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Aggregation phenomena in a lecithin-based gel: Transient networks and diffusional dynamics

F. Aliotta, M. E. Fontanella, M. Pieruccini, and C. Vasi
Istituto di Tecniche Spettroscopiche—CNR, Via G. La Farina 237, 98123 Messina, Italy

~Received 20 July 1998!

The diffusional properties in the cyclohexane/lecithin/water gel are investigated by means of quasielastic
neutron scattering and depolarized light scattering. Also the pure organic solvent and sol phases of different
compositions are investigated for a comparison. It is found that both translational and rotational diffusion of
water and lecithin are strongly correlated, and become faster in the gel phase. This does not fit the current point
of view, where the rheological properties of the system are supposed to result from the entanglement of giant
linear micelles which grow up under addition of water. As a further investigation, the aggregative phenomena
occurring in the system at the sol-gel transition are observed by means of a calorimeter too. Also in this case,
the interpretation of the experimental data in terms of the growth of linear giant aggregates leads to some
inconsistencies. It is suggested that the macroscopic shear viscosity behavior can be thought of as originated by
a transient network determined by cooperative intermicellar interactions, where the role played by water is not
as simple as assumed up to now.@S1063-651X~99!03401-7#

PACS number~s!: 82.70.Dd, 82.70.Gg, 61.12.Ex
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I. INTRODUCTION

The formation of a gel phase in lecithin-in-oil microemu
sions after addition of water is currently interpreted in ter
of an entanglement of wormlike micelles, the mean lengtL
of which scales with the volume fractionf of the dispersed
phase asL}f1/2 @1,2#: The idea underlying such a polyme
like approach is that when lecithin molecules are dissolve
an organic solvent they self-arrange in spherical aggreg
the shapes of which change to rods and then to giant flex
aggregates upon progressive addition of water, at least un
maximum water content is reached, which is characteristi
the solvent under consideration. The average micellar len
at a given concentration, should be determined by the kin
equilibrium between the breaking and reforming process
There are two ways by which such a dynamic equilibriu
can be altered: ~i! a change of the rate constant for th
reforming process~i.e., the rate of the intermicellar colli
sions! through the variation off; ~ii ! a change in the rate
constant for the breaking process through the variation of
water contentR ~the number of water molecules per lecith
molecule!. In fact, water enters the micellar structure by h
drogen binding to the polar heads of lecithin, thus affect
the value of the scission energy.

The appeal of such a picture lies in its capability of e
plaining the viscoelastic properties of the system by me
of analogies with semidilute polymer solutions, for which t
well-known reptation theory@3# is able to furnish good pre
dictions. Such a description of a monotonous unlimit
growth process with the concentration is the result o
mean-field approximation. When one is interested in desc
ing dense systems, excluded volume effects are to be ta
into account. In effect, small angle neutron scatter
~SANS! and static and dynamic light scattering experime
on diluted water-in-oil lecithin micelles have furnished r
sults that have been easily interpreted within the ab
framework@4,5#, indicating that the average micellar leng
scales with concentration as predicted by the model, at l
at high enough dilution~more pronounced growth laws ar
PRE 591063-651X/99/59~1!/665~8!/$15.00
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found when concentration increases@5#!. However, a gel
structure consisting of an entangled random network
wormlike micelles should be confirmed by a SANS scatt
ing profile characterized by a Lorentzian structure fac
@6,7#. On the other hand, the experiments have shown tha
high enough concentration, intermicellar interactions de
mine the existence of a well-defined correlation length,
sulting in a pronounced interference maximum@8–10#. After
a revision of the current ideas, we realized that the dep
dence of the mean micellar length on the concentration
tually results from a complex phenomenon on which e
cluded volume effects play a major role, and that cannot
described at all in a mean-field approximation@10–12#. A
rough phenomenological model@12# was developed, base
on the above considerations, that is able to describe, at
qualitatively, the experimentally observed dependence of
micellar size on the concentration. The occurrence t
SANS experiments have shown that at highf values almost
the same local arrangement exists in both samples atR50
and R510 ~where viscosity exhibits its maximum value!
means that mechanisms other than the hypothesized
tanglement are the source of the observed sol-gel transi
In particular the investigation of the role played by the wa
molecules on the macroscopic viscosity of the system
comes of paramount relevance.

