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Abstract The polymerisation of 
a polymerisable fatty acid surfactant 
(sodium 10-undecenoate) has been 
studied in both its self-assembled and 
non self-assembled forms. Poly- 
merisation in non self-assembled 
solution was achieved to near 
completion. The polymerisation 
produces a surface active polymer. 
The self-assembling behaviour of this 
pre-polymerised form differs marked- 
ly from that observed for the 
monomeric surfactant [1]. A lamellar 
phase only is formed in the polymeric 
phase diagram with no hexagonal or 
lamellar gel phases being observed. 
Polymerisation in the different self- 
assembled forms of sodium 10- 
undecenoate reached a limit of 
approximately 30% only, i.e., the 
surfactant aggregates act to inhibit 
the polymerisation. The nature of the 
hydrocarbon chain was found to play 
a critical role in determining the effect 
that polymerisation had on the under- 

lying geometry of the surfactant 
molecules. When the chains are in 
a fluid-like state (as for the micellar 
and hexagonal phases) the original 
monomeric matrix remains largely 
unchanged. Whereas partial polymer- 
isation of the lamellar gel phase 
results in a phase transformation. 

In addition the hydrolysis of the 
fatty acid soap at low concentrations 
(close to the critical micelle concen- 
tration) has been investigated. 
Hydrolysis was shown to produce 
both the parent fatty acid and an acid 
soap dimer. The presence of these 
species greatly affects the solution 
behaviour in this region of the phase 
diagram shifting the critical micelle 
concentration to very high 
concentrations of sodium 10- 
undecenoate (ca. 0.4 M). 

Key words Polymerisation - 
surfactant self-assembly - liquid 
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Introduction 

In the first two papers of this series [2, 3] the phase 
behaviour and polymerisation of three quaternary am- 
monium polymerisable surfactants has been discussed. 
This paper further extends this work by introducing 
a change in the nature of the head group to a fatty acid 
soap. Sodium 10-undecenoate (Na-10, CH2=CH-  
(CH2)s-CO2-Na+), like co-undecenyltrimethylammonium 

bromide (co-UTAB, CH2=CH-(CH2)9-N+(CH3)3Br-, 
discussed in paper II of this series [3]), contains the allyl 
polymerisable moiety (a single carbon-carbon double 
bond) at the end of the hydrocarbon chain. The change 
in the nature of the head group from a quaternary 
ammonium to a carboxylate alters dramatically the 
self-assembly observed for the Na-10/water system [1] 
compared with that observed in the systems discussed 
previously [2, 3]. By comparing the physico-chemical be- 
haviour of co-UTAB [3] and Na-10, it should be possible 
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to determine the affect that the trimethylammonium bro- 
mide and sodium carboxylate head groups have on con- 
trolling the self-assembly of surfactant molecules and their 
polymerisation. Any observed difference in the two surfac- 
rants can only be attributed to changes in the interactions 
between the head groups and chain flexibility. 

It has been shown [3] that the introduction of the allyl 
polymerisable group into the tail of the hydrocarbon chain 
does not significantly disturb the phase progression with 
changes in temperature and composition (c0-UTAB). In- 
troduction of this group does, however, reduce both the 
solubility of the surfactant and the stability of the liquid 
crystalline phases. That is, the presence of a carbon-car- 
bon double bond at the end of the hydrocarbon chain 
increases the rigidity of the chains. (Note that this is in 
contrast with the case where the double bond is incorpor- 
ated into the beginning or middle of the chain where the 
flexibility of the chain is increased and the overall solubil- 
ity of the surfactant is also increased [4]). This increased 
rigidity is expected to be magnified in the Na-10/water 
system since the effective chain length has been reduced 
still further as compared with c0-UTAB [3]. The influence 
of the allyl polymerisable moiety is therefore more domi- 
nant in this surfactant and the chain length is now more 
closely approximated by a Ca or C9 hydrocarbon chain, 
since the presence of a double bond is equivalent to reduc- 
ing the chain length by approximately one CH2 group I-5-1. 
Therefore, as the concentration of Na-10 is increased it is 
likely that an order/disorder transformation will be ob- 
served. This is indeed what happens and a transition 
between a normal hexagonal phase (H~) and a lamellar gel 
phase occurs, with both the long- and short-range (that of 
the paraffinic chains) order being affected during the 
transition [1-1. 

As well as the observed effect on the self-assembly of 
Na-10 caused by the combination of the position of the 
allyl polymerisable moiety, the presence of a fatty acid 
soap head group and a shortened chain length, the sub- 
sequent polymerisation should also be affected. Hydro- 
carbon chains in a fluidqike state have a high degree of 
mobility [6-15] unlike the case when the chains are frozen, 
where they are presumed to be almost crystalline in their 
nature [16-22]. Therefore, when the chains are in a fluid- 
like state polymerisation may retard their flexibility, 
whereas for frozen chains the number of degrees of free- 
dom should be increased upon polymerisation. Hence, the 
nature of the paraffinic chains may have an affect upon the 
extent/ease of polymerisation of the liquid crystalline 
phases formed in the Na-10/water system and also on 
the degree of rearrangement which may occur during 
polymerisation. 

Since Na-10 is the sodium salt of a fatty acid it is 
possible that in solution at low surfactant concentration 

several different forms of the surfactant will be present (i.e., 
the salt will undergo hydrolysis). These different forms con- 
sist of the parent fatty acid (undecenoic acid), the neutral 
soap and the charged carboxylate ion, due to dissociation of 
the sodium counterion. The presence of the parent fatty acid 
in the system will affect the initial aggregation of the surfac- 
rant and hence will be detectable by the methods used to 
determine the onset of aggregation of the surfactant, i.e., 
electrical conductivity and surface tension. 

Experimental 

Sodium 10-undecenoate (Na-10, CH2 =CH-(CHa)s-CO~ 
Na § was prepared as described previously ]-23, 24]. El- 
emental Analysis: Calculated for C11H19OzNa: C 64.08 %; 
H 9.22%; O 15.53%; Na 11.17%. Found C 64.16% and 
H 9.38%. Decomposition temperature 220~ NMR 
Analysis: Proton (CH2)2(CH2)2 C=O 1.31 6; Ctt 2- 
CH2-CH=C 1.38 6; CHz-CH2-C=O 1.56 6; C H 2- 
CH=C 2.05 c~; C H ~ C = O  2.18 6; CH2=C doublet of 
doublets centred at 5.01 c~; CH=C 5.87 6. Carbon 13 
_CH2-C=O 25.78 6; (CHe)5-CH2-C =O 28.64 6; 
CHi-CH2-C=O 33.12 c~; CHe-CH=C 37.36 6; =CH2 
113.83 6; =CH 139.67 ~; C=O 183.55 6. FTIR Analysis: 
Symmetric C=O carboxylate stretch 1462.5 cm 1; asym- 
metric C=O carboxylate stretch 1560.0cm-1; C = C  
stretch 1642.8 cm-1; H-C= stretch 3083.3 cm -1. 

