
Introduction

Surfactant molecules with chemically active groups have
received increased attention in recent years. Since these
materials can often be polymerized or oligomerized, a
wide range of uses can be foreseen. Polymerizable surf-
actants can be polymerized to yield polysoaps, which
can form hydrophobic microdomains having properties
similar to surfactant micelles [1, 2]. They may also be
copolymerized with water-soluble or water-insoluble
monomers [3, 4, 5]. The polymerized structures may be
micelles [6, 7], vesicles [8, 9, 10], monolayers [11, 12],
bilayers [13, 14], liquid crystals [15, 16], and micro-
emulsions [17, 18, 19].

Knowledge of the phase behavior of polymerizable
surfactants is of fundamental importance to the design
of the polymerization experiments. Several studies have
been made on this subject [20, 21, 22, 23].

Polymerizable amphiphilic compounds carry a vinyl
double bound together with hydrophilic and hydro-
phobic moieties in a molecule. The active double bound

may be situated either at the hydrophobic chain or at the
hydrophilic headgroup, which may be cationic, anionic
or non-ionic.

Polymerizable Surfactants studied in thiswork,dodecyl-
ethylmethacrylatedimethylammonium bromide (C12PS)
(=C-12 polymerizable surfactant) and hexadecylethyl-
methacrylatedimethylammonium bromide (C16PS) have
the following polar group structure (active site):

where R is a dodecyl (C12) or hexadecyl radical. There
are very few references regarding these surfactants. In
1992 Nika et al. [24] reported the synthesis procedure
of C12PS and determined its critical micelle concen-
tration (CMC) using the conductivity method. He also
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Abstract The aggregation of two
polymerisable surfactants dodecyl-
ethylmethacrylatedimethylammoni-
um bromide (C12PS) and
hexadecylethylmethacrylatedimethy-
lammonium bromide (C16PS) was
studied with a battery of methods.
Both surfactants form premicelles
at low concentration, and show a
critical micelle concentration and a
transition between spherical and
rod-like micelles. The micelle ioni-
zation degree and the adsorption
at the air/solution interface were
also studied. Results are interpreted

on the basis of the conformation of
the polar head group.
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studied, both the polymerization of the pure monomer
and a micellar solution by means of c radiation.

McGrath and Drummond [25] published the
phase diagram of this surfactant, and polymerized it a
in liquid crystalline phase. There are some inconsis-
tencies regarding the data of these surfactants. For
example, McGrath and Drummond report a CMC=
7.29·10)3 mol dm)3 [25] for the C12PS, while Nagai
et al. [7] found it to be of 6·10)3 mol dm)3. Nevertheless
Hamid and Sherrington [26] found the CMC value to be
of and between 1.9·10)3 and 3.6·10)3 mol dm)3,
depending on the determination method used. The
aggregation number of the same non-polymerized sur-
factant was reported to be 11 [24], and 51 [25]. C16PS
data are much more scarce and will be cited within
the text.

Experimental

Both surfactants were synthesized using the method
described by Nika et al. [24].

Samples were prepared in 40-cm3vials, in concentra-
tion ranging from 10)4 to 10)3 wt% for the dodecyl-
ethylmethacrylatedimethylammonium bromide (C12PS)
and from 10)3 to 10)2 wt% for the hexadecylethylmeth-
acrylatedimethylammonium bromide (C16PS). Vials
were subsequently sealed and manually stirred. They

were then left ten days in a thermostat bath at 25 �C and
were periodically and gently stirred.

Conductivity measurements were made with an
Orion Mod 122 conductimeter and an immersion cell
having four graphite electrodes. The device was cali-
brated with a KCl solution. Measurements were per-
formed twice by titration of 50 mL water with each
concentration solution. Shaking and the subsequent
conductivity determination followed each addition of
0.5 mL of concentrated surfactant mixture solution.

Surface tension measurements were made with a K
10ST Krüss tensiometer and Wilhelmy plate. Each
measurement was performed twice to obtain coherent
values, allowing a rest time of almost 15 min between
the sample addition and the surface tension measure-
ment to allow for the surface adsorption to be achieved.

