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Swelling behavior and local topology of anL ; (spongg phase
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The swelling behavior of ah; (sponge surfactant phase was studied by the small angle x-ray scattering
technique; we show that it is well described by the recently computed swelling law for minimal surfaces. In
addition, the self-diffusion coefficier® 5 of several probes within the bilayers of thg phase was measured
by the fluorescent recovery after fringe pattern photobleaching technique. The variafiopvath the sur-
factant volume fraction provides a clue for the topology of the surface over which the midsurface of the
bilayers is draped. This allows us to determine the location of the neutral surface near the polar-apolar interface
of the bilayers[S1063-651X96)12207-9

PACS numbses): 61.10.Eq, 61.30.Eb, 66.10.Cb, 82.70.K|

I. INTRODUCTION Il. THEORETICAL BACKGROUND

The x-ray spectra of ah,; phase give a broad peak, at
The study of the physical properties of lyotropic surfac-d=dmax, and exhibit a typical decay &¢q)~q~ 2 indicating
tant phases has attracted a lot of interest in the last years. Titee existence of a local bilayer structytg. Different mod-
structure of several phases is now well understood. For exels have been proposed to relatg,, to the characteristic
ample, for many binary surfactant-water systems in the dilut§ized of the L3 phase scattering.
regime, it is known that the amphiphilic molecules aggregate  On the basis of thermodynamic arguments, Teubner and
and form micelles whose size and shape are well characteptrey have calculated the following scattering function for

ized by light, x-ray, and neutron scatterif]. microemulsiong6]:

In the more concentrated regime, some of these systems
display connected structures in which a continuous surfactant 1(q)= a; )
bilayer divides regions of space filled with solvent. In the a,+asqZ+a,qt’

cubic phases, like in a solid crystal, one can have different

space symmetries as well as different topologies; some Gfhere the parametegs can be written in terms oy, Of

them have been reported in the literat[2¢ The small angle the scattered intensities gt= g, and atq=0, and of the

x-ray scattering techniquéSAXS) can be used to measure mean square fluctuation of the scattering denfglly From

the lattice space characteristic of the unit cell of the phasehe correlation function leading to this equation, one can find

[3]. two length scales: one correlation lengghand the charac-
The spongelike ot ; phase[4] can be pictured as a dis- teristic size of the random structude which is related to the

ordered or melted cubic phase. It is formed by a surfactanpeak position byd=(27/0,.0f(a;), where the factof is a

bilayer that divides the space into two nonpenetrating solverfunction of thea; . Spontaneous curvature is not included in

regions, which can be either equal in volurtsymmetrical  this model.

phasg or different (asymmetrical phage The main differ- Structural models taking into account the curvature have

ence with the cubic phase is the lack of space order anBeen considered by different auth¢i-9]. For all models,

periodicity. In spite of the absence of long range positionthe inverse of the peak position is proportional to the typical

order, a characteristic distandewhich is related to the av- Siz€ Of the random structure.

erage size of the passages, can be determined from the posi-

tion of the intensity peak of the SAXS spectra. It was as- A. Swelling behavior

sumed thatl scales ag) 1, the inverse of the bilayer volume In the L, phases, the analysis of the swelling behavior,
fraction of the sample. There are, however, examples of fits, ¢ the dependence of,., as a function of the bilayer
s max

to accurate swelling data that do not extrapolate correctly fo{,qjume fractions, has been done with theoretical arguments
¢—0. _ similar to those used for lamellar phases. It can be under-

Recently, Engblom and Hydgi2] have proposed a dif- stood from a simple plaquette modél], in which the cur-
ferent model where the swelling data are fitted by a polynovature of the surfactant film occurs along the edges of the
mial extrapolating to a correct value for small bilayer volumeplaquettes. The result is qualitatively the same as for lamellar
fractions. This paper addresses the issue of swelling &f;an phases:

phase of a zwitterionic surfactafitetradecyldimethyl ami-
noxide and of its topology estimation. Our results have been Q= a2_77¢ @)
interpreted according to the Engblom and Hyde model. max s
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where § is the bilayer thickness and is a constant. For a . EXPERIMENT
lamellar phaser=1. For a sponge phase, the lattice models
lead to d=27/q. and a~1.5, while from experimental
resultsae=1.4-1.6[5,8,10,11].

