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LIQUID CRYSTALS, 1994, VOL. 16, No. 2, 235-256 

Microstructure and thermodynamics of a 
lamellar phase with disrupted surfactant bilayers 

by P-0. QUIST*, K. FONTELLt and B. HALLE 
Condensed Matter Magnetic Resonance Group, Chemical Center, 

Lund University, P.O.Box 124, S-221 00 Lund, Sweden 

(Received 2 June 1993; accepted 17 August 1993) 

Intrinsic structural defects in the lamellar (L,) phase of the system sodium 
dodecyl sulphate (SDS)/decanol/water are studied by a combination of NMR 'H 
quadrupole splittings of cr-deuteriated SDS and small angle X-ray scattering 
(SAXS). The focus is on the variation of the density and size of the defects with the 
bilayer composition (decanol/SDS mol ratio 0.46-2.5), the bilayer volume fraction 
(027-0.64), and the temperature (2WO"C). It is found that bilayer defects are 
promoted by a small decanol/SDS ratio in the bilayers and by a low bilayer volume 
fraction, i.e. the same factors that drive the progression of phases towards 
microstructures with more highly curved interfaces. Variations of the extent of 
defects in the La phase reflect variations ofthe number of defects rather than changes 
of their size. The data are consistent with either slit defects (slit width - 10 A) or pore 
defects (diameter - 25 A). In either case, the interface separation across the defect is 
considerably smaller than the inter-bilayer separation. There is no evidence of 
transitions between L, phases with different defect patterns. The defect variation 
with composition is analysed in terms of a simple thermodynamic model, showing 
that, apart from the electrostatic bilayer repulsion (which opposes defects), it is 
necessary to allow for considerable variations of the defect self-energy (which 
promotes defects). 

1. Introduction 
A rapidly growing number of studies [l-231 have demonstrated that the lamellar 

(L,) phase in many binary and ternary amphiphile/water systems can have a 
microstructure that deviates from the classical stacking of planar homogeneous 
bilayers. Under certain conditions, it is found that the bilayers are extensively disrupted 
by slit-like or pore-like defects that introduce water in the bilayer core and impart a 
positive mean curvature to the surfactant monolayer. The study of these intrinsic 
structural defects in the L, phase may give important contributions to the general 
understanding of microstructure and phase behaviour in lyotropic systems and may 
also have implications for lipid membranes in biological systems (permeability, fusion, 
protein incorporation). 

Direct evidence for structural defects in L, phases has come mainly from studies of 
diffusion [ 1-51 and conductivity [6-111 anisotropy, diffuse lateral scattering of X-rays 
and neutrons [12-221, and nuclear spin relaxation anisotropy [23]. However, defects 
are also manifested in the Bragg spacing (d ) ,  which decreases as water is transferred 
from the interlamellar space to the bilayer core, and in the NMR quadrupole splitting 
vQ, which decreases due to additional motional averaging over the curved defect 
surface. 

* Author for correspondence. 
t Departments of Physical Chemistry 1 and 2. 
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236 P-0. Quist et al. 

The latter two quantities are routinely obtained from small angle X-ray scattering 
(SAXS) patterns and NMR lineshapes, respectively. To extract information about 
defects from d and vQ, however, one must know the bilayer thickness and the residual 
quadrupole coupling (or local order parameter), respectively. If these quantities are 
known, the SAXS data given directly the fraction of the bilayer volume occupied by 
defects, while the NMR data yield, for a given defect geometry, the relative dimensions 
of the defects. 

In a recent study of the counterion 23Na spin relaxation anisotropy from a sample 
in the L, phase of the system sodium dodecyl sulphate (SDS)/decanol/water, we 
established the existence of a high density of slit or pore defects [23]. In the present 
work we study how the density and size of the defects vary with composition and 
temperature, with the aim of gaining an understanding of the driving force for defect 
formation. Since we wanted to study a larger number of sample compositions and 
temperatures, we measured Bragg spacings (SAXS) and 'H quadrupole splittings of 
a-deuteriated SDS rather than the time consuming spin relaxation anisotropy. 

In 15 3 we determine the defect volume fraction '€' from the SAXS data: Y increases 
dramatically as the decanol/SDS ratio is reduced, and decreases gradually as the 
bilaycr separation is reduced. By combining the SAXS and NMR data and assuming 
either a slit or a pore geometry for the defects, we then show that the defect size (slit 
width or pore diameter) remains essentially constant as Y varies. 

I n  54 we investigate the thermodynamic implications of the composition de- 
pendence of the defect density established in $3. We do this within the simple semi- 
phenomenological framework proposed by Bagdassarian et al. [24], where defects are 
promoted by a self-energy per defect and opposed by the electrostatic inter-bilayer 
repulsion. The disappearance of defects with decreasing bilayer separation is found to 
be more gradual then expected for a constant defect self-energy. The strong increase in 
defect density with decreasing decanol/SDS ratio is dominated by changes in the self- 
energy, reflecting an increasing spontaneous curvature. Temperature variations within 
a 20°C interval were found to have a barely significant effect on the defect density. 

2. Experimental 
2.1. Materials and sample preparation 

The samples were made from a mixture of SDS (sodium dodecyl sulphate, specially 
pure, from Mcrck Ltd, U.K.) and a-deuteriated SDS (from Synthelec, Lund, purified by 
repeated recrystallization from aqueous solution), decanol(1 -decanol, specially pure, 
from Merck Ltd, U.K.), and millipore filtered H,O. 

The samples were prepared by weighing protonated and a-deuteriated SDS (mol 
fraction c. 1 : l), decanol and water into 7.5mm i.d. Pyrex glass tubes, which 
immediately were flame-sealed. The samples were vigorously mixed several times 
during the first week and then allowed to equilibrate at 25°C during 3 weeks before any 
measurements were performed. 

'The sample compositions are shown in the ternary phase diagram in figure 1, and 
the molar compositions are listed in table 1. The samples fall on three lines in the phase 
diagram: the Wa and Wb lines, which have a constant bilayer composition 
(y = ndec/nSDS = 1.06 and 0.48, respectively) and varying water content, and the D line, 
where we add decanol to the bilayer keeping the H20/SDS molar ratio constant at 
x = n,/nsDs % 38.2. Since the three lines intersect at two compositions, two pairs of 
samples are identical: D1= Wb2 and Wa2 = D5. 
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Structural defects in a lamellar phase 231 

2.2. N M R  experiments 
The 'H NMR experiments were performed using three spectrometers: a Bruker 

MSL-100, a Varian Unity 300, and a Nicolet Nic-360 equipped with vertical saddle-coil 
probes and 2.35,7.05, and 8.5 T superconducting magnets. The 90" pulse duration was 
approximately 10,25, and 20ps. The pulses were applied on resonance (at the centre of 
the spectrum). 

