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Synchrotron x-ray-scattering studies on the sodium dodecyl sulfate–water–pentanol–dodecane
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High-resolution small-angle x-ray-scattering~SAXS! data in the quaternary sodium dodecyl sulfate–water–
pentanol–dodecane membrane system in theL3 phase were collected and analyzed. The SAXS data show a
broad peak followed byq22 andq24 regions at higherq. The data are described quantitatively by the product
of a structure factor of 11C1arctan(qj1/2)/q1C2 /@1/j2

21(uqu2qc)
2# and a form factor of a randomly ori-

ented disks. TheC1 term is the structure factor develop by Cateset al. @Europhys. Lett.5, 733 ~1988!#,
describing a bicontinuous phase with randomly connected bilayer sheets separating the space at length scales
larger than the typical cell sizeL. The C2 term, introduced because of the observation of the broad peak
centered aroundqc in the SAXS data, describes the bilayer cell-cell correlations. For high dilution samples, the
form factor alone can describe the data very well. From our data of the water layer volume fraction andL
52p/qc , we have determined that for every volume of (2p/qc)

3, the membrane has an area of
(1.3–1.8)(2p/qc)

2. This is consistent with a bicontinuous structure for theL3 membrane system. The loga-
rithmic increase of the water layer area with 2p/qc is due to the membrane thermal undulations. The bending
rigidity of the membrane has been found to be (1.060.2)kBT. @S1063-651X~96!08807-1#

PACS number~s!: 82.70.2y, 82.60.2s, 61.30.2v
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In many surfactant-cosurfactant solutions, a flow birefr
gent isotropic phaseL3 has been observed@1–3#. The mate-
rial in the L3 phase is transparent and flows easily, in co
trast to the very viscous property of the material in t
nearby lamellar fluid membraneLa phase@4#. Based on
neutron-scattering data and electric conductivity meas
ment, Porteet al. @17# proposed that theL3 phase in the
cetylpyridinium chloride-brine-hexanol system possesse
flexible spongelike structure, with surfactant bilayers se
rating the brine into two regions, each of which is connec
by itself ~see Fig. 1!. In addition, freeze fracture electro
microscopies on several otherL3 systems carried out by
Streyet al. @5#, revealed a randomly connected bilayer sh
separating the space, which is consistent with the idea
Porte et al. @17#. Besides the work of Porteet al. @17#, a
theoretical study by Cateset al. @6#, also suggested the b
continuous structure for theL3 phase. In order to furthe
elucidate the structure and the thermal undulations of
membranes in theL3 phase, we carried out a high-resolutio
synchrotron-based small-angle x-ray-scattering~SAXS! ex-
periment on the sodium dodecyl sulfate~SDS!–water–
pentanol–dodecane@7# L3 system. The phase diagram@4# is
shown in Fig. 1. The analysis of the SAXS data sho
clearly that in thisL3 membrane system, randomly co
nected SDS-water-SDS bilayer sheets separate dode
with a typical cell sizeL ~Fig. 1!.

*Present address: The Department of Chemistry and the Ja
Franck Institute, The University of Chicago, 5640 Ellis Avenu
Chicago, IL 60637.
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Sodium dodecyl sulfate (C12H25OSO3Na), pentanol, and
dodecane were purchased from SIGMA with 99% purity a
used without further purification. Deionized water with ele
tric resistivity of 16 MV cm was used in this experimen
The weight ratio of water to SDS was kept at 1.5
60.002. The compositions of the samples are listed in Ta
I.

In the process of making the samples, we found that
higher the dodecane dilution, the faster the equilibrium st
is reached. Typically, at about 23 °C, it took a few days fo
sample of low dodecane dilution to reach an equilibriu
state. For a sample with dodecane concentration larger
80%, it took only 3–5 h to reach a uniform phase. We ha
also observed that for higher dodecane diluted samples,
very easy to produce flow birefringence by shaking t
sample. However, the flow birefringence is not observed
the 49.1% docecane diluted sample.

The synchrotron x-ray-scattering experiment was carr
out on the Exxon beam line X-10A at the National Synch
tron Light Source~NSLS!. Figure 2 demonstrates the expe
mental setup. To setup a high-resolution small-angle x-r
scattering experiment, we used a double-bounce Si~111!
crystal as the monochromator and a triple-bounce Ge~111! in
the nondispersive configuration at small angles as the a
lyzer. This setup gives an in-plane resolution width
0.000 18 Å21 @half-width at half maximum~HWHM!# and
an out-of-plane resolution width of 0.003 Å21 ~HWHM!.

