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Aggregation phenomena in a lecithin-based gel: Transient networks and diffusional dynamics
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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 Nng®1063-651X99)03401-7

PACS numbeps): 82.70.Dd, 82.70.Gg, 61.12.Ex

I. INTRODUCTION found when concentration increasgs]). However, a gel
structure consisting of an entangled random network of
The formation of a gel phase in lecithin-in-oil microemul- wormlike micelles should be confirmed by a SANS scatter-
sions after addition of water is currently interpreted in termsing profile characterized by a Lorentzian structure factor
of an entanglement of wormlike micelles, the mean lerigth [6,7]. On the other hand, the experiments have shown that at
of which scales with the volume fractiop of the dispersed high enough concentration, intermicellar interactions deter-
phase a4 « ¢'2[1,2]: The idea underlying such a polymer- mine the existence of a well-defined correlation length, re-
like approach is that when lecithin molecules are dissolved irsulting in a pronounced interference maxim{8r-10]. After
an organic solvent they self-arrange in spherical aggregates revision of the current ideas, we realized that the depen-
the shapes of which change to rods and then to giant flexibldence of the mean micellar length on the concentration ac-
aggregates upon progressive addition of water, at least untiltally results from a complex phenomenon on which ex-
maximum water content is reached, which is characteristic ofluded volume effects play a major role, and that cannot be
the solvent under consideration. The average micellar lengttdescribed at all in a mean-field approximatigkf0—12. A
at a given concentration, should be determined by the kineticough phenomenological modgl2] was developed, based
equilibrium between the breaking and reforming processesn the above considerations, that is able to describe, at least
There are two ways by which such a dynamic equilibriumqualitatively, the experimentally observed dependence of the
can be altered: (i) a change of the rate constant for the micellar size on the concentration. The occurrence that
reforming procesdi.e., the rate of the intermicellar colli- SANS experiments have shown that at higlvalues almost
siong through the variation ofp; (i) a change in the rate the same local arrangement exists in both sampld?=ad
constant for the breaking process through the variation of thand R=10 (where viscosity exhibits its maximum value
water contenR (the number of water molecules per lecithin means that mechanisms other than the hypothesized en-
moleculg. In fact, water enters the micellar structure by hy-tanglement are the source of the observed sol-gel transition.
drogen binding to the polar heads of lecithin, thus affectingln particular the investigation of the role played by the water
the value of the scission energy. molecules on the macroscopic viscosity of the system be-
The appeal of such a picture lies in its capability of ex-comes of paramount relevance.
plaining the viscoelastic properties of the system by means The statics is not able to solve the puzzle, and deeper
of analogies with semidilute polymer solutions, for which theinsight can be obtained looking also at the diffusional dy-
well-known reptation theory3] is able to furnish good pre- namics of the system. Elsewhere it will be shown by diffu-
dictions. Such a description of a monotonous unlimitedsional data obtained from quasielastic neutron scattering
growth process with the concentration is the result of aQENS and depolarized light scatterif®LS) that the sol-
mean-field approximation. When one is interested in describgel transition is not monitored by local structural changes
ing dense systems, excluded volume effects are to be takéBANS), but rather by a marked increase of the water mobil-
into account. In effect, small angle neutron scatteringity (as also confirmed by NMR studig¢43]). On the one
(SANS) and static and dynamic light scattering experimentshand, the interpretation of the rheological properties of the
on diluted water-in-oil lecithin micelles have furnished re- system as originated from a transient hydrogen bonding net-
sults that have been easily interpreted within the abovevork, where water plays a major role, is not consistent with
framework[4,5], indicating that the average micellar length the observed high mobility of the water itself. On the other
scales with concentration as predicted by the model, at leastand, the existence of an entangled network of wormlike
at high enough dilutioimore pronounced growth laws are micelles is not consistent with the SANS results and with the
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lack of evidence of entanglement points from NMR data. Itthe detailed balance. The DLS measurements were per-
will be also shown how the results from the calorimetric formed, atT=25 °C, on pure cyclohexane, on a solution of
probe, which directlyseeghe intermicellar aggregation phe- soybean lecithin in cyclohexane #t=0.2, and on the ter-
nomena, lead to the same inconsistencies when interpreted irary system lecithin/cyclohexane/water @t=0.2 and R
terms of growth processes of polymerlike chains. =10.

