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Abstract The self-assembly behaviour 
of the polymerisable surfactant co- 
undecenyltrimethylammonium bro- 
mide (co-UTAB) both before and after 
polymerisation has been investigated. 
In addition polymerisation of the 
liquid crystalline phases formed by 
this surfactant in aqueous solution 
has been studied. Introduction of the 
carbon-carbon double bond at the 
end of the hydrocarbon chain 
increases the rigidity of the paraffinic 
chains such that the Krafft curve is 
shifted to higher temperatures 
compared with that of dodecyltri- 
methylammonium bromide, a non- 
polymerisable analogue. Both the 
polymerised and non-polymerised 
forms have been observed to have the 

same phase progression, with the 
polymer being more soluble in water 
such that the liquid crystalline phases 
formed at high surfactant concentra- 
tion are accessible at room 
temperature. Polymerisation of the 
liquid crystalline phases of c0-UTAB 
indicate that polymerisation proceeds 
to approximately 40% (in comparison 
with 80% in a non-aggregated form) 
and that the original monomeric 
matrix is undisturbed upon partial 
polymerisation. 
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Introduction 

In the first paper of this series [1] the phase behaviour and 
polymerisation of two quaternary ammonium surfactants 
containing the allyl polymerisable moiety within the head 
group of the surfactant were discussed. In this paper, 
results are reported for the surfactant o)-undecenyl- 
trimethylammonium bromide (co-UTAB, CH2=CH 
(CH2)9-N+(CH3)4Br -) where the position of the allyl 
polymerisable moiety is shifted from the head group to the 
end of the hydrocarbon chain. This surfactant, therefore, 
has an identical head group to dodecyltrimethylam- 
monium bromide (DTAB, CH3 (CH2hl N+(CH3)3Br -) 
differing only in the nature of the hydrocarbon tail [2-7]. 

Hence their phase behaviour is directly comparable. The 
presence of the allyl polymerisable moiety has two conse- 
quences. Firstly due to the increased hydrophilicity of the 
group (as compared with a methyl group) the hydropho- 
bicity of the paraffinic tail is decreased and secondly the 
length of the chain is effectively reduced (the presence of 
the double bond has been shown to be equivalent to 
reducing the chain length by approximately one CH2 
group [8]). These effects should therefore manifest them- 
selves in the subsequent self-assembly of the surfactant 
molecules. 

It was observed from the self-assembly of allyldodecyl- 
dimethylammonium bromide (ADAB, CH3-(CH2)ll- 
N+(CH3)2(CH2-CH=CH2)Br -) [1] that the presence of 
the allyl moiety in the head group of the surfactant, not 
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only, increased the solubility of the surfactant but also 
reduced the stability of the liquid crystalline phases to 
increases in temperature. The inclusion of the allyl group 
at the tail of the paraffinic chain should not introduce such 
a perturbation. Although, the hydrophilic nature of the 
allyl moiety will lead to an increased stability of the indi- 
vidual surfactant molecules in aqueous solution (i.e. the 
onset of surfactant aggregation should be shifted to higher 
surfactant concentrations). Once the surfactant molecules 
have aggregated the subsequent phase progression should 
not be dominated by the presence of the polymerisable 
moiety (since this will on average be confined to the 
hydrophobic core) unlike the ADAB/water self-assembly 
[1]. That is, the c0-UTAB phase diagram should more 
closely resemble that of DTAB [2-7] rather than ADAB 
[ I ] .  

In addition to the change in position of the allyl moiety 
affecting the surfactant's self-assembly, a change in the rate 
and extent/ease of polymerisation both before and after 
self-assembly should be observed. By placing the allyl 
group at the end of the hydrocarbon chain both the elec- 
trostatic and steric interactions experienced when the allyl 
group was incorporated in the head group [ l l  will be 
significantly reduced. Therefore polymerisations, at least 
in the non-self-assembled form should be facilitated. Mov- 
ing the site at which polymerisation occurs away from the 
interfacial area also increases the likelihood of retention of 
the underlying surfactant geometry. That is, when poly- 
merisation is initiated at a location isolated from the 
region where the effects of several competing interactions 
are concentrated (e.g. electrostatic forces, interracial ten- 
sion, hydration forces, molecular packing constraints and 
film curvature and rigidity) the likelihood of any perturba- 
tions to these interactions caused by the onset of poly- 
merisation is markedly reduced as compared with when 
polymerisation occurs within this region. The increased 
mobility experienced by the polymerisable moiety in this 
position may though, disrupt the orientation of the car- 
bon-carbon double bonds (crucial for polymerisation) 
such that, any free radical formed may be lost before it is 
able to propagate the polymerisation. 

Hence, by altering the position of the polymerisable 
group both the self-assembly and subsequent polymeris- 
ation of the surfactant monomers will be affected. 

