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Abstract The binary phase behaviour 
of two potentially polymerisable 
quaternary ammonium surfactants in 
water has been investigated. 
Allyldodecyldimethylammonium 
bromide (ADAB) a single-chain 
surfactant displays a conventional 
phase progression upon increasing 
concentration. Whereas the double- 
chain analogue allyldidodecyl- 
methylammonium bromide 
(ADDAB) forms two lamellar liquid 
crystalline phases built from 
surfactant bilayers, which transform 
via a first order phase transition. The 
formation of two distinct lamellar 
phases and their coexistence has been 
evidenced by optical microscopy, 
small-angle x-ray scattering and D20 
deuterium quadrupolar nuclear 
magnetic resonance spectroscopy. 
The lamellar phase formed at higher 
surfactant compositions is a normal 
lamellar phase (type L~), consisting of 
bilayers which are on average parallel 
and flat. The lower compositional 
lamellar phase (type L~,) in contrast 
may not be comprised of planar 
bilayers but rather aggregates having 
a high degree of curvature in 

comparison to those of the L~ phase. 
The presence of the allyl 
polymerisable moiety in the head 
group position of these surfactants 
has the effect of reducing the rigidity 
of the surfactant and increasing its 
solubility in comparison to non- 
polymerisable analogues. Poly- 
merisation of the surfactants was 
attempted by using thermal and 
photochemical initiation in isotropic 
and self-assembled systems. Polymeri- 
sation occurred to approximately 
30% for ADAB but did not occur for 
ADDAB. Where polymerisation did 
occur the polymer was incorporated 
into the monomer matrix by inter- 
weaving between the surfactant 
aggregates. The polymers had 
a molecular weight not greater than 
8000 Daltons, independent of the 
monomer concentration of the 
original solution and type of 
polymerisation. 
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Introduction 

Amphiphilic molecules due to their hydrophilic/hydro- 
phobic nature may be utilised in a wide range of applica- 

tions. Despite this, the inherent instability of surfactant 
assemblages to perturbations (e.g. variations in temper- 
ature, composition and additives) does in fact limit their 
wider range of applicability. The "locking in" of the struc- 
ture of mesophases either completely or partially (i.e., 
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increasing their stability as a function of temperature, 
concentration and pressure) could lead to the develop- 
ment of new uses for surfactants. 

Increasing the stability of the liquid crystalline 
phases may be accomplished in two ways, either via 
stabilisation or rigidification. Stabilisation may involve 
the addition of a component to the system or the surfac- 
tant itself may be polymerised prior to aggregation. 
Rigidification, in, contrast, can only be achieved sub- 
sequent to surfactant self-assembly. Hence, it must in- 
volve polymerisation of one or more of the components 
in the system. 

Polymerisation subsequent to surfactant self-assem- 
bly has been performed by a number of groups utilising 
different types of systems and reaction conditions 
[1 21]. Nevertheless, there are several complications 
involved in the polymerisation of surfactant lyotropic 
liquid crystalline phases, many of which are still not 
fully resolved, due to the lack of a complete picture of 
the mechanism of surfactant self-assembly. The ap- 
proach adopted here was, therefore, to simplify the 
system as much as possible in an attempt to understand 
the chemical and physical processes involved during 
polymerisation. 

One of the simplest and most widely studied poly- 
merisable moieties is the allyl group, which is based on a 
single carbon-carbon double bond (R CH2 CH=CH2). 
The allyl group was incorporated into the head group of 
a single- and a double-chain quaternary ammonium sur- 
factant, yielding allyldodecyldimethylammonium bromide 
(ADAB, CH3-(CH2)11-N + (CH3)2(CH2-CH=CH2)Br-) 
and allyldidodecylmethylammonium bromide (ADDAB, 
(CHB-(CH2)I~)2-N + (CHB)(CH2-CH=CH2)Br-). 

A single allyl polymerisable moiety was chosen, des- 
pite being known for its resistance to polymerisation 
(i.e., it is difficult to initiate and termination reactions 
are often favoured over propagation during polymeris- 
ation), because this group is the smallest polymerisable 
moiety available for use. Incorporation of this poly- 
merisable moiety induces the minimal modification to 
the nature of the surfactant. 

Addition of a polymerisable moiety into the head 
group of a surfactant will have an affect upon the 
surfactant's self-assembling properties. In the case of the 
allyl group, there will be an increase in the number of 
degrees of freedom for the head group of the surfactants. 
This will lead to surfactant molecules having different 
head group configurations, and in affect the surfactant 
volume and head group area will fluctuate to a large 
extent between the molecules. This increased flexibility 
will alter the inherent rigidity of the surfactant and 
consequently affect the surfactant's self-assembly. The 
allyl group, with its carbon-carbon double bond, also 

increases the overall hydrophilicity of the head group. 
Therefore, by direct comparison with analogous non- 
polymerisable surfactants (dodecyltrimethylammonium 
bromide (DTAB, CH3-(CH2) l l -N + (CH3)3Br - ) 
[22-26] in the case of ADAB and didodecyl- 
dimethylammonium bromide (DDAB, (CH3-(CH2)I 1)2- 
N+(CH3)2Br - ) 1-27-33] in the case of ADDAB, where 
the allyl group has replaced the small hydrophobic 
methyl group in both surfactants) information on the 
exact affect that this addition will have upon surfactant 
self-assembly can be obtained and used to predict the 
behaviour of new surfactants which contain this poly- 
merisable moiety. 

Since ADAB and ADDAB are single- and double- 
chained analogues of each other, comparison of the self- 
assembling behaviour of the two surfactants can be 
used to determine the affect of addition of a second 
hydrocarbon chain. 

Both ADAB [7, 8, 12] and ADDAB [9-11, 34] have 
been studied previously and polymerised at low concen- 
trations in both isotropic solution (i.e., below the critical 
micelle (cmc) or critical vesicle concentration (cvc), re- 
spectively) and in their aggregated state as micelles or 
vesicles. Both ? irradiation and thermal initiation using 
an added initiator were utilised, with the two methods 
giving conflicting results. The work performed here is 
an extension of these studies, including the full phase 
behaviour of the surfactants and their attempted poly- 
merisation. 

Experimental 

Materials 

Allyldodecyldimethylammonium bromide (ADAB, CH3- 
(CH2) 11 N + (CH3)2 (CH2-CH=CH2)Br-), was prepared 
in the same manner as described by Paleos et al. [7]. 
Elemental Analysis: Calculated for C17H36NBr:C 
61.08%; H 10.78%; N 4.19%; Br 23.95%. Found 
C 61.58%; H 10.88%; N 3.85%; Br 23.69%. m.p. 74 ~ 

NMR Analysis: Proton CH3-(CH2)l l  0.86 c5; CH 3- 

(CH2)s 1.23 6; CH3-(CH2)8 C_HH2 1.32 c~; CH2-CH2-N 
1.73 ~5; (CH3)2-N 3.36 6; CH2-CH2-N 3.50 c5; 
=CH C H2-N 4.38 6; CH2 C doublet of doublets cen- 
tred at 5.75 c~; CH=CH2 5.96 c~. Carbon 13 CH3-CH2 
14.02 c5; CH3-CH2 22.58 c5; CH2-CH2-N 22.73 c5; 
CH2-(CH2)2-N 26.23 c5; CH3-(CH2)2-CH2 29.15 c5; 

CHg-(CH2)3-(CH2)5 29.50 6; CH3-CH2-CH2 31.82 ~; 
(CH3)2-N 50.42 c~; N-_CCH2-(CH2ho 63.84 6; C-CCH2-N 
65.96 c5; C-CH2 124.44 g; CH=CH2 129.96 c5. FTIR 
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Analysis: C=C stretch 1467.1cm-1; H_C = stretch 
3015.6 cm i 

Allyldidodecylmethylammonium bromide (ADDAB, 
(CH3-(CH2)I 1)~-N +(CH3)(CHz CH=CH2)Br-) was 
used from two sources; it was purchased from SOGO 
Pharmaceutical Co., Ltd., but also had to be prepared 
using the standard method [-9, 10, 34, 35] due to limited 
availability of the surfactant from SOGO. Elemental Anal- 
ysis: Calculated for C28HssNBr: C 68.82%; H 11.96%; 
N 2.87%; Br 16.35%. Found C 68.73%; H tl.90%; 
N 2.83%; Br 16.54%. m.p. 72~ NMR Analysis: Proton 