The calorimetric measurements were carried out at 25 °C
with a LKB thermal activity monitor equipped with a mix-
flow cylinder. For the measurements of the enthalpies of so-

Soybean lecithin was obtained from Lucas Me§@picu-  lution, a fixed amount of cyclohexar(@bout 2.6 crm) was
ron 200. D,0 (100% D), cyclohexangdHPLC grade¢ and  placed in the compartment of the perfusion cell. Then, the
d,,cyclohexane (99.5% D were purchased by Aldrich cell was introduced into the calorimeter and, after thermal
Chemicals and were used as received. Water was deioniz&djuilibration, small amounts of sample at a fixed initial vol-
and bidistilled. ume fractiong; = 0.123 were added into the sample compart-

The microemulsions were prepared by weight, first dis-ment by an injection cannula connected to a Hamilton sy-
solving the lecithin in the cyclohexane and then adding theinge. The final volume fractionp; was in the range 0.5
appropriate amount of water. Weight fractions of lecithin X 10™°< ¢;=<8.7x 10 3. Samples were investigated at dif-
were converted to volume fractions, using for the density offerent water contentsR=5.1, R=10.1, andR=15.3. The
lecithin, at 25 °C, 1.014 g/ctn calorimetric signal, appropriately amplified, was used to cal-

Two QENS experiments were performed. The first oneculate the thermal effectestimated uncertainty approxi-
was performed on the MIBEMOL time-of-flight spectrom- mately 0.5%.
eter at the Laboratoire Leon Brilloui(LLB), Saclay. Neu- The same procedure was followed for the measurement of
trons with\ ;=9 A were used as a probe and the exchangedhe enthalpy of solution of water, when 2.6 tof a solution
wave vector was spanned in the ranges0@<1.3 A~1. The  of lecithin in cyclohexane ath=0.135 was put in the cell
energy resolutiofivanadium samp)evas better than 2@eV  and then small quantities of water were add#d final R
[half-width at half-maximum(HWHM)] and the explored values were ranging from 0.8 to 15.4
energy range was 3<E=<0.5 meV. Two series of samples
were prepared at fixed water contdt 10 and at different IIl. SOLVENT DYNAMICS
¢ values(deuterated cyclohexane was used as the sglvent
In the first H,O was used ¢=0.002,0.022,0.104,0.223), the In performing our incoherent quasielastic neutron scatter-
other was prepared with 0 (¢=0.002,0.021,0.121,0.2383 ing experiment we used deuterated cyclohexane, with the
Also the pure solvent was investigated. All the measureaim of separating the solvent and the lecithin contributions
ments were performed at fixed temperatufe=25 °C) with  (the latter being almost incoherertb the overall scattered
the exception of the sample with,8 at R=10 and ¢  intensity. However, it should be stressed that the
=0.223 for which spectra were collected at the temperatured;,-cyclohexane is far from being just a pure coherent scat-
of 15, 25, and 35 °C. terer, as for deuterium nucleus coherent and incoherent cross

The second QENS experiment was performed on the IRISections are comparable®"=5.6 b ands™™=2 b, respec-
spectrometer at the Rutherford Appleton Laboratd®AL).  tively). The measured dynamic structure fac®§Q, w) rep-