Experimental 

co-UTAB was prepared from ~o-undecenol (99% pure, pur- 
chased from Aldrich Chemical Co., Inc.) using a standard 
method for bromination of an alcohol with a secondary 
functional group [9]. The final precipitated product was 
obtained by bubbling trimethylamine gas through a solu- 

tion of co-undecenyl bromide in ethyl acetate at room 
temperature for several hours. Elemental Analysis: Cal- 
culated for C14H3oNBr:C 57.53%; H 10.34%; N 4.79%; 
Br 27.34%. Found C 57.6%; H 10.25%; N 4.57%; Br 
27.58%. Decomposition temperature 192 ~ NMR Anal- 
ysis: Proton (C _H2)5-(CH2)2-N 1.27 6; CH_ 2-CHz-CH = C 
1.36 6; C_Hz-CH2-N 1.75 6; CH_2-CH=C 2.04 6; 
(C_H3)3-N 3.47 6; CH2-N 3.63 6; C IzI2=C doublet of 
doublets centred at 4.96 6; C H = C  5.80 6. Carbon 13 
_CH2-CH2N 22.97 6; _CH2-CH2-CH=C 25.92 6; 
(_CH2)5-{CH2)2-CH=C 29.04 6; _CH2-CH=C 33.51 6; 
(_CH3)3-N 53.10 6; _CH2-N 66.57 6; =_CHz 113.95 6; 
=_CH 138.83 6. FTIR Analysis: C = C  stretch 
1638.0 cm- i; H-C = stretch 3017.2 cm- 1 

All experimental techniques were as described in the 
first paper of this series [1]. 

Results 

Critical micelle concentration 

The surface tension measurements of co-UTAB for concen- 
trations between 4 x 10 - 3  and 0.15 M obtained by the du 
Noiiy tensiometry method at 25 ~ are shown in Fig. 1. 
The break in the experimental data points gives an indica- 
tion of the concentration at which surfactant aggregation 
is initiated (i.e., the critical micelle concentration (cmc)). 
The pre-micellisation data points were fitted with a second 
order polynomial (correlation coefficient = 1.000) [10, 11] 
and the cmc was calculated to be 5.38 x 10 .2 M. The 

Fig. 1 Surface tension/concentration curve for the co-UTAB/water 
system, measured by the du Nofiy ring method at 25 ~ Errors are 
indicated by the size of the data points 
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Fig. 2 Electrical conductivity of co-UTAB in water at 25 ~ Errors 
are indicated by the size of the data points 

excess concentration of co-UTAB at the interface was de- 
termined to be 3.5 _+ 0.1 x 10 - 3  mol . cm -2 and the area 
per polar head group is equal to 47 _+ 1 A [1]. 

Figure 2 shows the corresponding electrical conductiv- 
ity measurements. Again, the initiation of surfactant 
aggregation is evidenced by the break in the electrical 
conductivity/co-UTAB concentration curve. The cmc was 
found to occur at 5.71 x 10 -2 M co-UTAB using linear fits 
for the data points both before and after the onset of 
surfactant aggregation. The percentage dissociation (/~) of 
the bromide counterions calculated from the ratio of the 
slopes of these linear fits is 32.9%. fi may also be deter- 
mined using a monodisperse mass-action model [1,6, 
12-14]. Tabor  and Underwood [15] have measured the 
average aggregation number (n) of the co-UTAB micelles, 
at the cmc, to be 31 (from light scattering measurements). 
Using this value of n,/~ is calculated to be 33.3%. There- 
fore, the average percentage dissociation of the bromide 
counterions upon micellisation is approximately 33%. 

The cmc of co-UTAB (5.3 x 10 -2 M) as determined by 
Tabor  and Underwood [15] is comparable to those values 
obtained here. 

Monomeric self-assembly 

For  the binary co-UTAB/water system, three liquid cry- 
stalline phases are formed at temperatures between 20 ~ 
and 100 ~ A hexagonal phase (H~) forms at 20 ~ be- 
tween 63.2 and 77.4% by weight. A cubic phase (Q~) forms 
at 83.7 wt% co-UTAB but is not observed until temper- 
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Fig.3 Schematic partial binary phase diagram of the co- 
UTAB/water system. LI: micellar solution, H~: hexagonal phase, Q~: 
bicontinuous cubic phase (type Q23O, Ia3d or Gyroid IPMS), L'I: 
isotropic fluid, L,: lamellar phase, and crystals: hydrated o>UTAB 
crystals. Horizontally shaded areas indicate regions where two liquid 
crystalline phases coexist (indicating tie lines), diagonally shaded 
areas indicate regions where a liquid crystalline phase coexists with 
hydrated crystals of co-UTAB 

atures in excess of 49.5 ~ are achieved. The final liquid 
crystalline phase observed, the lamellar phase (L~), forms 
at 66.5 ~ and 86.6% by weight of co-UTAB. The partial 
phase diagram for this system, as determined here, is 
shown schematically in Fig. 3. 

Results from concentration gradients performed at 
various temperatures indicate that no phases other than 
the hexagonal, cubic and lamellar are formed in the tem- 
perature range of 20 ~ to 100~ and that hydrated c0- 
UTAB crystals are present at all temperatures. 