Sudan III solubilization experiments were made by
adding a small quantity of solid dye to vials having
surfactant solutions. Then vials were hermetically closed
and left in a thermostatic bath for four days to allow for
solubilization equilibrium to be achieved. Vials were
shaken each day. After centrifugation, the supernatant
absorbance was measured with a Perkin-Elmer Lambda
11B spectrophotometer at 600 nm.

Viscosity measurements were made with a Fenske-
Cannon 50 Q977 Ostwald viscosimeter calibrated with
water.

The density measurements were performed with a
pycnometer.

The Student t function was employed to compute the
error intervals. Confidence level was 0.90.Fig. 1 Differential conductivity of C12PS (open diamonds) and

C16PS (open circles) aqueous solutions as a function of the average
concentration
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Results

Figure 1 shows the differential conductivity 1000dj/dC
vs as a function of the medium concentration Cav of both
surfactants, computed from the specific conductivity.

Figure 2 shows the Sudan III solubilization absor-
bance of both surfactants solutions. The extrapolation
to zero absorbance gives C=9.9·10)6 mol dm)3 for
C12PS and C=4.1·10)6 mol dm)3 for C16PS.

Figure 3 shows the density dependence of both surf-
actants solutions on the concentration.

Figure 4 illustrates the dependence of surface tension
on the logarithm of the concentration for both surfac-
tants.

Figure 5 shows the viscosity as a function of the
concentration for both surfactants.

Figure 6 shows absorbance of both surfactant solu-
tions as a function of the concentration at 253.3 nm
(C12PS), and 274 nm (C16PS), the wavelength at which
the surfactant’s spectrum has a maximum.

Discussion

To allow for the best study of the conductivity of the
surfactants, the specific conductivity vs concentration
curves of both surfactants were fitted. The objective was

to minimize the effect of minimum deviations on the
calculation of differential conductivity.

C12PS

The differential conductivity 1000dj/dC of C12PS
(Fig. 1) shows two steps, indicating structural changes,
the first related to the CMC, and the second to the
formation of elongated micelles. The representation of
Dj=j)jextrapol as a function of the total concentrations
for the C12PS (not shown), where jextrapol is the
extrapolated specific conductivity from the specific
conductivity below the CMC value, also show two
breaks in the dependency of the conductivity with the
concentration.

Table 1 shows the concentrations at which the
transitions of the dependency of the different proper-
ties on the C12PS concentration were found. A total
of three concentrations at which such transitions
occurred were observed; C1=(7.78±0.27)·10)4 mol dm)3,
C2=(1.88±0.31)·10)3 mol dm)3, and C3=(6.94±
0.36)·10)3 mol dm)3.

Figure 1 shows that there are two transitions affect-
ing the number of conductive species in solution and
their conductive capacity, these processes being gener-
ally related to the formation of micelles and micellar
structure changes. These transitions occurred at C2 and
C3. However, Fig. 2 shows that there is Sudan III sol-
ubilization even below C2, which could be an indication

Fig. 2 Sudan III solubilization by C12PS (open diamonds) and
C16PS (open circles) aqueous solutions vs surfactant concentration
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of the presence of dimers or premicelles with solubilising
capacity.

Surfactant solutions that form premicellar aggregates
may solubilize water-insoluble substances below the
CMC [27, 28, 29]. Figure 3 also shows modifications in
the density vs C dependence, which might be an indi-
cation of structural changes. The dependency of the
surface tension the logarithm of the concentration
(Fig. 4) reveals two changes, again at C2 and C3, and the
dependency of the viscosity with the concentration
(Fig. 5) identifies the transition in C3 as a change of an
isomeric structure (spherical) towards an anisometric
one (cylindrical).

Consequently, C2 can be identified as the critical
micellar concentration, where the micelles are formed. A
glance on Fig. 1 indicates that the structure of the
spherical micelles formed must be dependent on the
concentration, due to the curvature between C2 and C3in
the Dj vs C graph (not shown), and the high value of the
slope in the same region, in Fig. 1. The absence of lin-
earity in Fig. 3 suggests the same conclusion. A repre-
sentation of the absorbance/concentration ratio as a
function of the concentration (Fig. 7) shows that after
the CMC there is an increment of the solubilising
capacity with increasing concentration, also indicating
that the structure of the aggregates is changing and that