The statics is not able to solve the puzzle, and dee
insight can be obtained looking also at the diffusional d
namics of the system. Elsewhere it will be shown by diff
sional data obtained from quasielastic neutron scatte
~QENS! and depolarized light scattering~DLS! that the sol-
gel transition is not monitored by local structural chang
~SANS!, but rather by a marked increase of the water mob
ity ~as also confirmed by NMR studies@13#!. On the one
hand, the interpretation of the rheological properties of
system as originated from a transient hydrogen bonding
work, where water plays a major role, is not consistent w
the observed high mobility of the water itself. On the oth
hand, the existence of an entangled network of worml
micelles is not consistent with the SANS results and with
665 ©1999 The American Physical Society
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666 PRE 59ALIOTTA, FONTANELLA, PIERUCCINI, AND VASI
lack of evidence of entanglement points from NMR data
will be also shown how the results from the calorimet
probe, which directlyseesthe intermicellar aggregation phe
nomena, lead to the same inconsistencies when interpret
terms of growth processes of polymerlike chains.

II. MATERIALS AND METHODS

Soybean lecithin was obtained from Lucas Meyer~Epicu-
ron 200!. D2O ~100% D!, cyclohexane~HPLC grade! and
d12-cyclohexane ~99.5% D! were purchased by Aldrich
Chemicals and were used as received. Water was deion
and bidistilled.

The microemulsions were prepared by weight, first d
solving the lecithin in the cyclohexane and then adding
appropriate amount of water. Weight fractions of lecith
were converted to volume fractions, using for the density
lecithin, at 25 °C, 1.014 g/cm3.

Two QENS experiments were performed. The first o
was performed on the MIBEMOL time-of-flight spectrom
eter at the Laboratoire Leon Brillouin~LLB !, Saclay. Neu-
trons withl059 Å were used as a probe and the exchan
wave vector was spanned in the range 0.2<Q<1.3 Å21. The
energy resolution~vanadium sample! was better than 20meV
@half-width at half-maximum~HWHM!# and the explored
energy range was23<E<0.5 meV. Two series of sample
were prepared at fixed water contentR510 and at different
f values~deuterated cyclohexane was used as the solve!.
In the first H2O was used (f50.002,0.022,0.104,0.223), th
other was prepared with D2O ~f50.002,0.021,0.121,0.233!.
Also the pure solvent was investigated. All the measu
ments were performed at fixed temperature (T525 °C) with
the exception of the sample with H2O at R510 and f
50.223 for which spectra were collected at the temperatu
of 15, 25, and 35 °C.

The second QENS experiment was performed on the I
spectrometer at the Rutherford Appleton Laboratory~RAL!.
The energy resolution was about 8meV ~HWHM! and the
explored energy range was20.4<E<0.4 meV. Spectra
were collected within the exchanged wave-vector range
<Q<1.8 Å21. All the samples were prepared with deute
ated cyclohexane. Two series of samples were prepare
R50 (f50.003,0.01,0.2) and with D2O at R510 ~f50.01
and 0.2!, respectively. Also in this experiment the spectru
of the pure solvent was collected. All the measurements w
performed at fixed temperature,T525 °C. In both experi-
ments, the time of flight spectra, transformed to the ene
scale, were corrected for the empty-cell contribution a
symmetrized for the detailed balance.

The DLS measurements were performed on a dou
monochromator double-pass~DMDP 2000, SOPRA!. The
experiment was performed in a 90° geometry using
5145-Å vertically polarized line of a unimode Ar1 laser,
Spectra Physics model 2020, working at a mean po
of 700 mW. Spectra were collected on the energy ra
250<Dv<50 cm21. For each sample three spectra we
collected at different resolutions,DE, on the energy
range 23<Dv<3 cm21 (DE50.05 cm21), 210<Dv
<10 cm21 (DE50.5 cm21) and 250<Dv<50 cm21 (DE
52 cm21), respectively. The spectra at different resolutio
were subsequently numerically matched and corrected
t
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the detailed balance. The DLS measurements were
formed, atT525 °C, on pure cyclohexane, on a solution
soybean lecithin in cyclohexane atf50.2, and on the ter-
nary system lecithin/cyclohexane/water atf50.2 and R
510.