CH3-(CH2)11 0.87 6; CH3 (CH2)s 1.24 6; CH3 

(CH2)8-CH2 1.34 6; CH2-CH2-N 1.70 6; CH3-N 3.32 6; 

CH2 C H2-N 3.39 6; =CH-CH2-N 4.34 6; C H2=C doub- 

let of doublets centred at 5.7 6; CH-CH2 5.9 6. Carbon 13 

CH3 CH2 14.56 6; CH3-CH2 22.91 6; CH2 CHa-N 23.11 

6; CH2-(CH2)2-N 26.80 6; CH3 (CH2)2 CH2 29.77 6; 

CH3-(CH2)3-(CH2)5 29.90 6; CH3-CH2-CHa 32.34 6; 
CH3-N 48.82 6; N CH2-(CH2)ao 61.44 6; C=CH2-N 

61.44 6; C CH2 124.60 6; CH=CH2 130.26 c5. FTIR 
Analysis: C=C stretch 1465.4 cm-~; H-C= stretch 
3003.7 cm- 1. 

c~,c(-Azobis(isobutyronitrile) (AIBN, (CH3)zC(CN)N- 
N(CN)C(CHa)2), extra pure, was purchased from Tokyo 
Kasei Kogyo Co., Ltd. and further purified by recrystal- 
lisation from methanol. 

Techniques 

Proton and carbon 13 nuclear magnetic resonance (NMR) 
spectra were obtained using a Varian VXR300S spectro- 
photometer operating at 25 ~ Samples were prepared in 
CDC13 using tetramethylsilane as an added reference. 

D20 deuterium quadrupolar NMR studies, performed 
on the liquid crystalline phases of the ADDAB/D20 sys- 
tem, were accomplished by using a modified Varian XL 
100-15 pulsed spectrometer working in the Fourier trans- 
form mode using an external lock and operated at a 
resonance frequency of 15.351 MHz. 

Electrical conductivity measurements were obtained 
by using a TPS Conductivity Meter ModeI 2102A (Auto- 
Ranging, Auto Cell, K factor) which was calibrated by 
using standard potassium chloride solutions (0.1 M KC1, 
conductivity 1.290• 10 .2 S'cm -1 and 1 x 10 .3 M KC1, 
conductivity 1.471 x 10 -4 S.cm-1). All samples were 
equilibrated at 25 + 0.1 ~ 

Surface tension measurements were performed by us- 
ing a tensiometer where a platinum du Noiiy ring was 
employed. The surface tension was determined from the 
maximum force exerted on the ring without detachment of 

the menicus [36, 37]. All samples were equilibrated at 
25 ___ 0.1 ~ 

All phase behaviour was investigated initially by 
polarising optical microscopy using the isothermal con- 
centration gradient method [38]. An Olympus BH-2 
polarising optical microscope with a Mettler FP82HT hot 
stage attached to a Mettler FP80HT Central Processor 
capable of temperature control to _+ 0.1 ~ was used. The 
temperature range was between 20 ~ and 90~ for the 
various surfactant/water systems studied. Bulk samples 
were prepared by adding weighed amounts of the surfac- 
tant and purified water into a glass ampoule which was 
flame sealed. The samples were homogenised by continual 
heating ( <  90~ and centrifugation over a period of 
several weeks. Bulk samples of a given composition were 
also viewed under crossed polarising filters (where all 
samples were sealed by using Eccobond* 286, a general 
purpose epoxy adhesive purchased from W.R. Grace 
and Co.) and the temperature was varied between 20 ~ 
and 100~ Photographic work was obtained with an 
Olympus C-35 camera that was fitted onto the micro- 
scope. 

The structure of the liquid crystalline phases was verifi- 
ed by small-angle x-ray scattering (SAXS) measurements 
using a Kiessig camera [39] with point collimation. All 
diffraction patterns were recorded on x-ray sensitive film 
(CEA Reflex 25, double coated high speed film for direct 
x-ray exposure purchased from CEA AB Sweden). The 
camera was capable of recording simultaneously both 
small-angle (sample to film distance of 200 or 400 mm) and 
wide-angle (film placed in the range of 40 to 70 ram) 
scattering detection. The camera was attached to a Philips 
generator 1120/00 with either a 6~ (K~ line with 
2 = 1.79285 A) fine focus high intensity source PW2216/20 
using an iron filter or a Cu (K~ line with 2 = 1.54439 A) 
fine focus high intensity source PW2213/20 using a nickel 
filter. 

Samples used for x-ray analysis were loaded into thin 
walled x-ray transparent capillaries of internal diameter 
0.7 or 1.0 mm which were sealed. Bulk samples were also 
sealed between two mica windows, resulting in an appro- 
ximate sample thickness of 1 mm. Powder diffraction pat- 
terns obtained using all three of the different methods to 
house the sample were identical (apart from reflexions due 
to the mica windows). 

All polymerisations were performed using free radical 
initiation. Two techniques were employed; thermal initia- 
tion of an added initiator (AIBN, a water insoluble in- 
itiator which becomes integrated into the hydrocarbon 
region of the surfactant liquid crystalline phases) and 
ultraviolet radiation leading to direct decomposition of the 
monomer. Samples polymerised with the first method were 
prepared by adding AIBN in a fixed mole ratio to the 
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surfactant, whereas samples to be initiated by direct de- 
composition of the monomer had no added initiator. Sam- 
ples were made up to the correct compositions by adding 
the appropriate amount of solvent (water in the case of 
polymerisation in liquid crystalline media and chloroform 
for polymerisation in a non-aggregated state). Prior to 
sealing, the ampoules were degassed by the freeze-pump 
thaw technique (to remove as much oxygen (a polymeris- 
ation inhibitor) as possible) until a constant pressure was 
obtained through one complete cycle. They were then 
flame sealed while still under vacuum. Samples containing 
no added initiator were equilibrated in a manner identical 
to that explained above, whereas those containing added 
AIBN were equilibrated by repeated centrifugation and 
agitation at room temperature to ensure that the extent of 
polymerisation prior to equilibration of the samples was 
minimised. 

Thermal polymerisations were performed between 45 ~ 
and 60 ~ depending upon the stability of the samples, in 
a thermostated water bath or oven (temperature control to 
_+ 1 ~ Photochemical polymerisations were performed 

in a photochemical reaction chamber (built in-house) us- 
ing broad band emission UV lamps (of type NEC-FL8BL, 
2 centred at 360 nm). This wavelength was chosen, instead 
of the more conventional 254 nm due to absorption of 
light of this wavelength by the ampoules used to house the 
samples. UV initiated polymerisations were conducted in 
a temperature controlled environment at 30 _+ 1 ~ Both 
thermal and photochemically initiated polymerisations 
were stopped by removal of the samples from the reaction 
environment followed by rapid cooling. 

The polymerisation's progress was monitored as 
a function of time by preparing a number of samples all 
having the same composition and stopping the polymeris- 
ations at the desired times. The extent to which polymeris- 
ation took place was determined by performing proton 
N MR  on the samples which had been previously freeze 
dried to remove all solvent. Upper limits on the molecular 
weight of the produced polymers was obtained from 
dialysis. 

Results 

Critical micellar/vesicular concentration 

Figure 1 shows the curve obtained from surface tension 
measurements of aqueous ADAB solutions at 25 ~ Ag- 
gregation of the surfactant molecules was detected by the 
change in slope and subsequent plateau of the experi- 
mental curve. For  the ADAB/water system a polynomial 
of degree three, having a correlation coefficient equal to 
0.997, was an adequate fit to the data points obtained prior 

6 5 -  

i 5 5 .  

z 

i 4 5 .  

35 . , , , 
-3.0 -2.5 -2~0 -1.5 -1.0 

Log[ADAB] 

Fig. 1 Surface tension of the ADAB/water system measured by the 
du Noiiy ring method at 25 ~ Errors in the measurements are 
indicated by the size of the data points 

to the concentration at which aggregation occurred. By 
using this fit, the cmc was determined to be equal to 
1.08• 10-2M.  The surface excess concentration 
(F21 = 2.9 _+ 0.1 x 10 -3 mol.cm -z)  was determined from 
the slope of the pre-micellisation curve close to the cmc 
[40-44]. This value yielded an area per polar head group 
at the interface (A) equal to 58 _+ 1 A 2. 