All experimental techniques were as described in the 
first paper in this series [2]. 

Results 

Critical micelle concentration 

The electrical conductivity curve for the Na-10/water 
system at 25 ~ is shown in Fig. 1. Determination of the 
concentration at which Na-10 micellisation is initiated (i.e., 
the critical micelle concentration (cmc)) is not possible 
from this curve as there are no defined breaks. A conse- 
quence of the curve having a slowly changing slope is 
either that the system cannot be characterised by only free 
surfactant in water before the cmc and micelles plus free 
surfactant in water once the cmc is attained or that ag- 
gregation of the surfactant molecules is gradual with the 
aggregation number increasing with concentration. The 
first explanation (for the case of Na-10 where hydrolysis 
occurs in aqueous solution) is more likely to be the true 
situation. Hence other species must be present in solution 
which influence the aggregation of the surfactant. 

The corresponding surface tension curve as measured 
by the du Notiy ring method at 25 ~ is shown in Fig. 2. 
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Fig. 1 Electrical conductivity of Na-10 in water measured at 25 ~ 
The two linear fits to the data show that for concentrations between 
ca. 0.07 and 0.15 M Na-10 (region indicated by the dotted lines) the 
conductivity is changing gradually with concentration and neither fit 
predicts the measured conductivity (i.e., there is no definitive break 
indicating the onset of micellisation). Errors are indicated by the size 
of the data points 
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Fig. 2 Surface tension of Na-10 in water measured at 25 ~ using the 
du Noiiy ring method. Two breaks occur in the curve corresponding 
to Na-10 concentrations of ca. 5 x I0 -a  and 0.02 M. Errors are 
indicated by the size of the data points 

The surface tension curve shows three separate regions; 
two pseudo linear regions are observed before a plateau in 
the surface tension is reached. It is a mistake though to 
assume that this plateau is due to the solution undergoing 
aggregation to form micelles (yielding the true cmc) as is 
usually presumed in surface tension experiments. The ob- 
servance of two almost linear regions prior to the plateau 
in the surface tension curve indicates the presence of auxili- 
ary components in solution, which affect the solution be- 
haviour and hence the concentration at which the surface 
tension plateaus out. The two breaks in the surface tension 
plot correspond to Na-10 concentrations of ca. 5 x 10 -3 
and 0.02 M. Note that the plateau observed here may be 
due to a solubility limit having been reached. 

Conductivity and surface tension measurements 
(which involve the air/water interface) have been shown 
[25, 26] to be extremely sensitive to changes in the pH of 
the solution. Measurement of the surface tension of aque- 
ous solutions of fatty acid soaps (which like all salts of 
weak acids undergo hydrolysis) will therefore be affected 
by the hydrolysis of the soap since, the colloidal nature of 
the soap solutions is dependent upon the extent of hy- 
drolysis [-4, 27-37] which will also affect the conductivity 
of the solution. The pH of these solutions will therefore 
vary considerably with composition. Hence, determina- 
tion of the cmc of fatty acid soaps using surface tension or 
conductivity methods is complicated. This will also be the 
case for other techniques if the change in the exact nature 
of the solution and the affect of changing solution pH is 
not taken into consideration. 

It has been shown [29] that the presence of a fixed 
amount of NaOH suppresses hydrolysis of the soap en- 
abling well defined cmc values to be obtained from both 
conductivity and surface tension experiments. 

Another way of determining the solution behaviour of 
fatty acid soaps (and hence their cmc) at low concentra- 
tions is to monitor the solutions pH with increase in 
soap concentration. Solutions which do not undergo 
hydrolysis will, in agreement with the Debye-Hi.icket lim- 
iting law for uni-univalent electrolytes give a slope of 
+ 1/2 in the pH versus log [soap] curve indicating that the 

soap behaves as the salt of a strong base and a weak acid. 
As the concentration is increased, though marked devi- 
ations from ideal behaviour are often observed, another 
process is occurring which is becoming increasingly im- 
portant in determining the solution behaviour. In the case 
of a fatty acid soap this process is hydrolysis, as already 
indicated from the surface tension and conductivity 
measurements. 

Upon hydrolysis the parent fatty acid (HZ, where Z is 
the carboxylate ion) is formed which is able to exist as 
either free acid or as an acid soap (MHZ2, where M is the 
counterion). The configuration of this acid soap dimer is 
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assumed to be one in which the head groups are at oppo- 
site ends of the dimer and there is considerable overlap of 
the hydrocarbon chains [31, 32]. Note that this configura- 
tion is more stable and therefore forms in preference to the 
configuration where both head groups are located at the 
same end of the dimer due to head group repulsion and 
thermal effects. Hence, in solution it is assumed that hy- 
drolysis of fatty acid soaps may be explained by the pre- 
cipitation of only three solid phases, each having well 
defined composition: HZ, MHZ2 and MZ (neutral soap). 
It should be noted that the term solid phase does not 
indicate the formation of a solid which will precipitate 
from solution under the conditions employed here but 
rather that this neutral species will separate out under 
appropriate experimental conditions (e.g. on decreasing 
temperature to reach the solubility limit). Any one of these 
three solid phases may be precipitated first on increasing 
the soap composition and at higher concentrations two 
solid phases may coexist (note that the combination HZ 
and MZ is unstable with respect to MHZ2) [36]. 

It has been proposed [36] that which species is present 
in solution may be determined from the slope of the pH 
versus tog [soap] curve and in this way the solution 
behaviour in the dilute concentration regime may be 
explained for fatty acid soaps in aqueous solution. 