The calorimetric measurements were carried out at 25
with a LKB thermal activity monitor equipped with a mix
flow cylinder. For the measurements of the enthalpies of
lution, a fixed amount of cyclohexane~about 2.6 cm3! was
placed in the compartment of the perfusion cell. Then,
cell was introduced into the calorimeter and, after therm
equilibration, small amounts of sample at a fixed initial vo
ume fractionf i50.123 were added into the sample compa
ment by an injection cannula connected to a Hamilton
ringe. The final volume fractionf f was in the range 0.5
31023<f f<8.731023. Samples were investigated at di
ferent water contents:R55.1, R510.1, andR515.3. The
calorimetric signal, appropriately amplified, was used to c
culate the thermal effect~estimated uncertainty approx
mately 0.5%!.

The same procedure was followed for the measuremen
the enthalpy of solution of water, when 2.6 cm3 of a solution
of lecithin in cyclohexane atf50.135 was put in the cel
and then small quantities of water were added~the final R
values were ranging from 0.8 to 15.4!.

III. SOLVENT DYNAMICS

In performing our incoherent quasielastic neutron scat
ing experiment we used deuterated cyclohexane, with
aim of separating the solvent and the lecithin contributio
~the latter being almost incoherent! to the overall scattered
intensity. However, it should be stressed that t
d12-cyclohexane is far from being just a pure coherent sc
terer, as for deuterium nucleus coherent and incoherent c
sections are comparable (scoh55.6 b ands inc52 b, respec-
tively!. The measured dynamic structure factorS(Q,v) rep-
resents the double Fourier transform of the van Hove spa
time correlation function,G(r ,t). It is clear thatG(r ,t)
includes both theself and thedistinct dynamic correlation
functions, which would mean that

G~r ,t !5Gs~r ,t !1Gd~r ,t !. ~1!

Of course,Gs(r ,t) is identical toGinc(r ,t). In our case the
problem of separating the two contributions can be at le
partially solved by observing the pronounced increase of
total integrated scattered intensity at aroundQ51.3 Å21, as
shown in Fig. 1, where both data from MIBEMOL and IRI
experiments are reported. This is indicative of the prevale
of Gd(r ,t) over Gs(r ,t) in that range, which, implying the
existence of a characteristic correlation length in the syst
is also accompanied by a narrowing of the translational
fusion line@14# ~see below!. On the other hand, the scattere
intensity turns out to be almost constant for exchanged wa
vector values below 1 Å21, showing that the incoherent con
tribution dominates. The difference in the apparent ba
grounds of the diffraction patterns reported in Fig. 1 are d
to the different normalization procedures used and to
different resolutions and explored energy ranges chosen
the two experiments. Once the main character of the s
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PRE 59 667AGGREGATION PHENOMENA IN A LECITHIN-BASED . . .
tered spectrum in the variousQ ranges is identified, and th
existence of a coherent contribution assessed, we rem
with the question of the number of components of the
served intensity. In the absence of a generally accep
model, we adopted the choice of estimating the minim
number of Lorentzians required to reproduce the spectr
In conformity with the Sears formalism@15–17#, which as-
sumes that molecular reorientation takes place thro
small-angle random rotations~angular diffusion!, decoupled
from the translational motion, the scattering law can be w
ten as

S~Q,v!}J0
2~Qj!

1

p

GT

GT
21v2

1(
l 51

`

~2l 11!Jl
2~Qj!

1

p

GT1 l ~ l 11!Dr

@GT1 l ~ l 11!Dr #
21v2 ,

~2!

whereJl are the spherical Bessel functions,Dr is the rota-
tional diffusion coefficient,GT is the translational linewidth
j is a correlation length characteristic of the system, and
other symbols have the usual meaning.

Our fitting procedure was able to resolve just two ind
pendent Lorentzian lines, after convolution of the scatter
law with the instrumental resolution functionR(Q,v):

S~Q,v!}@L1~Q,v!1L2~Q,v!# ^ R~Q,v!. ~3!