The basic features of the scattering from ourL3 samples
are shown in Fig. 3, which gives, in logarithmic scale
both axes, the raw data from five samples. We can cle
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see that most of the curves, corresponding to relatively
dodecane dilutions, have a broad peak denoted asqc and for
a higher dilution sample, although a peak is not obvious,
can still locate a positionqc at which the absolute curvatur
of the data is of the maximum. At larger momentum trans
q, all the curves showq22–q24 behavior, although this re
gion is modified by the background scattering, and in
49.1% dilution case also by the structure factor. T
q22–q24 behavior is characteristic of the scattering fro
randomly oriented disks@8#, indicating that the local struc
ture of our sample is that of flat membranes immersed
dodecane. The evolution of the peak position and its wi
with the dodecane weight ratio, indicates that with increas
dodecane dilution the cell sizeL of the membranes increase
~i.e., qc gets smaller! and the cell-cell correlation become
weaker.

In order to reveal the structure in a quantitative way,
fit the scattering data, by following the theoretical work
Roux et al. @2,9#, where theL3 phase was assumed to b

FIG. 1. ~a! A sketch of theL3 sponge phase@redraw from P.
Snabre and G. Porte, Europhys. Lett. 13, 641~1990!#; ~b! phase
diagram of the quaternary system showing theL3 sponge phase.
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comprised of an interconnected infinite sheet separating
space into two regions~in our case it is the SDS-water-SD
bilayer sheet separating dodecane!. The regions could be la
beled as inside and outside the sheet. The volume differe
of the inside and outside creates an in-out order parame
Considering this order parameter and the sheet volume
centration in the Hamiltonian, the scattering structure fac
at a length scale much larger than the cell size has b
calculated to be@2,9#

C1

arctan~qj1/2!

q
11. ~1!

Here,j1 is the correlation length associated with the in-o
order parameter. To account for the broad peak, the t
structure factor might be written as

11
C1arctan~qj1/2!

q
1

C2

1/j2
21~ uqu2qc!

2 . ~2!

This newC2 term describes the cell-cell correlation wit
correlation lengthj2 and an average cell-cell distanceL
52p/qc .

FIG. 2. Sketch of the experimental setup at the Exxon beam
X-10A as described in the text.

FIG. 3. X-ray scattering data on six samples in theL3 phase. Let
x be the dodecane concentration. The figure shows~1! x549.1%;
~2! x566.2%; ~3! x571.2%; ~4! x576.9%; ~5! x585.5%; and
~6! x586.13%.
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TABLE I. The compositions of the samples in theL3 phase, with the weight ratio of water to SDS to be 1.55260.002. In this table, we
also list the fitting results.L[2p/qc , with qc obtained from the data directly, other than from the fit. Solving the linear equation
~detected intensity!5~intrinsic intensity! convoluted with~spectrometer resolution!, we have obtained the intrinsic scattering intensities
the samples of dodecane concentrations of 49.1%, 66.2%, 71.2%, 76.9%, 80.0%, and 86.13%. The intrinsic scattering inten
obtained are essentially the same as the detected intensities, except at very smallq (,qc).

pentanol % dodecane % L ~Å! R ~Å! w ~Å! 1/fv a

11.2 49.1 125.660.2 21.04 25.5 4.839 1.44
10.3 60.0 166.760.4 22.8 24.2 6.696 1.38
9.6 66.2 218.060.9 25.6 25.4 8.356 1.45
9.4 71.2 277.061.8 59.2 25.9 10.60 1.45
8.95 76.9 417.563.7 96.0 25.9 14.72 1.58
9.0 80.0 537.965.1 127.8 26.0 19.19 1.58
9.0 82.0 658.4627.6 23.60 1.55
9.0 84.0 8986128 30.52 1.63
9.0 86.13 1177669 309.2 25.4 43.98 1.49
9.73 85.5 1347663 44.78 1.67
9.69 85.84 13816106 47.78 1.61
9.64 86.18 1595660 51.26 1.73
9.60 86.5 1609648 48.3 1.61
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For the form factor, stimulated by the scattering data,
use that of randomly oriented disks with radiusR and thick-
nessw, which is

E
0

1S J1~qRA12x2!

qRA12x2
D 2S sin~qwx/2!

qwx/2 D 2dx, ~3!

whereJ1 is the well-known first-order Bessel function an
x is simply the cosine of the orientational angle. A justific
tion to choose such a form factor is that the scattering int

FIG. 4. The solid line shows the form factor from random
oriented disks with thickness 25 Å and radius 500 Å. The das
lines show the form factors of spherical shells with thickness 25
and radii 250 Å and 500 Å, respectively, as indicated in the figu
If we take the spectrometer resolutions or the spherical shell
distribution into account, the form factor of a suitable spheri
shell ~or of some size distribution! can be very close to that o
randomly oriented disks.
e

-
n-

sity from a spherical shell of radiusR0 can be represented b
that of randomly oriented disks with a suitable choice ofR
~5gR0 , with g;0.8!, as demonstrated by Fig. 4. We expe
thatR/(2p/qc) is roughly a constant at large dodecane di
tions when the membrane thickness is much smaller than
cell size.

