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A new method, based on the measurement of the23Na nuclei spin-spin NMR relaxation timessT2d, is
proposed to investigate the shape of micelles in lyotropic nematic phases. We investigate the ternary lyotropic
mixture of sodium dodecyl sulfate, 1-decanol, and water by using the NMR technique, measuringT2 in the two
lyotropic uniaxial nematic phases. The characteristic relaxation time curves of each particular phase are ana-
lyzed by considering that they are constituted by a superposition of exponential decays with typical character-
istic times: in a sense, aT2 spectroscopy. The analysis of theT2 dispersion profiles in both the uniaxial nematic
calamitic and discotic phases indicates that our results can be interpreted in terms of the model of intrinsically
biaxial micelles in all the nematic phases.
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I. INTRODUCTION

One of the most interesting example of self-assembled
system[1] is the micellar lyotropic liquid crystal[2], in par-
ticular the lyotropic nematic phases[3–5]. Three types of
lyotropic nematic phases were identified: two of them are
uniaxial (labeledNC for calamitic nematic andND for dis-
kotic nematic) and the third one is a biaxial phase[4] (la-
beledNB).

Regarding the micellar shape, Fujiwara and co-workers
[6], proposed that the micelles were cylinders(e.g., prolate
ellipsoids) and disks(e.g., oblate ellipsoids) in the NC and
ND phases, respectively. X-ray diffraction patterns of these
phases[3] allowed the determination of the reciprocal space
structures of the uniaxial nematics. They were schematized
as a torus with its major axis parallel to the directorn, and an
elongated hollow circular cylinder with an axis parallel ton,
in NC andND phases, respectively. This interpretation is con-
sistent with the picture of cylindric and discotic micelles,but
these micellar shapesare not the uniquethat could produce
the reciprocal space images obtained in the x-ray experi-
ments.

When in 1980 Yu and Saupe[4] identified theNB phase a
question arose: do the micelles change their shape to a biax-
ial one at the uniaxial-to-biaxial transition or is there a mix-
ture of disks and cylinders in the biaxial phase? Both possi-
bilities account for almost all the experimental results
accumulated until now but it is important to note that there is
not a direct experimental evidence of the presence of cylin-
ders or disks in lyotropic mixtures which present the three
nematic phases. On the other hand, neutron scattering experi-
ments[7] in NC phases of ternary mixtures(with two am-
phiphiles) clearly shown that there are no cylinders in this
phase, reinforcing the model of intrinsically biaxial micelles
(MIBM ) proposed by Galerne and co-workers[5]. In this
model, it is assumed that there are similar micelles in the
three nematic phases. These micelles have a biaxial symme-
try (as a flattened prolate ellipsoid, with three symmetry axes

of order two, mutually orthogonal) and the three nematic
phases are consequence of orientational fluctuations of these
micelles. In the case of binary mixtures, where only one
(always uniaxial) nematic phase is present, symmetry rea-
sons can be evoked to justify the existence of higher sym-
metric objects like disks and cylinders but, in mixtures with
more than one amphiphile, this argument cannot be straight-
forward applied. Another important result obtained by means
of the neutron scattering experiments in lyotropic nematic
ternary mixtures[7] is that the alcohol and the principal am-
phiphile are not homogeneously distributed in the micelle.
The alcohol and the principal amphiphile molecules are lo-
cated mainly in the flat and curved parts of the micelle, re-
spectively.

Different complementary techniques, e.g., nuclear mag-
netic resonance(NMR) quadrupole splitting[8], electric con-
ductivity [9,10], x-ray and neutron scattering[5,11,12], and
freeze-fracture electron microscopy[13], among others,
where used to investigate the structure and local ordering of
these lyotropic systems. Nevertheless the MIBM accounts to
all the available experimental results(to the best of our
knowledge), we believe that complementary experiments to
reinforce its basis are useful and necessary.