The first Lorentzian shows a markedlyQ-dependent line-
width the value of which scales asQ2 at low Q values. Such
a behavior is typical of the translational line associated w
a centre-of-mass motion. However, as asserted above
wave-vector valuesQ.1 Å21 the coherent scattering contr
bution becomes of main relevance, as it is stressed b
maximum of the intensity of the translational line to which
de Gennes narrowing of the linewidth corresponds@14# ~see
Fig. 2!.

The second Lorentzian line can be unambiguously
tected only in the MIBEMOL experiment~it can be, at least
partially, confused with a constant background in the hig
resolution spectra of IRIS!. From the analysis of the
MIBEMOL spectra it turns out that the second Lorentzi
line is rotational in character: it appears as the convolution
a translational line with aQ-independent rotational contribu

FIG. 1. Diffraction pattern ofd12-cyclohexane.
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tion with HWHM of about 260meV. Due to the not very
good statistics obtained on the wings of the quasielastic s
tra, at the moment, we are not able of going into the det
of the rotational diffusion of the solvent. Further measu
ments are actually in planning on this subject that, howev
falls outside of the aim of this paper.

The comparison with results from depolarized light sc
tering technique should be of some interest in this resp
Depolarized Rayleigh scattering in liquids is originated
the time correlation functionCb

anis(Q,t) of the traceless par
of the polarizability tensor fluctuationsdb i j (Q,t) @18#. The
scattering profileI VH is given by the Fourier transform of th
time correlation functionCb

anis(Q,t),

I VH~Q,v!5E
2`

1`

dt exp~2 ivt !

3H ^dbxy* ~Q,0!dbxy~Q,t !&sin2
u

2

1^dbyz* ~Q,0!dbyz~Q,t !&cos2
u

2J , ~4!

where ^ & denotes the thermodynamical averaging,u is the
scattering angle, and the subscripts VH refer to the polar
tion directions of the incident~vertical! and scattered~hori-
zontal! fields with respect to the scattering plane.I VH(Q,v)
contains both the self-contributions and the distinct contri
tions of the correlation functionsCb

anis(Q,t). This means that
depolarized Rayleigh spectra depend on both self-part

FIG. 2. d12-cyclohexane: Q dependence of the integrated ar
~up! and of the half-width~down! of the translational component a
obtained through the fitting procedure@see Eqs.~2! and ~3!#.
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668 PRE 59ALIOTTA, FONTANELLA, PIERUCCINI, AND VASI
motions and correlated motions of different molecules a
as a consequence, can be directly compared with results
quasielastic neutron scattering, once the observed linewi
are appropriately rescaled for theQ values.

In Fig. 3, the results from depolarized light scatteri
measurements, in a 90° scattering geometry, are repo
together with the neutron spectrum fromd12-cyclohexane
obtained at the minimumQ value we explored at the
MIBEMOL time-of-flight diffractometer. The experimenta
spectrum was analyzed in terms of a superposition of Lor
zian contributions. Two Lorentzian lines were detected a
in Fig. 3 the result of the fitting procedure is reported
gether with each resolved component. It should be stres
that in a light-scattering experiment, due to the large value
the incident wavelength (l055145 Å in the actual case!, the
exchanged wave vector is virtually zero (Q50.0017 Å21).
As a consequence, any translational contribution reveale
the quasielastic neutron scattering experiment will be c
lapsed within the experimental resolution and only t
Q-independent rotational lines will be comparable. In effe
the narrower contribution detected in the light-scattering
periment seems to be coincident~see Fig. 3! with the faster
motion observed in the neutron scattering experiment, t
supporting its interpretation as a rotational line. Howeve
further larger contribution is observed in the DLS spectru
which could be originated by a faster relaxation process
that, in addition, cannot be detected within the limitedQ
range spanned in the neutron scattering measurement.
thermore, the investigation of the far wing should be of
terest, to detect probable collisional contributions. As
serted, the investigation of the above-mentioned f
relaxation process in cyclohexane will require further m
surements and we will limit ourselves here to the study of
translational line revealed in the quasielastic neutron sca
ing spectra.