Figure 4 shows a typical optical texture observed 
through crossed polarising filters for samples within the 
co-UTAB hexagonal region of the phase diagram. This 
texture is an example of the "fan texture" commonly ob- 
served for hexagonal phases [16, 17] where the primary 
axes of the hexagonal cylinders lie parallel to the glass slide 
[18]. This photograph shows the presence of line disclina- 
tions of order s = + 1/2 which may be paired such that, 
the two disclinations coincide (i.e., two sets of brushes met 
at a single point) or are influenced by one another but 
displaced in space. The disclinations may also remain 
unpaired. The brushes of the line disclinations lie at an 
angle of between 5 ~ and 10 ~ indicating that the hexagonal 
phase is non-uniaxial [19]. The brushes rotate in the same 
sense as the polariser and analyser which indicates a posi- 
tive disclination order. Edge dislocation in the underlying 
surfactant geometry are also apparent by the sharp black 
boundaries between the fans. 
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Fig. 4 Fan texture of the co-UTAB hexagonal phase (crossed polaris- 
ing filters, magnification 240). The cylinders lie parallel to the glass 
slide and the brushes correspond to line disclination of strength 
s = + 1/2. The brushes lie at an angle of between 5 ~ to 10 ~ to the 
polariser and analyser. Edge dislocations between individual fans are 
indicated by sharp dark lines, (60.0 wt% co-UTAB sample at 25 ~ 

As the temperature increases the hexagonal phase 
melts at 98 ~ and the transition between the two isotropic 
fluid phases (L~ and L]) becomes continuous. 

The stability of the cubic phase (Q~) formed in the 
oo-UTAB/water system is restricted in both temperature 
and composition forming only above temperatures of 
49.5 ~ and melting at 90.8 ~ 

The optical texture observed for a sample in the co- 
UTAB lamellar phase when viewed through crossed 
polarising filters is shown in Fig. 5. The texture yields little 
information on the underlying surfactant geometry, in that 
few clear features are apparent, though it is possible to 
discern some maltese crosses within the general sandstone 
background. This texture is normally termed "mosaic" 
[16, 20-22] and is in general formed when the sample 
adopts a homeotropic orientation. Due to the insolubility 
of the surfactant at high concentrations the lamellar, like 
the cubic phase is not observed until the temperature has 
been raised, but the phase remains stable up to 100 ~ The 
lamellar phase has also been observed to have a large 
temperature hysteresis. On decreasing the temperature 
from the pure lamellar phase the transition temperature is 
found to be lowered by approximately 40 ~ as compared 
to when the temperature is increased. Therefore, in this 
temperature range a supercooled lamellar state exists 
which is metastable. Both the cubic and hexagonal phases 
are not observed with decreasing temperature from the 
lamellar phase. 

Assignments of the regions in the phase diagram were 
established by determination of the structures with small- 
angle x-ray scattering (SAXS). Diffraction patterns were 
obtained for powdered bulk samples in the micellar, hexa- 

Fig.5 Mosaic texture of the o~-UTAB lamellar phase (crossed 
polarising filters, magnification 240). The layers comprising the phase 
lie parallel to the glass slide, (87.2 wt% o)-UTAB sample at 83.8 ~ 

gonal, cubic and lamellar phases and were comprised of 
Debye-Scherrer rings which were produced by all do- 
mains in the irradiated volume. 

Samples within the L1 isotropic fluid phase produced 
diffraction patterns at small- and wide-angles comprised of 
one diffuse ring only [23]. 

The diffraction pattern of the bulk hexagonal phase of 
co-UTAB at small-angles consists of five sharp rings in the 

ratios of 1: ,,~: ,,/4: x/7:x/9 as expected for parallel 
cylinders packed in a two-dimensional array (Table 1). The 
wide-angle scattering showed one diffuse ring located at 
2~/4.5 = 1.4 A- 1 indicating a liquid-like state for the par- 
affinic chains [23], this was true of the cubic and lamellar 
phases also. 

The co-UTAB cubic phase is characterised by five 
sharp rings at small-angles with Q values in the ratios of 

,,/6: , ~ :  ~f4:  ~ :  , , /~.  These ratios being characteristic 
of one cubic phase only, the Q230 (Ia3d) which is assumed 
here to be bicontinuous as has been shown in other sys- 
tems [3, 24-27]. This phase has been observed experi- 
mentally to be either of type I or of type II but due to the 
placement of the phase in the self-assembly progression of 
co-UTAB it is most likely to be of type I. This phase has 
also been ascribed to the Gyroid infinite periodic minimal 
surface (IPMS) having genus-5 [-28-33]. 

Samples in the lamellar liquid crystalline phase of 
co-UTAB produced diffraction patterns at small-angles 
comprised of two sharp rings only, in the ratio of 1:2 as 
expected for parallel planer bilayers [23]. 

