
Introduction

Surfactant molecules with chemically active groups have
received increased attention in recent years. Since these
materials can often be polymerised or oligomerised, a
wide range of uses can be foreseen. Polymerisable surf-
actants can be polymerised to yield polysoaps, which can
form hydrophobic microdomains having properties
similar to surfactant micelles [1, 2]. They may also be
copolymerised with water-soluble or water-insoluble

monomers [3, 4, 5]. The polymerised 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].

The polymerisation of amphiphilic monomers when
they form stable aggregation structures enables materi-
als having interesting properties to be obtained with
potentially specific applications, such as the production
of membranes with extremely well defined pores [6, 15,
20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30].
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Abstract Sodium 10-undecenoate is
a polymerisable surfactant having a
double bond in the x position of its
chain. This surfactant has been
polymerised by McGrath, both in
lamellar and hexagonal mesophases
by thermal and photochemical ini-
tiation, and she obtained relatively
low conversions. She could not ob-
tain the polymerisation kinetics. We
have polymerised both liquid crys-
tals by irradiation by c-rays, and we
obtained higher conversions:
91.6±0.7% in 50 wt% of surfac-
tant in water (hexagonal meso-
phase), while McGrath obtained
56% by thermal and 20.6% by
photochemical polymerisation; and
a maximum of 59.5% in 75 wt% of
surfactant in water (lamellar liquid
crystal). McGrath obtained conver-
sion values of 24% (thermal initia-
tion) and 19.2% (photochemical
initiation) for this mesophase. We
could not obtain the polymerisation

kinetics of the 50 wt% sample.
Even at the lowest irradiation dose
the conversion rendered the maxi-
mum value. The 75% sample
showed a measurable polymerisa-
tion increase with c-radiation dose
until 60 kGy, but a large decom-
position was observed at 80 kGy.
This decomposition, caused by an
excess of radiation, is not excep-
tional. The Fourier transform IR
study of the different kinds of water
in the system (bulklike water, water
related to surfaces and water mole-
cules trapped in the interstices of
the microstructures) indicates that
there was no significant transfor-
mation of the structure during the
irradiation; the values of the
nonirradiated liquid crystal
remained almost unchanged.
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Sodium 10-undecenoate [SUD, CH2=CH–
(CH2)8COONa] is a polymerisable surfactant having a
double bond in the x position of the chain. It can be
polymerised to produce low molecular weight SUD
oligomers after irradiation by c-rays [21, 31, 32, 33, 34]
or by chemical methods [15, 33, 35]. The potassium salt
was employed in copolymerisation with methyl meth-
acrylate in microemulsions [34].

This surfactant has been polymerised by McGrath
[35], both in lamellar and hexagonal mesophases by
thermal and photochemical initiation. She obtained
relatively low conversions and could not follow the
polymerisation kinetics. We polymerised both liquid
crystals by irradiation by c-rays, obtaining higher con-
versions: 82.3±0.7% in 50 wt% of surfactant in water
(hexagonal mesophase), while McGrath obtained 34.5%
by thermal and 20.6% by photochemical polymerisa-
tion; also 19% (thermal) and 19.2% (photochemical)
conversion in 75 wt% of surfactant in water (lamellar
liquid crystal). We could not obtain the polymerisation
kinetics of the 50 wt% sample. Even at the lowest irra-
diation dose the conversion was almost the maximum
value. The 75 wt% sample showed a measurable poly-
merisation increase with c-radiation dose until 60 kGy,
but a large decomposition was observed at 80 kGy. This
decomposition was caused by an excess of radiation and
it is not exceptional.

Experimental

SUD was from Aldrich. Samples were prepared by weighing SUD
and water in glass ampoules. These ampoules were closed with
rubber stoppers and placed into a water bath at 60 �C for 2 days
where they were frequently shaken to homogenise the contents.
Then the samples were frozen with liquid air and degassed by
the freeze–pump–thaw technique to remove as much oxygen
(a polymerisation inhibitor) as possible. Then the ampoules were
flame-sealed while still under vacuum. Two series of samples were
studied, one with 50 wt% of SUD, which corresponds to a
hexagonal liquid crystal, and the other with 75 wt% of SUD, which
was a lamellar liquid crystal [35]. The samples were irradiated at
11.2 kGy h)1 with c-rays for different time periods at room tem-
perature. The polymerisation progress was monitored as a function
of time by stopping the irradiation of different ampoules with
samples of the same composition at the desired times. Irradiation
was performed at the Irradiation Plant in the Ezeiza Atomic Center
of the Comisión Nacional de Energı́a Atómica de la República
Argentina.