In the present work we investigate the ternary lyotropic
mixture of sodium dodecyl sulfate(SDS), 1-decanol
(DeOH), and water by using the NMR technique, measuring
the 23Na nuclei spin-spin relaxation timessT2d in the two
lyotropic uniaxial nematic phases. The characteristic relax-
ation time curves of each particular phase(at a given relative
concentrations and temperature conditions) are analyzed by
considering that they are constituted by a superposition of
exponential decays with typical characteristic times: in a
sense, aT2 spectroscopy. This technique allows the determi-
nation of the differentT2 contributions to the NMR signal,
each of them associated to a given distance between23Na
nuclei and, consequently, with the micellar curvatures. Mul-
tiexponential decay of the transversal magnetization has been
observed in other systems, but the explanation proposed here
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is conceptually different. Brownstein and Tarr[14] assumed
that classical diffusion of water in the interstitial volume be-
tween biological cells is the responsible for the multiexpo-
nential decay and claimed that this phenomenon can only be
observed in samples whose size is of the order of a biological
cell, much larger than the typical micellar sizes investigated
in the present study.

II. EXPERIMENT SECTION

A. Sample preparation and methods

Sodium dodecyl sulfate and 1-decanol were Merck sup-
plied. Light water was tridestilated and deionized in our
laboratory. The lyotropic mixtures were prepared by weigh-
ing the appropriate amounts of components in test tubes and
placed in a heated bath(at 30°C), sonicated and centrifuged
until being homogeneous under crossed polarizers. The com-
position of the samples is expressed in terms of the relative
molar ratio MX of substanceX (X=v, or d for water and
1-decanol, respectively) with respect to the SDS, given by
[15]

MX = S wt % of X

wt % of SDS
DSWSDS

WX
D ,

whereWSDSandWX are the molecular weights of SDS andX,
respectively. All the samples were prepared atMv,45. The
relative compositions of the mixtures are given in Table I.
Changes in the transition temperatures were observed with
respect to those reported in Ref.f15g. This fact, common
in the field of lyotropics, was attributed to the origin of
the mixture components used in our experiment, different
from that of Amaral and Helenef15g. The phases identi-
fied in this phase diagram are the uniaxial calamitic nem-
atic sNCd, uniaxial discotic nematicsNDd, coagel sCOAd
and a nematic-isotropic phase coexistence domain
spolyphasic domain, referred to here as POLd.

B. Technique and apparatus

The NMR apparatus used is a Bruker MSL-300 with a
magnet of 7.05 T, and a double bearing CP/MAS probe with
7 mm spinners. The uniformity of the magnetic field along
the whole sample volume, achieved by means of conven-
tional shimming coils, is better than 0.01 ppm. The sample

temperature was set and controlled over the working range
from 298 K to 330 K better than ±0.1 K.

The pulse sequence used to perform theT2 measurements
is the standard CPMG with receiver and pulses phase cycling
[16,17]. The general expression for the heteronuclear(with
spinsI from the proton andS=3/2 from the sodium) dipolar
transverse relaxation rate for single quantum coherence, in
terms of the reduced intensity function and for a given inter-
dipole distancesrd is written as[18]

1

T2
=

SsS+ 1d
r6 Sm0 " gI gS

4p
D2F1

6
J0svI − vSd +

3

2
J1svId

+
3

4
J2svI + vSdG , s1d

where m0 is the magnetic permeability,gI and gS are the
proton and the sodium gyromagnetic ratios respectively, and
J0,1,2svd are the reduced spectral densities. For a liquidlike
sample and temperatures close to 300 K, Eq.s1d is simpli-
fied considering a fast motion dynamics, wherevstc!1,
and can be written as

1

T2
. S m0

4p
D2

"2gI
2gS

2

r6 tc, s2d

wheretc is the correlation time of the motion. In the case of
the homonuclear interaction, the expression forT2 can be
written asf18g

1

T2
=

IsI + 1d
r6 Sm0"gI

2

4p
D2F3

8
J0s0d +

15

4
J1svId +

3

8
J2s2vIdG .

s3d

By assuming similar dynamic condition for both homo
and heteronuclear interactions, the homo and heteronuclear
contributions toT2 is related to the density of spins in the
vicinity of the observed resonant nuclei. In fact if we con-
centrate the observation in23Na NMR nuclei, which are es-
sentially located at the surface of micelles, thenT2 measures
the spin density in the neighborhood of the surface. Of
course, if there are different spin densities in the micellar
surface, then it should be expected that this fact will be re-
flected in a dispersion in theT2 relaxation profile. So, we can
assign the local exponential decay amplitude of each compo-

TABLE I. Samples description in terms ofMv andMd (see text for definition) and phase sequence. COA
and POL states for coagel phase and polyphasic domain, respectively.