The temperature was controlled by airflow temperature regulators, yielding a 
temperature stability of i 072°C or better. Unless otherwise stated, the reported 
quadrupole splittings were obtained at 250°C. 

The 'H spectra were accumulated with the quadrupolar echo sequence (7~/2)~-  7 

- (7~/2)+~ - z - acq., with the delay time 7 % 50 ps. Typically, the spectral width was set 
to l00kHz. Prior to Fourier transformation, the FIDs were zero-filled to an 
appropriate level. 

Figure 2 shows the 'H spectrum of a-SDS in sample D1 obtained on the Nicolet at 
25°C. The effective uniaxial symmetry (which was present in all investigated samples) of 
the L, phase is evident from the powder lineshape. The quadrupole powder splitting, vQ, 
measured as the peak-to-peak separation in the spectrum, is given for all samples in 
table 1 and in figures 3-5. 

2.3. SAXS experiments 
The small angle X-ray scattering (SAXS) experiments were performed at  25°C. The 

Bragg reflections were recorded in duplicate directly on film in a Kiessig camera, using 
pin-hole collimation and monochromatic (Ni filtered) CuK, radiation (A= 1.54 A). The 

+ 
SDS 

Figure 1.  Partial phase diagram (wt per cent) for the system SDS/decanol/water (90 per cent 
H,O + 10 per cent D,O) at 25°C showing the extension of the one phase regions of the 
lamellar (LJ, hexagonal (HJ, and nematic (N,-, N,) liquid crystalline phases and the 
isotropic micellar solution phase (Iso). The dots along the three lines correspond to the 
investigated samples. 
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Table I.  Sample compositions, 2H quadrupole splitting vQ, and lamellar period d.  

D1 38.0 0.480 0.288 17.2 58.6 
D 2  38.2 0.600 0.301 20.8 64.6 
D3 38.2 0.700 0.313 23.9 70.0 
D4 38.2 0.870 0.332 24-6 - 

D5 38.2 1.06 0.352 24.8 64.6 
D 6  38.2 1.50 0.392 24.8 55.3 
D7 38.2 1.96 0.429 24.8 54.3 
D8 38.2 2.54 0.469 24.6 - 

Wal  49.2 1.07 0.301 24.4 77.4 
Wa2 38.2 1.06 0.352 24.8 64.6 
Wa3 27.7 1.06 0.424 24.8 56.1 
Wa4 18.4 1.06 0.516 25.1 45.1 
Wa5 9.9 1.06 0.644 26-0 38.7 

Wbl 42.2 0.458 0.266 15-6 64.3 
Wb2 38.0 0.480 0.288 17.2 58.6 
Wb3 34.3 0.496 0.3 1 1 18.2 59.4 
Wb4 28.0 0.475 0.350 18.6 53.6 
Wb5 25.2 0.475 0.373 19.2 51.4 
Wb6 21.8 0.493 0.407 20.5 51.4 
Wb7 18.1 0.480 0.446 20.8 44.2 
Wb8 12.1 0.487 0.535 23.2 41.5 
W b9 7.3 0.469 0.633 26.2 36.5 

t x = mol H,O/mol SDS, y = mol decanol/mol SDS. 
$ 4  =volume fraction hydrocarbon chains in sample, calculated using the group volumes 

9 Uncertainty: t- 0.2 kHz. 
1 Uncertainty: 5 per cent. 

given in [23]. 

~ ~~ 

I 

20 1, - 20 
v I kHz 

'H NMR spectrum of sample D1 at 25°C. The small peak at  the centre is the 
(distortcd due to FID truncation) contribution from water deuterons. 

Figure 2. 
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Structural defects in a lamellar phase 239 

SAXS samples were prepared from the NMR samples in the following way: the flame- 
sealed Pyrex tube was cut and a small fraction of the sample was transferred to a 
Lindemann capillary, which immediately was flame-sealed and placed into the X-ray 
diffractometer. 

The SAXS patterns revealed the first and frequently the second Bragg reflection. 
When two reflections were detected, their relative positions agreed with the theoretical 
prediction (1 : 1/2) for a lamellar phase. The lamellar period, d ,  obtained from the Bragg 
spacings is given for all investigated samples in table 1 and in figures 3-5. 

3. Microstructure 
3.1. Bilayer thinning versus defect formation 

Figures 3-5 show the evolution along the D, Wa, and Wb lines of the quadrupole 
splitting vQ, obtained from the a-SDS 'H NMR lineshape, and the apparent bilayer 
thickness, which can be expressed as a product of 4 and d,  obtained from the SAXS 
pattern. Along each of the three lines, vQ and 4 d  vary in a similar way. 

With increasing decanol/SDS ratio (D line), vQ and q5d first increase rapidly and 
then abruptly level off at limiting values of c.  25 kHz and 23 A, respectively. Figure 3 
includes also the SAXS data of Hendrikx et  al. [16], from the L, phase in the 
SdS/decanol/water system (SdS = sodium decyl sulphate). In both systems, the break- 
point occurs at a decanol/surfactant ratio of ~ ~ 0 . 8 .  

As the water content is reduced at a fixed decanol/SDS ratio above the break-point 
(i.e. on the plateau in figure 3), both vQ and 4 d  remain nearly constant at their limiting 
values (see figure 4). However, when the water content is reduced at a decanol/SDS 
ratio well below the break-point, both vQ and 4 d  increase gradually and reach their 
limiting values only at the lowest water content (see figure 5). The scatter of the data on 
the Wb line (figure 5) is partly due to slight variations in the decanol/SDS ratio (cf. table 
1 and figure 3). 

Provided that (the alkyl chains of) all amphiphilic molecules (SDS and decanol) are 
confined to lamellar regions of thickness 2b, the measured apparent bilayer thickness 
4 d  can be expressed as 

4d=2b(l -Y), (3.1) 

rnol decanol / rnol SDS , y 

Figure 3. Variation of the quadrupole splitting, vQ, (0 )  and the apparent bilayer thickness, &I, 
(0), with the decanol/SDS ratio along the D line. We also include +d data ( +) for the 
SdS/decanol/water system, previously reported by Hendrikx et al. [ 161. 
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Figure 4. Variation of the quadrupole splitting, vQ: (0) and the apparent bilayer thickness, 4d,  
(0), with the water/SDS ratio along the Wa line. 