From the locations of the Bragg peaks the unit cell 
dimensions can be calculated assuming that the symmetry 
of the aggregates is higher than the symmetry of the array 
and that there is complete segregation of the paraffin and 
polar regions [23]. The structural parameters for the 
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Table 1 Structural parameters for the surfactant aggregates formed in the oJ-UTAB/water system at T=27 ~ 

co-UTAB Phase Observed Unit cell Volume Surfactant Water 
% Qo length (a) fraction aggregate thickness 
(w/w) (A- ~) (A) ~ thickness (d~) (dw) 

(A) (A) 

Mean area 
per polar 
head (A) 

hkl 

39.9 L 1 0.171 0.37 - - - 
54.9 L 1 0.188 0.52 - - - 
57.0 L 1 0.190 0.54 . . . .  

+ 
63.2 H~ 0.201 36.1 0.60 29.4 6.6 58.8 10i-0 

0.347 1120 
0.401 2020 
0.534 213-0 
0.604 303-0 

65.1 H 0.203 35.7 0.62 29.6 6.1 58.5 101-0 
0.350 1120 
0.408 2020 
0.456 2150 

70.0 H 0.208 34.8 0.67 30.0 4.8 57.6 10i-0 
0.360 11:20 
0.415 2020 
0.463 213.0 
0.551 3050 

75.2 H~ 0.213 34.0 0.73 30.5 3.5 56.8 10i-0 
0.370 1120 
0.425 202-0 
0.478 213.0 
0.563 3050 

83.0 a Q~ 0.216 71.28 0.83 - - - 211 
(Ia3d) 0.249 220 

0.330 321 
0.352 400 
0.395 420 

84.9 a Q~ 0.221 69.65 0.85 - - 211 
(Ia3d) 0.254 220 

0.337 321 
0.360 400 
0.405 420 

88,5 b L 0.236 26.6 0.88 23.3 3.3 38.3 001 
0.476 002 

90.0 b L 0.239 26.3 0.89 23.4 2.9 38.1 001 
0.486 002 

")temperature = 70 ~ 
b) temperature = 90 ~ 

self-assembled states observed  in the co-UTAB/water  sys- 
tem ob ta ined  using these a s sumpt ions  are given in Table  1. 
The  specific vo lume of  co-UTAB was a p p r o x i m a t e d  by  
ca lcula t ing  the specific vo lume of  the paraff inic  chains  and  
f rom measurement s  of the specific vo lume of  the tri- 
m e t h y l a m m o n i u m  head  g roup  [-23, 34 41]. All  equa t ions  
were ca lcu la ted  for T = 27 ~ unless s ta ted  otherwise.  

Po lymer ic  co-UTAB 

Po lymer i s a t i on  of the m o n o m e r i c  form of o)-UTAB in 
ch lo roform (in which the sur fac tant  does not  self-assemble) 

using bo th  pho tochemica l  (direct decompos i t i on  of  the 
monomer )  and  the rmal  (via decompos i t i on  of  a d d e d  :~, c(- 
Azobis ( i sobutyroni t r i le )  (AIBN, (CH3)2C(CN) N ~ N ( C N )  
C(CH3)2)) ini t iat ion has been investigated. Results indicate 
that  po lymers  ob ta ined  f rom ei ther  m e t h o d  were similar.  

By s tudying  the self-assembly of po lymer ic  co-UTAB it 
is poss ible  to de te rmine  if there  are over l app ing  regions 
between the po lymer ic  and  m o n o m e r i c  phase  behaviour .  
Any  over lap  which does  occur  increases the l ike l ihood (i.e., 
there is an increased probabi l i ty )  tha t  po lymer i sa t ion  of  
the m o n o m e r i c  l iquid crysta l l ine  phases  within this over- 
lap region will lead  to a re tent ion  of the under ly ing  surfac- 
tan t  geomet ry  upon  polymer i sa t ion .  



404 Colloid & Polymer Science, Vol. 274, No. 5 (1996) 
�9 SteinkopffVerlag 1996 

Polymeric co-UTAB was prepared by thermal initia- 
tion (10 mol% to surfactant) in a 0.25 M chloroform solu- 
tion. The reaction mixture was maintained at 60 ~ for 
7 days after which the polymerisation had preceded to 
approximately 80%. Increasing the reaction time did not 
increase the extent of polymerisation significantly. The so 
formed polymer had a molecular weight cut-off of approxi- 
mately 8000 (i.e., ~ 30 monomer units per polymer chain 
as determined by dialysis). Pure polymer was obtained by 
removal of the monomer and oligomer units using 
Sephadex G-15, a size exclusion gel filtration packing 
material, having a molecular weight cut-off of 1500. 

NMR Analysis (as analysed for head-to-tail polymeris- 
ation): Proton (C_H2)s-(CH2)z-N 1.26 6; C_H2-(CH2)7-N 
1.41 6; C_H2-CH2-N 1.74 6; C_H-(CH2)3 2.01 3; (C_H2)2- 
CH-CHz 2.15 5; CH_ 2-(CH2)8-N 2.63 6; (CH_ 3)a-N 3.45 5; 
C_H2-N 3.58 6. Carbon 13 C_H2--CHa-N 22.92 6; (C_Hz)z- 
CH-CH2 26.08 6; _CH2-(CH2)7-N 26.15 6; _CHz- 
(CHz)s-N 28.31 6; (_CHz)s-(CH2)2-N 29.23 6; (C_H3)3-N 
52.77 6; C_H-(CH2)3 54.92 6; _CHa-N 66.15 6 (compare 
with NMR analysis of monomer experimental section). 