Sample Phase sequence Mvs±0.2d Mds±0.005d

Binary →
T&290 K

ISO →
T*310 K 44.0 0

NC1
COA →

T,298 K

NC →
T,304 K

POL
45.2 0.200

NC2
COA →

T,298 K

NC →
T,306 K

POL
45.2 0.310

NC3
COA →

T,292 K

NC →
T,296 K

POL
46.5 0.330

ND1
COA →

T,290 K

ND →
T,296 K

POL
44.8 0.400
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nent of theT2 profiles to different regions of the micellar
surfaces, with different spin densities. It is important to stress
that eventual orientational fluctuations of micellesdo not av-
erage the dispersion in theT2 relaxation profile. In other
words, if anisometric micelles in an isotropic phase have
three different regions with different spin densities(e.g., sur-
faces with different curvature radii), three peaks appear in
the T2-dispersion measurement.

C. Relaxation data analysis

The NMR 23Na signal often shows multiexponential de-
cays of the magnetization. These decay, together with the
assumption that the dynamics of23Na are the same in all the
micelles, constitute a map of the average distance between
the 23Na nuclei in the different micellar surroundings. These
studies involve a detailed analysis of the distribution ofT2 by
means of an algorithm based on a regularized least squares fit
[19–23] of the experimental data by a sum of decaying ex-
ponentials. The fitting function is chosen as a linear combi-
nation, with non-negative coefficientssCj ,1ø j øMd, of a
finite set of M decaying exponentials with preestablished
time constants. There is a unique solution such that the av-
eraged sum of the squares(SQ) of the fitting errors is a
minimum, and the constraints to be satisfied may be written
as

] sSQd
] Cj

= 0 if Cj . 0,

] sSQd
] Cj

ù 0 if Cj = 0.

It is not known beforehand which coefficients are positive.
Due to the weak linear independence of the exponential

function, the fitting problem is an ill-defined one. This fact is
reflected in strong oscillations in the spectral coefficients dis-
tribution. To cope with this situation, regularization is re-
quired. Of the various regularizations tried, the one produc-
ing the best results is that which accounts for the peak
curvatures, by adding to SQ a term of the form

Su =
u

M o sCj−1 − 2Cj + Cj+1d,

whereu is an external introducedregularizing parameter. Su

plus the averaged sum of the squares is then minimized to
obtainCj8’s.

Let us discuss in greater detail the association we will
make between the amplitude ofT2 and the surface curvature
of the micelles. In the neighborhood of the micellar surface
(i.e., from the surface towards the bulk) an electric double
layer constituted mainly by the23Na+ counterions is present.
This layer involves the micelle and screens the negative
charge of the ionized SDS molecules which constitute the
micelle. In the case of ternary mixtures, it was shown that
alcohol molecules are preferentially located in the flat parts
of the micelle; however, to the best of our knowledge, this
result has not yet been quantified. However, neutron results
seem to indicate that alcohol molecules are not homoge-

neously distributed(mostly) in the flatter part of the micelle
but segregate from the soap molecules, concentrating in the
middle of the flatter surface. The amount(in mol) of alcohol
with respect to the SDS in the ternary mixtures investigated
in this work is defined by the parameterMd, which varies in
the interval 0.2øMdø0.4. As some of the alcohol molecules
are also present in the curved surfaces of the micelle, it is
reasonable to assume that the23Na nuclei interdistances are
influenced(in the same sense) in both (flatter and curved)
micellar surfaces by the alcohol molecules presence. In these
alcohol concentrations, and taking into account neutrons’ re-
sults, we do not expect that the23Na nuclei interdistances
(present in the electric double layer) in the different micellar
surfaces will be drastically modified in the sense that it
would promote a larger23Na nuclei interdistances in the flat-
ter surface and a smaller in the curved surfaces. We will
return to this point later on during the results discussion.