Figure 3 shows the pH versus log [Na-10] curve ob- 
tained at 25 ~ The curve shows four unique regions. At 
low concentrations (below ca. 0.02 M, corresponding to 
the second break observed in the surface tension curve) 
Na-10 acts as an electrolyte yielding the predicted slope of 
+ 1/2. Deviations from this slope in this concentration 

region may be due to the influence of carbon dioxide or 
small deviations from the exact soap concentration. Note 
that the largest deviations occur for concentrations of 
Na-10 below approximately 5x 10-3M which corres- 
ponds to the first break observed in the Na-10 surface 
tension curve. As the concentration of Na-10 is increased 
above 0.02 M the slope tends to + 1, which is character- 
istic of the presence of HZ in solution. A gradual transition 
to a slope of + 3 occurs at higher compositions indicative 
of MHZ2 being present in solution. Note that this concen- 
tration range, over which the largest variation in the solu- 
tion pH is observed, corresponds to the region in the 
Na-10 conductivity curve where the conductivity deviates 
from linearity (i.e., Na-10 concentrations between ca. 0.07 
and 0.15 M). Therefore in this concentration range the 
conductivity of the solution will be most strongly in- 
fluenced by the large increase in the solution pH. At higher 
concentrations the curve begins to flatten out, indicating 
the presence of MZ and finally becomes slightly negative, 
which suggests micelle formation [36]. See Lucassen [36] 
for a full account of hydrolysis in soap solutions as 
monitored by the pH of the solution. Hence, for the Na- 
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Fig. 3 Solution pH of aqueous Na-10 measured at 25 ~ A slope of 
+ 1/2 indicates that  no precipitate is present and the solution acts as 

a dilute electrolyte solution. At higher concentrations the solid phase 
HZ is present which is characterised by a slope of + 1. Formation of 
M H Z  2 manifests itself as a change of slope to +3. According to 
Lucassen [36] the cmc is detected by the occurrence of a slightly 
negative slope. The dotted lines indicate the concentration range 
shown in the Na-10 conductivity curve (Fig. 2). Errors in the experi- 
mental data points are indicated by the size of the points 

10/water system the cmc may be determined from the 
maximum in the pH versus log [Na-10] curve and is ca. 
0.4 M. Therefore the equilibrium processes occurring on 
increase in Na-10 concentration are 

H20 H20 NaZ NaZ 
NaZ ~- Z- + N a  + ~ H Z + O H -  ~ NaHZ2 

NaZ 
NaZ ~ (NaZ)n 

where the first process to occur is dissociation of the 
neutral soap producing the carboxylate ion, this then 
reacts with water to form the parent fatty acid. Further 
reaction with neutral soap yields the acid soap dimer. As 
the concentration of Na-10 is increased the predominant 
species in solution becomes the neutral soap which finally 
begins to aggregate to form micelles at the critical micelle 
concentration. 
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Hence the pH versus log [-Na-I0] curve confirms that 10o 

in the Na-10/water system at low surfactant concentra- s0 
tions Na-10 undergoes considerable hydrolysis which 
dominates the solution behaviour, so 

The results obtained here for the dilute concentration c 7o 
regime of the Na-10/water system contrast those obtained 60 

by several other groups [5, 38-41]. The cmc for Na-10 has 
been reported to be either ca. 0.04 mol.kg- ~ [38, 39] or ~ 5o 
ca. 0.12mol.kg -1 [5,40,41] as determined by specific ~ ~ 40 
conductivity, fluorescence quenching and vapour pressure ~ a0 
osmometry. The first reported cmc (0.04 tool. kg- ~) mea- 
sured by Larrabee Jr et al. [38] from specific conductivity ~0 
was later reported as being due to premiceUisation of the ~0 
Na-10 surfactant molecules and that the cmc was ca. 0 
0.12mol.kg -*, it was also stated that hydrolysis ac- 
counted for an error of less than 0.1% [5]. Paleos et al. 
[39] also obtained a value for the cmc to be approximately 
0.04 mol- kg- * using fluorescence quenching. 

Monomeric self-assembly 

For the binary system Na-10 in water, only two liquid 
crystalline phases are formed between 0 and 100 ~ A nor- 
mal hexagonal phase (H=, two-dimensional structure of 
hexagonal symmetry with liquid-like chains) forms be- 
tween 42.6% and 55.5% by weight and a lameltar gel 
phase (L~, layered structure with frozen chains in a helical 
conformation) between 69.8% and 80.8% at 25~ Be- 
tween 55.5 and 69.8% the two phases coexist. The partial 
phase diagram for this system as determined in this study 
is shown in Fig, 4. The full phase behaviour for this system 
has been described previously, see ref. [1]. 

Polymeric Na-10 

Polymerisation of the monomeric form of Na-10 was not 
possible due to the insolubility of this surfactant in most 
solvents. Hence, the parent fatty acid (undecenoic acid) 
of Na-10 was polymerised in a chloroform solution 
(0.25 M) via thermal initiation of added ~, c&Azobis(iso- 
butyronitrile) (A1BN, (CH3)2C(CN)N=N(CN)C(CH~)z, 
10 mol% to surfactant). The reaction mixture was main- 
tained at 60 ~ for 7 days after which the polymerisation 
had preceded to approximately 80%. Increasing the reac- 
tion time did not increase the extent of polymerisation 
significantly. The corresponding sodium salt polymer (i.e., 
polymeric Na-10) was obtained by reacting the acid poly- 
mer with an equimolar aqueous solution of NaOH. The 
resulting precipitate was washed with ethanol, dissolved in 
water and then freeze dried. Pure polymeric Na-10 was 
obtained by removal of the monomer and oligomer units 
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w t %  Na-10  

Fig. 4 Schematic binary phase diagram of the Na-10/water system 
It], LI: micellar solution, H~: normal hexagonal phase, La: lamellar 
gel phase with frozen hydrocarbon chains in a hdical conformation 
perpendicular to the plane of the bilayers, and A: hydrated Na-10 
crystals. The horizontally shaded area indicated a region where two 
liquid crystalline phases coexist (tie lines) and the diagonally shaded 
area where La coexists with hydrated crystaIs of Na-10 

using Sephadex G-15 a size exclusion gel filtration packing 
material, having a molecular weight cut-offof 1500, corres- 
ponding to oligomers up to seven monomer units long. It 
must be noted that this method of preparation produces 
polymers which are polydisperse and therefore the poly- 
meric Na-10/water system cannot be regarded strictly as 
a binary system. 

NMR Analysis (analysed for head-to-tail configuration 
only): Proton (C~2)~-(CH2)2-C =O 1.32 6; C H2-(CH2) 6- 
C = O  1.52 c~; CH_H 1.62 6; C H2-CHa-C=O 1.75 6; 
C H2-C=O 2.13 5; (CHe)2-CH 5.01 6; C H2-{CH2)7- 
C =O 2.67 6. Carbon 13 CH2-C= O 26.07 a; (C_He)z-CH 
27.66 6; CHz-CH2-C=O 28.97 a; (_CH2)s-(CH2)2-C=O 
29.06 c5; __CH;-(CH2)7 C =O 37.50 6; CH 54.38 c~; _C=O 
182.44 c~ (compare with monomer discussed earlier). 

In contrast to the phase behaviour of the monomeric 
form of Na-10 in water, polymeric Na-I0 forms only one 
liquid crystalline phase between 20 ~ and 100 ~ A lamel- 
lar phase forms between 60.5 and 69.7 wt% of polymeric 
Na-10 at 20~ At concentrations below 45.4wt% a 
micellar phase forms. Between 45.4 and 60.5 wt% the two 
phases coexist. Figure 5 shows the partial phase diagram 
for the polymeric Na-10/water system. 