The electrical conductivity curve obtained for ADAB 
in water at 25 ~ is shown in Fig. 2. The curve shows 
a distinct break at a concentration of 1.20x 1 0 - 2 M  
ADAB corresponding to the initiation of surfactant ag- 
gregation, in good agreement with the value obtained from 
surface tension measurements. 

The values determined for the cmc of ADAB using 
both specific conductivity and surface tension measure- 
ments compare favourably with the value obtained by 
Paleos et al. [7] (cmc (ADAB) = 1.25 x 10 -2 M, at 25 QC) 
using electrical conductivity measurements. 

For a uni-univalent surfactant a monodisperse mass 
action-model may be used in conjunction with the con- 
ductivity data to determine the percentage dissociation (/~) 
[45-47], assuming that at each concentration there is 
exclusively an average micelle. It is necessary within this 
model to use either an experimentally determined value of 
the aggregation number (n) or an approximation based on 
the head group area determined from surface tension 
measurements. Surface tension measurements give the 

o 
area per head group at the interface as 58 A 2 therefore the 
calculated aggregation number is 52 and the percentage 
dissociation 26.9%. If instead the ratio of the slopes of the 
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Fig. 2 Electrical conductivity of ADAB measured at 25 ~ the size 
of the data points indicates the order of the errors in the measure- 
ments 

two linear regions of the conductivity curve is used the 
percentage dissociation is calculated to be 27.2%. Hence, 
approximately 27% of all bromide counterions dissociate 
upon micellisation. 

Both conductivity and surface pressure-area isotherm 
measurements were performed with ADDAB in an at- 
tempt to determine the surfactant's cvc and head group 
area. Conductivity measurements were irreproducible; 
probably due to inaccuracies introduced through loss of 
surfactant from adsorption to the vessel walls. This is 
a consequence of the very low concentration at which 
vesicles are first formed in the ADDAB/water system 
( ~ 1 0 - 6 M ) .  In the surface pressure-area isotherm 
measurements, the monolayer was found not to collapse 
due to ADDAB being too water soluble. Hence, the cvc 
and head group area at low concentrations of ADDAB 
could not be determined by these techniques. 

Self-assembly of ADAB 

The self-assembly behaviour for the ADAB/water system 
is shown, by way of a schematic diagram, in Fig. 3. At 
20 ~ after formation of a micellar phase (L 1 , which exists 
as a one phase region up to 47.5 wt% ADAB) the system 
undergoes a first order phase transition yielding a normal 
hexagonal phase (H~) existing over a wide temperature 
and concentration range (48.8 to 83.4 wt% ADAB). When 
a composition of 83.4wt% ADAB is reached a cubic phase 
(Q~) forms. No two phase region was observed between the 

1 0 0  

8O 
,2..., 

60 

40 

Ha 

I s o t r o p i c  
L i q u i d  

Qc~ NL, 

20  40  50  6 0  70  80  90  100  

wt% ADAB 
C r y s t a l s  

Fig. 3 Partial binary phase diagram of the ADAB/water system. L1 : 
micellar solution, H~: hexagonal phase, Q~: bicontinuous cubic 
phase (type (223~ Ia3d or Gyroid IPMS), L~: lamellar phase, Iso- 
tropic fluid: random packing of surfactant aggregates, and crystals: 
hydrated ADAB crystals. Horizontally shaded areas (showing 
tie lines) indicate regions where two liquid crystalline phases 
coexist, diagonally shaded areas indicate regions where a liquid 
crystalline phase coexists with hydrated crystals of ADAB and 
dashed lines indicate either a weakly first order or second order 
phase transition 

hexagonal and cubic phases indicating that the transition 
is either weakly first order or second order. The cubic 
phase is then transformed into a normal lamellar phase 
(L~) following a first order phase transition yielding a pure 
L~ phase at 94.1 wt% ADAB. As the temperature is in- 
creased the lamellar phase melts to give an isotropic fluid 
whose structure is unknown but is most probably a highly 
concentrated reverse micellar phase. At higher composi- 
tions the L~ phase coexists with hydrated ADAB crystals 
(the extent and number of these crystalline hydrates was 
not investigated). 

The texture shown in Fig. 4 is one typical of the 
hexagonal phase of the ADAB/water system and is ob- 
served with both concentration gradients and bulk sam- 
pies. This texture, often termed the "fan texture" 1-48, 49], 
is observed when the primary axes of the hexagonal cylin- 
ders lie parallel to the glass slide [50]. Note that the 
curvature of the cylindrical aggregates varies disconti- 
nuously about the line disclination of order s = + 1/2, as 
evidenced by the splaying out of the brushes of the fan, 
indicating that the cylinders are relatively limited in their 
length scale compared with the size of the defect. Regions 
of the texture also bear a resemblance to the striations 
analysed by Rogers and Winsor for the hexagonal phase 
formed by the Tabacco Mosaic Virus [-51]. The hexagonal 
phase is extremely stable to changes in composition and 
temperature and is very viscous. The cubic phase melts to 
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Fig. 4 Optical texture observed for the ADAB hexagonal phase 
(75.7wt% ADAB, 30~ crossed polarising filters, magnification 
240). Cylinders lie parallel to the glass slide and the brushes corres- 
pond to line disclinations of strength s = + 1/2. Note that the 
brushes of the fans are splayed corresponding to the discontinuous 
curvature of the hexagonal cylinders about the line disclinations 

an isotropic fluid at 62.8 ~ and its compositional range is 
reduced compared with that of the hexagonal phase. 

A typical "mosaic" texture [48, 52-54] observed for 
the ADAB lamellar liquid crystalline phase from both bulk 
samples and concentration gradients is shown in Fig. 5. 
The texture yields little information on the underlying 
surfactant geometry and is formed due to the sample 
adopting a homeotropic orientation on the glass slide. The 
lamellar phase, like the cubic phase, has reduced stability 
with respect to increases in temperature compared with 
that of the hexagonal phase and forms over a very narrow 
composition range. 

The phase behaviour in the ADAB/water system was 
confirmed by using SAXS. Diffraction patterns were ob- 
tained for powdered bulk samples in each of the me- 
sophases of the ADAB/water system and were comprised 
of Debye Scherrer rings which were produced by all 
domains in the irradiated volume. 

Samples within the micellar region of the ADAB/water 
system produced one diffuse ring at small-angles upon 
irradiation with x-rays (Table 1) and also one diffuse ring 
((2 = 1.4 A - 1 ) at wide angles, indicative of fluid-like chains 
(this was also found to be the case for the hexagonal, cubic 
and lamellar phases). These diffraction patterns are typical 
for randomly distributed micellar aggregates [55]. 

Diffraction patterns obtained in the small-angle region 
for the hexagonal liquid crystalline phase of ADAB consis- 
ted of from three to five Debye Scherrer rings which were 
in the ratio of 1: x/3: x/4: x /7 :x /9  (Table 1) as expected for 
parallel cylinders packed in a two-dimensional hexagonal 
array. 

Fig. 5 Mosaic texture of the ADAB lamellar phase (crossed polaris- 
ing filters, magnification 240). The layers comprising the phase lie 
parallel to the glass slide (95.1 wt% ADAB sample at 45 ~ 

The ADAB cubic phase is characterised by up to four 
sharp rings at small-angles with spacings in the ratios of 
x /6 :x /8 :x /14 :x /16 .  These ratios being characteristic of 
one cubic phase only, the Ia3d (type I, space group 230), 
which is assumed here to be bicontinuous as has been 
shown in other systems and is also know as the Gyroid 
infinite periodic minimal surface (IPMS) [23, 56-61]). 

The diffraction pattern for the lamellar phase of ADAB 
is comprised at small-angles of four sharp rings having 
Q values in the ratios of 1:2:3:4. This pattern is charac- 
teristic of a layered structure. 