IV. DIFFUSIONAL PROCESSES IN LECITHIN-IN-OIL
MICROEMULSIONS

In Fig. 4 we report theQ dependence of the integrate
scattered intensity for solutions of lecithin ind12-cyclo-

FIG. 3. The DLS spectrum of cyclohexane. The two rotatio
contributions obtained through the fitting procedure~see text! are
reported as continuous lines. The QENS spectrum~open circles! is
reported for a comparison.
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hexane at different values of the volume fraction. From
inspection of the figure it appears that, when the concen
tion increases, the solvent contribution remains almost u
tered~at least as far as the coherent dynamical structure
tor is concerned! while a new, partially coherent, compone
from lecithin is detected, centered at very lowQ values. In
the inset of the same figure, the diffraction pattern from
lecithin/d12-cyclohexane/water system atf50.2 and at a
water contentR510 is reported. The data are obtained bo
at the MIBEMOL and the IRIS instruments; the very goo
agreement between the two experiments is quite evident.
to be stressed that the above reported indications for a
vent dynamics essentially not influenced by the presenc
the dispersed phase agrees with NMR experiments in wh
it was found that the linewidths for13C and 1H of cyclohex-
ane are completely insensitive to the composition of the s
tem~and then to the macroscopic viscosity! @13#. Taking into
account the above considerations, we analyzed the quasi
tic neutron scattering spectra from our samples by fitt
them with Eq.~2!, where the linewidths of the solvent con
tributions were held fixed~while the intensities should be
scaled by the concentration!, and looking for the presence o
further Lorentzian lines or of purely elastic scattering. Ho
ever, as will be shown elsewhere, such an approach is on
rough approximation, and it is not appropriate for the ana
sis of the broad rotational lines. Besides the cyclohex
components and an additional translational line connec
with the dispersed system, a purely elastic component is
tected, at low-Q values, for samples atf>0.1 andR510.
One could be misled in interpreting such a component as
elastic incoherent structure factor contribution. Actual
such an event can be excluded, as after the scattered int
ties from samples containing D2O and H2O are compared
one is allowed to consider the water contribution as ess
tially coherent too, at least at very lowQ values and at high
enough concentrations~in the inset of Fig. 4, note that sca
tering from D2O turned out to be more intense than fro
H2O). The existence of an intense coherent contribution
low values of the exchanged wave vector is consistent w
small-angle neutron scattering experiments@8–11#, in which
we detected the existence of a maximum in the intermice

l

FIG. 4. Diffraction patterns of solution of lecithin in
d12-cyclohexane at different values of the volume fraction. In t
inset the diffraction pattern of the gel phase is reported. Full sy
bols, IRIS data; open symbols, MIBEMOL data.
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PRE 59 669AGGREGATION PHENOMENA IN A LECITHIN-BASED . . .
structure factor, centered atQ>0.1 Å21 at R50 and mov-
ing towards lower values after the addition of water~note
that the analysis of the elastic structure factor, detected
our fitting procedure for samples atf>0.1, furnishes a value
of the correlation length that is in good agreement w
SANS results!. The establishment of a preferred correlati
length, at high enough concentration, is also suggested
phenomenological model@12#, describing the micellar
growth process as a complex behavior that emerges f
intermicellar excluded volume interactions. The coherent
ture of the scattering from the dispersed phase is further c
firmed by theQ dependence of the integrated area of
resolved translational line~see Fig. 5!.

The translational character of the observed compon
can be easily deduced by theDQ2 behavior of the linewidth
~see Fig. 6!. The slowing down of the diffusive motion a
higher concentrations is also evident and agrees with the
served increasing of the macroscopic viscosity. On the c
trary, a higher mobility is detected after addition of wat
and such a result may appear inconsistent with the obse
sol-gel transition. The same indication comes from D
measurements~see Fig. 7!: when lecithin is dissolved in cy
clohexane, the rotational line narrows but, when water
added, a broadening is unambiguously observed. The br

FIG. 6. Q2 dependence of the resolved translational line c
nected with the dispersed phase. Data are reported for syste
different composition. Open circles refer to MIBEMOL data; all th
other points come from the IRIS experiment.