The polymeric Na-10 lamellar phase displays several 
different optical textures when viewed through crossed 
polarizing filters. Figure 6 shows a typical "mosaic" tex- 
ture which contrasts the "oily streak" texture shown 
in Fig. 7. Both textures are typical of those commonly 
observed for lamellar liquid crystalline phases and are 
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Fig. 5 Partial phase diagram for the polymeric Na-10/water system. 
L~: micellar solution, Lain: lamellar phase, and crystals: hydrated 
polymer crystals. The horizontally shaded area indicates a region of 
coexistence between the micellar and lamellar phases (where the lines 
indicate tie lines between the two phases). The diagonally shaded 
area indicates coexistence between the lamellar phase and hydrated 
polymer crystals 

Fig. 7 Oily streak texture obtained for the polymeric Na-10 lamellar 
phase (crossed polarising filters, magnification 240), where the layers 
are parallel to the glass slide, (68.7 wt%, 75.5 ~ 

Fig. 8 Optical texture observed for the lamellar phase of polymeric 
Na-10 (crossed polarising filters, magnification 480). Note the pre- 
sence of both positive and negative spherulites and the "pin wheei" 
effect displayed by the negative as compared with the positive 
spherulites which maintain a perfect cross at their core on rotation of 
the polariser and analyser, (60.7 wt%, 25 ~ 

Fig. 6 Mosaic texture observed for the polymeric Na-10 lamellar 
phase (crossed polarising filters, magnification 240), where the layers 
of the phase are parallel to the glass slide, (68.7 wt%, 86.7 ~ 

characterist ic of a homeo t rop ic  or ientat ion (i.e., the ori- 
enta t ion  in which the optic axis is no rma l  to the plane of 
the prepara t ion)  [42-46].  

Figure 8 shows a third optical  texture also c o m m o n l y  
observed in the polymeric  Na-10  lamellar  phase. Here  
bo th  positive (where the radial direction is "slow") and 
negative (where the radial direction is "fast") spherulites (in 
the vein of Rosevear  [42]) are apparent .  The  positive and 
negat ive spherulites are determined by considering the 
extinction cross as if it were uniaxial interference figure, 

hence positive corresponds  to a radial and negative to 
a tangential  v ibra t ion direction for the c o m p o n e n t  of high- 
er refractive index. The  posit ive spherulites are character-  
ised by extinction arms which are nar rowest  at the centre 
of the cross whereas the negative spherulites are broades t  
at the intersection. Each positive spherulite consti tutes 
a focal domain  viewed no rma l  to its elliptical base. F r o m  
this figure it m a y  be seen that  the positive spherulites 
(observed due to the presence of line defects of s t rength 
s -- +_ 1 in the sample) are such that  the extinction cross 
formed by the brushes remains oriented perpendicular  to 
each other  upon  ro ta t ion  of the polariser  and analyser. 
This is not  the case for the negative spherulites, where the 
plus shape of the spherulite is distorted upon  rotation.  
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This distortion is due to the arms of the negative spherulite 
being at different levels. That is, the negative spherulite 
results from the vertices of the adjacent positive spherulites 
which are alternatively on the top and bottom surfaces of 
the preparation [42]. This texture is, therefore also charac- 
teristic ofa lamellar liquid crystalline phase (since negative 
spherulites are not observed for other phases). It should be 
noted that while both positive and negative spherulites are 
often observed in optical textures formed by lamellar 
liquid crystalline phases (both being apparent in the oily 
streak texture shown in Fig. 7) the uniform matrix formed 
by alternative positive and negative spherulites shown 
here has not been previously observed such that both 
s = + 1 and s = - 1 line disclinations are randomly dis- 
tributed throughout the sample at a single focus point. 
A similar texture, without these features, has been ob- 
served in a thermotropic smectic liquid crystal [47] and 
lamellar lyotropic liquid crystalline phases of some 
lipid/water systems [48] which have been described as 
forming due to the presence of a network of parabolic focal 
conics. This network can be used to explain some of the 
features observed in the texture produced by the polymeric 
Na-10 lamellar phase but does not describe the texture 
fully. Formation of this texture may therefore, in addition 
to the parabolic focal conic network, be due to unusual 
anchoring of the bilayers to the substrate and/or the ori- 
entations adopted by the bilayers of the phase due to the 
presence of polydisperse polymer, i.e., the ordering of the 
phase. 

All three optical textures of the polymeric Na-10 lamel- 
lar phase were observed for both bulk samples and con- 
centration gradients performed at various temperatures. 

The structure of this phase was established by small- 
angle x-ray scattering (SAXS). The diffraction pattern of 
the polymeric Na-10 lamellar phase is characterised by up 
to three sharp rings in the ratios of I : 2: 3 as expected for 

parallel t~lanes and one diffuse ring at wide-angles 
(Q = 1.4 A-1) indicative of liquid-like chains. No other 
rings were observed. Calculation of the interplanar spacing 
from the primary Broagg reflexion yields a repeat distance 
of the order of 35 A. This value is consistent with that 
obtained for the Na-10 lamellar gel phase (where 
d~30A[1] )  such that the hydrocarbon chains are no 
longer in a frozen state and helical conformation (i.e., the 
expansion of the unit cell length is consistent with the ratio 
of 1.145 determined by Tardieu et al. [22]). Head group 
areas are also consistent with a bilayer structure. Cal- 
culated structural parameters are given in Table 1 and 
were determined assuming that the specific volume of 
polymeric Na-10 is the same as that for monomeric Na-10 
when the chains are in the alpha configuration [1]. This 
assumption should not introduce significant errors into 
the calculated structural parameters. All equations were 
calculated for T = 27 ~ and based on an assumed struc- 
ture of planar flat bilayers. 