From the locations of the Bragg peaks the unit cell 
dimensions were calculated [-55]. Structural parameters 
for the different liquid crystalline phases formed in the 
ADAB/water system are given in Table 1. All calculations 
were determined for T = 27 ~ unless otherwise stated. 
The specific volume of the hydrocarbon chains was used in 
all calculations since that of the surfactant is unknown. 

From calculations of the head group area in the vari- 
ous ADAB mesophases it is seen that as the concentration 
of the surfactant increases the amount of water taken up 
by the head groups of the surfactant as water of hydration 
decreases, as does the electrostatic interactions between 
the head groups. This leads to a subsequent decrease in the 
head group area, such that the head group never increases 
through a phase transition [55]. 

Self-assembly of ADDAB 

A consequence of ADDAB having two hydrocarbon 
chains is that the geometries that it can adopt are re- 
stricted. The surfactant parameter vial, where 1 is the 
length of the hydrocarbon chain, a is the area per polar 
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Table 1 Structural parameters determined for the ADAB/water mesophases at T = 27~ 

ADAB Phase Observed Unit cell Volume Paraffin 
% Q length (a) fraction chain 
(w/w) (,~- 1) (~.) ~ thickness (d~) 

Water and Mean area 
head group per polar 
thickness (dw) head (A) 

hkl 

40.0 Lj 0.166 0.24 - - - 
48.3 a L1 0.145 0.29 - - - 
53.9 H~ 0.168 43.3 0.32 25.6 17.6 54.8 1050 

0.289 1120 
0.335 2020 
0.443 2130 

56.1 H~ 0.171 42.5 0.33 25.7 16.9 54.7 1050 
0.297 1120 
0.341 2020 

59.9 H~ 0.175 41.4 0.35 25.8 15.6 54.5 1050 
0.302 1120 
0.345 2020 
0.461 2130 
0.526 3030 

69.6 H~ 0.186 39.1 0.40 26.1 13.0 53.8 1050 
0.320 1120 
0.373 2020 
0.488 2130 

80.5 H~ 0.191 38.1 0.46 27.1 10.9 51.7 1050 
0.330 1120 
0.380 2020 

87.1 Q~ 0.206 74.9 0.50 - 211 
(Ia3d) 0.236 220 

0.312 321 
88.4 Q~ 0.211 73.0 0.50 - 211 

(Ia3d) 0.244 220 
0.322 321 
0.342 400 

90.4 Q~ 0.213 72.1 0.51 - - - 211 
(Ia3d) 0.244 220 

95.0 L~ 0.208 30.2 0.54 16.1 14.0 43.5 001 
0.415 002 
0.623 003 
0.821 004 

a Temperature 8 ~ 

head group at the interface and v is the volume, [62-64] is 
approximately equal to one and the surfactant should, in 
principle, spontaneously form mesophases built with 
bilayers as the fundamental building blocks. 

Figure 6 shows the partiat l~hase diagram for the bi- 
nary system of ADDAB in water. Two liquid crystalline 
phases are formed between 20 ~ and 100~ both consisting 
of bilayers as their fundamental building blocks. At con- 
centrations below 3.2 wt% ADDAB, an isotropic fluid (L) 
is formed which due to the double-chained nature of the 
surfactant is most probably comprised of vesicles. As the 
concentration is increased the vesicular phase is found to 
coexist with a birefringent phase consisting of bilayers 
intercalated with large water regions (L~). At 20 ~ this 
birefringent phase exists as a single phase between 8.8 and 
42.7wt% ADDAB. At ADDAB compositions above 
76.1wt% a normal lamellar phase is formed (planar bi- 

layers intercalated with water, L~) which melts to give an 
isotropic fluid at 57.8 ~ Between 42.7 and 76.1 wt% AD- 
DAB the two lamellar phases coexist. It should be noted 
that the density of these phases differ markedly, with Lx 
being denser than both L and L~. 

Evidence consistent with the coexistence of two distinct 
lamellar phases was obtained by performing deuterium 
quadrupolar N M R  studies upon samples prepared with 
deuterated water [65-75]. Note that changing the solvent 
from H20  to D20  may have an affect on the phase 
boundaries of the different liquid crystalline phases ob- 
served in the ADDAB/water system but the observed 
phase progression should not be altered (i.e., both the Lz 
and L~ phases should still be formed and transform via 
a first order phase transition). 

Figure 7 shows the spectra obtained for some charac- 
teristic regions of the phase diagram shown in Fig. 6. Full 
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Fig. 6 Binary phase diagram of the ADDAB/water system, L: low 
concentration isotropic fluid (vesicular phase), Lz: dilute lamellar 
phase, L~: normal lamellar phase, and Isotropic Liquid: randomly 
distributed surfactant aggregates. Horizontally shaded areas indicate 
regions where two liquid crystalline phases coexist 

b) 
100 Hz 500 Hz 
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Fig. 7 D20 deuterium quadrupole NMR spectra for the binary 
ADDAB/DzO system at 25~ a) 35.0 wt% ADDAB (one phase, Lz), 
b) 60.2 wt% ADDAB (two phase region, L x + L~), c) 75.6 wt% 
ADDAB (two phase region, L x + L~), d) 89.3wt% ADDAB (one 
phase, L~) 

Table 2 Structural parameters for the ADDAB/water system at 27 ~ 

ADDAB Phase Observed Unit cell Volume 
% Q length (a) fraction 
(w/w) (3,- ~) (A) 

Paraffin Water and Mean area 
chain head group per polar 
tohickness (d~) thickness (dw) head (A) 
(A) (~) (~) 

hkl 

24.1 L x 0.066 95.1 0.20 19.0 76.1 74.0 a 001 
0.132 002 
0.198 003 
0.264 004 
0.330 O05 

35.0 Lx 0.092 68.7 0.28 19.6 49.1 71.8 a 001 
0.183 002 
0.274 003 
0.363 004 

40.4 L x 0.094 66.8 0.33 21.8 45.0 64.5 a 001 
0.186 002 
0.279 O03 
0.375 004 
0.466 005 
0.556 006 

80.2 L~ 0.211 29.7 0.61 18.1 11.6 77.6 001 
0.423 002 
0.634 003 
0.841 004 

97.0 L~ 0.251 25.0 0.72 18.0 7.0 78.2 001 
0.501 002 
0.746 003 

a Calculated assuming infinite flat bilayers. 



324 Colloid & Polymer Science, Vol. 274, No. 4 (1996) 
�9 Steinkopff Verlag 1996 

splitting results are shown in Fig. 8. From these results it is 
indicated that a first order phase transition between the L Z 
and L~ phases occurs. In addition, information on the 
underlying global geometry can also be obtained. The 
value of the measured quadrupole splitting is dependent 
upon the interaction of the phase with the applied mag- 
netic field. This overall interaction is comprised of three 
individual components which are due to [76]: 

(a) the average orientation of the surfactant meso- 
phase, 

(b) the variation of the orientation of the D20  mole- 
cules at the interface, and 

(c) the variation of the orientation of the surfactant 
molecules in the aggregate (i.e. the curvature of the inter- 
face). 

For a powder sample the first contribution is a con- 
stant and the second variation is averaged out. Hence, the 
quadrupole splitting within a given surfactant/DzO sys- 
tem is determined by the extent of curvature of the surfac- 
tant aggregates [76]. For example, the normal hexagonal 
phase has a quadrupole splitting of approximately a factor 
two less than the corresponding lamellar phase splitting 
which is a direct consequence of the curvature inherent in 
the surfactant aggregates of the hexagonal phase as com- 
pared with the planar bilayers of the lamellar phase [70]. 
Therefore, in the case of the L~ and L~ phases of the 
ADDAB/D20 system where the quadrupole splitting of 
the L~ phase is approximately a factor three greater than in 
the L~ phase (in the two phase region, see Fig. 8) this is 
consistent with the contention that the Lz phase has a rela- 
tively high degree of curvature compared with the L~ phase 
and cannot be described as consisting of planar bilayers. 
Note that the measured value of approximately 1750 Hz 
for the L~ phase is comparable with that of other planar 
bilayer lamellar phases [74]. 