FIG. 5. Q dependence of the integrated area of the resol
translational component in the gel phase.
y
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ening of the linewidth with increasingR agrees with NMR
@13# indications for a high water mobility at highR values.
On this basis, the measured Lorentzian contribution could
considered as a superposition of reorientational motions
lecithin molecules~which do not appear to be related wit
the macroscopic viscosity, as reported in@13#! and of water.

The above interpretation of the translational diffusive p
cess detected in the quasielastic neutron scattering ex
ment is supported by the observedT dependence of the
HWHM, which is consistent with an activation energy
about 30 kJ mol21. Such a value, the order of magnitude
which is typical of hydrogen-bonded systems, enforces
hypothesis that the observed diffusive processes are, at
partially, triggered by the breaking of the hydrogen bo
between water and the polar head of lecithin.

In conclusion, the working hypothesis for a solvent d
namics not influenced by the presence of the dispersed p
can be taken just as a first approximation, which is use
when one is only interested in the analysis of the inte
translational contribution. In fact, from an inspection of Fi
8, where the normalized cyclohexane and gel spectra
compared, it becomes immediate to realize that the cycloh
ane contribution cannot be simply considered as addit
The rotational diffusion detected in the gel phase turns ou
be slower than the corresponding motion for pure solve
suggesting for stronger solvent-surfactant interactions t
up to now hypothesized.

-
of

d

FIG. 7. The DLS spectra of a solution of lecithin in cyclohexa
~up! and of the gel~down!. The two rotational contributions ob
tained through the fitting procedure~see text! are reported as con
tinuous lines.
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V. THERMODYNAMICS OF THE AGGREGATION
PROCESS

From the quasi-elastic scattering results, no evidenc
found of bulk water, which means that almost all the wa
molecules participate to the building up of the correla
structure experimentally observed. At the same time, it
pears evident that in the gel phase the high macroscopic
cosity observed is associated with a local arrangement,
too different from that observed in the sol phase (R50), and
with a large local mobility of the water molecule. A wate
mobility increasing with the water content could be ration
ized in terms of a blowing up process of the micelles un
the addition of water: in such an instance, when theR value
increases, the volume of water that is seen as bulk liq
increases too. But such an idea is not consistent with a
ture in which the micelles are thought of as long flexib
cylinders whose lengths depend on the water content an
the concentration but whose cross-sectional radius is alm
a constant. On this basis, it becomes clear that water is p
ing, in the aggregative phenomena taking place in the s
tem, a more complex role than up to now understood. W
the aim of gaining a deeper insight on the topic, we inve
gated the energetics of the intermicellar aggregation pro
by means of the calorimetric probe. We performed both m
surements of heat of dilution, at differentR values, and of
enthalpy of solution of water, at fixed lecithin volume fra
tion. The two sets of data will be separately analyzed e
where.

A. Dilution enthalpies

For the measurements a fixed quantity of gel, at fix
volume fractionf i , was diluted in cyclohexane down to
final concentrationf f . In the analysis of the experimenta
data it was assumed that~i! the main contribution to the
measured enthalpy comes from the breaking process o

FIG. 8. QENS spectra from the gel and pured12-cyclohexane.
The intensity of the two spectra are normalized and the inten
from d12-cyclohexane was scaled for the solvent concentration
the gel phase. The nonadditivity of the solvent contribution is e
dent ~see text!.
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aggregates preexisting in the system;~ii ! the aggregates ar
cylindrical or wormlike, in agreement with the current belie
and their size scales with concentration according to

L}fa. ~5!

When an aggregate of lengthLi breaks inNp points along
the chain, it givesNp11 aggregates of mean lengthL f , and
thus

~Np11!L f5Li ,

which can be rewritten as

Np5LiL f
21215f i

af f
2a21. ~6!