these are becoming more and more efficient in the sol-
ubilization of the dye in the hydrocarbon core. This
situation arises frequently in solutions of surfactants
where micelles have a low aggregation number at the
CMC, and where the size and structure of these micelles
suffer a significant change with the total concentration,
as was found in some sodium alkanephosphonates [30,
31, 32, 33, 34]. Above C3, the solubilising capacity
decreases quickly, which is in accordance with an in-
crease in length of cylindrical micelles, provided that the
solubilising capacity does not increase in the same pro-
portion as the chain length. Figure 4 indicates that
spherical micelles are not much more energetically
favorable than the adsorption of monomers in the air/
solution interface; thus surface tension will continue to
decrease. The size of the unpolymerized C12PS micelles
is nC12PS=11 [24]. Such small micelles must have a great
proportion of the hydrocarbon chains in contact with
water, increasing the free energy per molecule. In con-
trast, some 10% to 30% of the hydrocarbon chain
length of the molecules adsorbed at the air/solution
interface are in contact with water [35, 36, 37, 38]. Only
the cylindrical micelles are energetically favorable en-
ough to reduce the adsorption in the air/solution inter-
face, due to the compactness of the hydrocarbon core
and the reduction in the area per polar group at the
surface of the micellar structure.

For comparison, the CMC of allyldimethyldodecy-
lammonium bromide is 1.25·10)2 mol dm)3 [39] or
1.20·10)2 mol dm)3 [40].The CMC of dodecyltrime-

Fig. 3 Dependence of the density of C12PS (open diamonds) and
C16PS (open circles) aqueous solutions on the surfactant concen-
tration
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thylammonium bromide (DTAB) is 1.44·10)2 mol dm)3

[41].
McGrath and Drummond found that the C12PS

CMC was 7.29·10)3 mol dm)3 [25] Nagai et al. [7]
found CMC=6·10)3 mol dm)3, but Hamid and Sher-

Fig. 4 Surface tension of C12PS (open diamonds) and C16PS (open
circles) aqueous solutions as a function of the logarithm of
surfactant concentration
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rington [26] found that the CMC was between 1.9·10)3

and 3.6·10)3 mol dm)3, depending on the method em-
ployed in its determination. Based on the above results,
it is evident that McGrath and Drummond, and Nagai
et al. have confounded the transition spherical mi-
cellesMrod-like micelles (C3) with the CMC (C2). This
may be caused by the small size of micelles at C2, that
renders its detection difficult by conductivity and surface
tension measurements.

Hamid and Sherrington [26] proposed an annular
structure of the polar head group with six links (three
carbon, one nitrogen, and two oxygen atoms) via
intramolecular interaction between the carbonyl oxygen
of the methylmethacrylate radical and the positively
charged nitrogen:

The zwitterionic surfactant dodecyldimethyl 4-pro-
pionate ammonium (DDPA: CH3(CH2)11N

+(CH3)2-
(CH2)3COO)) may have the same conformation of polar
headgroup. Its CMC is 0.0043 mol dm)3, and that of
dodecyldimethyl 6-hexanoate ammonium (DDHA,
CH3(CH2)11N

+(CH3)2-(CH2)5COO)) 0.0026 mol dm)3

[42]. In comparison, the CMC of hexadecyltrimethy-
lammonium bromide (HTAB) is 0.0013 mol dm)3 [43].
This suggests that the short hydrocarbon chain in the
polar head group probably increases the total hydro-
phobicity of the molecule, as suggested by Hamid and
Sherrington with respect to the CnPS surfactants [26].
However, the suggestion of these authors of simply
adding the extra methylene groups to the hydrocarbon
chain seems excessively simple. When the CMCs of
C12PS ((1.88±0.31)·10)3 mol dm)3) and tetradecylt-
rimethylammonium bromide (TTAB, CMC=3.41
·10)3 mol dm)3) [44], and that of HTAB (0.0013 mol
dm)3) and DDPA (0.0043 mol dm)3), are compared, it
may be seen that the situation is more complex. The
change in hydrophilicity of the polar head group must
also be taken into account. This change is related to
both, the change in counterion, and the effective charge
of the polar group. As an example, the CMC of hex-
adecyltrimethylammonium chloride (HTAC) is
0.0009 mol dm)3 [45, 46], about 13% lower than that of
HTAB, caused by the change in counterion. A one e unit
reduction in the charge of the polar head group reduces
the CMC by about one order of magnitude [47]. In both
surfactant pairs (C12PS-TTAB and DDPA-HTAB) there