Comparison of the monomeric and polymeric Na-10/ 
water systems shows that, in the concentrated region few 
similarities occur between the two. This indicates that the 
nature of the hydrocarbon chain plays a critical role in 
determining the self-assembly of these systems. This lack of 
overlapping regions between the two systems has the con- 
sequence that polymerisation of the liquid crystalline 
phases of Na-10 may not involve retention of the underly- 
ing surfactant mesophase. This is particularly true in the 
case of the lamellar gel phase where the nature of the 
paraffinic chains differs from that in the other regions of 
the phase diagram. Here, not only is the carbon-carbon 
double bond lost upon polymerisation but it is likely that 
the frozen helical conformation of the paraffinic chains is 
not maintained either. The hexagonal and micellar phases 
should not be influenced to the same extent and hence 
a different behaviour should be observed for these two 

Table 1 Structural parameters calculated for the lamellar phase of polymeric Na-10 at 27 ~C 

Polymeric Phase Observed Unit cell Volume Surfactant 
Na-10% Q length (a) fraction aggregate 
(w/w) (A- 1) (A) g~ thickness (ds) 

(A) 

Water 
thickness 
(4w~ 
(A) 

Mean area 
per polar 
h~ad (A) 
(A 2) 

hkl 

54.2 L1 0.132 - 0.41 
+ 

Lam 0.196 32.1 0.56 
0.390 
0.580 

62.7 Lain 0.193 32.5 0.58 
0.385 
0.575 

67.0 Lain 0.188 33.4 0.63 
0.375 

68.4 Lain 0.186 33.9 0.64 
0.370 

17.9 

18.9 

20.9 

21.7 

14.2 

13.7 

12.5 

12.2 

m 

31.6 

29.9 

27.0 

26.0 

001 
002 
003 
001 
002 
003 
001 
002 
001 
002 
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phases as compared with the lamellar gel phase upon 
polymerisation. 

Polymerisation of liquid crystalline phases 

Four regions in the Na-10/water system were chosen as 
being representative for polymerisation in the assembled 
forms of Na-10; the dilute and concentrated regions of the 
micellar phase (5 and 30 wt% Na-10), the hexagonal phase 
(50 wt% Na-10) and the lamellar gel phase (75 wt% Na- 
10). The surfactant was not observed to self-initiate during 
equilibration. 

Table 2 shows the percentage conversions for the four 
regions of the Na-10/water system activated by thermal 
initiation of added AIBN (10 mol% to surfactant) at 60 ~ 
or by photochemical initiation. Note that an error of 
approximately + 5% can be expected in these values due 
to inaccuracies in the measured integration values 
obtained from proton NMR. 

Both types of initiation were found to yield similar 
results. Thermal initiation of the dilute micellar solution 

though appears to involve a gradual increase in the rate of 
polymerisation with time. A plateau being reached after 
approximately 2 or 3 days. This initial increase was not 
observed for any of the other compositions (initiated either 
thermally or photochemically) which reached their final 
conversion rapidly. 

Table 3 presents the calculated mean and median for 
the polymerisation in the different regions. Results indicate 
that, for all Na-10 compositions, polymerisation via ther- 
mal initiation is more successful. Polymerisation in the 
liquid crystalline phases of Na-10 is dramatically reduced 
as compared with that in isotropic solution which was 
found to polymerise to approximately 80%. That  is self- 
assembly of the Na-10 monomer  acts to inhibit polymeris- 
ation of the surfactant. 

Final samples were polymerised via thermal initiation 
(10 tool% AIBN to surfactant) at 60~ for a period of 
2 days. Both the micellar and hexagonal phases remained 
visibly unchanged, whereas the lamellar gel phase under- 
went a phase transition upon polymerisation. 

The partially polymerised micellar solutions (25.8 and 
21.3 percent conversion, respectively) when viewed under 

Table 2 Percentage conver- 
sions for the four regions of the 
Na-10/water phase diagram 
polymerised either thermally or 
photochemically 

Type of Time (days) Dilute micellar Concentrated Hexagonal Lamellar 
initiation phase micellar phase phase gel phase 

Thermal 
initiation 

Photochemi- 
calinitiation 

0.5 0.0 0.0 1.3 19.0 

1.0 10.5 19.6 32.3 13.0 
2.0 12.7 18.0 20.8 23.4 
3.0 30.0 28.0 - 
4.0 19.5 9.0 22.8 16.8 
6.0 15.0 14.6 14.6 19.6 
7.0 38.5 24.8 44.4 - 
8.0 - - 24.0 
9.0 - 15.4 19.7 - 

10.17 41.9 47.0 56.0 - 
12.0 50.3 24.1 21.4 - 
15.0 - 23.2 34.5 18.1 
20.0 38.5 29.2 16.5 - 
24.0 36.6 29.5 - 

0.25 44.5 24.7 11.9 6.6 

0.5 26.7 17.2 13.1 7.1 
0.75 24.5 24.1 8.8 19.2 
0.83 20.9 8.5 14.5 17.7 
1.0 21.5 40.7 13.5 10.4 
2.0 16.1 14.0 12.5 11.9 
3.5 8.0 23.3 15.6 2.0 
4.0 22.6 18.0 12.6 9.9 
5.5 15.4 36.6 13.4 18.1 
6.0 32.2 25.3 20.6 14.0 
8.0 20.9 9.8 7.7 13.7 
8.75 23.9 12.8 19.6 15.6 

10.0 21.6 13.4 8.4 11.8 
12.0 27.4 13.4 13.6 13.6 
14.0 14.2 18.2 10.6 10.1 
20.0 36.8 19.9 15.5 11.3 
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Table 3 Statistics of the extent 
of polymerisation for the four 
Na-10 liquid crystalline phases 

Low weight High weight Hexagonal 
percent micellar percent micellar phase 
solution solution 

ThermaI initiation median 30.0 
mean 26.7 
standard 15.2 
deviation 

Photochemical median 23.3 
initiation mean 23.6 

standard 8.6 
deviation 

LameIlar 
gel phase 

23.2 21.4 19.0 
21.7 25.8 19.1 
10.9 14.4 3.5 

19.0 13.3 11.9 
20.0 13.2 12.1 
8.7 3.5 4.4 

crossed polarising filters were optically isotropic. The mo- 
lecular weight of both samples was determined to be less 
than 8000 (corresponding to approximately forty mono- 
mer units) via dialysis. Although this could indicate intra- 
micellar polymerisation it is unlikely as the molecular 
weight of polymeric Na-10 was also found to be less than 
8000. This suggests that free radical initiation of the atlyl 
polymerisable moiety in this position does not result in 
large molecular weight polymers. This is directly compara- 
ble with the results obtained for co-UTAB where the 
molecular weight of the polymers synthesised from both 
isotropic and self-assembled states were also below 8000 
[-3 I. It should be noted that while the aggregation number 
of the micelles may be less than 40 at low surfactant 
concentrations it is likely to increase dramatically with 
increase in concentration. This being due to elongation of 
the aggregates as evidenced by the formation of a hexa- 
gonal phase subsequent to the micellar phase. That is, in 
the dilute region of the micellar phase a single polymer 
chain may constitute a micellar aggregate but this is un- 
likely in the more highly concentrated regions where the 
polymer will be only one component of the aggregate. 