Unfortunately, polymeric c0-UTAB is extremely hy- 
droscopic and a full phase diagram was not obtained. 
Concentration gradients only were performed in the tem- 
perature range 20 ~ to 100 ~ where new samples were used 
for each new temperature. 

Comparison with the phase behaviour of monomeric 
c0-UTAB shows that the solubility of the surfactant has 
been significantly increased upon polymerisation allowing 
access to both cubic and lamellar phases at 20 ~ (i.e., the 
overall stability of these phases has been increased). Due to 
the polymers hygroscopic nature no pure hydrated poly- 
mer crystals were observed, coexisting with the lamellar 
liquid crystalline phase only. From a 25 ~ concentration 
gradient the observed phase formation is a micellar (L1), 
hexagonal (H~), cubic (Q~, assigned due to the extremely 
high viscosity of the phase as compared with the micellar 
isotropic phase) and lamellar (L~) phases, the later coexist- 
ing with hydrated polymeric co-UTAB crystals. As the 
temperature is increased the lamellar phase exists as a pure 
phase above 30 ~ At higher temperatures the polymeric 
phase behaviour mirrors that of the monomeric self- 
assembly. At 70 ~ the cubic phase begins to melt forming 
a second fluid isotropic phase (L'I, Fig. 6) and is completely 
melted by 75 ~ (which is approximately 15 ~ lower than 
was observed in the monomeric phase progression). The 
L1, H~, L'~ and L~ phases persist up to 95 ~ where the 
hexagonal phase melts and there is a continuous transition 
between the two isotropic fluid phases. Hence, the mono- 
meric and polymeric forms of co-UTAB have been observed 
to self-assemble in water with a similar phase progression. 

It should be noted that although the monomeric co- 
UTAB/water system is a binary (or pseudo ternary system, 

Fig. 6 View of a 70 ~ concentration gradient for the polymeric 
co-UTAB/water system under crossed polarising light. The cubic 
phase now coexisting witl~ an isotropic fluid (L ~'), (magnification 240) 

where the counterions comprise the third phase) the poly- 
meric co-UTAB/water system is a multicomponent system 
due to the polydispersity of the polymer units. This will 
also be the case for polymerisation of lyotropic liquid 
crystalline phases due to the polymerisation reaction in the 
two being identical. 

Due to the significant similarity of the monomeric and 
polymeric co-UTAB/water phase progressions and the 
high conversion of monomer to polymer during isotropic 
polymerisation in chloroform the probability that the un- 
derlying surfactant geometry in the liquid crystalline phase 
will be retained upon polymerisation is increased. 

Polymerisation of liquid crystalline phases 

Unfortunately, due to the inaccessibility of the cubic and 
lamellar phases at room temperature these phases were 
not able to be polymerised. For a phase to be polymeris- 
able by the two methods employed here it must be acces- 
sible at low temperatures, since for thermally activated 
samples, equilibration must take place at low temperatures 
to ensure that polymerisation does not commence prior to 
obtaining a fully equilibrated state and the photochemical 
reaction chamber is run at 30 ~ only. 

The hexagonal and micellar regions of the co-UTAB/ 
water system were therefore the only regions studied. Poly- 
merisation samples were prepared, by the freeze-thaw- 
pump method, for 5 (dilute micellar phase), 40 (concen- 
trated micellar phase) and 70 (hexagonal phase) wt% 
co-UTAB. The surfactant was not observed to self-initiate 
during equilibration. 

Table 2 shows the percentage conversions for the three 
regions of the co-UTAB/water system activated by thermal 
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Table 2 Percentage 
conversions for the three 
regions of the co-UTAB/water 
phase diagram polymerised 
either thermally or 
photochemically 

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

Thermal initiation 0.17 26.6 24.5 
0.25 30.7 23.6 39.6 
0.5 44.7 24.4 
0.71 23.2 - - 
0.75 30.7 29.1 34.0 
1.0 - 28.4 35.0 
1.33 22.1 - - 
2.0 37.5 34.8 43.7 
3.0 35.1 40.9 
4.0 47.2 37.4 46.9 
6.0 31.7 37.4 46.6 
7.0 - 34.6 - 
8.0 40.7 41.2 38.2 

10.0 42.8 36.7 46.8 
12.0 40.0 38.5 35.3 
14.0 35.7 41.0 
15.0 23.1 34.1 
20.0 34.7 - - 

Photochemical 0.17 38.4 32.2 34.2 
initiation 0.5 42.8 17.1 22.0 

0.75 40.6 19.4 30.1 
1.0 23.1 17.3 38.3 
2.0 37.7 25.7 27.5 
3.0 29.6 20.8 13~3 
4.0 30.4 24.2 23.1 
6.0 26.8 16.7 19.6 
8.0 35.9 25.9 27.5 

10.0 18.4 15.3 33.9 
12.0 25.1 19.3 28.7 
14.0 33.6 14.9 31.1 

initiation of added AIBN (t0 mol% to surfactant) at 60 ~ 
or photochemically. Note that an error of approximately 
_+ 5 % can be expected in these values due to inaccuracies 

in the measured integration values. 
Whether initiated thermally or photochemically sim- 

ilar results were obtained for all samples. The major 
discrepancies occurring for the concentrated micellar solu- 
tions where the extent of polymerisation via photochemi- 
cal initiation was considerably lower than that observed 
for thermal initiation, which also appeared to have an 
activation time of approximately 2 days before the extent 
of polymerisation plateaus out. This was not observed for 
any other region. The reason for this difference in the two 
methods of initiation for this region of the phase diagram 
is unknown. 