If nl indicates the number of lecithin moles in the solutio
Naggthe aggregation number of the chain with lengthLi , and
E the thermal energy required to break one mole of chain
mean lengthLi into two pieces, then one can write

Qd

ni
5

E

KR
~f f

2a2f i
a!, ~7!

whereKR is a proportionality constant representing the a
gregation number at unitarity lecithin concentration and
defined byNagg5KRf i

a , andQd is the measured heat flux
In such a way it is implicitly assumed that the mean agg
gation number depends on the water content throughKR . In
Fig. 9, we report the experimental values of the dilution e
thalpy as a function off f , at different water contents. Th
data were fitted with Eq.~7!, and the values ofa andE/KR
were obtained~see Table I!. It can be observed that~i! thea
value is definitely higher than 0.5@the behavior of Eq.~5!
with a50.5 is reported in Fig. 9 for comparison#; ~ii ! the R
dependence of thea values seems to suggest a more p
nounced growth process atR515 ~or, at least, that atR
515 the growth process is not less pronounced than aR
510) while the shear viscosity exhibits the maximum val
at R>10. In addition, since the values ofE/KR are positive
and due to the fact that the quantityKR is positive by defi-

ty
n
-

FIG. 9. Experimental dilution enthalpies as a function of t
final concentrationf f . Data are reported for samples at differe
water content. Continuous lines: fitting with Eq.~7!. The behavior
of Eq. ~7! when the parametera assumes the conventional value
0.5 is also reported for a comparison.
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nition, also the scission energyE will be positive; i.e., the
micellar aggregation is an exothermic process.

B. Water solution enthalpy

For the measurements, different amounts of water w
dissolved in a fixed quantity of a solution of lecithin in c
clohexane atf50.135. In the interpretation of the obtaine
data, it was assumed that the main contribution to the
served thermal effect comes from the micellar aggrega
process induced by the water addition. In such a way,
effect arising from interactions between water and lecit
head groups is disregarded. However, it is to be stressed
the values of the solution enthalpy observed in analog
system, but in the absence of aggregation processes
much smaller@19# and become even smaller asR increases.
In addition it was assumed that~i! our system atR50 con-
sists of lecithin micelles, that are arranged in aggregates
a mean aggregation numberN0 ; ~ii ! the addition of water
induces the aggregation ofN moles of micelles with aggre
gation numberN0 to produce one mole of micelles with a
average aggregation numberNagg5NN0 .

The thermal effect should be equal to2(N21)E. The
enthalpy changes for one lecithin mole is

DHL52
~N21!E

NN0
52S 1

N0
2

1

Nagg
DE. ~8!

Taking into account thatDHL5DHWR, we obtain

DHW52S 1

N0
2

1

KRfaD E

R
. ~9!

In Fig. 10, the experimental values of the enthalpy

TABLE I. Values of the parameters in Eqs.~7! and ~9!, as
obtained by the fitting with the experimental dilution enthalpies a
enthalpies of solution.

R a
E/KR

~kJ mol21!
E/N0

~kJ mol21! KR /N0

5.1 0.77 0.099 11.07 111.8
10.1 0.85 0.140 13.59 97.1
15.3 0.90 0.097 14.97 154.3

FIG. 10. Experimental values of the water solution entha
DHW . The straight line represents the fitting with Eq.~9!.
re

b-
n
e

n
at
s

are

th

f

solution as a function ofR are reported in a log-log plot
From the fitting procedure the values of the quantityE/N0
are obtained~see Table I!. Note that the data are well fitte
by a straight line~also reported in the figure!. The best fit
slope of the latter is used to obtain the quantityE/N0 , by
means of Eq.~9!, when the previously determined values
E/KR anda are used. From the values ofE/N0 andE/KR we
can obtain the quantityKR /N0 , which, remembering the
definition of KR , is proportional toNagg. From the data re-
ported in Table I, it becomes clear that the micellar aggre
tion number is the lowest atR510.1, where macroscopi
viscosity assumes its maximum value and where, if the c
rent models should be working, the micellar length sho
reach its maximum value.