III. RESULTS AND DISCUSSION

A. Binary mixture

Figure 1 shows the sodiumT2 measurements(in the iso-
tropic phase 300øTø306 Kd of the binary mixture of so-
dium dodecyl sulfate and water. As discussed in the Intro-
duction section, micelles in this mixture are expected to be
spherical. Figure 1(a) shows the typicalT2-dispersion curve,
which can be fitted by a single exponential decaying func-
tion. We verified that, increasing the number of exponentials
in the fit of the magnetization decay, thex2 (which informs
about the fit quality) does not significantly improves and the
coefficients of the second, third, and so on exponentials are
,0 (i.e., ! than the coefficient of the first exponential). Fig-
ure 1(b) shows the linear behavior ofT2 with T. TheT2 peak
integral (also named amplitude of the magnetization decay,
shortly, amplitude), which is proportional to the number of
23Na nuclei present in the sample, remains constant with
temperature[Fig. 1(c)]. Following the arguments discussed
just after Eq.(3) we can conclude that the spin density sur-
rounding the23Na nucleus remains constant for all the so-
dium dodecyl sulfate molecules. In other words, this result is
compatible with a model which assumes spherical micelles
(only one radius of curvature) in this isotropic phase. The
linear increasing ofT2 as a function of temperature[Fig.
1(b)] can be interpreted as a consequence of the increasing of
the 23Na-23Na distance, due to the augmentation of the mi-
cellar radius with temperature. The surface per polar head
increases with increasing temperature. One can, in this way,
observe through theT2-dispersion profile, the expansion of
the micellar volume. The constant amplitude of the magne-
tization decay is also compatible with the above described
model, showing that all23Na nuclei decays with the sameT2.

B. Ternary mixture

The T2-dispersion measurements in the ternary mixtures
with decanol concentrationsMd=0.2, 0.31, 0.33 and 0.4 are
shown in Figs. 2–5, respectively. The temperature evolution
of theT2 dispersion, with different values ofMd, are depicted
in Figs. 2(a), 3(a), 4(a), and 5(a). The magnetization decay
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can be well described by three exponentials in the whole
measured temperature range:(i) a first peak at lowT2 with a
decay time constant below 2 ms, which cannot be adequately
resolved by our experiment;(ii ) a second intense peak cen-
tered in the range 5–10 ms; and(iii ) a third one of, smaller
amplitude, withT2 higher than 10 ms. This general scheme is
observed in bothNC and ND uniaxial phases. As this is a
crucial point of our analysis, let us discuss in more details
the criterion used to conclude that the magnetization decay
can be well described by three exponentials. Initially we
verified that using a single exponential the fit quality is poor
(largex2). Increasing the number of exponentials up to three,
the fit quality approaches that of the single exponential fit
obtained in the binary mixture. Increasing further the number
of exponentials, thex2 does not significantly improves and
the coefficients of the 4nd, 5rd and so on exponentials are
,0 (i.e., ! than the coefficients of the 1st, 2nd and 3rd
exponentials).

At this point we can come back to the discussion about
the influence of the alcohol molecules in the23Na nuclei
interdistances. Comparing the values ofT2 obtained in the
binary mixture (where only a curved surface is present in
micelles) with those of the ternary mixtures we see that in all
the cases there is a peak corresponding to 10&T2&30 ms.
Considering the amount of alcohol molecules present in the

different mixtures and their location in micelles it seems rea-
sonable to associate this peak(also in ternary mixtures) to
the larger23Na nuclei interdistances, corresponding to curved
surfaces. At the alcohol molecules concentration used, it
seems unlike to attribute this peak(in ternary mixtures) to
flatter surfaces where the23Na nuclei are moved away from
each other due to the alcohol presence. Correspondingly, the
other peaks observed in the ternary mixtures results(not ob-
served in the binary mixture), particularly that at 1&T2
&5 ms, which is one order of magnitude smaller than that
corresponding to the curved surfaces, should not correspond
to a curved surfaces, with or without alcohol molecules.

The presence of threeT28 s in all the investigated tempera-
ture range can be interpreted, in our framework, as the indi-
cation that three spin densities coexist,independentlyof the
uniaxial NC or ND phases. Each spin density is associated to
different curvature radius in the micelle’s surface. Let us
discuss this aspect in more details. Assuming that micelles in
the Nc andND phases are spherocylinders and disks, respec-
tively, one should expect the presence of only two peaks in
theT2-dispersion measurements in each phase. In the case of
spherocylindrical micelles(Nc phase), these two peaks cor-
respond to the spin densities in the lateral surface and the end
caps of micelles. In the case of disklike micelles(ND phase),
these two peaks correspond to the spin densities in the lateral

FIG. 1. (a) 23Na NMR T2-dispersion profile of the binary mixture of sodium dodecyl sulfate and water, isotropic phase;(b) T2 as a
function of temperature, sample in the isotropic phase;(c) T2 amplitude as a function of temperature.
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curved surface(half torus around the disc) and the flat top
and bottom surfaces of micelles. On the other hand, a sketch
of an intrinsically biaxial micelle(as proposed in the MIBM
for the uniaxial and biaxial phases) is an ellipsoid with three
different semiaxes. Figure 6 sketches this micelle, identify-
ing the three different curved surfaces which should originate
the peaks in theT2-dispersion measurements. The numbers 1,
2, and 3 in the Fig. 6 are related to the origin of the first,
second and third peaks in theT2-dispersion measurements,
respectively.