Fig. 6 Absorbance of C12PS (open diamonds) (at k=253.3 nm) and
C16PS (open circles) (at k=274 nm) aqueous solutions without
added dye, as a function of the surfactant concentration

Fig. 5 Viscosity of C12PS (open diamonds) and C16PS (open circles)
aqueous solutions vs surfactant concentration

b
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is a discrepancy between the expected CMC obtained by
simply adding the extra methylene groups to the
hydrocarbon chain of the alkyltrimethylammonium ha-
lide and the experimental one. In the DDPA-HTAB
pair, this difference may be interpreted by an increase in
the polarity of the N+(CH3)2-(CH2)3COO)group with
respect to the N+(CH3)3one, because of the charge
carried by the carboxylate group. This causes a CMC
about 23% higher than that expected. In the C12PS-
TTAB pair, if the ring suggested by Hamid and Sher-
rington is formed, there is a loss of polarity of the group
N+(CH3)2...O=C-O-R when compared with the
N+(CH3)3one, because of a charge delocalization. This

causes a reduction of the CMC of about 45%. The weak
polarity of the oxygen atoms and the hydrophilicity of
the double bond would not be enough to compensate the
effect of this delocalization.

The annular conformation proposed by Hamid and
Sherrington may also explain the yellowish color of both
surfactant solutions (C12PS and C16PS), This color is
produced by the excitation of the delocalized electrons.
In that case, a change in the conformation of the ring
may occur because of the crowding produced when
micelles form, and when the structure of micelles chan-
ges. As an example, a large change of reduction in the
area per micellized head group occurs when spherical
micelles become worm-like [48, 49]. These conforma-
tional changes must change the absorptivity, and in
consequence, the slope of the absorbance-concentration
curve must change at the CMC and at the sphere-to-rod-

Fig. 7 Absorbance of solubilized Sudan III to surfactant concen-
tration ratio for C12PS (open diamonds) and C16PS (open circles)
aqueous solutions vs surfactant concentration

Table 1 Transitions observed
in C12PS solutions, in molÆdm)3 Method C1 C2 C3

L(log C) 0.000816 0.00173 0.00685
L(�C) 0.000818 0.00173 0.00676
1000dj/dC(Cav) - 0.00202 0.007
Dj(C) - 0.0023 0.00665
j(C) - 0.00196 0.0073
r(log C) - 0.00117 0.00737
d(C) - - -
A(C) 0.000756 0.00225 0.00758
g(C) - - 0.006
Sudan III 0.0008 - -
Average value (7.78±0.27)·10)4 (2.02±0.53)·10)3 (6.94±0.36)·10)3
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like transition. Furthermore, the micelle Stern layer has
a polarity which is substantially different to that of pure
water. Then the introduction of a polar head-group in
the micelle Stern layer produces a change in the polarity
of the microenvironment that also affects the absorp-
tivity of chromophore groups. The expected effect is just
that observed in Fig. 6. In particular, the more crowd-
ing, the larger deformation of the ring and the lower the
absorptivity, because the conformation becomes less
favorable to the delocalization, This is also seen in
Fig. 6.

Accordingly is the interpretation of the differential
conductivity plots by Sugihara et al. [50], that the con-
ductivity of spherical micelles was Ld

sph.mic=86.5 S.cm2

eq)1, and that for the rod-like micelles at the sphere-to-
cylinder transition Ld

rodlike mic..=26.4 S.cm2 eq)1. The
strong reduction in Ld is caused by a reduction in micelle
ionization and the increase in size and asymmetry of
micelles.