The optical texture observed for the partially poly- 
merised Na-10 hexagonal phase (15.7 percent conversion) 
is shown in Fig. 9 and is typical for lyotropic hexagonal 
phases. Note that several edge dislocations can be distin- 
guished and striations, as analysed by Rogers and Winsor 
1-49], are also evident. The hexagonal phase was found to 
be stable to 100~ Hence the stability of the partially 
polymerised phase is comparable with that of the pure 
monomeric hexagonal phase. 

The lamellar gel phase (20.7 percent conversion) unlike 
the micellar and hexagonal phases undergoes a phase 
transition and separation upon polymerisation. Figures 10 
and 11 show the presence of three phases in a given 
sample. Upon polymerisation the original lamellar gel 
phase transforms yielding a hexagonal phase, a lamellar 
phase and hydrated crystals. Figure 10 shows the textures 
due to the lamellar gel and hexagonal phases and Fig. 11 
that of the lamellar phase. 

Fig. 9 Optical texture observed for the partially polymerised Na-10 
hexagonal phase (crossed polarising filters, magnification 240). Note 
the presence of edge dislocations and striations, (49.3 wt% Na-10, 
98.3 ~ 

All four components remain present on increasing the 
temperature to 100~ It was not possible to physically 
separate any of these four components so as to analyse 
each separately and determine which phases are comprised 
of polymeric Na-10. A plausible explanation~ however, can 
be based on the phase diagrams of the pure monomeric 
and polymeric forms of Na-10 (Figs. 4 and 5, respectively). 
Polymerisation of the lamellar gel phase induces a phase 
transition to a lamellar phase. Specifically the paraffinic 
chains which were originally frozen and in a helical confor- 
mation become more liquid-like and are no longer in the 
helical conformation. From the polymeric phase diagram, 
at a polymeric Na-10 composition of approximately 75% 
by weight the lamellar phase coexists with hydrated poly- 
mer crystals. This therefore may explain the presence of 
the lamellar phase and hydrated crystals in the partially 
polymerised lamellar gel phase. A consequence of this 
phase separation of the polymerised form of Na-10 is that 
the remaining unpolymerised sample has an overall com- 
position less than 75 wt% Na-10. From the monomeric 
phase diagram, this would push the system into the two 
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Fig. 10 Optical textures observed for the hexagonal and lamellar gel 
phases of the partially polymerised Na-10 lamellar gel phase (crossed 
polarising filters, magnification 240) 

Fig. ll  Lamellar texture observed in a sample of the partially poly- 
merised Na-10 lamellar gel phase (crossed polarising filters, magnifi- 
cation 240) 

phase region between the hexagonal and lamellar gel 
phases. Hence the presence of all four components may be 
explained if it is assumed that the hexagonal and lamellar 
gel phases contain no polymerised Na-10 and that the 
polymerised form yields a lamellar phase and hydrated 
polymer crystals. 

To substantiate the findings of the optical microscopy 
investigations (i.e., that the micellar and hexagonal phases 
remain unchanged and that the lamellar gel phase sepa- 
rates upon polymerisation) SAXS experiments were 
performed on the partially polymerised samples. 

The concentrated partially polymerised micellar phase 
produced a diffraction pattern at small- and wide-angles 
consisting of one diffuse ring only. The average distance 
between the aggregates (Table 4) is comparable to that 
observed for the pure monomeric micellar phase where 

Q~0.164A 1 [1]. This indicates that the nature of the 
micellar solution remains largely unperturbed upon 
polymerisation. 

Similarly, the diffraction pattern at small-angles for the 
partially polymerised hexagonal phase consisted of four 
sharp Bragg peaks in the ratios of l 'x/3:x/4:x/7. No 
other peaks were observed. At wide-angles only one diffuse 
ring was present at Q = 1.4 A -1 indicating liquid-like 
chains [50]. These results in conjunction with those from 
optical microscopy indicate that upon partial polymeris- 
ation the underlying geometry of the surfactant molecules 
is maintained in the original hexagonal phase. Calculation 
of the structural parameters for this resultant phase show 
that there is a contraction in the unit cell length and an 
increase in the head group areao(Table 4). These values are 
observed to change from ~45 A and ~35 ~2 for a mono- 
meric sample to ~ 37 A and ~ 44 ~2 in the partially poly- 
merised sample, respectively). This is expected due to an 
increased confinement of the surfactant molecules due to 
the presence of polymer. 

The diffraction pattern at small-angles obtained for the 
partially polymerised lamellar gel phase was very compli- 
cated, consisting of several Debye-Scherrer rings. Using 
the information obtained from optical microscopy, the 
pattern was able to be indexed as follows. The presence of 
the hexagonal phase was evidenced by four sharp rings in 
the ratios of 1" x/3 :~/4 : x/7. The lamellar phase gave two 
sharp rings in a ratio of 1 : 2 and the lamellar gel produced 
four sharp Bragg peaks having ratios of 1:2:3:4 and 
a diffuse central ring located as 0.117 ~-1 (Table 4). This 
diffuse scattering reflects the existence of correlations over 

o 

a range o of 53.7 A. At wide-angles a diffuse ring at 
Q = 1.4 A-1 was detected which was attributed to the 
hexagonal and lamellar phases. In conjunction with this 
ring two sharp reflexions at Q1 = 1.31 A-1 (strong) and at 
x/2Q1 (weak) and two diffuse rings at Q0 = 0.92 A -1 and 
at 2Q0 were observed and were due to the presence of the 
lamellar gel phase of type L~ [1,221. 

Table 4 gives a summary of these results. The structural 
parameters for the different phases arising from the lamel- 
lar gel phase could not be determined since the volume 
fraction for each phase was uncertain. The calculated unit 
cell lengths for each phase do though correspond reason- 
ably well to those determined for the pure monomeric 
phases Ill .  The structural parameters for the hexagonal 
phase were calculated assuming that the composition re- 
mains unchanged upon polymerisation (i.e., the phase is 
retained and no phase separation or transition has occur- 
red). The specific volume of the surfactant was also as- 
sumed to vary little upon polymerisation. All equations 
were calculated for T = 27 ~ 

These results indicate therefore that the micellar and 
hexagonal phases remain largely undisturbed upon partial 
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Table 4 Structural parameters for the partially polymerised surfactant mesophases of Na-10 at 27 ~ 

Na-10 Phase Observed Unit cell Volume Surfactant Water 
% Q length (a) fraction aggregate thickness 
(w/w) (~- 1) (~) ~ tl2ickness (d~) (dw) 

(A) (A) 

Mean area 
per polar 
brad (A) 
(A 2) 

hkl 

30.1 L1 0.168 - 0.26 - - 
49.3 H~ 0.198 36.6 0.44 25.6 11.0 

0.345 
0.395 
0.521 

73.9 H~ 0.193 37.6 a _ 
0.335 
0.388 

plus 0.511 
L~ 0.209 30.1 _a _ _ 
plus 0.419 
L~ 0.117" 

0.221 28.4 _a _ 
0.441 
0.657 
0.870 

44.1 10T0 
1120 
2020 
2130 
10~0 
1120 
2020 
2130 
001 
002 

001 
002 
003 
004 

* Diffuse inner ring. 
a) The correct weight percentage for each of these phases is unknown due to phase separation. Hence, the structural parameters for these 
phases could not be evaluated. 

polymerisation with the only changes being manifested as 
a slight change in the calculated structural parameters. 
In contrast the lamellar gel phase undergoes a phase 
transition and separation upon polymerisation. 