In Figs. 2(b) and 2(c) one can check the peak positions
and amplitudes of sample NC1, respectively.T2 of the sec-
ond and third peaks increase with temperature[Fig. 2(b)]

except at temperatures close to 298 K, where a strong incre-
ment of the highT2 peak(third one) and the vanishing of the
low component of the magnetization decay are shown. The
amplitude of the thirdT2 peak [Fig. 2(c)] also presents a
maximum at that temperature. The maximum ofT2 and their
respective amplitudes observed in temperatures around
298 K can be attributed to the COA-Nc phase transition. In
addition, the increase of the slope ofT2 versus temperature at
about 304 K should be identified to theNC-POL transition
[Fig. 2(b)]. Due to dynamic fluctuations of molecules in the
vicinity of phase transitions, which promote fluctuations of
the spectral densities[see Eqs.(1) and(3)], fluctuations inT2
values are expected. This effect is seen in Figs. 2(b) and 2(c).

FIG. 2. (a) ExperimentalT2 profile in the ternary mixture of SDS, decanol, and water, sample NC1, at different temperatures.(b) T2 as
a function of temperature,s+d first peak,s•d second peak,smd third peak;(c) T2 amplitude as a function of temperature,s+d first peak,s•d
second peak,smd third peak.
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Our results indicate that these spin densities do not signifi-
cantly change in all the COA,NC and POL regions of the
phase diagram.

TheT2 dispersion profile behavior[Figs. 3(a)–3(c)] in the
sample with higher water concentrationsMd=0.31d, named
NC2, is essentially the same described above. In the COA
phase domain, the second and thirdT2 peaks are visually
unresolved, but numerical fitting allows to calculate the val-
ues plotted in Figs. 3(b) and 3(c). The transition between the
NC phase and POL occurs in 306 K, signed by a change in
the T2 versus temperature curve slope of both second and
third peaks. The amplitude of the firstT2 peak increases with
temperature untilT,298 K while, in the sameT-range, the
amplitude of the third peak decreases. The amplitude of the
secondT2 peak remain barely constant atT,298 K.

Similar behaviors were observed at a higher water con-
centration samplesMd=0.33d, named NC3, as depicted in the

Figs. 4(a)–4(c). In this sample theNC-POL transition occurs
at T,296 K.

In the case of sample withMd=0.4, named ND 1, theND
phase domain is limited at low temperature(at ,292 K) by a
coagel phase and at high temperature(at ,296 K) by a POL
domain. Figure 5 shows the experimentalT2 dispersion mea-
sured in this sample.

As a remark, it can be observed that the behavior of theT2
profiles of the NCi(i =1, 2, and 3) and ND1 samples closely
match. This means that in theNC and ND phases, the spin
densities in the micellar surfaces are similar, which is con-
sistent with the MIBM.

Let us analyze the amplitude of the firstT2 peak(associ-
ated to the flattest surface of micelles) as a function of
Mds0.2øMdø0.4d at a fixed temperature, in the nematic
phase domain. We observe that the amplitude of this peak
increase withMd. In the ND phase, its value became,3

