtions at 25°C (lower): 0, Nail-EAAU;
A, Nail-MAA~,
Cl, Nail-AAU_

Fig.
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were higher than those obtained by surface tension measurements on
the aqueous solutions [l&13,17].
There was no mcaninpful angular dependence of reciprocal scattering intensity and mut;uaI diffusion coefficient, indicating that the
micelles were of a small size. Figure 2 shows the reciprocal scattering
intensity K(c - co)/(R90 - R&) as a function of micelle concentration
(c - co), where K is the optical constant.
The reciprocal scattering intensity of each solution exhibited a clear
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Fig. 2. K(c - co)/(R,, - R&,) values plotted against (c - cO) for aqueous NaCl and
propanol solutions of Nail-EAAU, Nall-MAAU,
and Nail-AAU. Upper: in aqueous
NaCl solutions. Lower: in aqueous 14% vol. propanol sblutions at 25°C. The symbols
have the same meanings as those in Fig. 1.
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linear relationship with micelle concentration. The temperature rise
from 25 to 40°C did not affect the reciprocal scattering intensity for
0.5 M NaCl solutions of Nall-EAAU. The micelle molecular weight M
and the secmd v&d coef%;i&nt B, were evaluated from
for small micelles and are listed in Table 1.The micelle aggregation
number m was calculated from the micelle molecular weight M and
the molecular weight of its monomeric surfactant M1, i.e. m = M/M,.
It is surprising to note that the micelle aggregation number was only
4 to 6 in aqueous NaCl solutions and 2 to 3 in aqueous propanol
solutions. Although it is unusual for aggregates with aggregation
number 2-6 to be called micelles, they may be referred to as “micelles”
because their solutions revealed the critical micelle concentration.
The mutual diffusion coefficients of the micelles were measured at
low scattering angles with higher micelle concentrations. If the
average values from different micelle concentrations are regarded as
the translational diffusion coefficient Do, the hydrodynamic radii RH
of the micelles (Table 1) can then be calculated from the EinsteinStokes relation
where kB is the Boltzmann constant, T is the absolute temperature,
and yl,,is the viscosity of the solvent. The hydrodynamic micellar radius
thus obtained was only 0.5 to 0.9 nm in aqueous NaCl solutions. The
small values of _I& and m strongly indicate that the micelles of these
surf&tar& are abnormally small.
The anomalous small size of the micelles may be attributed to the
character of the acrylamido group of the monomeric surfactant molecule. As a result of the hydrophilicity of the acrylamido group at the
terminal hydrophobic portion of a surfactant molecule, this reactive
group may approach the hydrophilic layer of a micelle, that is, the
micelle-water interface and the air-water interface. The surfactant
hydrocarbon chains at the air-water interface must be bent back on
themselves to expose the acrylamido group to the aqueous phase
(Fig. 3a), as deduced from the surface tension measurement [l3]. However, the surfactant hydrocarbon chains in a micelle may cross over
within a micelle (Fig. 3b) but they may not necessarily be bent back.
Such an approach of acrylamido groups to the mi.cellar surface causes
strong geometrical hindrance on the packing in a micelle. This would
allow the formation of extremely small micelles consisting of only 4 to
6 surfactant monomers in aqueous NaCl solutions. Such a micellar
orientation is more evident in aqueous propanol solutions (m = 2 to 3)
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air

water

(b)

Fig. 3. Schematic representation of the adsorption
air-water interface (a) and the micellar model (b).

model

of surfactants

at the

owing to better interactions
between the acrylamido
group and
propanol. The micellar model with a small diameter less than 2 nm, as
seen in Fig. 3b, is supported by the observed hydrodynamic
micellar
diameter, l-1.8 nm.
The polymerization
process of surface active monomers can be
viewed generally as follows:
1-R’
R’

(3)
+M,

-+M/

(4)

M,‘+M,

-+M2*

(5)

Mi’ +M,

*Mi+l’

(6)

M;

-+ M,+,

(V

+ M;

M,‘+M,‘+M,+M,

(8)

where I and Mi are initiator and i-mer. R’ and Mi’ are free radicals of
initiator and i-mer. The rough packing structure in a micelle with the
polymerizable acrylamido groups close to the micellar surface facilitates the initiation of the polymerization
(Eqn (4)) by free radicals
generated in aqueous medium by potassium persulphate (Eqn (3)). The
polymerization of acrylamido groups (Eqns (5,6)) can proceed rapidly
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not only within a micelle but also among micelles. This is due to the
easy accessibility of the reactive sites near the micellar surfaces by
free radicals and the growing polymer radicals. Since the micellar size
is extremely small, the probability for a second free radical to be
adsorbed on the polymerizing micelle is relatively low. Hsntie, the
rate of radical termination (Eqns (7,s)) in the micelle is slow. Consequently the prolonged propagation of polymerization results in the
formation of high molecular weight polysurfactants with narrow MW
distributions as reported [lo-121.
ACKNOWLEDGMENT

This work was partially carried out at Nagoya University under the
Japan Society for Promotion of Science (JSPS)-National University of
Singapore (NUS) scientific cooperation program. LMG and CHC are
very grateful to JSPS for sponsoring them to visit some of the Japanese
universities and to perform a joint project at Nagoya University.
REFERENCES
1

2
3
4
5

C.M. Paleos, S. Voliotis, G. Margomenou-Leonidopoulou
and P. Dais, J. Polym.
Sci., Polym. Chem. Ed., 18 (1980) 3463.
C.M. Paleos, P. Dais and A. Malliaris, J. Polym. Sci., Polym. Chem. Ed., 22 (1984)
3383.
K. Nagai, Y. Ohishi, II. Inaba and S. Kudo, J. Polym. Sci., Polym. Chem. Ed., 23
(1985) 1221.
K. Nagai and Y. Ohishi, J. Polym. Sci., Part A, 25 (1987) 1.
G. Voortmans, A. Verbeeck, C. Jackers and F.C. De Schryver, Macromolecules, 21

(1988)1977.
6
7
8
9
10
11
12
13
14
15
16
17

C.-H. Chew and L.-M. Gan, J. Polym. Sci., Polym. Chem, Ed., 23 (1985) 2225.
B-W. Greene and D.P. Sheetz, J. Colloid Interface Sci., 32 (1972) 96.
K.C. O’Brien, J. Long and J.B. Lando, Langmuir, 1 (1985) 514.
II. Kawaguchi, Y. Ohtsuka and Y. Sugi, J. Appl. Polym. Sci., 26 (1981) 1637.
K.W. Yeoh, C.-H. Chew, L.-M. Gan, L-L. Koh and H.H. Teo, J. Macre-mol. Sci.,
Chem., A26 (1989) 663.
K.W. Yeoh, C.-H. Chew, L.-M. Gan and L.L. Koh, Polym. Bull., 22 (1989) 123.
K.W. Yeoh, C.-H. Chew, L.-M. Gan and L.L. Koh, J. Macromol. Sci., Chem., A27
(1990) 63.
L.-M. Gan, C.-H. Chew, K.W. Yeoh and L.L. Koh, J. Colloid Interface Sci., 137
(1990) 597.
T. Imae and S. Ikeda, Colloid Polym. Sci., 265 (1987) 1090.
T. Imae, J. Phys. Chem., 92 (1988) 5721.
T. Imae, J. Colloid Interface Sci., 127 (1989) 256.
K.W. Yeoh, C.-H. Chew, L.-M. Gan, L.L. Koh and SC. Ng, J. Macromol. Sci., Chem.,
A27 (1990)711.