10 20 30 40 50 
mol water / mol SDS , x 

Figure 5. Variation of the quadrupole splitting, vQI (0 )  and the apparent bilayer thickness, #d, 
(0), with the water/SDS ratio along the Wb line. 

with Y the volume fraction of polar material (water, ions, and head groups) within the 
nonpolar bilayer core (of thickness 2h). 

The 2H quadrupole splitting vQ from a powder sample of a uniaxial phase is given 

where j j  is the residual (locally averaged) quadrupole coupling constant and a is a shape 
factor. When the quadrupole coupling is of intramolecular origin, as in the present case, 
one usually makes the further decomposition f =  S x ,  where x refers to a molecule-fixed 
principal frame for the quadrupole coupling (x z 170 kHz for aliphatic deuterons) and S 
is the (second rank) orientational order parameter for the principal axis (the C,-2H 
bond in the present case) with respect to the interface normal. Typically, C,-’H bonds 
in L, phases have S ~ 0 . 2  for alkyl sulphates and S z 0.3 for alkanoates. The shape factor 
a depends on the shape of the hydrocarbon-water interface and on the lateral 
distribution of the spin-bearing species over that interface (cf. fi 3.2). 
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The water 'H and counterion 23Na quadrupole splittings also contain information 
about the shape of the interface. However, in these cases the residual quadrupole 
coupling constant j depends more strongly on the sample composition. While j can 
be determined from the spin relaxation anisotropy [23], we consider here only a-SDS 
'H splittings, where j varies only weakly with composition (cf. below). 

According to equation (3.1), the observed reduction of 4 d  (with increasing x or 
decreasing y) from its limiting value of c.  23 A can have two different causes: bilayer 
thinning (decreasing b) or defect formation (increasing Y). Although both effects can be 
expected a priori, we shall argue that defect formation is the dominant cause. The 
argument is based on the following three observations. 

First, direct experimental evidence for bilayer defects, with Y values close to those 
predicted by equation (3.1) with constant b, is provided (i) by the strong anisotropy in 
the "Na spin relaxation from an aligned sample of the present La phase 1231 (at the 
same composition as sample Dl), and (ii) by the lateral (diffuse) scattering in the SAXS 
pattern from aligned samples (with y<O.8) of the L, phase in the SdS/decanol/water 
system [ 161. Thinning of a classical (planar and homogeneous) bilayer would produce 
neither relaxation anisotropy nor lateral scattering. 

The second argument against bilayer thinning is based on a thermodynamic 
analysis presented in the Appendix. For a classical La phase (without defects) at a given 
fixed composition (x, y), the bilayer thickness is essentially determined by the balance 
between the electrostatic free energy, which tends to make the bilayer thinner, since this 
reduces the surface charge density, and the (effective) interfacial free energy, which 
favours a thick bilayer with a smaller interface area 1251. In addition to these forces, the 
strong short-ranged lateral repulsion between the surfactant head groups establishes a 
minimum head group area (at the interface) and, hence, a maximum bilayer thickness 
(2bmax). This maximum bilayer (core) thickness is simply given by 4 d  above the 
breakpoint on the D line and on the entire Wa line, where there should be no defects. 
From the data in figures 3 and 4 we thus obtain b,,, = 1 1.6 A. According to the analysis 
in the Appendix, all the 'equilibrium' b values, resulting from balance between 
electrostatic push and interfacial pull, exceed b,,,. Hence, for all the investigated 
samples, the bilayer has its maximum thickness, i.e. b = b,,,. 

The third argument against bilayer thinning comes from an analysis of the 
quadrupole splittings. Although bilayer thinning should lead to a reduction of vQ (as 
observed), since the order parameter S decreases with increased head group area, the 
observed 40 per cent reduction of vQ is at least an order of magnitude larger than the 
expected reduction of S [26]. (For the C-2H bonds further down the alkyl chain, S is 
more sensitive to the headgroup area.) 

Even for a bilayer of constant thickness (and, hence, constant head group area), S 
(and, thus, j )  may depend on composition (x and y). However, previously reported 'H 
quadrupole splittings for the a-position of the surfactant in a variety of systems [26-281 
demonstrate that the composition dependence of S is an order of magnitude smaller 
than the vQ variations shown in figures 3 and 5. For example, in the sodium 
caprylate/decanol/water system, S decreases from 0.27-0.26 in the hexagonal (Ha) 
phase (y = (H3.23, x = 9.3) and increases from 0.28 to 0.29 in the La phase (y = 1.0-1.6, 
x = 9.3) [27]. (Again, the dependence is stronger for positions further down the alkyl 
chain.) Consequently, we take 2 to be independent of y along the D line. From the 
plateau region in figure 3, we obtain j =  33.0 kHz. The order parameter S is generally 
found to decrease with increasing water content (x) [27,28]; strongly at low water 
content (x < 10) [28] and more weakly at high water content 1271. From the vQ data on 
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242 P-0. Quist et al. 

the Wa line see (figure 4), where there should be no defects, we obtain a weak linear x 
dependence according to j/kHz = 34.7-0.0464~. Since 2 is insensitive to the decanol 
content (cf. above), we assume that this (weak) x dependence applies also to the Wb line 
(where ~ ~ 0 . 4 8 ,  as compared to y =  1.06 on the Wa line). 

3.2. Density and geometry of defects. 
The variation of the defect volume fraction Y along the D and Wb lines can be 

obtained from equation (3.1), the measured apparent bilayer thickness 4d (see figures 3 
and 5),  and the constant bilayer half-thickness b = 11.6 A (cf. 0 3.1). The resulting Y 
values are given in table 2. While these results are essentially model-independent, they 
do not provide direct information about the microstructure. In particular, the SAXS 
data do not tell us whether Y variations reflect changes in defect density (number of 
defects per unit area in the bilayer plane), or changes in defect size (aqueous intra- 
bilayer volume per defect), or a combination of the two. Furthermore, nothing can be 
inferred about the shape of the defects. 

The quadrupole splitting vQ contains information about microstructure through 
the shape factor a. Using (3.2) and the 2 values established in 0 3.1, we obtain the ct 

values given in table 2. If 0 is the angle between the symmetry axis of the uniaxial phase 
(the normal to the bilayer planes in the La phase) and the (assumed uniaxial) local 
interface normal, then 

where the average is over the interfacial distribution of the spin-bearing species (SDS). 
If the bilayer consists of regions with planar and curved interfaces, the shape factor a 
appearing in equation (3.2) becomes 

a= 1 -j(sin2 S), (3.3) 

a = ( l  -P)a,+Ppa,= 1 -P(1 -pa,), (3.4) 

Table 2. Defect volume fraction Y and defect propensity K ,  derived from SAXS data, and shape 
factor a, derived from NMR data, for samplcs with Y#O. 