The calculated mean and median for the polymeris- 
ations in the different regions are given in Table 3 which 
indicate that polymerisation via thermal initiation is on 
average more successful. It should be noted that the extent 
of polymerisation is reduced significantly as compared 
with polymerisation of co-UTAB in an isotropic state 
(which was found to polymerise to approximately 80%). 

Hence, the extent of polymerisation is reduced upon 
surfactant self-assembly. 

To determine the affect that polymerisation has had on 
the underlying surfactant geometry, samples in each region 
were exposed for 5 days at 60 ~ (using 10 mol% AIBN as 
initiator). Both micellar solutions were found to remain 
optically isotropic upon polymerisation and while the mol- 
ecular weight of the polymer was found to be less than 
8000 (i.e., less than 30 monomer  units) which is compara-  
ble to the molecular weight of the monomeric micellar 
aggregates (at least in the dilute micellar phase region, as 
determined by Tabor  and Underwood [15]) this does not 
ensure intra-micellar polymerisation (i.e., formation of 
a "polymerised micelle" see the Discussion section). 

The partially polymerised hexagonal phase was also 
found to produce optical textures similar to those ob- 
served for a pure monomeric hexagonal phase (see Fig. 7). 
Here, edge dislocations and line disclination of order 
s = + 1/2 are still observed and the brushes of the fan 
remain splayed due to variations in the curvature of 
groups of cylinders. The hexagonal phase begins to melt at 
approximately 80 ~ entering a two phase region with an 
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Table 3 Statistics of the extent 
of polymerisation for the three 
co-UTAB liquid crystalline 
phases 

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

Thermal initiation median 34.7 
mean 34.0 
standard deviation 7.9 

Photochemical 
initiation median 32.0 

mean 31.9 
standard deviation 7.2 

34.8 41.0 
33.4 40.8 
5.7 4.6 

19.4 28.1 
20.7 27.4 
5.0 6.7 

Fig. 7 Fan texture of the partially polymerised o)-UTAB hexagonal 
phase (crossed polarising filters, magnification 240). The cylinders lie 
parallel to the glass slide and the brushes correspond to line disclina- 
tions of strength s = + 1/2, where the splaying out indicates vari- 
ations in the curvature of groups of cylinders about the line disclina- 
tion. The brushes lie at an angle of 5 ~ to 10 ~ to the polariser and 
analyser. Edge dislocations between individual fans are indicated by 
sharp dark lines, (67.7 wt% co-UTAB sample at 25 ~ 

isotropic fluid before the transition is complete at ~ 85 ~ 
Hence, the stability of the phase has not been significantly 
increased nor decreased due to the presence of polymer. 

Although the optical microscopy results indicate that 
the polymer has been incorporated into the monomeric 
surfactant matrix it was necessary to determine if the 
polymer had been fully incorporated into this matrix with- 
out disturbing the surfactant molecules. This would then 
be in contrast with the case of ADAB where the polymer 
although having become an integral part of the liquid 
crystalline phase has not been formed by the retention of 
the monomeric surfactant geometry [1]. Hence, SAXS 
experiments were performed on the partially polymerised 
samples. 

Diffraction patterns obtained at small- and wide- 
angles for samples in the concentrated micellar region 
consisted of one diffuse ring only. Comparison with the 

diffraction pattern for a monomeric sample (Table 1) indi- 
cates that the average distance between the aggregates in 
the partially and non-polymerised systems is very similar, 
which suggests that the nature of the micellar solution is 
largely undisturbed by the presence of polymer. 

Likewise the partially polymerised hexagonal phase 
produced a diffraction pattern at small-angles comprised 
of three sharp Bragg peaks in the ratios of 1: x/3: ,j4. No 
other peaks were detected, giving evidence that the under- 
lying monomeric surfactant geometry is indeed main- 
tained upon polymerisation. The chains were found to be 
in a fluid-like state by the presence of one diffuse ring at 
wide-angles. 

Table 4 gives the structural parameters calculated as- 
suming that the composition remains unchanged upon 
polymerisation (i.e., the phase is retained and no phase 
separation or transition has occurred). The specific volume 
of the surfactant is also assumed to vary little upon poly- 
merisati0n. All equations were calculated for T = 27 ~ 
Comparison with the structural parameters determined 
for the monomeric hexagonal phase shows that using these 
assumptions the head group area, unit cell length and 
surfactant length are practically unchanged upon poly- 
merisation (compare with Table 1). Hence, the original 
liquid crystalline phase geometry is undisturbed upon par- 
tial polymerisation with the original stability of the phase 
also being maintained. 