The energy resolution was abouti®V (HWHM) and the resents the double Fourier transform of the van Hove space-
explored energy range was 0.4<E=<0.4 meV. Spectra time correlation functionG(r,t). It is clear thatG(r,t)
were collected within the exchanged wave-vector range 0.8icludes both theself and thedistinct dynamic correlation
<Q=1.8 A~1. All the samples were prepared with deuter- functions, which would mean that

ated cyclohexane. Two series of samples were prepared at

R=0 (¢=0.003,0.01,0.2) and with f® atR=10 (¢=0.01 G(r,t)=Gg(r,t) +Gqy(r,t). 1)

and 0.2, respectively. Also in this experiment the spectrum

of the pure solvent was collected. All the measurements wer®f course,G4(r,t) is identical toG;,(r,t). In our case the
performed at fixed temperatur€=25 °C. In both experi- problem of separating the two contributions can be at least
ments, the time of flight spectra, transformed to the energypartially solved by observing the pronounced increase of the
scale, were corrected for the empty-cell contribution andotal integrated scattered intensity at aro@wet 1.3 A1, as
symmetrized for the detailed balance. shown in Fig. 1, where both data from MIBEMOL and IRIS

The DLS measurements were performed on a doubleexperiments are reported. This is indicative of the prevalence
monochromator double-pag®MDP 2000, SOPRA The  of G4(r,t) over G(r,t) in that range, which, implying the
experiment was performed in a 90° geometry using theexistence of a characteristic correlation length in the system,
5145-A vertically polarized line of a unimode Arlaser, s also accompanied by a narrowing of the translational dif-
Spectra Physics model 2020, working at a mean powefusion line[14] (see below On the other hand, the scattered
of 700 mW. Spectra were collected on the energy rangéntensity turns out to be almost constant for exchanged wave-
—50<Aw=<50cm L For each sample three spectra werevector values below 1 AL, showing that the incoherent con-
collected at different resolutionsAE, on the energy tribution dominates. The difference in the apparent back-
range —3<Aw<3cm ! (AE=0.05cm?l), —10<Aw grounds of the diffraction patterns reported in Fig. 1 are due
<10cm ! (AE=0.5cml) and —50<Aw<50cm ! (AE to the different normalization procedures used and to the
=2 cm %), respectively. The spectra at different resolutionsdifferent resolutions and explored energy ranges chosen for
were subsequently numerically matched and corrected fahe two experiments. Once the main character of the scat-

Il. MATERIALS AND METHODS
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FIG. 1. Diffraction pattern ofl;,-cyclohexane.
tered spectrum in the vario@ ranges is identified, and the
existence of a coherent contribution assessed, we remain > 021 o
with the question of the number of components of the ob- £ o
served intensity. In the absence of a generally accepted - [ A
model, we adopted the choice of estimating the minimum 0.1
number of Lorentzians required to reproduce the spectrum.
In conformity with the Sears formalisfii5—17, which as-
sumes that molecular reorientation takes place through 0.0 , . ,
small-angle random rotatior{angular diffusion, decoupled 0.0 0.5 Lo 1 L5 2.0
from the translational motion, the scattering law can be writ- QA
ten as

FIG. 2. d,,-cyclohexane: Q dependence of the integrated area

1 Ty (up) and of the half-widthldown) of the translational component as
S(Q,w)OCJS(Qg) s obtained through the fitting procedureee Eqgs(2) and(3)].
T (1)
o 1 [++1(1+1)D tion with HWHM of about 260ueV. Due to the not very
+ > (214+1)J%(Q¢) — T i good statistics obtained on the wings of the quasielastic spec-
= ! m [T1+1(1+1)D,]°+ w?’

tra, at the moment, we are not able of going into the details
(2)  of the rotational diffusion of the solvent. Further measure-
ments are actually in planning on this subject that, however,
where J, are the spherical Bessel function3, is the rota- falls outside of the aim of this paper.

tional diffusion coefficient]'; is the translational linewidth, The comparison with results from depolarized light scat-
& is a correlation length characteristic of the system, and théering technique should be of some interest in this respect.
other symbols have the usual meaning. Depolarized Rayleigh scattering in liquids is originated by

Our fitting procedure was able to resolve just two inde-the time correlation functioﬁ:gms(Q,t) of the traceless part
pendent Lorentzian lines, after convolution of the scatteringf the polarizability tensor fluctuation8s;;(Q,t) [18]. The

law with the instrumental resolution functid®(Q, w): scattering profild, is given by the Fourier transform of the
time correlation functiorC3"Q,1),