Sample Y t  K a$ 

D1 0.27 1.7 f 0.2 0.70 
D 2  016 1.4 k 0.1 0.84 
D3 0.06 1.2 & 0.1 0-97 

Wbl 0.26 1.4 k 0.1 0-64 
Wb2 0.27 1.7 Ifr 0.2 0.70 
Wb3 0.20 1.7 +- 0.2 0.73 
Wb4 0.19 2.1 k0.2 074 
W b5 0.17 2.3 & 0.3 0-76 
W b6 0.10 2.3 f 0.3 0.8 1 
Wb7 0.1 5 3.4 f 0.5 082 
W b8 0.04 4.1 k0.6 0.9 1 

SdSl$ 0.28 5.1 *0.9 - 

SdS29 0.14 3.3 f 0.5 _. 

SdS3Q: 0.02 2.5 f 0 3  - 

t Propagated uncertainty: f 0.04. 
$ Propagated uncertainty: +0.01. 
§From SAXS data obtained by Hendrikx et al. [16], on the system SdS/decanol/D,O a t  

23°C. Y calculated with b = 11.0 8, (cf. figure 3). 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
0
:
5
2
 
2
6
 
J
a
n
u
a
r
y
 
2
0
1
1



Structural defects in a lamellar phase 243 

with P the fraction of the SDS molecules that reside in curved regions. In equation (3.4) 
we allow the quadrupole coupling constant to vary between planar and curved regions, 
i.e., p = &/fp # 1. Since the interface curvature increases the headgroup area, we expect 
p t l .  For a sample (x=43.1, y=0.245) in the hexagonal (Ha) phase of the present 
system, we previously [29] obtained j= 29.6-31.5 kHz at 25°C. Taking 
p Zj(H,)/j(defect-free La), we thus have p = 0.90496. For the Ca-’H bond in other 
surfactants, Z(Hu)/j(Lu) is typically in the range 0-8-1.0 [26,27,30,31]. In the following 
calculations we take p = 0.9, although the change in the calculated geometric 
parameters due to this slight variation of the quadrupole coupling constant is barely 
significant. 

Unlike the SAXS data, the quadrupole splittings cannot be interpreted without 
invoking a geometric model of the microstructure. The hydrocarbon/water topology 
within the bilayer can be either hydrocarbon-continuous, water-continuous, or bi- 
continuous. The corresponding microstructures may be thought of, respectively, as 
bilayers perforated by aqueous pores, discrete discoidal micelles positionally ordered 
on to planes, and bilayers cut by aqueous slits. In our recent 23Na spin relaxation study 
of sample D1, we found that both pores and slits were consistent with the data (for 
certain relative dimensions), while discoids were not [23]. Since the water-continuous 
microstructure is thus experimentally ruled out at low volume fraction (6 = 0288 in 
sample D1) and since it becomes impossible (due to inefficient packing) at high 4, we 
consider only the pore and slit geometries in the following. 

Figure 6 illustrates the specific defect geometries considered: the hemitoroidal pore 
and the cylindrical slit/ribbon. The shape factor a(. for the curved region is 

(3.5 a)  

@it =a, (3.5 b) 

with c =  1 +c, /b  (cf. figure 6).  Apart from the different topology, there are two 
qualitative differences between the pore and slit (or ribbon) geometries. First, in 
contrast to the ribbon, the pore has a non-uniform curvature, which, moveover, 
depends on the defect size (c,). As the pore radius c,+co, the hemitoroidal edge 
degenerates into a hemicylinder, i.e. a y  =@zit. Second, whereas the pore is uniaxial, 
the ribbon is of lower (D2,,) symmetry than the L, phase (Dooh). To be consistent with 
the observed uniaxial powder pattern, the ribbons (and slits) must have an orient- 
ational distribution in the bilayer plane with at least threefold symmetry with respect to 

Figure 6. Cross-sections of the hemitoroidal pore (a) and cylindrical slit (b)  defects with the 
geometric parameters defined. The shaded regions correspond to the cross-section of the 
hydrocarbon core of the bilayer. 
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the bilayer normal. The implies a non-zero curvature along the ribbon axis, but we 
assume that this curvature is sufficiently small for equation (3.5 b) to be an accurate 
approximation [cf. equation (3.5 a) with c,>> b]. 

The pore and slit microstructures may be regarded as convenient limiting 
geometries. The real microstructure may, of course, be intermediate between these 
limits (elongated pores, finite slits, or finite ribbons) and, moreover, may exhibit 
structural polydispersity (particularly at small Y). 

The fraction P ,  appearing in equation (3.4), can be expressed as 

VC 

vc+ v,’ P=a- 

where V, and V, are the volumes of the curved and planar hydrocarbon regions and 0 is 
a segregation factor. If the bilayer composition, which we measure by the decanol/SDS 
mol ratio y ,  is the same in the curved and planar regions, then a= 1. In general, 

(3.7) 

with vSDS = 350 A3 and vdec = 296 A3 the respective alkyl chain volumes. Considering 
only electrostatic interactions, the charged SDS molecules should favour the curved 
regions (yc  < y )  [32]. This effect has indeed been observed (but not yet quantified) in the 
rectangular (ribbon) phase in the system SdS/decanol/water [33]. In the present 
system, the different chain lengths of the two amphiphiles should reduce segregation 
somewhat, but we still expect more SDS in the curved regions. We thus expect that 
1 < a < (T,,,, with G,,, = 1 + 0 . 8 5 ~  corresponding to a curved edge with no decanol at 
all. 

For the ribbon, thc volumes Vc and V, depend on the bilayer thickness and on the 
ribbon width, 

with r]  = c/b (cf. figure 6) .  The defect volume fraction depends also on the slit width (2c,). 