Figure 9 shows the optical textures observed during 
a 30 ~ concentration gradient. This photograph shows 
that an isotropic phase is initially formed which then 
transforms into a birefringent phase at higher surfactant 
compositions producing a texture which is atypical for 
normal lamellar phases (L~) consisting of planar bilayers. 
How this texture correlates with the underlying geometry 
of the surfactant molecules will be discussed later. It 
should be noted though that as the concentration of sur- 
factant increases (from left to right in the figure) the texture 
is initially one of maltese crosses (which are spherical on 
average) superimposed with one to three dark concentric 
circles and becomes comprised of elongated crosses which 
finally become completely drawn out. Since this texture 
has been produced during a concentration gradient, where 
the molecules are easily oriented by the constrictions im- 
posed on them by the glass slide and cover slip during 
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Fig. 8 DzO deuterium quadrupolar NMR splitting for the AD- 
DAB/D20 system at 25 ~ errors are indicated by the size of the 
data points 

Fig.9 30~ concentration gradient of the ADDAB/water system 
viewed under crossed polarised light, magnification 240. The vari- 
ation in the texture observed with increase in concentration (left to 
right) shows the formation of the lower ADDAB composition lamel- 
lar phase (Lx). Note the maltese crosses which are superimposed with 
dark concentric circles 

formation of the liquid crystalline phases, more informa- 
tion is usually able to be obtained from the optical textures 
produced under these conditions than from a texture ob- 
served from a bulk sample where orientational ordering 
has not been imposed during the growth of the phase. This 
supposition is supported by the optical texture shown in 
Fig. 10 under crossed polarising filters for a 25.3wt% 
ADDAB sample (L~ phase). Here the information ob- 
served for this phase in Fig. 9 is almost completely lost 
with only one or two individual maltese crosses being 
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Fig. 10 Texture observed for a bulk sample of the low ADDAB 
composition lamellar phase (Lx, 25.3 wt% ADDAB, 30~ crossed 
polarising filters, magnification 240). Note the individual maltese 
crosses which are visible and the superimposed dark concentric 
circles 

Fig. 11 Mosaic texture of the ADDAB normal lamellar phase (L~, 
crossed polarising filters, magnification 240). The layers comprising 
the phase lie parallel to the glass slide (85.3 wt% ADDAB sample at 
35~ 

evident, though it is still possible to discern the superim- 
posed concentric dark bands. Again, the texture is not 
typical of a normal planar bilayer lamellar phase. This 
dilute lamellar phase is also found to be of low viscosity 
and is highly coloured/iridescent when bulk samples are 
viewed through crossed polarising sheets, indicating 
that there may be some microcrystalline order which is 
comparable to the wavelength of light. 

In contrast, the texture shown in Fig. 11 for a bulk 
sample in the L~ phase of the ADDAB/water system 
(85.3 wt%, 35 ~ is a typical mosaic texture often observed 
for normal lamellar phases consisting of planar bilayers 
intercalated with water in a homeotropic orientation with 
both positive and negative units [48] being apparent 
(compare with the texture observed for the L~ phase of 
ADAB, Fig. 5). 

The optical microscopy and DzO deuterium quadru- 
pole NMR results suggest that the lamellar phase formed 
at low ADDAB concentrations (Lx) does not consist of 
planar bilayers intercalated with water where the low 
concentration lamellar phase is a mere dilution of the 
highly concentrated phase. 

As further evidence for the existence of two distinct 
birefringent phases whose fundamental building blocks are 
bilayers, SAXS measurements were performed to deter- 
mine the structures of the phases. Samples in both birefrin- 
gent phases gave diffraction patterns comprised of 
Debye-Scherrer rings which were produced by all 
domains in the irradiated volume. 

The ADDAB low concentration lamellar phase (Lx) is 
characterised by a series of sharp rings at small-angles with 
Q values in the ratios of 1 : 2: 3 : 4: 5 : 6. Similarly in the high 

composition lamellar phase (L~) the small-angle diffrac- 
tion pattern consists of Bragg peaks in the ratios of 
1:2:3:4. Despite both lamellar phases giving rise to dif- 
fraction patterns consistent with normal planar bilayers 
(i.e., Bragg peaks in the ratio of 1:2: 3 ... ) calculation of 
the head group area of the two phases assuming infinite 
flat bilayers (which is the major assumption made for 
calculation of head group areas of a lamellar phase) shows 
that the head group area actually increases during the 
phase transition from L x and L~. An increase in head 
group area with increase in surfactant concentration lead- 
ing to a phase transition is unlikely [55]. This suggests that 
the lower composition lamellar phase may not be com- 
prised of infinite planar bilayers; consistent with the results 
obtained from both optical microscopy and D20 
deuterium quadrupole NMR. An interpretation of these 
results will be given later. Table 2 gives the structural 
parameters calculated for the two lamellar liquid crystal- 
line phases formed in the ADDAB/water system. All calcu- 
lations were determined for T = 27 ~ the specific volume 
of the hydrocarbon chains was used in all calculations. 

Polymerisation of monomeric ADAB and ADDAB 

Attempts to polymerise both ADAB and ADDAB in 
an isotropic state, in order to characterise the polymers 
self-assembly and compare it with that observed for the 
monomeric form, were unsuccessful using both thermal 
initiation via AIBN (up to 10mol% to surfactant) and 
photochemical irradiation (where the surfactant was dis- 
solved in chloroform at a concentration of 0.25 M). Expo- 
sure times ranged from 1 day to 2 weeks. ADDAB was 



326 Colloid & Polymer Science, Vol. 274, No. 4 (1996) 
�9 SteinkopffVerlag 1996 

found to polymerise to less than 5% whereas, although, 
ADAB polymerised to approximately 30% it was also 
found to decompose during the polymerisation (solutions 
became bright yellow and N M R  analysis showed that the 
integrity of approximately 5% of the surfactant was not 
maintained during the polymerisation). Attempted purifi- 
cation of polymeric ADAB was unsuccessful and unfortu- 
nately no further work could be performed on the 
polymeric forms of ADAB or ADDAB. 

Polymerisation of liquid crystalline phases 

The polymerisation of the two different lamellar phases (25 
and 85 wt% ADDAB, L x and L~, respectively) of the 
ADDAB/water system was investigated. As for the iso- 
tropic polymerisation of ADDAB, polymerisation of the 
liquid crystalline phases formed by this surfactant was 
unsuccessful using both thermal and photochemical initia- 
tion over a time period of from 1 day to 4 weeks. Hence, 
there was no enhancement of the extent of polymerisation 
due to favourable alignment of the surfactant molecules 
imposed by the liquid crystalline phase geometry. 

In the ADAB/water system five regions from the phase 
diagram were chosen for polymerisation, corresponding to 
the dilute and concentrated regions of the micellar phase 
(5 and 40 wt% ADAB), the hexagonal phase (65 wt% 

ADAB), the cubic phase (88 wt% ADAB) and the lamellar 
phase (95 wt% ADAB). Thermal initiation was activated 
at 50 ~ due to the cubic and lamellar phases melting at 
approximately 60 ~ No problems due to the surfactant 
self-initiating during equilibration of the liquid crystalline 
phases was experienced. 

Table 3 shows the percentage conversions for the five 
regions of the ADAB/water phase diagram activated by 
thermal initiation of added AIBN (10 tool% to surfactant). 
The corresponding results for photochemical initiation are 
given in Table 4, 

These results indicate that polymerisation which has 
been activated either thermally via an added initiator or 
photochemically give almost identical results, i.e., there is 
no influence by the type of initiation on the extent to which 
polymerisation occurs. There is also no trend of increasing 
polymerisation with time for either form of initiation. All 
samples polymerise to approximately 30% which is com- 
parable with the results obtained for polymerisation in an 
isotropic state in chloroform. Therefore, as well as the type 
of initiation having no influence on the extent of poly- 
merisation, the packing of the surfactant molecules does 
not change the yield of the polymer formed. It should be 
noted that the higher ADAB composition phases were 
found to decompose during polymerisation when ac- 
tivated thermally (solutions became bright yellow or or- 
ange and N M R  analysis showed that the integrity of 

Table 3 Percentage 
conversions for the five regions 
from the ADAB/water phase 
diagram polymerised thermally 

Time (days) Low weight 
percent micellar 
solution 

High weight Hexagonal Cubic phase Lamellar 
percent micellar phase phase 
solution 