The first Lorentzian shows a marked®-dependent line- o (Qv0) = f+wdt exl i)

width the value of which scales & at low Q values. Such —o

a behavior is typical of the translational line associated with
a centre-of-mass motion. However, as asserted above, at %
wave-vector value®>1 A ! the coherent scattering contri-
bution becomes of main relevance, as it is stressed by a
! . ; ; . : 0
maximum of the intensity of the translational line to which a +(8B3(Q.0) 5Byz(Q,t)>COSZ =t
de Gennes narrowing of the linewidth correspofiti (see 2
Fig. 2.

The second Lorentzian line can be unambiguously dewhere() denotes the thermodynamical averagidgs the
tected only in the MIBEMOL experimeritt can be, at least scattering angle, and the subscripts VH refer to the polariza-
partially, confused with a constant background in the hightion directions of the incidenfvertical) and scattereghori-
resolution spectra of IRI)S From the analysis of the zonta) fields with respect to the scattering plaRg(Q,w)
MIBEMOL spectra it turns out that the second Lorentziancontains both the self-contributions and the distinct contribu-
line is rotational in character: it appears as the convolution ofions of the correlation functior@?}”'s(Q,t). This means that
a translational line with &-independent rotational contribu- depolarized Rayleigh spectra depend on both self-particle

.0
(6B%(Q.0) 8Byy(Q.1))sir? 5
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FIG. 4. Diffraction patterns of solution of lecithin in
d,,-cyclohexane at different values of the volume fraction. In the

FIG. 3. The DLS spectrum of cyclohexane. The two rotationalinset the diffraction pattern of the gel phase is reported. Full sym-
contributions obtained through the fitting procedisee text are s |RIS data: open symbols, MIBEMOL data.
reported as continuous lines. The QENS spectfapen circlepis ’ ’ ’

reported for a comparison.

hexane at different values of the volume fraction. From an
motions and correlated motions of different molecules andinspection of the figure it appears that, when the concentra-
as a consequence, can be directly compared with results frofion increases, the solvent contribution remains almost unal-
quasielastic neutron scattering, once the observed linewidthgred(at least as far as the coherent dynamical structure fac-
are appropriately rescaled for tiggvalues. tor is concernepwhile a new, partially coherent, component
In Fig. 3, the results from depolarized light scatteringfrom |ecithin is detected, centered at very I@walues. In
measurements, in a 90° scattering geometry, are reporteghe inset of the same figure, the diffraction pattern from the
together with the neutron spectrum frod-cyclohexane |ecithin/d,-cyclohexane/water system a=0.2 and at a
obtained at the m|_n|murTQ value we explored at the water contenR=10 is reported. The data are obtained both
MIBEMOL time-of-flight diffractometer. The experimental at the MIBEMOL and the IRIS instruments; the very good
spectrum was analyzed in terms of a superposition of LOrem'greement between the two experiments is <’:|uite evident. Itis

zian contributions. Two Lorentzian lines were detected an L

in Fig. 3 the result of the fitting procedure is reported to- 0 be stress_ed that th_e above _reported indications for a sol-
gether with each resolved component. It should be stresse\’ﬂent Qynamlcs essentially not !nfluenced by t.he presence of
that in a light-scattering experiment, due to the large value of1© dispersed phase agrees with NMR experiments in which
the incident wavelength\y=5145 A in the actual cagethe 't Was found that the linewidths fol°C and *H of cyclohex-
exchanged wave vector is virtually zer@€0.0017 A1) ane are completely insensitive to the composition of the sys-

As a consequence, any translational contribution revealed iHam(and then to the macroscopic viscosity3]. Taking into .
the quasielastic neutron scattering experiment will be col2ccount the above considerations, we analyzed the quasielas-

lapsed within the experimental resolution and only thetic neutron scattering spectra from our samples by fitting