Aliquots of the irradiated samples were desiccated up to con-
stant weight to obtain the water content. Then these samples, and
the nondried ones, were studied by Fourier transform (FT)-IR
spectroscopy.

FT-IR studies were performed using a Nicolet FT-IR
Nexus 470 spectrophotometer. Liquid-crystal samples were sand-
wiched between IRTRAN-4 windows as capillary films. Dried
samples were studied in KBr pills. The state of water in the samples
was studied in the 2,700–3,800-cm)1 range. The water bands were
superimposed on those of symmetric and asymmetric modes of
methyl and methylene groups, and that of the asymmetric mode of
the –CH=CH2 group at 3,080 cm)1. The polymerisation was

verified by comparing the decrease of the 1,003-cm)1 peak area
(=C-H bending) with that of the peak at 721 cm)1 [(CH2)n>4

deformation], which was invariant when samples were irradiated.
All peaks were deconvoluted using the Peakfit program.

The samples were observed using a polarised light microscope
prior to and after polymerisation to detect texture changes. Mean
values and variances were computed with the minimum variance
linear unbiased method [36] and the Student t function was em-
ployed to compute the error intervals. The confidence level was
0.90. Errors of derived data were computed with the error expan-
sion method.

Results

The state of water

The deconvoluted FT-IR spectrum of the O–H stretch-
ing (mOH) absorption of water in nonpolymerised sam-
ples having 50 wt% and 75 wt% of surfactant are
shown in Fig. 1. It has been reported that the broad OH
stretching water band in a surfactant system is a com-
bination of three bands that correspond to three differ-
ent ‘‘types of water’’ [37, 38, 39, 40, 41]. The band with
the maximum absorption wave number at
3,290±20 cm)1 corresponds to ‘‘free’’ or ‘‘bulklike wa-
ter’’; while that at 3,490±20 cm)1 belongs to ‘‘interfa-
cial’’ water, and that at 3,610±10 cm)1 is due to
‘‘trapped water’’ [41]. These three types of water in
surfactant liquid-crystalline systems have been reported
in the literature [42, 43, 44, 45].

The number of molecules of each type of water per
surfactant molecule (R=nW/nS, where nW and nS are the
numbers of molecules of water and surfactant in the
sample, respectively) were determined as a function of
the percentage of polymerisation, in samples with 50 and
75 wt% of SUD. The average values are shown in
Table 1. No significant changes in the amount of each
type of water were detected as a function of the degree of
polymerisation. This means that the liquid-crystal
structure did not significantly change with polymerisa-
tion.

Polymerisation

The observation with a polarised light microscope of
samples before and after polymerisation showed typical
textures of hexagonal (50 wt% of SUD) and lamellar
(75 wt% of SUD) mesophases, which did not change
with polymerisation.

The reference peak, which is almost invariant with
irradiation, in a dried sample initially having 75 wt% of
SUD [721 cm)1, (CH2)n>4 deformation] is shown in
Fig. 2. The bands between 1,050 and 900 cm)1 in a dried
polymerised sample of lamellar liquid crystal are shown
in Fig. 3. The samples were desiccated because the
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interaction of the double bond with water by hydrogen
bonding generates difficulties in the determination of the
degree of polymerisation. This problem was also found
in other polymerised surfactants [46].

The dependence of the degree of polymerisation with
time for the hexagonal mesophase (50 wt%) is shown in
Fig. 4. This system rapidly reached a degree of poly-
merisation of about 83%. At the minimum irradiation

dose (10 kGy) the conversion was 70%. McGrath re-
ported a degree of ionisation of 34.5% by thermal ini-
tiation and in 15 days, and 20.6% by photochemical
initiation [35].

The dependence of the degree of polymerisation with
time for the lamellar liquid crystal is shown in Fig. 5.
The point at 7.14 h (18.1% polymerisation) was omit-
ted. It indicates substantial decomposition by excessive
irradiation.

The dependence of the inverse of the remaining
nonpolymerised monomer [1/(100)%PD)] with time
(t, in hours) is shown in Fig. 6, showing that the

Fig. 1 Deconvoluted Fourier transform IR spectrum of the O–H
stretching (mOH) absorption of water in nonpolymerised samples
having a 50 wt% and b 75 wt% of sodium 10-undecenoate (SUD).
Bulklike water (B), water related with surfaces (S), trapped water
(T)

Table 1 Average values of water molecules per surfactant mole-
cule, R, in sodium 10-undecenoate (SUD) liquid crystals

% SUD Rbulk Rsurface Rtrapped

50 (hexagonal) 7.46±0.34 3.29±0.22 0.69±0.13
75 (lamellar) 2.81±0.10 0.688±0.073 0.312±0.037