The micelle ionization degree a is obtained from
Evans’ equation [51]:

1000 dj=dCð Þ2 ¼ n2=3a2 1000ðdj=dCÞ1 � kX
� �

þ akX ð1Þ

where (dj/dC)1 and (dj/dC)2 are the slopes of the j vs C
straight lines prior to and after the CMC, and kX is the
equivalent conductivity of the counterion. We used
kBr)=77.4 S cm2 mol)1 [52]. Equation (1) is a quadratic
function of a, because (n)m)=na. It is also dependent
on n. However, this dependence is not strong and any
reasonable value of n gives a good estimation of a [51].
The size of unmicellized C12PS is nC12PS=11 [24]. With
(dj/dC)1=0.086 S dm3cm)1 mol)1 and (dj/dC)2=
0.0277 S dm3cm)1 mol)1, we obtained aC12PS=
0.306, in good agreement with the value found by
McGrath and Drummond [25], and aC12PS between
0.294 and 0.289 by using nC12PS=51. This value was
obtained indirectly from surface tension measure-
ments. By comparison, a=0.195 for dodecyltrimethy-
lammonium bromide [53] and a=0.31–0.49 for sodium
soaps [54].

The area per molecule (a) of the pure surfactant was
computed from the surface tension plots of pure NaOL
and pure NaDHC solutions, using the Gibbs’ equation:

Ci ¼ �
1

2RT
@r

@ lnCi
ð2Þ

and the relationship ai=(GiNA)
)1.

For G=1.17·10)10 mol cm)2 and a=1.41 nm2 at the
CMC, G=2.81·10)10 mol cm)2and a=0.592 nm2at the
sphere-to-worm-like transition. McGrath and Drum-
mond [25] found a=0.58±0.01 nm2 at 5.66·10)3 mol
dm)3, which is the CMC for these authors. This value is
in agreement with that found by us at C3. The a value is
substantially higher than that of the transversal section
of a saturated hydrocarbon chain (0.205 nm2) [55] or
0.18 nm2[56]. Values of amolec‡0.40 nm2are commonly
found in soluble surfactant monolayers [57, 58]. This is
associated with a disordered chain layer and water
penetration between surfactant molecules [35]. The
annular conformation proposed by Hamid and Shear-
ringon [26] may also explain the high area per molecule
at the air-solution interface, together with the electro-
static repulsion among these groups caused by the low
ionic strength of the solution. However, the allyldim-
ethyldodecylammonium bromide also shows a high a
value at the CMC (a=0.58±0.01 nm2)[40], but it can-
not form an annular structure.

C16PS

The Dj vs C dependence for C16PS (not shown) also
shows a curvature between C=1.39·10)4 mol dm)3 and
C=4·10)4 mol dm)3 indicating that the aggregate
structure (i.e., size and shape) gradually varies with
concentration.

The differential conductivity for C16PS is shown in
Fig. 1. Three steps may be seen two of them followed by
regions of large slope that indicate gradual changes in
size and shape dependent on concentration.

Table 2 shows the concentrations at which transitions
were found in the diverse properties studied. These
transitions occurred at C1=(4.2±4.4)·10)5 mol dm)3,
C2=(1.42±0.24)·10)4 mol dm)3, C3=(3.83±0.56)·
10)4 mol dm)3, and C4=(5.0±0.5)·10)3 mol dm)3.

The analysis of the diverse figures corresponding to
this surfactant leads to the same conclusions to those in

Table 2 Transitions observed
in C16PS solutions, in molÆdm)3 Method C3 C3 C3 C3

L(log C) 2.16·10)5 0.000128 0.000253 -
L(�C) 6.45·10)5 0.000128 0.000416 -
1000dj/dC(Cav) - 0.000133 0.00035 0.0052
Dj(C) - 0.000139 0.000426 -
j(C) - 0.000181 0.000416 -
r(log C) - - 0.000565 -
d(C) - 0.0003 0.0045 -
g(C) - - 0.000323 0.00536
A(C) - - 0.000529 0.005
Sudan III 4.08·10)5 - 0.0003 -
Average value (4.2±4.4)·10)5 (1.42±0.24)·10)4 (3.83±0.56)·10)4 (5.0±0.5)·10)3
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C12PS solutions. C1 may be identified as the concentra-
tion in which pre-micelles start to form, C2 may be
interpreted as the CMC, and C3 is associated with the
transition spherical-to-cylindrical micelles. The fourth
concentration (C4) is probably associated with a new
structural change. The viscosity increases the slope at C4,
which may be associated with an entanglement of the
worm-like micelles. This entanglement occurs when the
length of these micelles exceeds 100–125 nm [59]. The
changes in the absorbance vs concentration curve (Fig. 6)
may indicate some aggregates structural change affecting
the molecular absorptivity of the surfactant. This may be
associated with an increase in the crowding of the polar
head-groups at the Stern layer, which alters the relative
position of the diverse components of the ring.