Q-independent rotational lines will be comparable. In effect, €M With Eq.(2), where the linewidths of the solvent con-

the narrower contribution detected in the light-scattering ex{fiPutions were held fixedwhile the intensities should be

periment seems to be coincidgisee Fig. 3 with the faster scaled by the c_onct_antrati)qrand looking fqr the presence of
motion observed in the neutron scattering experiment, thu rther Lorentzian lines or of purely elastic scattering. How-

supporting its interpretation as a rotational line. However, & €r: @ will be shown elsewhere, such an approach is only a

further larger contribution is observed in the DLS spectrum,r(_)ugh approximation, and it is not appropriate for the analy-

which could be originated by a faster relaxation process ang’s ©f the broad rotational lines. Besides the cyclohexane
that, in addition, cannot be detected within the limit&d components and an additional translational line connected

range spanned in the neutron scattering measurement. Fleth the dispersed system, a purely elastic component is de-
thermore, the investigation of the far wing should be of in-t€cted, at lowQ values, for samples a=0.1 andR=10.

terest, to detect probable collisional contributions. As as©On€ could be misled in interpreting such a component as an

serted, the investigation of the above-mentioned fasglastic incoherent structure factor contribution. Actually,

relaxation process in cyclohexane will require further mea_such an event can be excluded, as after the scattered intensi-

surements and we will limit ourselves here to the study of thd!€S ffom samples containing,D and HO are compared

translational line revealed in the quasielastic neutron scattef21€ i allowed to consider the water contribution as essen-
ing spectra. tially coherent too, at least at very 0@ values and at high

enough concentratiori@ the inset of Fig. 4, note that scat-
tering from DO turned out to be more intense than from
H,0). The existence of an intense coherent contribution at
low values of the exchanged wave vector is consistent with
In Fig. 4 we report theQ dependence of the integrated small-angle neutron scattering experimd@s11], in which
scattered intensity for solutions of lecithin id;,-cyclo- we detected the existence of a maximum in the intermicellar

IV. DIFFUSIONAL PROCESSES IN LECITHIN-IN-OIL
MICROEMULSIONS
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FIG. 5. Q dependence of the integrated area of the resolved g 450
translational component in the gel phase. g ¢=02
= R=10
[l
structure factor, centered §=0.1 A~! at R=0 and mov- 3007
ing towards lower values after the addition of wataeote ]
that the analysis of the elastic structure factor, detected by
our fitting procedure for samples @ét=0.1, furnishes a value 1504
of the correlation length that is in good agreement with -
SANS results The establishment of a preferred correlation
length, at high enough concentration, is also suggested by a
phenomenological model12], describing the micellar 0 . , .
growth process as a complex behavior that emerges from -40 -20 o, 2 40
Aw (cm )

intermicellar excluded volume interactions. The coherent na-
ture of the scattering from the dispersed phase is further con- FIG. 7. The DLS spectra of a solution of lecithin in cyclohexane

firmed by theQ dependence of the integrated area of the(up) and of the gel(down). The two rotational contributions ob-

resolved translational linesee Fig. 5. tained through the fitting procedutsee text are reported as con-
The translational character of the observed componeniy,ous lines.

can be easily deduced by tBeQ? behavior of the linewidth
(see Fig. & The slowing down of the diffusive motion at
higher concentrations is also evident and agrees with the olening of the linewidth with increasin® agrees with NMR
served increasing of the macroscopic viscosity. On the corf13] indications for a high water mobility at higR values.
trary, a higher mobility is detected after addition of water On this basis, the measured Lorentzian contribution could be
and such a result may appear inconsistent with the observasbnsidered as a superposition of reorientational motions of
sol-gel transition. The same indication comes from DLSlecithin moleculeswhich do not appear to be related with
measurementgsee Fig. T: when lecithin is dissolved in cy- the macroscopic viscosity, as reported 118]) and of water.
clohexane, the rotational line narrows but, when water is The above interpretation of the translational diffusive pro-
added, a broadening is unambiguously observed. The broadess detected in the quasielastic neutron scattering experi-
ment is supported by the observ8ddependence of the
0.10 HWHM, which is consistent with an activation energy of
O ¢=020 R=10 about 30 kJ moll. Such a value, the order of magnitude of
=020 R=I10 which is typical of hydrogen-bonded systems, enforces the
hypothesis that the observed diffusive processes are, at least
partially, triggered by the breaking of the hydrogen bond
between water and the polar head of lecithin.