The solid lines in Fig. 5 are the best fits to the experime
tal data from a few samples in theL3 phase covering nearly
the entire dodecane dilutions, by using Eqs.~2! and~3!, con-
voluted with the spectrometer resolutions. The figure sho
that the predictions of the scattering intensity are in go
agreement with the data. The fits to the data from ot
samples are also very good. The good fits suggest that
L3 phase is of randomly oriented sheets at length sc
smaller than the cell size and at length scales larger than
cell size the structure is of an interconnected infinite sh
separating dodecane. The values of the parameters obta
from the fits are listed in Table I.

For samples of large dodecane dilutions~dilution greater
than 80.0%!, such as 86.13%, the structure factor is prac
cally one and the form factor alone can fit the data satisf
torily. From the fits we know that when the dodecane di
tion gets larger, the larger the area of the local flatn
becomes, as shown by the evolution of the value ofR.

The thickness of the scattering layer is obtained to
roughly the same for all the samples, which isw525.5
60.5 Å. This value forw is in good agreement with the
values obtained elsewhere@4,10,11#. Subtracting the heigh
of the head group of SDS, which is OSO3, and about 3 Å
@12#, the water layer thickness is then 19.560.5 Å, which is
1.5 Å larger than the value obtained for the membrane s
tem in the nearbyLa phase as shown in Ref.@11#. We be-
lieve that this difference is due to the aging SDS sample. T
SDS sample had been used many times and absorbed m
moisture and therefore we get a larger water layer thickn
than that obtained in Ref.@11#, where a newly bought SDS
sample was used.

d

.
ze
l



in
o
ll

d

,

th

ou
k

s

se
re
c-

e
In

ri
th

ct
t
y
e
iz
th
or
tti

tr

e

the

and

56 611SYNCHROTRON X-RAY-SCATTERING STUDIES ON THE . . .
We are able to obtain the value of the membrane bend
curvature modulus, by using the work of Cates and his c
leagues@6#, which shows that theL3 phase has its largest ce
size when the membrane persistent length@13# jp is about
p/qc . In our case, we havejp'1609/2 Å. Using the well-
known formula@13,14#

jp5ae4pk/3kBT, ~4!

we obtain k51.2kBT, which is close to its value in the
nearby lamellar phase@4,11,15,16#. In Eq. ~4!, a is a micro-
scopic length, about the nearest surfactant-surfactant
tance, which is about 5.7 Å@11#. k is the bending curvature
modulus of the SDS bilayer,kB is the Boltzmann constant
andT is the sample temperature (;300 K).

We do not have data at very smallq, soj1 is practically
undetectable and enters Eq.~2! as an infinite value for nearly
all the samples. Therefore, we cannot obtainI (q50) for
nearly all the samples and check the consistency with
predicted behavior@2,3,9#

1/I ~q50!}fw ln~fw /f* !.

A useful way to determine the membrane structure of
samples at length scales of the cell size is to use the wor
Porteet al. @17#, which relates 2p/qc[L @17,18# with sheet
thicknessd0 . Porte et al. pointed out that for structure
formed by sheets, the following relation holds:

2p

qc
5a

d0
fw

, ~5!

wherefw is the sheet volume fraction and in our case we
it equal to the water volume fraction. For lamellar structu
without ripples,a is equal to 1 and for bicontinuous stru
tures without ripplesa is about 1.5@17#.

When considering the thermal ripples on the membran
a in Eq. ~5! is not independent of the cell size any more.
this case, Eq.~5! is modified to be

2p

qc
5a0

d0
fw

F11
kBT

4pk
lnS a0

d0
cfw

D G , ~6!

where c is a numerical factor. Equation~6! says that the
volume of the membrane sheet increases when conside
the thermal ripples and the ripples considered are from
thermal undulations of a piece of membrane of sizeL/c. We
takec as 10 and the reason for choosing such a large fa
is that for large ripples of the size ofL, the extra shee
volume is accounted for bya0 , since such ripples actuall
relate to the overall shape of the membranes. Furthermor
we tookc as a relatively small factor such as 2, then the s
of the membrane responsible for the ripples is so large
the membrane tilt angle is not small and therefore our f
malism breaks down. Besides, as demonstrated by the fi
results, the smallerc is, the smallera0 is, indicating that the
membrane fluctuation at large length scales is a big con
bution to a0 ~see the fitting results for differentc in Ref.
g
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@22#!. Therefore, if we wanta0 to account for the membran
shape at large length scales, we need to choosec to be much
larger than 1.