0.25 - 27.6 24.8 
0.5 20.5 - - 30.9 28.5 
0.75 - 24.3 32.2 
1 30.2 - 22.0 - 21.2 
2 26.1 21.2 16.3 11.6 - 
2.125 - - 25.2 19.1 
3.125 - 23.5 21.6 
4 24.1 24.1 27.6 33.2 31.4 
6 23.0 23.1 - 
7 24.5 25.2 - 30.8 29.3 
7.125 24.7 21.6 25.9 - 
8 - - 32.9 21.6 
9 - - - 27.5 31.6 

10 18.0 17.5 22.4 - 
11 20.0 - - 
12 20.4 18.6 26.1 27.0 
14 - 23.2 - 
15 26.8 - - 37.1 17.0 
17 33.3 32.4 
18 28.4 18,1 - 
20 16.1 20.4 24,0 - - 
22 - 37.2 39.4 
24 25.6 30,0 21.5 35.0 38.0 
28 29.6 26.3 24.2 - 
31 24.2 25.2 - - - 
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Table 4 Percentage conver- 
sions for the five regions of the 
ADAB/water phase diagram 
polymerised photochemically 

Time (days) Low weight High weight Hexagonal Cubic phase LameIlar 
percent micellar percent micellar phase phase 
solution solution 

0.25 - 33.5 32.6 
0.5 - 30.0 27.1 
0.75. - 33.1 - 
1 33.2 22.7 33.6 27.3 - 
1.5 - 26.0 - 
2 21.4 29.1 25.5 28.0 26.6 
4 23.2 23.9 29.5 28.1 27.8 
6 - - 2 2 . 7  36.9 
8 24.7 36.7 36.2 28.7 

10 - - 33.5 24.6 
11 33.7 30.8 34.0 - 
16 33.2 28.1 35.5 - 
19 29.6 31.4 28.7 - - 

approximately 5% of the surfactant was not maintained 
during the polymerisation). 

To determine if the underlying surfactant geometry 
was maintained during the polymerisation, SAXS experi- 
ments were performed on the samples after polymerisation 
had occurred. All samples studied were initiated photo- 
chemically, due to the decomposition of the samples dur- 
ing thermal initiation, and were exposed to irradiation for 
a period of 2 days. 

Samples in the concentrated micellar region were 
found to produce diffraction patterns having one diffuse 
ring only at both small- and wide-angles. Comparison 
with the diffraction pattern obtained for a monomeric 
sample (Table 1) shows that there is little difference be- 
tween the average distance between the micellar aggre- 
gates in the partially polymerised and non-polymerised 
systems. Hence, formation of the ADAB polymer had little 
affect on the characteristics of the micellar solution. 

In contrast, the hexagonal, cubic and lamellar phases 
all showed in conjunction with the sharp Bragg peaks 
attributable to non-polymerised ADAB, retaining the 
original monomeric surfactant geometry, two inner diffuse 
rings. Calculation of structural parameters for what is 
assumed to be a structure now comprised of a non-poly- 
merised surfactant matrix interwoven with polymer chains 
is given in Table 5. Unit cell lengths and head group areas 
for the different phases were calculated by assuming that 
the non-polymerised surfactant forming the hexagonal, 
cubic or lamellar matrix retains the original ratio of surfac- 
tant to water during the polymerisation. Comparison of 
the calculated values for the partially polymerised systems 
(Table 5) with the monomeric values (Table 1) shows that 
the presence of the interwoven polymer chains throughout 
the monomeric matrix has not disturbed significantly the 
packing of the surfactant molecules. Indeed, it has been 
determined that both the cubic and lamellar phases have 

an increased stability of approximately 20 ~ due to the 
presence of the interwoven polymer chains and that the 
textures observed for the birefringent phases are compara- 
ble to those observed when no polymer was present. 
Figures 12 and 13 show the optical textures for the par- 
tially polymerised hexogonal and lamellar phases, respec- 
tively. These figures can be compared with the optical 
textures observed for the non-polymerised phases (Figs. 
4 and 5). Although the polymer has not been fully incorp- 
orated into the monomeric matrix (i.e., the surfactant mol- 
ecules have not maintained their original geometry) 
polymerisation has increased the stability of the phases 
significantly. 

Discussion 

ADAB 

Incorporation of the allyl polymerisable moiety into 
a single-chain quaternary ammonium surfactant has been 
found to have a considerable effect upon the surfactant's 
self-assembling behaviour. 

From electrical conductivity and surface tension 
results for ADAB ( c m c = l . l _ + 0 . 1 x 1 0  - 2 M ,  ]~= 

" 2  27%, A = 5 8 _ + l A ,  F21--2.9_+0.1x10 - 6 m o l . m  -2) 
and its non-polymerisable analogue DTAB (cmc = 

0 2 
1 . 5 + 0 . 1 x 1 0  - 2 M ,  ]~--34%, A = 4 9 + l A ,  F ~ =  
3.4 _+ 0.1 x 10 .6  mol-m -2) 1-26] it can be shown that addi- 
tion of the allyl group changes the interactions between the 
surfactant molecules. The concentration at which aggrega- 
tion begins, the extent of dissociation of the bromide 
counterions and the surface excess concentration are all 
decreased slightly while the head group area is increased 
significantly. The interactions between the surfactant 
molecules are more favourable due to the presence 



328 Colloid & Polymer Science, Vol. 274, No. 4 (1996) 
�9 Steinkopff Verlag 1996 

Table 5 Structural parameters for the polymeric liquid crystalline phases of ADAB at T = 27~ 

ADAB Phase Observed Unit cell Volume Paraffin 
% (2 length (a) fraction chain 
(w/w) (~ 1) (~) ~ thickness (ds) 

(A) 

Water and 
head group 
thickness (dw) 

Mean area 
per polar 
head (A) 

hkl 

40.0 L1 0.153 - 0.24 
63.1 H= 0.069 ~ 

0.120 ~ 
0.178 40.8 u 0.37 b 
0.307 
0.355 

90.0 Q:~ 0.074 ~ 
(Ia3d) 0.130" 

0.203 75.7 0.51 
0.234 
0.312 

95.0 L~ O.08P 
0,142 ~ 
0.213 29.5 c 0.54 r 
0.425 
0.635 

26.0 b 14.8 b 54.0 b 

15.8 c 13.7 ~ 44.5 c 

10i0 
1120 
2020 

211 
220 
321 

001 
002 
003 

Diffuse inner rings due to interwoven polymer chains. 
b Calculated assuming that the remaining monomeric surfactant forming the hexagonal phase is still at a composition of 63.1 wt%. 
~ Calculated assuming that the remaining monomeric surfactant forming the lamellar phase is still at a composition of 95.0 wt%. 

Fig. 12 Optical texture observed for the partially polymerised 
ADAB hexagonal phase (63.1 wt% ADAB, 30~ crossed polarising 
filters, magnification 240). Note that the sample is more highly 
disordered (compare with Fig. 4) 

Fig. 13 Mosaic texture of the partially polymerised ADAB lamellar 
phase (crossed polarising filters, magnification 240). The layers com- 
prising the phase lie parallel to the glass slide (95.0 wt% ADAB 
sample at 25 ~ compare with Fig. 5) 

of the allyl group, which also induces a slight reduction in 
the overall charge of the micellar aggregates (i.e., the allyl 
group, in effect reduces the electrostatic interactions 
between the head groups of the amphiphiles which is 
impor tan t  since this interaction is one of the dominan t  
interactions to be overcome during polymerisation). 