A more careful study of the local geometry of the
phase shows that its bilayers are not even locally flat and th
the swelling law must be corrected by a cubic term. Engblo

and Hyde[12] have calculated a corrected law assuming tha ing the lamellar-sponge transition: it modifies the spontane-

the structure of the Sponge phase can be locally modelefh S TRERCEe ¥ AT BES BIA0 TR BEL TS
with an infinite periodic minimal surfacéPMS) [13]. They P y

have also reanalyzed some swelling data from the literatur ymmetrical, which is not the case for bilayers Whe%:o'

and found a better agreement with their theory. Their result: can be showr[_4] that_ the ;pontaneous curvature_ of the

permit us to relate between the swelling data to the topolog ’T“?“O'ayers forming a bilayer is related to the Gaussian elas-
of the phase, in order to estimate the position of the neutra city modulusK of the later by

surface in the surfactant bilayer. This neutral surface is the
location at which an imaginary surface describing the film

bending energy can be locat¢ti4]. It is identified as the WhereRmono and K ., are, respectively, the Gaussian and

surface located at the point where the area per molecule rgqe 1o an curvature elasticity moduli of the monolayer, &nd

main; invarigr_\t during th? .sweIIing and plays an importantis the distance from the midsurface of the bilayers to the
role in explaining the stability of the mesophases. Nevertheheutral surface, which is defined in Sec. Il. On the other

less, in the literature one cannot find independent determinq.iand the bilayer mean curvature elasticity moduuss
tions of the swelling behavior and of the topology for the simply 2K .o andc, has no effect on it. In a bilayer system,

same sponge phase, which precludes the neutral surface Ig- 54 play very different roleg4]: the former regulates
cation to be exactly estimated. the amplitude of thermal bending modes, whereas the latter
controls the degree of connectivity of the structure. Strongly

B. Topology of thel ; phase negative values oK favor the formation of disconnected
jects, like vesicles, while positive values produce con-
cted structures, like the sponge phase. It is known that
increasing the relative cosurfactant concentration in a surfac-

iant system decreaseg[19]. So, Eq.(4) shows that, in this
ase,K will increase and, as the cosurfactant concentration

The sponge and lamellar phases are prepared in the ter-
nary system formed by a zwitterionic surfactaétrade-
cyldimethyl aminoxide or DMAO), a cosurfactanthex-
atnoD and water as solveni8].

a . .
The cosurfactant concentration plays a key role in control-

R = (ZRmono_ 8tCcoKmonos 4

Several models have been suggested in order to establiﬁg
the topology of arl_; phase that characterizes the connectiv-
ity of its bilayers[15]. All theories assume that the polar-
apolar interface forms a surface parallel to an IPMS an

require the_kno_wledge of the surfact_a_nt chain length, th eaches some critical value, it will favor the formation of the
characteristic sizad, and the composition of the system;

) sponge phasg20]. In our L, phases, we keep the cosurfac-
some of them require the area per surfactant molecule to b[é)nt '?o spurfactant ratio cgnztant(r=1 05 inpweigh)' for
known. : '

. . . lower r values a lamellar phase is observed.

An |nteres§[ng_approach has been prov_lded_ by Ar_1de_rson The phase diagram of our ternary system has been exten-
a_r:jd VI\/ennt_erlstrm_ mtrt]hebf_:amewo:ck Ofb_S€|f-dIfof]I0n (s)gllg]dl- sively studied by Milleret al.[18]. The bilayers are slightly
X ual par I'[%eftlr? € bla)(;(_afrfs ot cubic artllgl\ﬁsaser i ' | charged due to protonation of the aminoxide groups by water

SSLim'nlgt. a ffhpr? € d'l uses onla:jn_ff VIS, a |n|t.e e.e[21]. The Debye screening length is of the order of the in-

ment solution of the two-dimensional diffusion equation 1S a4y spacing, and electrostatic interactions stabilize
computed. The theoretical values of the self-diffusion coef-the lamellar and sponge phaged]. The bilayer phases are
ficient Dg are well fitted by the following expression: present in a wide range of surfactait cosurfactantvol-

D ume fractions, for a given cosurfactant to surfactant ratio,
—S=a—b¢2, (3)  which controls the lamellar-sponge transition as explained
Do above.