FIG. 3. (a) ExperimentalT2 profile in the ternary mixture of SDS, decanol, and water, sample NC2.(b) T2 as a function of temperature.
s+d first peak,s•d second peak,smd third peak;(c) T2 amplitude as a function of temperature,s+d first peak,s•d second peak,smd third peak.
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times larger than that in theNC phase. In our framework,
small values ofT2 are associated to small23Na-23Na dis-
tances, i.e., flatter surfaces. Microscopically, the presence of
largerT2 amplitude encountered in theND phase indicate the
presence of larger flat surfaces in micelles in this phase, with
respect to those in theNC phases. This fact is compatible
with the MIBM which assumes that the micellar dimensions
continuously change with temperature across the phase tran-
sitions and orientational fluctuations originate macroscopi-
cally the different nematic phases. In theND phase orienta-
tional fluctuations which degenerate the axis perpendicular to
the biggest micellar surface take place. These fluctuations are
favored when micelles have larger flat surfaces with respect
to curved surfaces. In both nematic phases the first peak(low
T2) position remains practically temperature independent,
even in theND phase. Taking into account that the values of
T2 of the first peak are almost independent of temperature
and those of the third peak depend onT, it is reasonable to
conclude that amphiphilic molecules located in the curved
loci of micelles experience a bigger temperature variation of

their surface per polar head with respect to molecules placed
in the flatter part of micelles.

The peak in the dispersion profile, located approximately
at T2=5 ms(second peak), is associated with regions of the
micellar surface presenting intermediate curvature radii.

Let us analyze now the highT2 peak (the third one),
which is located in the range between 10 and 12 ms. This
peak should be associated to the largest distances between
23Na nuclei and, consequently, to the shortest curvature radii
of the micellar surfaces(where the23Na nuclei are located).
The values ofT2 in the ND phase are similar to those mea-
sured in the spherical micelles of the binary mixture. So, we
can partially conclude that the shortest curvature radius in
the ND phase(ternary mixture) is similar (in both absolute
value and thermal behavior) to the mean radius of the spheri-
cal micelles in the binary mixture. The situation is rather
different in theNC phase. Comparatively higherT2 and ther-
mal expansion coefficients have been observed in the
samples NCisi =1,2 and 3d. These higherT2 values corre-
spond to smaller curvature radii in micelles.

FIG. 4. (a) ExperimentalT2 profile in the ternary mixture of SDS, decanol, and water, sample NC3.(b) T2 as a function of temperature.
s+d first peak,s•d second peak,smd third peak;(c) sT2d amplitude as a function of temperature,s+d first peak,s•d second peak,smd third peak.
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IV. CONCLUSIONS

In this work we developed a method by which to study
the shape of micellar aggregates based on the measurements
of the NMR spin-spin relaxation dispersion profiles. The ba-
sic idea is that, at equally dynamic behavior, the spin-spin
interactions essentially depends on the distance between the
studied NMR nuclei and its surrounding spins. In this frame-
work, it is possible to associate flat micellar surfaces with
short distances between23Na nuclei, and consequently short-
estT2’s.

This picture is corroborated by the study of the
T2-dispersion profile carried out in the binary sodium dode-
cyl sulfate–water mixture. The magnetization decay is well
described by a single exponential, as expected for spherically
shaped micelles. From the measurements ofT2 at different
temperatures(in the isotropic phase), we observed that the
thermal expansion of the micellar dimension is nicely de-
scribed by the linear increment of the singleT2 with tempera-
ture.

The analysis of theT2 dispersion profiles in both the
uniaxial nematic calamitic and discotic phases indicates that
highly symmetrical micellar shapes like spherocylinders and
disks do not account for the experimental results obtained in

FIG. 5. (a) ExperimentalT2 profile in the ternary mixture of SDS, decanol, and water, sample ND1.(b) T2 as a function of temperature,
s+d first peak,s•d second peak,smd third peak;(c) T2 amplitude as a function of temperature,s+d first peak,s•d second peak,smd third peak.

FIG. 6. Schematic representation of an intrinsically biaxial mi-
celle (ellipsoid with three different semiaxes). The smallest dis-
tances between23Na nuclei correspond to the flat surface(region 1);
the largest distances between23Na nuclei correspond to the most
curved surfaces(region 3); intermediary distances between23Na
nuclei correspond to intermediary curvature regions 2.
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our experiments, where three peaks are present. Our results
can be interpreted in terms of the model of intrinsically bi-
axial micelles in all the nematic phases. The micellar dimen-
sions present continuous changes in their dimensions as a
function of external variables like temperature and relative
concentrations of the mixture components.

Moreover, theT2 dispersion profile analysis of a single
nucleus located preferentially in the head region of the am-
phiphilic molecules is a useful tool to parametrize some
properties of the shape of the micellar surface. Possible ex-

tension of the proposed analysis method to more complex
structures like sponge phase, membranes, etc., is a matter for
future studies.
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