In conclusion, the working hypothesis for a solvent dy-
namics not influenced by the presence of the dispersed phase
can be taken just as a first approximation, which is useful
when one is only interested in the analysis of the intense
translational contribution. In fact, from an inspection of Fig.
8, where the normalized cyclohexane and gel spectra are
compared, it becomes immediate to realize that the cyclohex-
ane contribution cannot be simply considered as additive.

FIG. 6. Q2 dependence of the resolved translational line con-The rotational diffusion detected in the gel phase turns out to
nected with the dispersed phase. Data are reported for system bg slower than the corresponding motion for pure solvent,
different composition. Open circles refer to MIBEMOL data; all the suggesting for stronger solvent-surfactant interactions than
other points come from the IRIS experiment. up to now hypothesized.
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FIG. 9. Experimental dilution enthalpies as a function of the

0.0 adll final concentrationp; . Data are reported for samples at different

04 0.2 00 0.2 0.4 water content. Continuous lines: fitting with E). The behavior
AE (meV) of Eq. (7) when the parameter assumes the conventional value of
0.5 is also reported for a comparison.

FIG. 8. QENS spectra from the gel and putg-cyclohexane.
The intensity of the two spectra are normalized and the intensity

from d;,-cyclohexane was scaled for the solvent concentration inaggreQates preexisting in the syste(in} the aggregates are

the gel phase. The nonadditivity of the solvent contribution is evi-Cylmdnc_aI (.)r wormlike, !n agreement Wlth the Cu.rrem belief,
dent (see text and their size scales with concentration according to

Loc . )
V. THERMODYNAMICS OF THE AGGREGATION

PROCESS When an aggregate of length breaks inN, points along

From the quasi-elastic scattering results, no evidence i§'® chain, it gives\,+1 aggregates of mean lendth, and
found of bulk water, which means that almost all the waterthus
molecules participate to the building up of the correlated
structure experimentally observed. At the same time, it ap-
pears evident that in the gel phase the high macroscopic vis-, . .
cosity observed is associated with a local arrangement, n(Wh'Ch can be rewritten as
too different from that observed in the sol phaBe=0), and
with a large local mobility of the water molecule. A water
mobility increasing with the water content could be rational-
ized in terms of a blowing up process of the micelles unde
the addition of water: in such an instance, when Rhealue
increases, the volume of water that is seen as bulk liqui
increases too. But such an idea is not consistent with a pi({pea
ture in which the micelles are thought of as long flexible 0 E
cylinders whose lengths depend on the water content and on ~d_ K_R (b7 %= %), 7

(Np+DLi=L;,

Np=Lil *=1=a{¢; “~ 1. (6)

rlf n, indicates the number of lecithin moles in the solution,
Naggthe aggregation number of the chain with length and

g the thermal energy required to break one mole of chains of
n length; into two pieces, then one can write