Fig. 2 Reference peak to determine the SUD degree of polymer-
isation in a dried sample initially having 75 wt% of SUD.
721 cm)1, (CH2)n>4 deformation

Fig. 3 Bands between 1,050 and 900 cm)1 in a dried polymerised
sample of lamellar liquid crystal, related to the nonpolymerised
vinyl group. The intensity of the peak at 1,003 cm)1 decreases with
increasing conversion
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polymerisation follows second-order kinetics. The
maximum degree of polymerisation was 59% and the
last point was omitted because there was decomposition
of the polymer owing to the excessive irradiation. The
equation of the least-squares fitting is

1= 100�%PDð Þ ¼ 0:00263� 0:00064ð Þt þ 0:0109
� 0:0022;

with the correlation coefficient r=0.9864, giving a
second-order kinetic constant of k=(0.00263±0.00064)
(100)%PD))1 h)1.

Degrees of polymerisation of 19% by thermal and
19.2% by photochemical initiation were reported in the

literature; the kinetics of the process could not be fol-
lowed [35].

Discussion

The difference between results of polymerisation with c
radiation and the hydrosoluble initiator may be ex-
plained by the difference in accessibility of the poly-
merisable vinyl groups to the initiator.

The p electrons of the vinyl group have some
affinity to the water, and may form hydrogen bonds
with water protons [47, 48, 49, 50, 51, 52]. Then the

Fig. 4 Conversion of SUD in
water at 50 wt% (hexagonal
liquid crystal) by c radiation at
11.2 kGy h)1 as a function of
time of exposure

Fig. 5 Conversion of SUD in
water at 75 wt% (lamellar li-
quid crystal) by c radiation at
11.2 kGy h)1 as a function of
time of exposure. The point at
7.14 h exposure was omitted
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double bond has a tendency to remain at the surface
of the long wormlike micelles forming the hexagonal
liquid crystal, in contact with water. It is impossible to
obtain these wormlike micelles with their surface
completely covered by the hydrophilic head groups.
Methyl and methylene groups in direct contact with
water must compose a fraction of the surface. Since
the chains are in a liquidlike state [53], some of them
are folded exposing a part of the chain to water,
whilst others are extended inside the micelle hydro-
carbon core. As an average, about four carbon atoms
per chain are exposed to water in micelles [54, 55, 56,
57, 58, 59, 60, 61]. In the SUD–water system, this
quantity amounts to 36% of the total number of
carbon atoms of the chains. Because of the affinity of
the double bonds to water, it may be supposed that
this quantity is composed of vinyl groups that are
directly exposed to the water-soluble initiator. Taking
into account some portion of the surface occupied by
the methylene groups adjacent to the vinyl ones, we
can explain the conversion obtained by McGrath
(34.5%) [35]. The hydrosoluble initiator does not ini-
tiate the double bonds in the extended chains, which
are in the hydrophobic core, distant from the water,
but they are exposed to the c-rays, giving the high
conversion found in this work (83%).

In the lamellar mesophase, a larger proportion of the
aggregates–water interface is occupied by the polar
head-groups and the proportion of –CH=CH2 groups
in contact with water is much lower than in the hexag-
onal mesophase (Fig. 7). The 19% of conversion ob-
tained by McGrath [35] may be the proportion of vinyl
groups at the interface in the lamellar mesophase. This
leads to about two carbon atoms of the chain being
exposed to water, half the amount for the hexagonal

liquid crystal, caused by the close packing of the sur-
factant chains in the lamellae.

McGrath [35] obtained a conversion of 80% by
thermal polymerisation in a monomer solution of SUD
(below the critical micelle concentration) in which all the
vinyl groups were in contact with water. This fact rein-
forces the interpretation that the difference in conversion
is due to the exposure of the polymerisable groups to the
initiator, which in turn depends on the structure of the
aggregates. Since the structure of the aggregates does
not change during polymerisation, once the exposed
vinyl groups are polymerised, the other double bonds
remain trapped in the hydrophobic portion of the
aggregate, unattainable to the water-soluble initiator.
This explains why McGrath was unable to increase the
conversion of the hexagonal mesophase even after a 15-
day-long experiment.
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Fig. 6 The inverse of the per-
centage of SUD monomer in
water at 75 wt% (lamellar li-
quid crystal) not polymerised
by c radiation at 11.2 kGy h)1

as a function of time of expo-
sure. The point at 7.14 h
exposure was omitted

Fig. 7 Localisation of the vinyl groups of SUD in a hexagonal and
b lamellar mesophases
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