For the pore, the volumes Vc and V,, like Y ,  depend on both y and (, 

Eliminating r]  from equation (3.10), we obtain 
- 1  Pzn-( Y i2 -1) 

I - Y  (n/2)C-$ 

(3.10) 

(3.1 1) 

(3.12) 

For the slit/ribbon geometry, we can calculate r ] ,  and hence the ribbon width 2b +2c 
from equations (3.4), (3.5 b), and (3.8), and the a values in table 2. Inserting these r]  values 
and the Y values (from the SAXS data) in table 2 into equation (3.9), we then obtain C, 
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and hence the slit width 2cw. The results (for p =0.9 and o = 1) are collected in table 3 
along with the thickness, 2b, = d - 2b, of the aqueous interbilayer region. The effect of 
quadrupole coupling variation (p  =0.9 rather than p = 1) is in all cases within the 
propagated experimental error given in table 3. If we allow for segregation (o > l), the 
ribbon width and slit width increase by at most (for o = omax % 1.41) c. 35 per cent and 60 
per cent, respectively. However, o is probably closer to 1 than to omax. 

The results in table 3 tell us two things. First, the increase of the defect volume 
fraction Y is due to a narrowing of the ribbons rather than a widening of the slits. At the 
highest Y values (samples D1 and Wbl), the aspect ratio (2b + 2c)/(2b) of the ribbons is 
c. 2. As expected, this is larger than the values of c. 1.3-1.9 reported for ribbon 
aggregates in rectangular phases [34]. Second, the nearly constant slit width is, in all 
cases, considerably smaller (by a factor 2 4 )  than the thickness of the interlamellar 
aqueous region. These geometric inferences are illustrated in figure 7 (left panels), 
showing cross-sections of the slit/ribbon microstructure for two samples on the D line. 

For the pore geometry, we use equations (3.4), (3.5 a), and (3.12) with the ci and Y 
values in table 2 to calculate ( and, hence, the pore diameter 2c,. We then use equation 
(3.11) to obtain q and, hence, the pore separation 2b+2c. (We define a cell diameter 
2cw + 2b + 2c without reference to the in-plane pore distribution.) The results (for p 
= 0.9 and o = 1) are given in table 4 and in figure 7 (right panels), where we illustrate the 
formation of (pore) defects along the D line by two top-views. With o = om,,, 2b + 2c 
increase by c. 35 per cent and 2cw by c. 50 per cent. The conclusions are qualitatively the 
same as for the slit geometry, albeit not so clear-cut. With a pore diameter of 25 A, the 
average mean curvature ( H )  of the pore edge is only 4 per cent lower than the cW-+ 00 
(slit) limit of 1/(2b). 

4. Thermodynamics 
4.1. Optimal defect density 

The defect volume fraction Y, and its variation with composition and temperature 
within the La phase, reflect the free energy change as defects are introduced in the 
bilayers under different conditions. To extract information about the thermodynamics 
of defect formation, we construct a variational free energy G(Y) and identify the 
equilibrium defect volume fraction with that value of Y which minimizes G(Y). We 

Table 3. Geometric parameters, for samples with Y # 0, derived from the NMR and SAXS data 
assuming slit defects. 

Ribbon width Slit width Aqueous layer thickness 
Sample (2b + 2c)/A 2 C w l A  2bwlA 

D1 
D2 
D3 

Wbl 
W b2 
Wb3 
Wb4 
Wb5 
Wb6 
Wb7 
Wb8 

5 1 f l  
93 +4  

416f97 

44f 1 
51+1 
58+2 
60+2 
6 5 k 2  
80+3 
8 3 f 3  

1551 13 

1 2 f 3  
12+5 
19f23 

9 f 3  
12+3 
9 f 3  
8 + 3  
8 f 4  
3 5 4  
9 + 5  
2+8  

3 5 f 3  
41+3 
47+4 

4 1 f 3  
3 5 f 3  
36&3 
30+3 
28+3 
2 8 5 3  
21 f 2  
1 8 f 2  
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246 P-0. Quist et al. 

Slit defects 

3 c s > c 3  
Pore defects 

Figure 7. Cross-sections of bilayers with slit defects (left panels) and top views of bilayers with 
pore defects (right panels) corresponding to samples with different decanol/SDS ratio: (a) 
sample D1 (y=O.48, Y = 0.27), b) sample D2 ( y =  0.60, Y =016). The variation in the 
bilayer separation (2bJ is independent of defect geometry. 

Table 4. Geometric parameters, for samples with Y # 0, derived from the NMR and SAXS data 
assuming pore defects. 

Pore separation Pore diameter Aqueous layer thickness 
Sample (2b + 2c)/W 2CJW 2 b A  

D1 
D2 
D3 

Wbl 
W b2 
W h3 
Wb4 
W b5 
Wb6 
Wb7 
Wb8 

4 0 f 5  
61 + 9  

173k 107 

34+4 
4 0 f 5  
4 2 f 5  
4 2 f 5  
4 4 f 6  
46+7 
5 3 5 8  
65f 17 

33+3 
32+5 
46 f 23 

2 5 f 3  
33+3 
2 4 f 3  
23+3 
2 2 f 4  
131-4 
2 5 f 5  
9 + 8  

3 5 2 3  
41 f 3  
47+4 

41 f 3  
3 5 a 3  
36+3 
30+3 
2 8 f 3  
2 8 i 3  
21 f 2  
18+2 

assume, as in g 3, that defects are introduced under the constraint of constant bilayer 
thickness (b  = 1 1.6 A). Since a variation in Y then necessarily changes the surface to 
volume ratio in the system, we must minimize the free energy of a fixed volume V(rather 
than a fixed surface area). Accordingly, we introduce a dimensionless free energy 
density, 

G(Y)b3 d’y) = --5 k,TV (4.1) 

defined so that g(Y = 0) = 0. 
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Any physically acceptable description of g(Y) must feature at  least two contri- 
butions; one which promotes defects and another which opposes defects [24]. It is 
convenient to imagine that the defects are formed in two steps. In the first step, water is 
transferred from the inter-bilayer space to an  imagined reservoir in osmotic equilib- 
rium with the La phase, thereby reducing the aqueous layer thickness from the value 
2bz that it would have in the absence of defects (Y =0) to its actual value 2b,. Due to the 
enhanced interbilayer repulsion, this step entails a positive free energy change, which 
we denote gR(Y) .  In the second step, the aqueous layer thickness is held fixed at  2b, 
while the defects are formed, and the water removed in the first step is transferred from 
the reservoir to the defects. The negative free energy change in this step, due to the 
favourable defect self-energy, is denoted gs(Y). Thus, 

g(T) = gR(w + S S O ) .  (4.2) 
To prevent the bilayer from disintegrating, g,(Y) must increase faster than -gs(Y) for 
sufficiently large Y. If gR(Y) increases faster than -gs (Y )  for all Y, defects will not form. 
If this is not the case, there may exist a stable state with Y > 0, i.e. a state with dg /dY  =0, 
d 2 g / d Y 2  > 0, and g(Y) < g(0). (In principle, the driving force for defect formation could 
be a thickening of the bilayers, which may reduce the total interfacial free energy. 
However, this cannot be the case if, as argued in $3.1, defects are formed under the 
constraint of constant bilayer thickness.) 