Now we need to know the water volume fractionfw . As
demonstrated before@19#, within a relative error of less than
0.005, the water volume fraction can be calculated by

FIG. 5. Best fits of scattering data from four samples to
product of Eqs.~2! and ~3!, with an overall scale factor, which is
unimportant for the issues in this paper. Solid lines are the fits
the squares are the data. The slope variation atq;0.1 Å21 is due to
the thickness of the scattering layerw.
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wherexdod,xpenare the weight percentages for dodecane
pentanol, andrSDS51.168 g/cm3, rpen50.8144 g/cm3, and
rdod50.7487 g/cm3, are the mass densities for SDS, pe
tanol and dodecane at 20 °C, respectively. The water m
density at 20 °C is 0.998 23 g/cm3 @20#. The thermal expan-
sion coefficients for all the materials are about 131024 @21#
and, therefore, at a slightly higher temperature of a few
grees above 20 °C the density values at 20 °C can stil
used in Eq. ~7! to generate accurate results. Note th
1.552(12xdod2xpen)/2.552 is the weight of water in one un
weight of the sample. Therefore, the numerator is the volu
of the water and the denominator is the total volume, in o
unit weight of the sample. The water volume fractions c
culated by Eq.~7! are listed in Table I.

In Fig. 6 we plot 2p/qc vs 1/fw . The dashed line in the
figure is the best fit to the old formula Eq.~5!, which yields
a51.4360.04, if we taked0518 Å @11#. Obviously, the
dashed line misses the data points substantially at high d
cane dilutions. A better fit is the solid line which is the be
fit to our new formula Eq.~6!. The fit yields a051.40
60.04 @22# and k5(3.062.8)kBT. The value ofa0 ob-
tained agrees with what is expected for an interconnec
membrane structure. The value ofk obtained from the fitting
possesses a large statistical error, due to the large erro
2p/qc determinations at higher dodecane dilutions.

A better way to obtain the value ofk comes from rewrit-
ing Eq. ~5! as

a5
fwL

3/d0
L2

[
fwL

d0
. ~8!

FIG. 6. Plot ofL[2p/qc vs 1/fw and the best fits to Eq.~5!
~dashed line! and Eq.~6! ~solid line!, respectively. The dashed lin
corresponds toa51.4360.04 and the solid line corresponds
a051.4060.04 andk5(3.062.8)kBT. qc is scattering peak po
sition and is obtained from the data directly, other than from the
fw is the water volume fraction for the sample and is calcula
through Eq.~7!. Error bars are estimated from the data and sho
in the bars.
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fwL
3/d0 is just the water layer area in one unit cell. Th

values ofa as calculated by Eq.~8! are in the range of
1.3–1.8, consistent with the spongelike membrane struct
We list the values ofa, as calculated by Eq.~8!, in Table I.
In Fig. 7 we plota vs L and it is obvious to see thata
monotonically increases with the cell size. A fit of the da
(a,L) to

a5a0F11
kBT

4pk
lnS L10D G ~9!

givesa051.3260.03 andk5(1.060.2)kBT. The solid line
in Fig. 7 is the best fit. The reason for the smaller error ba
thek determination is that Eq.~8! yields a relatively smaller
error bar at largeL, because at largeL, fw is smaller.

In conclusion, we have carried out a small-angle x-ra
scattering experiment in the quaternary SDS–wate
dodecane–pentanol membrane system in theL3 phase. Our
data are consistent with theL3 phase being a spongelike
symmetric bicontinuous structure with a locally flat SDS b
layer sheet separating dodecane. The membrane bendin
gidity is obtained to be (1.060.2)kBT.

We point out that among the very dilute phases wh
appear at equilibrium in surfactant solutions, the lame
La phases that are stabilized by the Helfrich undulat
forces@4,10,15,23# and the spongeL3 phases are now essen
tially understood both theoretically and experimentally.
contrast, a recently discovered equilibrium dilute phase
surfactant solutions is far from being understood@24#. This
discovery shows a new phase of liposomes, not predicted
current theories describing fluid membranes, consisting o
equilibrium multilamellar tubular vesicles (Ltv) in mem-
branes with bending rigidity of orderkBT. Recent theoretica
work which emphasizes a nonanalytical bending energy t

t.
d
n

FIG. 7. Data of (a,L) and the best fit to Eq.~9!. a is defined by
Eq. ~5! and obtained by Eq.~8!. The fit yieldsa051.3260.03 and
k5(1.060.2)kBT.
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that appears to favor cylindrical and ‘‘egg-carton’’ geom
etries@25# and maybe relevant to theLtv phase observation

Our understanding on theL3 phase has benefited from
discussions with Scott Milner and Sunil Sinha. We thank
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