Discussion 

The change from a quaternary ammonium head group to 
a fatty acid soap has been shown to have a significant effect 
on the solution behaviour of the surfactant in the dilute 
concentration regime. Na-10 undergoes hydrolysis in this 
region which promotes the formation of the parent acid 
and acid soap dimers prior to micellisation. The formation 
of the parent fatty acid and dimers is used to explain the 
results obtained from measurements of the solution's con- 
ductivity, surface tension and pH. The formation of acid 
dimers has also been used to explain deviations in the 
measured physical parameters of aqueous solutions of 
monoalkyl sulfates [32, 34, 51, 52]. The creation of the 
acid soap dimers sufficiently stabilises the surfactant in 
aqueous solution such that the initiation of surfactant 
aggregation to form micelles is shifted to higher surfactant 
concentrations. It should be noted that the effective chain 
length of Na-10 is equivalent to a C8 or C9 hydrocarbon 
chain only which will therefore, also act to shift the cmc to 
higher concentrations of Na-10 [53]. Therefore, the com- 
bination of a fatty acid head group and a shortened paraf- 
finic chain can be used to explain the high cmc observed 

for Na-10 in aqueous solution. Comparison with the 
equivalent non-polymerisable fatty acid soaps sodium oc- 
tanoate and sodium decanoate (the C7 and C9 equivalents) 
which have cmcs at 25 ~ of ca. 0.35 and 0.1 M, respective- 
ly [35] shows that this combination does indeed push the 
cmc to higher concentrations. Note that these values have 
been determined from conductivity measurements which 
were corrected for hydrolysis [-54]. The presence of the 
terminal double bond, as in the case of co-UTAB [3] also 
acts to further increase the concentration at which ag- 
gregation occurs as compared with the non-polymerisable 
analogue [55]. 

The phase behaviour observed for the monomeric Na- 
10/water system does not resemble that observed for any 
of the quaternary ammonium systems presented pre- 
viously [2, 3]. The balance of interactions has been severe- 
ly altered by replacement of the quaternary ammonium 
head group and the shortening of the hydrocarbon chain. 
The phase progression displayed by the Na-10/water sys- 
tem is therefore difficult to compare with that observed for 
the systems previously discussed. Some similarities can 
however be drawn between Na-10 and (o-UTAB [3]. Both 
surfactants have been shown to have an increased intrinsic 
rigidity of the paraffinic chains which acts to decrease the 
solubility of the surfactant and promote ordering of the 
chains upon aggregation. This preference to form more 
highly ordered systems being substantially enhanced in the 
Na-10/water system. Any further correlation is not pos- 
sible since the introduction of the fatty acid head group 
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cannot be isolated from the consequential reduction in the 
paraffinic chain length and hence the greater dominance of 
the terminal carbon-carbon double bond. But it is appar- 
ent that this combination affects significantly the surfac- 
tants solution behaviour and will also have important 
contributions to the observed behaviour upon polymeris- 
ation. 

Polymerisation of Na-10 prior to self-assembly was 
achieved to a similar extent as was the case for c0-UTAB 
(i.e., the polymerisations went to near completion) [3]. 
This indicates that the nature of the head group has little 
effect on the polymerisation mechanism when the car- 
bon-carbon double bond is sufficiently isolated from it. 
Hence it may be assumed that the polymerisation of Na-10 
is attained in an identical manner to that of c~-UTAB and 
that the so formed polymers will vary only in their differ- 
ent head groups and paraffinic chain lengths. It has been 
shown earlier that polymerisation prior to self-assembly 
precludes the formation of both the hexagonal and lamel- 
lar gel phases which were formed in the Na-10/water 
system. In contrast, the polymeric form of co-UTAB has 
a similar phase progression to that observed for the mono- 
mer differing only in the temperatures and compositions at 
which the different mesophases are formed [3]. This differ- 
ence in the behaviour of the two polymeric forms must 
therefore be explained by the change in head groups of the 
original surfactants. The average head group area of the 
trimethylammonium bromide group is considerably larger 
than that of the sodium carboxylate, whereas the paraffinic 
chain backbone of the polymers will be almost identical. 
The intrinsic shape of the Na-10 polymer, in comparison 
to polymeric c~-UTAB will therefore be more commen- 
surate with the formation of the bilayer structure of the 
lamellar phase rather than the more highly curved geomet- 
ries required for formation of the hexagonal and cubic 
phases. This indicates that the micellar phase formed by 
polymeric Na-10 is most likely comprised of disk-shaped 
aggregates. 

However, this explanation cannot be used to explain 
why a hexagonal and lamellar gel phase are formed by the 
monomer and not by the polymeric form of Na-10. This 
difference, in contrast to the explanation given above is 
due to the change in the nature of the paraffinic chains. 
The lamellar gel phase is not able to be formed in the 
polymeric Na-10/water system since formation of the poly- 
mer precludes adoption of a helical configuration by the 
paraffinic chains. The alternative to this is therefore to 
form a lamellar phase. In contrast to this explanation, 
formation of the hexagonal phase by monomeric Na-10 
may be due to the increased flexibility and mobility avail- 
able to the paraffinic chains in the non-polymerised form. 
This increased freedom is such that curved geometries are 
able to be formed prior to the orienting effect of the 

shortened paraffinic chain and the terminal carbon- 
carbon double bond become dominant and induce a 
disorder/order transition yielding the lamellar gel phase. 

From the monomeric and polymeric Na-10/water 
phase diagrams the precise nature of the paraffinic chains 
is therefore critical in determining the self-assembly of the 
amphiphiles. This is carried over into the polymerisation 
of the liquid crystalline phases of Na-10. The micellar and 
hexagonal phases, where the paraffinic chains are in 
a fluid-like state are found to respond towards polymeris- 
ation in an identical manner to the micellar and hexagonal 
phases of co-UTAB [31. Specifically, the integrity of the 
mesophases remains unaltered upon partial polymeris- 
ation, although it is unlikely that intra-aggregate poly- 
merisation has occurred. Again, as was the case for poly- 
merisation in the liquid crystalline phases of c~-UTAB [3], 
the extent of polymerisation was found to be significantly 
reduced as compared to polymerisation of an isotropic 
solution of Na-10. This may be explained by the high 
degree of mobility of the paraffinic chains and the surfac- 
tant aggregate acting as a cage inhibiting the polymeris- 
ation (see reference [31 for a fuller explanation). 