In a more sophisticated treatment, one would add to equation (4.2) an entropic 
contribution reflecting the in-plane distribution of defects and a contribution due to 
defect-defect interactions. While these contributions are essential in considerations of 
possible phase transitions among L, phases with different defect patterns [24], they are 
likely to be much smaller than the two terms in equation (4.2) and, hence, do not 
significantly affect the equilibrium Y value [24]. 

The scaling behaviour of the two free energy contributions in equation (4.2), i.e. 
their dependence on the volume fractions 4 and Y, can be established without 
specifying the defect geometry or the physical origin of the interactions. Neglecting 
defect polydispersity, the self-energy density gs scales as the three-dimensional defect 
density, or as the two-dimensional (in the bilayer plane) defect density divided by the 
lamellar period d. Since the two-dimensional defect density is proportional to the intra- 
bilayer defect volume fraction Y and since d =2b(l -'P)/$, it follows that [24] 

The quantity g d  is the self-energy density of an individual defect (in reduced units), i.e. 

Gdb3 g d =  -__ 
k,TV,' (4.4) 

with Gd the (negative) self-energy for a defect of volume V,. (This is the volume of polar 
material contained within a defect in the lamellar hydrocarbon core of thickness 2b.) 

The expression (4.3) is useful only to the extent that the defect volume V, is fixed so 
that gd is independent of $ and Y. On the basis of the analysis in 5 3.2, yielding an 
essentially constant slit width or pore diameter (cf. tables 3 and 4), we assume that this is 
the case. The scaling relation (4.3) then applies to, for example, slit and pore defects of 
arbitrary (fixed) geometry, but not to water-continuous microstructures. (In the latter 
case, Y is not a proper variational parameter.) 
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Under the conditions of the present study (high surface charge density, no added 
salt, relatively large bilayer separation, the dominant contribution to gR(Y) is the 
electrostatic inter-bilayer repulsion [35]. Moreover, for all investigated samples, we are 
in the strong-coupling regime (the GouyyChapman length is 1-2 8, [23]), where this 
repulsion is inversely proportional to the thickness 2b, = d - 2b of the inter-bilayer 
aqueous region accessible to the counterions, and is independent of the surface charge 
density 1231. It follows then that gR scales as (l/d)(l/hw), where l /d is the one- 
dimensional bilayer density. The explicit form of gR becomes [23,35] 

with 

With h = 11.6 8, (cf. 5 3.1) and the Bjerrum length 1, = 7.14 8, (appropriate for H,O at 
25“C), we thus have ge =0.638. 

The variational free energy density can now be expressed as 

which, as required, vanishes in the limit Y -0. This free energy density is of the same 
form as that used by Bagdassarian et al., to describe the ‘stripe phase’ [24]. 

By differentiating equation (4.7) with respect to Y, we find that the bilayer can 
support defects (Y > 0) only if 

and that the equilibrium defect volume fraction Y decreases linearly with 4 according 
to 

The dimensionless interaction parameter K measures the intrinsic propensity of the 
bilayer for supporting defects. Figure 8 shows the variational free energy function g(Y) 
for K = 1.5 and several volume fractions 4. 

defect volume fraction, uy 

(ye ~ 0 . 6 3 8 )  and the indicated volume fractions 4. For 4 > 0.368, defects will not form. 
Figure 8. Reduced free energy density g(Y)  versus defect volume fraction Y for K = 1.5 
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4.2. Defect energetics 
Although the defect volume fraction Y obtained from the SAXS data (cf. table 2) 

does decrease linearly with 4 (within experimental error), it is not described by equation 
(4.9). In particular, the magnitude of the slope is an order of magnitude larger for the D 
line than for the Wb line. Also, if the linear fits (not shown) of the (4, Y )  data are used to 
determine the q5 value where Y = 0, we obtain from equation (4.8) K = 1.2 for the D line 
and K = 4.8 for the Wb line. It is clear, therefore, that the defect self-energy G ,  (and, 
hence, K )  depends on composition (x, y). To quantify this dependence, we calculate K 
for each sample with Y >0, using equation (4.9) in the rearranged form 

- .  

(4.10) 

The resulting K values for the D and Wb lines, as well as for the D line in the system 
SdSldecanollwater [16], are given in table 2. The effect of this K variation is seen in 
figure 9, where we compare the defect volume fractions Y derived from the SAXS data 
with those calculated from equation (4.9) with a fixed value of K = 1.5. 

0.4 I I I I I I I 

(4 

mol decanol I mol SDS , y 

mol water/ mol SDS , x 

Figure 9. Variation of the defect volume fraction Y with composition along (a) the D line and 
(b) the Wb line. Open symbols correspond to the experimental Y vahes from table 2, and 
the solid symbols to Y values calculated from equation (4.9) with a fixed K = 1.5. 
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Figure 9 (h) shows that, as the water content is reduced, Y decreases more slowly 
than expected from equation (4.9). Within the present formalism, this means that the 
defect self-energy becomes more negative (larger K ;  cf. table 2) as the water content is 
reduced. As seen from figure 9 (a), Y decreases strongly with increased decanol content 
(y) in the bilayer. Clearly, the strong reduction of Y with increasing y is essentially due 
to a reduced intrinsic defect propensity (less negative self-energy) with increasing 
decanol content, rather than to the (slight) increase in 4. This is not unexpected in view 
of the phase behaviour (cf. 84.3). 