VI. CONCLUDING REMARKS

The current idea of a simple polymerlike picture for th
gel structure is definitely confuted by the whole body of t
presented experimental results. The most direct contra
tion between the current model and the experiment lies in
occurrence that while the hypothesis of a random~neutral!
network of polymerlike chains should be reflected in
Lorentzian structure factor@6,7#, when the semidiluted re
gion is investigated, the results from SANS@8,9,11# show
the appearance of an intense interference maximum tha
typical of any conventional micellar solution@20,21#. The
static experiment reveals that the addition of water in a s
tem at high volume fractions is not reflected in any sign
cant structural change. The only effect one can observe is
progressive shift of the maximum position towards lowerQ
values: a result that is consistent with the usual blowing p
cess of the reverse micelles after the addition of water,
that would suggest that the macroscopically observed sol
transition is not determined by the existence of wormli
micelles that are becoming long enough to entangle. T
above considerations are in agreement with IR-spectrosc
results in which no changes in the C-H antisymmet
stretching of the methylene group of lecithin is observ
@22#. This band, in fact, is particularly sensitive to the vari
tion of the intermolecular chain-chain interactions@23# and
hence of a variation of the packing order of the lecithin alk
chains located in the micellar layer. Of course, an extens
entanglement of long cylindrical micelles should involve
change of the lateral packing order in the micellar interfa
and such a change should be easily detected in the IR s
tra. A further argument against the hypothesized growth p
cess is furnished by the calorimetric probe: if one assum
the current model as the basis for data analysis, i.e., if
assumes that the only intermicellar aggregation process
is taking place is the linear growth of polymerlike chain
then one reaches the contradictory result that the ave
micellar size is minimum where the macroscopic shear v
cosity reaches its maximum value.

A similar result has been found by NMR experimen
@13#, in which the13C linewidth did not point out any alkyl
chain entanglement. In contrast, NMR have shown that
increasing of the macroscopic viscosity is correlated with
strong stiffening of the phosphorus atom of lecithin and
the adjacent trigliceride moiety. This is a surprising resu
because the phosphorus atom is far from any possible p
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of entanglement. A possible explanation of the above res
was given by Shchipunov and Shumilina@24#, who have
shown that water molecules can interact simultaneously w
phosphate groups of neighboring lipid molecules via hyd
gen bonding, acting as a bridging between them: in suc
way, water molecules and lecithin phosphate groups can
arrange giving rise to a hydrogen bonding network. Suc
structural hypothesis fit well with the experimental resu
that the water contribution to the QENS spectra of the je
like phase of our system is essentially coherent and follo
the sameQ dependence of the scattering from lecithin. T
idea that almost all the water molecules are involved,
gether with the lecithin molecules, in the structure obser
by SANS could agree with the structural hypothesis p
posed in Ref.@24#, but the observed increase of the wa
mobility with R seems to be interpretable with an increas
of the water molecules that are seen as bulk liquid and no
an increasing of the number of water molecules involved
the building up of the extended~interfacial! hydrogen bond
network.

The presence of water not involved in the formation of t
interfacial structure of the gel is also suggested by rec
dielectric measurements performed by Cirkel and co-work
on isooctane/lecithin/water systems@25#, where a percolation
phenomenon has been indicated as possibly responsib
the observed dependence of the conductivity on the leci
, J
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a,

ca
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concentration at relatively high water contents. The propo
analogy of the system under study with conventional mic
lar solutions ~for which the observed percolation at hig
enough volume fractions is usual! agrees well with the con-
clusions previously drawn from SANS@8–11#. Cirkel, van
der Ploeg, and Koper also find some inconsistency in
assumption that the mean micellar length scales asfa; in
particular they finda'0 at very low concentrations, in
agreement with recent arguments@12# that point out incon-
sistencies in the assumption thata50.5.

In summary, we can conclude that no correlation was
tected between the observed sol-gel transition and the l
structural arrangement of the gel. We have not been abl
detect any structural transition associated with a growth p
cess of the micelles, occurring in the crossover of the sol-
boundary. On the contrary, all the experimental eviden
seem to give support to the hypothesis that the rheolog
properties of the lecithin-based microemulsions could or
nate from some dynamical property of the micelles the
selves on which water plays a preminent role. This is
main point suggested in this paper. On these bases, if a
is played by any shape whatsoever of micelles, our res
show that it is not so crucial and directly responsible of t
rheology of the system as thought before. A definite ans
requires further theoretical and experimental examination
.
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