A considerable amount of work has been performed 
on polymerisation in the micellar and premicellar regions 
of the Na-10/water phase diagram [5,24,38-41, 56- 
60]. Varying results have been indicated by these different 
groups. Paleos et al. [391 assuming a cmc of ca. 0.04 M 
polymerised "micelles" in aqueous 0.1 M solutions (which 
according to the results obtained here corresponds to the 
concentration range where the acid dimer predominates) 
obtaining intra-micellar polymers using ? irradiation. 
A similar result was reported by Sprague et al. 
E5, 38, 40, 56, 60~ who also used ? irradiation but assumed 
a cmc of 0.12 mol. kg- 1 (samples were polymerised above 
and below the stated cmc but none were above 0.4 M - the 
cmc determined here, again, this concentration range is 
dominated by the presence of the acid dimer). Polymerised 
samples both above and below 0.12mol'kg -1 yielded 
similar results when subjected to fluorescence quenching, 
viscosity, conductivity, and electron spin resonance experi- 
ments. Chu and Thomas [411 have also based their results 
on the conductivity measurements of Sprague et al. 
[5, 38, 40, 56, 601 (i.e., there is a change in the aggregation 
state at concentrations of approximately 0.04 and 
0.12 mol. kg- 1) indicating that the molecular weight of the 
produced polymer was different in the region below 
0.043 M and above 0.15 M due to an increase in the 
aggregation number of the micellar units. Polymerisation 
was performed either by ? irradiation or thermal initiation 
of added potassium persulphate (a water soluble initiator). 
Durairaj et al. [24, 57, 58] indicated that polymerisation 
occurred between 15 and 30% conversion only (which is 
similar to the results obtained here) when solutions in 
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excess of 0.4 M Na-10 were polymerised thermally using 
ammonium presulphate (a water soluble initiator) as the 
added initiator. Finally Shibasaki and Fukuda [59] 
showed that polymerisation via 7 irradiation in a 10 wt% 
micellar solution was only polymerised to approximately 
10%. 

Others [59, 61, 62] have atso reported polymerisation 
in the hexagonal region of the Na-10/water system. 
Shibasaki and Fukuda [-59], whose phase diagram deter- 
mined by thermal analysis contrasts strikingly with that 
both obtained here and by Friberg et al. [61, 62] (who 
determined the phase boundaries of the hexagonal phase 
during their study of the polymerisation in the Na-10 
hexagonal phase) indicated that polymerisation by 7 ir- 
radiation in the Na-10 "hexagonal phase" occurred to 
a maximum of 30% conversion. It should be noted that the 
results obtained here and by Friberg et al. suggest that the 
region thought to be a hexagonal phase by Shibasaki and 
Fukuda is actually a concentrated micellar phase. These 
results, when this is taken into consideration, correlate 
well with the percentage conversion determined for the 
concentrated micellar phase in this study. No description 
of the state of the partially polymerised sample was given. 

Friberg et al. [61, 62] have stated that polymerisation 
of the Na-10 hexagonal phase via thermal initiation 
of potassium persulphate is essentially complete in 1 day 
and is transformed into a lamellar phase. The resulting 
polymer was found to have a molecular weight of approx- 
imately 55000, corresponding to approximately 270 
monomer units. Therefore, the results of Friberg et al. 
differ in comparison with those obtained in this study, 
where polymerisation occurred to approximately 30% 
only and no phase transition was ebserved to occur. At 
this stage, a reason for this difference is unknown. 

Polymerisation of the lamellar gel phase, where the 
chains are frozen and in a helical arrangement does not 
maintain the integrity of the phase. This disruption to the 
underlying surfactant geometry is caused by a loss of order 
in the paraffinic chains upon polymerisation. Here, also 
the extent of polymerisation was reduced when compared 
with an isotropic solution. An explanation for this reduc- 
tion cannot be given in a manner similar to that for the 
micelle and hexagonal phases where the high degree of 
mobility was used. Here instead, the highly ordered con- 
formation adopted by the paraffinic chains is used, which 
increases the average distance between the carbon-carbon 
double bonds. This increased distance and the inherent 
rigidity of the chains of the lamellar gel phase restricts the 
carbon-carbon double bond from adopting the correct 
orientation for polymerisation to proceed and the free 

radical is lost via recombination. Hence again the surfac- 
rant aggregate acts as a cage inhibiting polymerisation and 
here the extent of polymerisation is reduced to an even 
lower value than in the phases where the chains are in 
a molten state. 

Shibasaki and Fukuda [59] have also reported poly- 
merisation in a Na-10 gel phase. Again the composition of 
this phase does not correlate with the composition of the 
lamellar gel phase determined here. Polymerisation occur- 
red to approximately 20% and no analysis of the resulting 
sample was given. 

Therefore as was observed in the self-assembly of Na- 
10 in the monomeric versus polymeric forms the nature of 
the paraffinic chain is critical in determining the behaviour 
of the system. 

Conclusions 

The position of the carbon-carbon double bond at the end 
of the paraffinic chain has been found to facilitate poly- 
merisation in non-aggregated solutions as compared with 
polymerisation in the head group region of a surfactant 
due to isolation of the polymerisable moiety from the 
interfacial area. The so formed polymer's phase progres- 
sion is found to be altered from that of the monomer due 
to a change in the nature of the paraffinic chains. 

As well as this combination affecting the surfactant's 
self-assembling behaviour at high surfactant compositions 
the dilute region is also affected due to hydrolysis occur- 
ring. These influences act together to shift the cmc of 
Na-10 to a surfactant concentration which is in excess of 
the cmcs obtained for surfactants with a quaternary 
ammonium head group. 

Polymerisation of the mesophases formed by Na-10 in 
water is such that the underlying surfactant geometry is 
maintained for phases with fluid-like hydrocarbon chains 
(i.e., the micellar and hexagonal phases) but induces 
a phase transition (due to disruption of the paraffinic chain 
order) for phases with frozen hydrocarbon chains. 

Therefore, the exact nature of the paraffinic chains 
(either molten, frozen or bound in a polymer chain) is 
critical in determining the self-assembly of both the mono- 
meric and polymeric forms of Na-10 and also in the 
polymerisation of the lyotropic liquid crystalline phases. 
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