No t  only is the aggregation at low concentrat ions 
influenced by this change in the nature of the surfactant 
but indeed the self-assembly over all surfactant composi-  

tions is altered. Compar i son  of the phase diagrams for the 
ADAB/wate r  system (Fig. 3) and the DTAB/wate r  system 
[26] (Fig. 14) shows that  the presence of the allyl group 
induces an increase in the solubility of the surfactant in 
water but a corresponding decrease in the stability of the 
concentrated liquid crystalline phases that  are formed. 
Note  that  with A D A B  the concentrated phases are 
accessible at room temperature.  This significant change 
can only be at tr ibuted to the presence of the allyl 
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L~ 

o 

0 20 40 60 80 100 
wt% DTAB 

Fig. 14 Partial phase diagram of the binary DTAB/water system 
[26]. LI: micellar solution, H~: normal hexagonal phase, Q~: bicon- 
tinuous cubic phase, type Q230 (Ia3d-Gyroid IPMS [31, 52, 53, 
93-95~), L~: lamellar phase, and crystals: hydrated DTAB crystals. 
The horizontally shaded areas (showing tie lines) indicate a region 
where two liquid crystalline phases coexist and the diagonally shaded 
areas indicate coexistence between a liquid crystalline phase and 
hydrated crystals 

polymerisable group, which changes the overall rigidity, 
hydrophilicity and charge of the head group. These nat- 
urally affect both the head group area and the length and 
flexibility of the hydrocarbon chain, since, both of these 
parameters are strongly influenced by the extent of hy- 
dration and counterion binding. Therefore, even a seem- 
ingly small change to the nature of the surfactant, by way 
of replacing a methyl group with an allyl group, can 
significantly alter the balance of the interactions between 
amphiphiles. 

Why is the extent to which polymerisation occurs in 
both isotropic and self-assembled forms so low? 

It has been shown [-77-83] that polymerisation of 
unsaturated non-amphiphilic quaternary ammonium 
compounds is extremely difficult and that thermal poly- 
merisation in acqueous solution using water soluble ini- 
tiators is not possible for monomers containing only one 
allyl group. 

Results obtained here show that it is possible to poly- 
merise a quaternary ammonium surfactant containing one 
allyl group either in chloroform (where the surfactant is 
not self-assembled but does have a preferential alignment) 
or in water in a self-assembled state, where the extent of 
polymerisation in all cases is approximately 30%. Addi- 
tion of a hydrocarbon chain, introducing an amphiphilic 
nature and allowing the molecules to align preferentially, 
enables polymerisation to occur. The extent of polymeris- 
ation is still, however, very low due to the intrinsic resist- 
ance to polymerisation of the allyl group and its placement 

near the charged centre of the surfactant. It was found that 
increasing the length of the reaction time did not increase 
the extent of polymerisation, therefore, polymerisation is 
very rapid and reaches a plateau almost immediately. 

The reason for the low conversion must be a conse- 
quence of: 

(a) the rate constant for formation of a free radical 
from the allyl monomer being slow and/or the activation 
barrier being very high (note that this is now also in- 
fluenced by the nearness of the electrostatic centre), 

(b) recombination to form the original carbon-carbon 
double bond prior to propagation is favourable (i.e. the 
time required for reformation of the original carbon- 
carbon double bond is not sufficient for a second carbon- 
carbon double bond to be found in the correct orientation 
for propagation to occur), and 

(c) the rate constants for the termination reactions are 
faster than those for the propagation steps. 

Therefore, the molecular weight of these polymers is 
expected to be low, this has indeed been found; molecular 
weights of the polymers formed using either thermal or 
photochemical initiation from self-assembled or isotropic 
states were less than 8000 as determined from dialysis 
experiments. 

Paleos et al. [7, 8, 12] have shown that polymerisation 
of ADAB both above and below its cmc by using thermal 
initiation (added AIBN) and 7 irradiation gave conflicting 
results. It was stated that by using 7 irradiation, polymeris- 
ation was effective within 48 h (with the extent of poly- 
merisation increasing with time) at a dose rate of 
2300 rad-min -1. Polymerisation of an isotropic solution 
by 7 irradiation lead to complete decomposition of the 
surfactant whereas in the micellar state no decomposition 
occurred and molecular weight determinations showed 
that the average polymer chain contained approximately 
30 monomer units, compared with a maximum of 20 
determined here for all self-assembled and isotropic forms. 
In contrast, polymerisations with thermal initiation gave 
irreproducible results and were abandoned [7, 8, 12]. 
These results are incommensurate with both the results 
obtained here and those observed in the study by Butler et 
al. [77-831. Also the large increase in the extent to which 
polymerisation occurs when 7 irradiation is used was not 
explained. A brief trial, performed here, using 7 irradiation 
on micellar solutions of ADAB showed that decomposi- 
tion occurred to a large extent and no polymerisation was 
detected. 

In this study, polymerisation of the liquid crystalline 
phases of the ADAB/water system was found to induce 
neither phase separation nor phase transformation. The 
unpolymerised monomer retained its original geometry 
with slight variations to the repeat distance and head 
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group areas due to accommodation of the interwoven 
polymer. This polymer was incorporated throughout the 
monomer matrix and its presence lead to an increase in the 
stability of the liquid crystalline phases. 

ADDAB 

The addition of a second chain to the surfactant alters 
drastically the preferred geometric packing of the surfac- 
tant molecules from one where the system forms highly 
curved interfaces (as observed in the ADAB/water system 
where micellar, hexagonal and cubic phases are formed) to 
that of relatively planar interfaces. This preferential pack- 
ing is mirrored in the determined phase diagram where 
the only self-assembled aggregates found to form in the 
ADDAB/water system are built using bilayers as their 
fundamental units. 

What exactly is the progression in the geometric pack- 
ing of the surfactant molecules with increase in surfactant 
concentration in the ADDAB/water system? 

From the experimental results earlier the two lamellar 
phases observed in the ADDAB/water system are not 
necessarily related in the sense that the low composition 
lamellar phase (L~) is a mere dilution of the high composi- 
tion lamellar phase (L~). It is considered that both phases 
locally are comprised of bilayers of surfactant intercalated 
with water with the more concentrated phase showing all 
the characteristics of a "normal" lamellar phase were the 
bilayers are assumed to be parallel, infinite and flat but 
a different global surfactant packing must be assigned to 
the low composition phase. 

Bellare et al. [84] have simulated the polarised micro- 
scope images produced for a series of surfactant geome- 
tries. In one simulation a lamellar type phase having 
a relatively high degree of curvature (i.e., a structure resem- 
bling a multi-walled vesicular type phase or so called 
"onion" phase) is generated where the number of bilayers 
comprising the structure is altered. The computed images 
of these generated structures range from the traditional 
maltese cross to maltese crosses superimposed with con- 
centric dark bands (these being observed when the spacing 
between the layers is smaller than twice the discretisation 
spacing of the computer program). In the case of a real 
system the number of dark bands superimposed on the 
maltese crosses relates indirectly to the number of bilayers 
in the multi-walled aggregates as long as the spacing 
between the bilayers is neither too long nor too short. 
From Fig. 9, therefore, it may be deduced that the surfac- 
tant aggregates formed are probably a construction of 
multi-layered bilayers with a relatively high degree of 
curvature. It is not possible to determine the number of 
bilayers in each aggregate from the observed texture since, 

the dark bands do not directly correspond to the bilayers 
(the length scale being of the order of 10 3 times different 
between the observed texture and the underlying 
surfactant geometry). 

This idea of the L~ phase being comprised of curved 
surfactant aggregates based on surfactant bilayers is 
supported by the results obtained from D20 deuterium 
quadrupole NMR and SAXS experiments. 

The phase progression for the ADDAB/water system 
below 57.8 ~ may be postulated to involve initially the 
formation of a normal vesicular phase (L) at very low 
surfactant concentrations where the vesicles are comprised 
of a single bilayer and are on average spherical. As the 
concentration is increased the vesicles remain spherical 
but begin to be the composite of more than one bilayer, i.e., 
"nesting" occurs [85]. Spherical nesting cannot continue 
indefinitely and eventually the spherical shape of the onion 
begins to distort and the average aggregation number 
increases giving a pure one phase region (L~). This phase 
may consist of a multi-walled elongated structure similar 
to a multi-walled ribbon structure, where the ribbons here 
are based on bilayers and not on a solid surfactant packing 
as in the usual case. The local structure of the phase may 
be bilayers intercalated with large quantities of water but 
globally the bilayers are not infinite and flat. The conten- 
tion is that the phase is a completely separate and unique 
thermodynamic liquid crystalline phase and can, therefore, 
coexist with a second normal lamellar phase (L~), which is 
formed at higher compositions. The viscosities of the two 
phases are also found to be very different, the first being of 
extremely low viscosity whereas the high composition 
lamellar phase has a viscosity comparable with other nor- 
mal lamellar phases. At temperatures about 57.8 ~ the 
normal lamellar phase is no longer stable and an isotropic 
fluid is formed. 