The swelling behavior of the lamellar aig phases has
provided that 8:¢$<0.4. D is the diffusion coefficient of been studied by SAXS. We use a Rigaku rotating anode
the probe in a flat bilayem=3 (this result is obtained ana- source that produces the &, lines (1.54 A) with a fine
lytically) andb is a topology-dependent constant, whose val-focus (1 mmx0.1 mm). The output was collimated by a
ues for two minimal surfaces have been compliie). They  gold-plated quartz mirror. The linear detector, with 512
assumed that E@3) remains valid in_; phases after melting channels, was placed 81 cm from the sample position. The
of the corresponding cubic phase. This is equivalent to asresolution of the direct beam was measured to Am
suming that the self-diffusion coefficieBts depends only on  =0.0017 A™* full width at half maximum. In these experi-
the local connectivity, i.e., on the number of cells connectednents the collimation corrections are negligible.
to a given unit cell in the structure, which is a reasonable In order to get an idea of thé; phase topology, the
assumption. One also assumes that the connectivity is cofiuorescence recovery after fringe pattern photobleaching
served upon dilution, i.e., that holes in the bilayers are nofFRAPP technique is used. A fluorescent probe is homoge-
formed during the dilution. It can be shown that if holes areneously dissolved in the sample, and an irreversible destruc-
formed, thelL; phase will rapidly become unstabl@7]. tion of the fluorescent groups is carried out by a very short,
Anderson and Wennerstrosuccessfully used Eq3) with powerful laser pulse, without modification of the other physi-
L, phases. cal characteristics of the probe. Then, a weak laser beam is
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FIG. 2. Swelling behavior of the lamell&open circles andL 5
phased(filled circles of the G ,DMAO-hexanol-water system. In
both cases, the experimental error is of the order of the dot dimen-
sion. The full lines are theoretical fits: for the lamellar phase to Eq.
(2) and for theL 5 phase to Eq(5). The squares are/2d versus¢
values as obtained from the Steubner and Strey meeel text; the
linear fits do not extrapolate to the origin.

I{q) (arb. units)

] appears and is well fitted by the model of bilayers stabilized
. by electrostatic interaction§23], from which we obtain
Umax-

In Fig. 2, qnmax Versus¢ graphs are shown for both the
lamellar and the sponge phases. For the lamellar phase, the
straight line represents a fit to the classical 1§y10]:

0 AR Umax= (271 8) b, whered is the average bilayer thickness. The
0.0 0.1 0.2 0.3 agreement between the experimental points and the theoreti-
A cal fit is good. From the experimental slope, the bilayer
9 (A ) thicknesss is found to be equal to 23.8 A. From ti#&and ¢
values, a simple geometrical model leads to an area per head

FIG. 1. Typical x-ray spectra for a lamella®) and anL; (b)  group of 77.1 & (one surfactant molecule together with its
phase. For thé , phase the continuous line is the best fit to the cosyrfactant neighbors

model of bilayers stabilized by electrostatic interactif2@]. In the For theL ; phase the linear fit is obviously not adequate to

inset of (b) azlog-log_ plot for theL phase is shown in order 10 gagcripe the swelling behavior. Even if the data could be
check theq™* decaying behaviofthe final slope is-2.03. approximated by a straight line, they would not extrapolate
_ ) o to the origin. This deviation from the classical ld&q. (2)]
used to monitor the fluorescence signal as diffusion of theoyld be explained by concentration-dependent corrections
probes leads to a new homogeneous concentration in th@e to the finite correlation length, which can be computed in
previously bleached region of the sample. Both the bleachinghe framework of the Steubner and Strey model developed to
and the monitoring beams are divided and superposed in thgjain the scattering when bulk contrast is present. This is
sample to create a fringe geometry. After the bleachingypyiously not the case in ollir; phase, since the scattering is
pulse, a piezoelectric crystal causes the monitoring beam tge to the contrast between the film and the bulk. Neverthe-
sweep the bleached fringes in the sample, which reduces tljgss, we have fitted all the; spectra with Eq(1) in order to
noise-to-signal ratio in the recovery exponential signal. Thesxiract thed values. The fits to the experimental spectra are

diffusion coefficients are deduced from the characteristiGather poor, and the computed swelling laws still do not ex-
times of the recovery curves with an error smaller than 5%grapolate to the origirfFig. 2.

The samples were put in Hellman quartz cells of 1-m_m path  an alternative approach is to use the theory of Englom
length and kept at constant temperat(28+0.1 °Q during  ang Hyde for a sponge phase of normal curvature, which
the experiment. More details on the experimental proceduregssumes that a neutral surface, located symmetrically on both
have been published elsewh¢@z]. sides of the bilaye[12], is maintained during swelling at a
certain distance from the midsurface. In this case, the
IV. RESULTS AND DISCUSSION Swelling follows the cubic equation

I(q) (arb. units)