Discussion 

The position of the allyl polymerisable moiety has been 
shown to be crucial in determining the self-assembling 
properties of the surfactant and the extent to which poly- 
merisation occurs either in an isotropic state or self- 
assembled form. 

By comparing the concentration at which aggregation 
is initiated, the extent of dissociation of the bromide 
counterion, the excess surfactant concentration at the in- 
terface and the area per polar head group for co-UTAB 
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Table 4 Structural parameters for the partially polymerised surfactant mesophases of o>UTAB at T = 27 ~ 

o)-UTAB Phase Observed Unit cell Volume Surfactant Water 
% Q length (a) fraction a g g r e g a t e  thickness 
(w/w) (A 1) (A) ~b thickness (ds) (dw) 

(A) (A) 

Mean area 
per polar 
head (A) 
( i  2) 

hkI 

40.8 L 1 0.175 - 0.39 - - 
67.7 H a 0.203 35.7 0.66 30.5 5.2 57.6 1010 

0.352 1120 
0.405 2020 

(cmc = 5.5 _+ 0.2 x 10 -2 M, fi = 33%, A = 47 _4- 1 A2, 
F~ = 3.5 _+ 0.1 • 10 -3 mol 'cm-2),  ADAB (cmc = 1.1 _+ 

~ 2 0.1x10 -2M,  f i = 2 7 % ,  A = 5 8 _ + l A ,  F~=2 .9_+  
0 . 1 x l 0 - 3 m o l - c m  -2) [-1] and DTAB (cmc=l .5_+ 

0 2 
0.1 x 10-2 M, f i =  34%,A = 4 9  _+ 1 A , F~ = 3.4_+0.1 x 
10-3 tool. cm-2) [7] an indication of the effect that incor- 
poration of the allyl polymerisable group into the tail of 
the paraffinic chain can be obtained. The measured cmc 
for co-UTAB, ADAB and DTAB indicates that by reduc- 
ing the difference between the hydrophobic and hydrophil- 
lic regions of the surfactant the concentration at which 
surfactant aggregation is initiated is shifted to higher 
values. For all other measured parameters in the dilute 
concentration regime (i.e., close to the cmc) co-UTAB 
closely mirrors DTAB as is expected since the two surfac- 
tants have the same head group. Whereas the solution 
behaviour of ADAB is significantly effected by the pres- 
ence of the allyl moiety in its head group. 

These results are carried over into the concentrated 
region of the phase diagram, where the phase progression 
of co-UTAB with increasing surfactant concentration re- 
sembles that of DTAB [7]. Therefore, the presence of the 
carbon-carbon double bond at the end of the hydrocarbon 
chain does not significantly alter the balance of interac- 
tions between the surfactant molecules. The differences 
which do arise (i.e., decreased solubility at high surfactant 
concentrations and reduced phase stability) may be ex- 
plained by an increase in the rigidity and an effective 
decrease in the length of the hydrocarbon chain. That is, 
by incorporating a carbon-carbon double bond into the 
tail of a hydrocarbon chain a subsequent restriction in the 
freedom of the paraffinic tail as compared with un- 
saturated hydrocarbon chains is introduced. This restric- 
tion in freedom promotes chain ordering which increases 
the temperature at which the order/disorder transition 
occurs, thereby shifting the Krafft curve to higher temper- 
atures. Note that this is the reverse to what is observed for 
saturated and unsaturated surfactants when the unsatur- 
ation is confined to the beginning or middle of the hydro- 
carbon chain [42]. 

The decrease in stability of the liquid crystalline phases 
formed by co-UTAB in comparison to DTAB may also be 
explained by the presence of the carbon-carbon double 
bond where the effective chain length is now approxi- 
mately equivalent to a C10 hydrocarbon chain. Reduction 
in the chain length has been shown to affect both the type 
of liquid crystalline phases formed and also their stability 
with changes in temperature and composition. In general 
the stability of the phases is decreased as the effective 
hydrocarbon chain length is decreased. Hence, the pres- 
ence of a carbon carbon double bond at the end of the 
hydrocarbon chain in a quaternary ammonium surfactant 
reduces the temperature and compositional ranges over 
which the liquid crystalline phases are formed. 

By polymerising the monomeric surfactant prior to 
aggregation it has been shown earlier that this reduced 
stability may be reversed. By covalently bonding the para- 
�9 nic tails forming low molecular polymers (which still 
have high degrees of freedom due to their low molecular 
weights and therefore lack of entanglement), the number of 
degrees of freedom of the surfactant have been increased 
sufficiently to allow both the cubic and lamellar phases to 
be stable at significantly reduced temperatures. Hence, the 
higher surfactant composition liquid crystalline phases 
have been stabilised by the polymerisation prior to self- 
assembly and the two phases are now accessible at room 
temperature. 

Placement of the polymerisable group at the end of the 
hydrocarbon chain increases the probability that poly- 
merisation will occur to a high yield but decreases the 
accessibility of the liquid crystalline phase by reducing 
their overall stability. 