A microscopic analysis of the self-energy of a defect, G,, and its variation with 
composition, will not be attempted here. However, some insight can be gained from a 
simple phenomenological approach. We thus regard G, as the sum of a positive 
interfacial free energy and a negative curvature free energy. The former reflects the 
increased hydrocarbon-water contact as defects are formed (at constant bilayer 
thickness), while the latter is taken to include all curvature-dependent free energy 
contributions, notably electrostatics and chain packing. We thus write 

G , = y ( A ,  - A p )  + C 2  - C #  -$KC;]&, (4.1 1) 

with y the effective interfacial tension [25,36-381, K the bending (splay) elastic modulus, 
c1 and c2 the principal curvatures, co the spontaneous curvature [39,40], A ,  the area of 
the curved region, and A ,  the planar area of the same volume of bilayer. For simplicity, 
we consider only the slit/ribbon geometry, where the curvatures are uniform (el = l/h, 
c2 = 0). Straightforward geometric considerations then yield with equations (4.4), (4.Q 
and (4.1 l), 

(4.12) 

= 1 + c,/h = 1 

7 ,  = p  (2cob - 1). (4.13) 

With?= 18.0mJm-2[25,36-38], wethusneedy,=20-4mJm-2 toget atypicalvalue 
of K = 1.5 (cf. table 2). The near cancellation of the two contributions illustrates the 
difficulty that would be encountered in a microscopic calculation of the defect self- 
energy. With a reasonable value of ~=10Ok,T 123, 411, equation (4.13) yields a 
spontaneous curvature of co =( 14 A)-’. This thermodynamic quantity may be related 
to the (spherical) equilibrium curvature ceq, which minimizes the curvature free energy 
[40,42] through co = (2 + K / K )  ceq, with h- the gaussian (saddle-sp1ay)elasticity modulus. 
If  /El<< K ,  we thus arrive at cCq w(28 A)-’. This value is not unreasonable in view of the 
nearby presence in the phase diagram of nematic and hexagonal phases (cf. figure 1). 

The deduced variations of K (table 2) may be qualitatively interpreted in terms of 
variations of the parameters in equation (4.12). Since the defect geometry appears to be 
fixed (9: 3.2), the variables are K ,  co, and y. The reduction of K with increasing decanol 
content along the D line probably reflects a reduction of the spontaneous curvature as 
the mean head group area per amphiphile decreases [43]. The effect of decanol addition 
on (the chain packing contribution to) K is likely to be smaller [44]. The reported 
decrease of y with decanol addition [36,38] obviously cannot explain a reduction of K ;  
this effect is either overshadowed by a stronger co variation or is an artifact of the 
neglect of defects (cf. Appendix). The larger K values for the SdS system can be largely 
ascribed to the higher volume fraction (4 % 0.44 versus z 0*30), an effect also seen along 
the Wb line. The origin of this effect probably lies in the electrostatic interactions. 

K(2cob - 1) - yh2 
K = -  =:623(~,-~), 

“4/791- 1l~ekBT 
where we have inserted numerical values ( g e  = 0638, b = 1 1.6 A, 
+ 5/11.6) and defined 

K 
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To obtain more information on the thermodynamics of defect formation, we have 
measured the temperature dependence of the quadrupole splitting vQ in the range 20- 
40°C. As seen from table 5, vQ is nearly independent of temperature. This tempertuare 
independence carries over to the shape factor, since the residual quadrupole coupling f 
is known not to vary significantly with temperature in this range [28-30,45,46]. If the 
defect dimensions (b  and c,) do not change, this implies that '4' and, hence, K are nearly 
independent of temperature. This appears surprising in view of the delicate balance of 
the two opposing contributions to K .  (The numerical factor in equation (4.12) decreases 
by 4 per cent as the temperature is raised from 20 to 40°C.) 

4.3. Defects and phase behaviour 
It is clear that defect formation in the L, phase is governed by the same factors that 

determine the relative stability of the L, phase with respect to neighbouring phases. A 
glance at the phase diagram in figure 1 reveals the crucial importance of the 
decanol/SDS ratio ( y )  in determining the phase boundaries and the relative insensitiv- 
ity of the phase boundaries to water dilution (at constant y). With decreasing decanol 
content, there is a progression towards phases with more highly curved interfaces: 
L , ~ N , ~ N , ~ H , ~ i s o t r o p i c  micellar. The appearance of curvature defects in the L, 
phase with decreasing y fits nicely into this progression. 

Table 5. Temperature dependence of the 'H quadrupole splitting vQ 

Sample 20°C 30°C 40°C 

Dl 
D2 
D 3  
D4 
D5 
D6 
D7 
D8 

Wal 
Wa2 
Wa3 
Wa4 
Wa5 

Wbl 
Wb2 
Wb3 
Wb4 
Wb5 
Wb6 
Wb7 
Wb8 
Wb9 

17.7 
21.6 
24.4 
25.2 
25.2 
25.5 
25.3 
25.3 

24.8 
25.2 
25.2 
254 
26.3 

16.3 
17.7 
18.7 
19.0 
19.5 
20.6 
20.7 
23.0 
26.3 

166 
20.4 
23.3 
24.2 
24.4 
24.5 
24.5 
24.3 

24.1 
24.4 
24.4 
24.8 
25.8 

t 
16.6 
17.7 
18.2 
18.8 
20.2 
20.7 
23.4 
26.0 

t 
t 

23.4 
23.6 
23.9 
23.9 
23.8 
23.6 

23.5 
23.9 
23.9 
24.4 
25.6 

t 
t 
t 

17.5 
18.2 
19.7 
20.7 
23.7 
25.8 

t Uncertainty: 0.2 kHz. 
1 Sample in two phase region. 
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Within a phenomenological description, one would say that curvature defects 
within the L, phase and transitions to phases with more highly curved microstructures 
are both driven by an increase in spontaneous curvature. Defect formation provides a 
mechanism to relieve the frustration associated with a large spontaneous curvature in 
the L, phase [47], and may be viewed as a pretransitional effect, heralding the approach 
to the (first order) L,+N, phase transition. The defect volume fraction Y increases as 
the transition is approached by reducing the decanol content (D line) and also (but 
much less strongly) when it is approached by increasing the temperature (cf. table 5). It 
is aiso noteworthy that the onset of defects occurs at the same decanol/surfactant ratio 
( ~ ~ 0 . 8 )  in the SDS and SdS systems, despite considerable differences in the phase 
diagrams. 

In the slit defect model, the microstructure of the defective L, phase is closely related 
to the rectangular (R,) or ribbon phases [34,48-521. Indeed, in the L, samples with the 
highest defect volume fraction, the aspect ratio of the ribbon cross-section is about 2 (cf. 
table 3 and figure 7), which is only slightly larger than the values 1.3-1.9 reported for R, 
phases [34]. The main difference between these phases is that the ribbons in the R, 
phase are translationally ordered in two dimensions, while the ribbons in the L, phase 
are ordered in only one dimension, although there may be short range positional 
correlations between the layers [16,17]. It is noteworthy that the L, phase in the SdS 
system studied by Hendrikx et al. [16], transforms into an R, phase along their D line, 
whereas no R, phase has yet been found in the corresponding region of the phase 
diagram of the SDS system. 