A. Swelling of the lamellar and sponge phases &= C10maxt C20 a0 (5)

A typical x-ray spectrum of ah ; phase exhibits a broad
peak and ar(q)~q 2 decay(Fig. 1); g, can be easily wherec, andc, are constants depending on the phase topol-
obtained from visual inspection of the data. For the neigh-ogy. From these constants, the location of the neutral surface
boring lamellar phase§ =0.9) a well-defined, sharper peak can be calculated as follow42]:
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FIG. 4. Conventional unit cell of an approximation to the I-WP
periodic minimal surface from Ref27]. The parameters obtained
from the fits with Eq(1) indicate that this is the closest topology to
our L3 samples.

units)

the FRAPP technique, as a function of the bilayer volume
fraction. All these molecules have the same fluorescent polar
head, but a different hydrophobic tail. They all have the
sameD ¢/ D, for a given surfactant volume fractidfig. 3J);

. s . this ensures that the probe remains within the bilay2g.
e In Fig. 3 theD¢/D, versus¢ values are depicted on a uni-
0 5 10 versal curve for the three fluorescein-modified molecules dif-
fusing in the bilayers of ah; phase. In the dilute regime, the
diffusion coefficient is nearly constant in agreement with
previous result$26]; however, in the more concentrated re-
gime the diffusion coefficient decreases¢@creases.

Recovery signal (arb.

time (s)

FIG. 3. (8 Normalized diffusion coefficient for the three

fluorescein-modified probes in the bilayers of g phase. The - . .

symbols(O), (), and (<) correspond to a hydrophobic tail with ('jl'he experllmt;alntal pomt(i)svt()arsus(b) are f'tt?d to Eq(g) h

12, 16, and 18 carbon atoms, respectively. The experimental da@\n a remarkable agre_ement etwgen experlment and theory
gather on a universal cunv®y/Do=a—bd?, regardless of the IS observed. The predictdd, coefficients are easily calcu-

structure of the dye. A typical error bar is also shovim.represents  |ateéd from the fits if we suppose a cubic symmetry, i.e.,

a single exponential fit to typical FRAPP data. a=3. This value ofa has been verified by measurifg, for
one probe in the neighboring lamellar phase. We have
4m2H\ Y3 ¢, 112 a=0.68+0.05 in agreement with theory and previous results
(-G o
1

In principle, from the experimentél value, one can infer
the minimal surface topology that better describes byr
phase. To our knowledge, the value has been calculated
only for two topological families of cubic phases formed by
bilayers. These values abe=0.45 andb= 0.6 for the P and
the I-WP families, respectivel)f16]. P stands for the
Schwarz primitive surface, and I-WP for the wrapped-
package on¢l denotes a body-centered structure, see Big. 4

where the topological factond and y are the so-called ho-
mogeneity index and the Euler-Poincackaracteristic per
unit cell, respectivelyf12]. y describes the topology of the
IPMS; it is related to the genug (number of handlesper
unit cell by y=2(1—g), whereas the homogeneity indék
links the surface area of the IPMS per unit c&l), and the
volume of the unit cellA . to its topology:

[27].
A32 Even if the b values of more topological families are
H= %v (7) needed in order to unambiguously assign a topology to our
(2mx) uc

phases, it is interesting to explore the implications of our
experimental results. From the data, it can be seen thdi the
showing excellent agreement with the experimental data. alue (0.607-0.04§ seems nearer to that of the I-WP fam-

this stage no additional information can be given about thdly- A unit cell of an approximation to this periodic minimal

neutral surface because the phase topology is unknown. surfage IS shqwn n F'g'. 4 Its Eu!er-PompMaracterlst'lc
per unit celly is —6 (i.e., its genus is Yand its homogeneity

index H is 0.7425. With these results in mind, one can as-
sume that the studiet; phase is described by the I-WP
In order to provide some information on the topology of minimal surface and thus calculate the displacement of the
the L; phase, the self-diffusion coefficient of three neutral surface from the midsurface of the bilayer using Eq.
fluorescein-modified moleculd®4] has been measured by (6). The resulting value i$~9 A, which indicates that, in

In Fig. 2 a fit to Eq.(5) is also plotted for the.; phase,

B. Self-diffusion in the sponge phase



1778 A. MALDONADO, W. URBACH, R. OBER, AND D. LANGEVIN 54

this case, the neutral surface would lie near the polar-apolgyosition of the neutral surface near the polar-apolar interface

interface of the bilayer. of the bilayer. Additional theoretical values bf[defined in
Eqg. (3)] are necessary to assign unambiguously the exact
V. CONCLUSION topology of theL; phase from thé, versus¢ data.

The swelling behavior of theL; phase of the
C,,DMAO-hexanol-water system is well described by the ACKNOWLEDGMENTS
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