Polymerisation of the lower concentration co-UTAB 
mesophases indicates that the integrity of the mesophase is 
not altered upon partial polymerisation. It must be noted 
though that it is unlikely that polymerisation of these 
phases has involved intra-aggregate polymerisation alone. 
In the case of polymerisation in micellar solutions the rate 
of micellar dissolution is much faster than the rate of 
polymerisation. Therefore at low concentrations the 
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micelles will have broken up before polymerisation of the 
aggregate is feasible. While this rate will decrease with 
increasing surfactant concentration the average length of 
a polymer chain is not altered (all polymer chains are 
comprised of a maximum of approximately 30 monomer 
units, as determined from dialysis) whereas, the average 
aggregation number of the surfactant aggregates increases 
with increasing concentration. Hence, the mechanism for 
polymerisation must involve growth of the polymer chains 
within a surfactant aggregate, in free solution or in a sub- 
sidiary aggregate differing from that in which it originated. 
That is, the polymer chains must either terminate within 
the original aggregate and then diffuse as a single entity 
moving freely within the aggregate and into and out of 
aggregates or a growing polymer chain, which is lost from 
its original aggregate, continues to grow and then termi- 
nates outside of the aggregates or becomes incorporated 
into another aggregate where it is finally terminated 
[43, 44-1. Note that, either a growing or dead polymer 
chain may also act as seeds for the formation of a new 
aggregate. 

Hence, the mechanism for polymerisation is very com- 
plex, but from this it can be ascertained that two things are 
crucial for intra-aggregate polymerisation only to occur. 
The rate of polymerisation must be shorter than the life- 
time of the aggregates and the molecular weight of the 
growing polymer chain must be able to be controlled such 
that it is neither too low nor too high. That is, if the 
growing polymer chain continues to grow such that its 
molecular weight is greater than that of the aggregate it 
will begin to consume additional aggregates prior to termi- 
nation, therefore destroying the phase. But if it is smaller 
than the molecular weight of the aggregate the surfactant 
aggregates will not be rigidified. Unfortunately, molecular 
weight is extremely difficult to control and in general 
polymerisable moieties with fast reaction rates form poly- 
mers with high molecular weights and those with slow 
reaction rates form polymer chains having low molecular 
weights. 

A further problem was encountered during the poly- 
merisation of a terminal paraffinic chain allyl group, the 
extent of polymerisation was reduced substantially upon 
surfactant self-assembly. Whereas, when the polymerisable 
group was contained within the head group the extent of 
polymerisation was equivalent in both self-assembled and 
non-self-assembled forms. The reduced extent of poly- 
merisation is due therefore, to the mobility of the paraffinic 
tails. Such that unlike in the case of polymerisation in the 
head groups, where the head groups are confined to the 
surface of the aggregates and therefore ideally oriented for 
polymerisation [1], the paraffinic tails are generally uni- 
formly distributed throughout the surfactant aggregate 
being found at the core, at the interface and at all allowed 

positions in between [45-55]. Therefore, once a free radi- 
cal is formed it may not be able to find a second polymeris- 
able group or suitably abstractable proton which are 
oriented appropriately before it is lost. That is, the surfac- 
tant aggregate acts as a cage inhibiting polymerisation. If 
a polymer chain is initiated it too may not be able to find 
an appropriately oriented carbon-carbon double bond 
and will be terminated by another growing chain or a free 
radical initiator or lost via diffusion from the aggregate or 
the original carbon-carbon double bond will be reformed. 

Therefore, due to the lack of order of the hydrocarbon 
core of the surfactant aggregates and the confinement 
within the core for a time greater than that required for 
recombination of the free radicals the extent of polymeris- 
ation is reduced. The disruption to the interactions 
between the surfactant molecules and therefore the surfac- 
tant geometry is markedly reduced from that when poly- 
merisation occurs in the head group region and as such the 
original average surfactant orientation is maintained upon 
polymerisation. 

Conclusion 

Placement of an allyl polymerisable group at the end of the 
hydrocarbon chain of a quaternary ammonium surfactant 
introduces an increased rigidity into the paraffinic chains 
reducing both the solubility of the surfactant at high con- 
centrations and stability of the liquid crystalline phases 
formed. 

Polymerisation in this position is facilitated in com- 
parison to when the polymerisable moiety is contained 
within the head group region of the surfactant [1]. This is 
primarily due to the isolation of the allyl group from the 
region where the interactions between the surfactant mole- 
cules is concentrated with formation of the polymer not 
disrupting significantly these interactions which control 
the surfactant's self-assembly. Because of this the poly- 
merised form of co-UTAB self-assembles such that the 
liquid crystalline phases formed have an increased stability 
towards changes in temperature. 

Polymerisation of the mesophases formed by this sur- 
factant with water is such that the original underlying 
surfactant geometry is maintained. The extent of poly- 
merisation in the surfactant's self-assembled form is re- 
duced in comparison to polymerisation in an isotropic 
solution due to the surfactant aggregates acting as a cage 
inhibiting polymerisation. 
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