The coexistence of two essentially lamellar phases in 
double-chain surfactant/water systems has been pre- 
viously observed by a number of groups [27-29, 33, 72, 
86, 87] and theoretically predicted by Wennerstr6m 
[88, 89] and J6nsson and Perrson [90]. One of the systems 
in which the formation of two lamellar phases has been 
observed is the non-polymerisable analogue of ADDAB, 
DDAB. The observation of two distinct lamellar phases 
which coexist in this system was first reported by Fontell 
et al. [-27] and then later by Warr et al. [28] before a more 
complete phase diagram was published by Zemb et al. [33] 
in 1993. This diagram is reproduced in Fig. 15. 

Comparison of the two phase diagrams for the AD- 
DAB/water system (Fig. 6) and the DDAB/water system 
(Fig. 15) reveals, as in the case of ADAB versus DTAB, 
both similarities and differences which can be attributed to 
the presence of the allyl group. The major difference be- 
tween these two phase diagrams is the presence of a critical 
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Fig. 15 Partial phase diagram of the binary DDAB/water system, 
courtesy of Zemb et al. [33]. L~: collapsed lamellar phase with 
a periodicity of 32 A including the thin water layer (6 A), L~: swollen 
lamellar phase which can be diluted with water up to 3% DDAB 
content. Pc is the critical point. The two phase region between the 
lamellar and the isotropic phase present at higher temperatures is too 
narrow to be determined experimentally (following Zemb et al. [33] 
Fig. 1) 

point in the DDAB/water system, above which a one 
phase lamellar region is observed (i.e., a lamellar phase 
which is continuous with increase in surfactant concentra- 
tion). Whereas below the critical point two distinct lamel- 
lar phases are observed to exist and there is a region where 
a discontinuous transformation between the two occurs 
(i.e., the two phases coexist). At higher temperatures an 
isotropic phase is found. From reported electron micro- 
graphs [30, 31, 33] the two distinct DDAB lamellar phases 
appear to have a global surfactant geometry which are 
very similar to those found in the ADDAB/water system. 
It appears that the low composition phase is not com- 
prised of parallel infinite flat bilayers, unlike the high 
composition phase, but instead the bilayers have a curva- 
ture associated with them forming multi-walled structures. 
At temperatures below the critical point the free energy 
curve has two local minima allowing these two phases to 
coexist. As the temperature is increased the free energy 
curve no longer allows for the formation of two distinct 
phases and a continuous transformation is observed 
with the multi-walled aggregates of the low composition 
lamellar phase (L~ in Fig. 15, L~ in the ADDAB/water 
system, Fig. 6) continuously transforming with increase in 
composition to finally be consistent with parallel infinite 
flat bilayers. Therefore, x-ray analysis both above and 
below the critical point should show a continuous and 
discontinuous variation (as was observed in the AD- 
DAB/water system) in all determined surfactant para- 
meters as the concentration of DDAB is increased, 
respectively. 

The critical point phenomenon is not observed in the 
ADDAB/water system and, in comparing the two phase 
diagrams, it can be imagined that the ADDAB/water 
phase diagram may be obtained from the DDAB/water 
phase diagram by shifting the formation of the isotropic 
phase to lower temperatures (i.e., in effect reducing the 
stability of the high composition lamellar phase). 

The reduction in the stability of the high composition 
liquid crystalline phase to changes in temperature upon 
addition of the allyl group to the head group of a surfac- 
tant was also observed in the ADAB/water system when 
compared with the DTAB/water system. The increased 
flexibility introduced into the head group of the surfac- 
tants upon replacement of a methyl with an allyl group 
leads to a decrease in the stability of the phases to changes 
in temperature. Therefore, a one phase continuous 
transition with increasing surfactant concentration is 
never observed in the ADDAB/water system due to this 
change in the intrinsic rigidity moduli of the surfactant. 

Addition of the allyl polymerisable group to both 
single- and double-chain surfactants has been shown to 
induce similar changes in the observed self-assembly of the 
surfactant. Although the general phase behaviour for the 
surfactants is maintained (i.e., both the single- and double- 
chain surfactants show phase behaviour which is compa- 
rable with that of non-polymerisable surfactants of the 
same class), the allyl group has the effect of producing 
subtle changes so that the aggregates formed behave differ- 
ently to changes in composition and temperature to those 
observed when the group is not present. 

The viscosities of the phases formed are also found to 
be effected by the presence of the allyl group and in general 
there is a decrease in the viscosity of the phases. 

Comparison of the ADAB/water and ADDAB/water 
phase behaviour shows that the change in the surfactant 
parameter on addition of the second hydrocarbon chain 
is the significant influence on the self-assembly of the 
surfactants. 

Why is polymerisation in the double-chained surfac- 
tant not possible whereas the single-chain analogue has 
been shown to polymerise to approximately 30% in both 
isotropic and self-assembled forms? 

Any difference between the polymerisability of the two 
surfactants must be due to the presence of the second 
hydrocarbon chain in ADDAB. It has been shown [91, 92] 
that the second paraffinic chain in double-chain surfac- 
tants adopts the conformation where the first two or three 
carbon atoms lie parallel to the hydrophilic/hydrophobic 
interface. Adoption of this conformation will lead to an 
increased steric interaction between the surfactant molecu- 
les. This will be accomodated by an increased separation 
between the surfactant molecules and head group area in 
the liquid crystalline phases formed (see Table 2). The 
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increase in the distance between two allyl groups caused by 
the configuration adopted by the second chain will decrease 
the rate constant for the propagation steps giving the free 
radical (which has already in the case of ADAB been shown 
to be difficult to generate) an increased time for reformation 
of the original carbon-carbon double bond. This is in 
addition to the increased hindrance to propagation of poly- 
merisation caused by the added steric interaction. In the 
case of the single allyl group, where initiation is difficult and 
termination is faster than propagation, this increased inter- 
action is sufficient to stop polymerisation occurring other 
than to an extent of approximately 5%. 

Babilis et al. [9-11],  have reported that polymerisation 
of ADDAB in its vesicular form by ~/irradiation is possible 
to 100% in approximately 5h  at a dose rate of 
1850 rad-min-  1. Again as was the case for ADAB earlier, 
~/irradiation was found to be more efficient than catalytic 
polymerisation induced by AIBN. Precipitation was 
shown to occur during polymerisation which the authors 
have attributed to probable destruction of the surfactant 
monomer.  It was also stated that ADDAB, which follows 
the same polymerisation mechanism as ADAB, was found 
to polymerise more readily than the single-chain surfac- 
tant which was stated to be due to favourable placements 
of the monomers  in the vesicles. This contrasts with the 
results obtained here, which show that ADDAB poly- 
merisation did not occur. The reasons for the differences in 
the results obtained for 7 irradiation where polymerisation 
to 100% is observed versus thermal and photochemical 
initiation where polymerisation does not occur are 
presently unknown. 

Conclusions 

It has been shown that replacement of a methyl group in 
the head group region of a single- and a double-chain 

quaternary ammonium surfactant by an allyl polymeris- 
able group changes the hydrophilicity and rigidity of the 
head group. It also introduces changes in the electrostatic 
interactions between the surfactant molecules, the solubil- 
ity of the surfactant in water (making the high composition 
liquid crystalline phase more readily accessible) and the 
stability of the phases formed. 

Photochemical and thermal polymerisation of the 
allyl group in this position of the surfactant was difficult 
to induce and did not occur in the double-chain surfac- 
tant. Where polymerisation did occur the liquid 
crystalline phases for the ADAB/water system were 
found to neither phase separate nor undergo a phase 
transformation during polymerisation. The unpolymerised 
monomer  retained its original geometry with slight 
variations to the repeat distance and head group areas due 
to accommodation of the interwoven polymer, which is 
incorporated throughout the monomer  matrix and leads 
to an increase in the stability of the liquid crystalline 
phases. 

Therefore incorporation of the allyl polymerisable 
moiety into the head group of a single-chain quaternary 
ammonium surfactant and subsequent polymerisation in- 
creased the accessibility of the high composition liquid 
crystalline phases and also their stability to changes in 
temperature. 
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