The differential conductivity curve (Fig. 1) indicates
that the aggregates occurring between C2 and C3, and
between C3 and C4 change in shape and size with a
strong dependence on concentration.

Tuin et al. [1] reported the C16PS
CMC=4.89·10)4 mol dm)3, and Hamid and Sherring-
ton [26] reported the CMC=5.84·10)4 mol dm)3. These
values seem to indicate a confusion between the CMC
and C3. To compare, for hexadecylpyridinium bromide
at 25 �C, CMC=6.0·10)4 mol dm)3 [60], and for
hexadecyltrimethylammonium methacrylate, CMC=
9.8·10)4 mol dm)3 [61]. The explanation for the differ-
ences is the same as in the C12PS case (see above).

According to the Sugihara et al. interpretation of
differential conductivity [50], the C16PS spherical mi-
celles have Ld

sph.mic.=89.5 S cm2 eq)1, and the worm-
like micelles at C3, Ld

cyl.mic.=36.3 S cm2 eq)1.
By application of Evans’ equation with n=78.6 [1],

(dj/dC)1=0.0972 S dm3cm)1 mol)1 and (dj/
dC)2=0.0794 S dm3cm)1 mol)1, gave aC16PS=0.373 at
the CMC. From the literature, aC16PS=0.486 [1]. To
compare, for hexadecylpyridinium bromide at 25 �C,
a=0.43 [60]. The higher value of aC16PS when compared
to aC12PS is due to the lower CMC of the former, and in
consequence, to the lower ionic strength in which C16PS
micelles than those of C12PS are formed.

For C16PS at C3 we found G=2.13·10)10 mol
cm)2and a=0.778 nm2. In this case the sphere-to-cyl-
inder transition did not produce the saturation of the
air/solution interface. The cause may be the inter head
groups repulsion because of the low ionic strength at C3.

Conclusions

C12PS shows a three-step aggregation at the following
concentrations:

– C1=(7.78±0.27)·10)4 mol dm)3, at which pre-
micellar aggregates form.

– C2=(2.02±0.53)·10)3 mol dm)3, which is the CMC
with spherical micelles, having an ionization degree
aC12PS=0.306 and micellar conductivity
Ld

sph.mic=86.5 S cm2 eq)1. The area per adsorbed
molecule at the air/solution interface is a=1.41 nm2.
There is an energetic advantage of the adsorbed
monolayer over the micelles, giving rise to an in-
crease in adsorption above the CMC.

– C3=(6.94±0.36)·10)3 mol dm)3, that reflects the
sphere-to-cylinder micelle transformation with
Ld

mic.cil.=26.4 S cm2 eq)1 and a=0.592 nm2. Mi-
celles become more energetically favored than the
adsorbed monolayer.

C16PS shows a four-step aggregation at the following
concentrations:

– C1=(4.2±4.4)·10)5 mol dm)3, at which per-micellar
aggregates form.

– C2=(1.42±0.24)·10)4 mol dm)3, which is the CMC
with spherical micelles, having an ionization degree
aC12PS=0.373 and micellar conductivity
Ld

sph.mic=89.5 S cm2eq)1.
– C3=(3.83±0.56)·10)4 mol dm)3, that reflects the

sphere-to-cylinder micelle transformation with
Ld

mic.cil.=36.3 S cm2 eq)1 and a=0.778 nm2. Mi-
celles become more energetically favored than the
adsorbed monolayer.

– C4=(5.0±0.5)·10)3 mol dm)3, which probably
corresponds to an entanglement of the worm-like
micelles.

In both surfactants, the additional reduction of the
CMC over that corresponding to the increase in
hydrophobicity caused by the additional methylene
groups may be explained by the reduction in polarity
because of the charge delocalization caused by the
annular conformation of the head group. This delocal-
ization causes a reduction in the polar head group
hydrophilicity. The ring deformation caused by the
crowding of the polar head groups at the micelle Stern
layer (and possibly the change in the microenvironment
polarity when these groups are included in the micelle
electrical double layer coming from water) may cause
the changes in adsorptivity at the CMC and when the
structure of micelles change.
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