In their theoretical study, Bagdassarian et al. [24], consider several phases 
distinguished by different in-plane defect patterns, but all having the macroscopic D,, 
symmetry of an La phase. A distinct defective L, phase, separated from the normal L, 
phase by a first order transition, has recently been reported for the non-ionic system 
C,,EO,/water [22]. For the present system, however, there is no sign of a first order 
transition between different La phases. Although the abrupt onset of defects at ~ ~ 0 . 8  
could be interpreted as a second order transition, the gradual disappearance of these 
defects along the Wb line argues against this possibility. 

5. Conclusions 
We have presented the results of a combined NMR and SAXS study of structural 

defects in the L, phase of the system SDS/decanol/water. In particular, we have focused 
on the variation of the density and size of the defects with composition (0.27 < 4 < 0.64, 
0.46 < y < 2.54) and temperature (20-40°C). The main conclusions are as follows. 

( 1 )  Bilayer defects are promoted by the same factors that drive the phase 
progression towards microstructures with increasingly curved interfaces, i.e., the 
defect volume fraction increases on dilution of the L, phase and on decreasing the 
decanol content of the bilayers. 

(2) No defects are found above 0.8 mol decanol/mol SDS; below this value the defect 
volume fraction increases rapidly. At decanol contents where defects occur, the defect 
volume fraction decreases gradually as the L, phase is concentrated and disappear 
completely near the high-4 boundary of the L, phase. 

(3) Irrespective of whether the bilayer composition or the bilayer volume fraction is 
changed, it is the number of defects that varies rather than their size. 
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(4) Temperature variations within the range of stability of the L, phase have little 
effect on the defect volume fraction. 

( 5 )  Our data do not allow the defect geometry to be uniquely determined. The data 
are consistent with slit defects (slit width c. lOA) as well as with pore defects (pore 
diameter c. 25 A). In both cases, the (average) interface separation across the defect is 
considerably smaller than across the inter-lamellar space. 

(6) We find no evidence of (first or second order) transitions between classical and 
defective La phases or between La phases with different defect patterns. On the other 
hand, we cannot rule out a continuous variation of defect geometry, for example, from 
slit defects at high Y to pore defects at low Y [24]. 

(7) A simple thermodynamic model, featuring a constant self-energy per defect and 
an electrostatic bilayer repulsion, does not quantitatively account for the data. As the 
La phase is concentrated, the defects disappear more slowly than expected from an 
increased inter-bilayer repulsion with a constant self-energy. The variation in the defect 
volume fraction with the decanol/SDS ratio is essentially due to a variation in the defect 
self-energy. The self-energy appears to be the result of a delicate balance between an 
interfacial free energy, which opposes defects, and electrostatic and curvature 
contributions, which promote defects. 

We are grateful to Dr Bengt Jonsson for helpful discussions, to Dr Lars Bengtsson 
for assistance with the Varian spectrometer, and to the Swedish Research Council for 
Engineering Sciences and the Swedish Natural Science Research Council for financial 
support. 

Appendix. Calculation of optimal bilayer thickness 
Following Parsegian [25], we estimate the bilayer thickness 2b in a classical (defect- 

free) La phase by minimization of the free energy G(b) with respect to variations in b at 
fixed volume fraction 4. It is convenient to consider the reduced (by k,T) free energy 
per (average) amphiphile, 

with 

We assume that g(b) consists of two parts, 

d b )  = ge(b) + Yi(b)* (A 3) 

The electrostatic free energy, ge(b), tends to make the bilayer thinner, thereby reducing 
the surface charge density at the hydrocarbon-water interface. The interfacial free 
energy, gi(b), tends to thicken the bilayer, thereby reducing the interface area. Since 
variations in b take place under the constraint of fixed volume fraction 4, the 
electrostatic term pushes the charged surfaces together, while the interfacial term drives 
them apart. 

Within the usual mean-field (Poisson-Boltzmann) approximation, the electrostatic 
free energy takes the form 1251 

1 
tan q 
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The b dependence enters via the dimensionless parameter 4, which is obtained by 
solving the transcendental equation 

The phenomenological interfacial free energy is (to within an irrelevant constant) 

where y is an effective interfacial tension [25,36-381. Apart from the hydrophobic free 
energy of the residual hydrocarbon-water contact, y also accounts for the conform- 
ational free energy of the hydrocarbon chains, the entropy of mixing of the head groups, 
and the deficiencies in the description of the electrostatic contribution. By comparing 
the observed lamellar period d with that predicted (d = 2b/4) by minimizing (A 3) with 
respect to b under conditions where b < b,,, and where there are no defects, one can 
determine y. Remarkably, an essentially invariant value of y % 18.0 mJ m-’ is obtained 
for a range of binary systems [25,36-38]. A similar value (1 8.5 mJ m-2) was obtained 
by comparing calculated and experimental aggregation numbers of SDS micelles [53J 

Figure 10 shows the variation of the free energy g(b), as given by (A 3)4A 6), with the 
bilayer thickness for a composition corresponding to sample D1. The minimum in g(b) 
occurs at b = 11.7 A. The variation of the equilibrium bilayer thickness with compo- 
sition along the D and Wb lines is shown in figure 11. (Along the Wa line, b varies 
between 15.6 and 17.7 A.) As seen from figure 11, b > b,,, = 11.6 A (cf. 0 3.1) for all 
investigated samples. Hence, the actual bilayer thickness is not determined by the 
balance between the inter-bilayer electrostatic and interfacial free energies, but rather 
by the short-ranged lateral repulsion between surfactant headgroups, yielding 
b = b,,, = 1 1.6 A for all investigated samples. 

In all these calculations, we have used a fixed value of y = 18 mJ m - 2 .  A previous 
analysis of SAXS data from L, phases in ternary systems containing decanol or octanol 
suggests that y should decrease with y [36,38]. However, this conclusion relies on the 
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Figure 10. Reduced free energy per chain g(h) versus bilayer half-thickness b for sample D1 
( x = 3 8 ,  y=0.48, y=18mJrn-’). 
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Figure 11.  Variation of the equilibrium bilayer half-thickness b with composition along (a) the 
D line (x = 38.2), and (b) the Wb line ( y  = 0.48). 

assumption of a defect-free microstructure. It is possible that the apparent increase of y 
with decreasing decanol content is instead due to an increasing defect volume fraction 
Y ,  which reduces the apparent bilayer thickness $d (cf. 63.1). To explain the value 
$d = 16.9 k, observed for sample D1 in the present system, by bilayer thinning alone, we 
would need y =  12mJm-’. 
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