the concentration but whose cross-sectional radius is almost N
a constant. On this basis, it becomes clear that water is play-
ing, in the aggregative phenomena taking place in the sysvhereKg is a proportionality constant representing the ag-
tem, a more Comp|ex role than up to now understood. Witfgregation number at Unitarity lecithin concentration and is
the aim of gaining a deeper insight on the topic, we investi-defined byN,q=Kreo*, andQy is the measured heat flux.
gated the energetics of the intermicellar aggregation proceds such a way it is implicitly assumed that the mean aggre-
by means of the calorimetric probe. We performed both meagation number depends on the water content thrdGghIn
surements of heat of dilution, at differeRtvalues, and of Fig. 9, we report the experimental values of the dilution en-
enthalpy of solution of water, at fixed lecithin volume frac- thalpy as a function ofp;, at different water contents. The
tion. The two sets of data will be separately analyzed elsedata were fitted with Eq(7), and the values ofr and E/Kg
where. were obtainedsee Table)l It can be observed thét) the «
value is definitely higher than 0Bhe behavior of Eq(5)
with «=0.5 is reported in Fig. 9 for comparishriii) the R
dependence of the values seems to suggest a more pro-
For the measurements a fixed quantity of gel, at fixechounced growth process &=15 (or, at least, that aR
volume fraction¢;, was diluted in cyclohexane down to a =15 the growth process is not less pronounced thaR at
final concentrationp;. In the analysis of the experimental =10) while the shear viscosity exhibits the maximum value
data it was assumed thé&t) the main contribution to the atR=10. In addition, since the values BfKy are positive
measured enthalpy comes from the breaking process of thend due to the fact that the quantity is positive by defi-

A. Dilution enthalpies
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TABLE |. Values of the parameters in Eqé7) and (9), as  solution as a function oR are reported in a log-log plot.
obtained by the fitting with the experimental dilution enthalpies andFrom the fitting procedure the values of the quanE#N,

enthalpies of solution. are obtainedsee Table)l Note that the data are well fitted
by a straight line(also reported in the figuyeThe best fit
E/Kg E/No slope of the latter is used to obtain the quaniN,, by
R a (kJ mol™) (kJ mol™) Kr/No means of Eq(9), when the previously determined values of
5.1 0.77 0.099 11.07 111.8 E/KR and.a are used. Erom the valugs EfNO and E/KR we
10.1 0.85 0.140 13.59 97.1 Can- -O-bta”’] the quan“tY(R-/No, Wthh, rememberlng the
153 0.90 0.097 14.97 154.3 definition of Kg, is proportional toN,44. From the data re-

ported in Table I, it becomes clear that the micellar aggrega-
tion number is the lowest @&=10.1, where macroscopic
nition, also the scission enerdy will be positive; i.e., the Viscosity assumes its maximum value and where, if the cur-
micellar aggrega’[ion is an exothermic process. rent models should be working, the micellar length should
reach its maximum value.

B. Water solution enthalpy
For the measurements, different amounts of water were VI. CONCLUDING REMARKS

dissolved in a fixed quantity of a solution of lecithin in cy- . ; . .
N X . ! The current idea of a simple polymerlike picture for the
clohexane ag$=0.135. In the interpretation of the obtained gel structure is definitely confuted by the whole body of the

g::\%ét tvr\ll:rsmzslsgfrfne ?:(tj égﬁetgir?;'?hgogﬁzgﬁgfg tor(tath?o I5)resented experimental results. The most direct contradic-
. o gareg ion between the current model and the experiment lies in the
process induced by the water addition. In such a way, th

effect arising from interactions between water and lecithin ccurrence that while the hypothesis of a randereutraj

- . network of polymerlike chains should be reflected in a
head groups is disregarded. However, it is to be stressed the rentzian structure facto6,7], when the semidiluted re-
the values of the solution enthalpy observed in analogou -

svstem. but in the absence of acareqation DrOCESSes ion is investigated, the results from SANS8,9,11 show
rr¥uch s’malle i19] and become eveggsm%”er Rspncreases’ e appearance of an intense interference maximum that is
In addition it was assumed théi) our system aR=0 con- typical of any conventional micellar solutiof20,21]. The

. e . . ic experiment reveals that th ition of water in -
sists of lecithin micelles, that are arranged in aggregates wit tatic experiment reveals that the addition of wate asys

. bAL- (i) the additi £ wat m at high volume fractions is not reflected in any signifi-
a mean aggregation numbosl, (ii) the jaaadition ot waler .ot structural change. The only effect one can observe is the
induces the aggregation &f moles of micelles with aggre-

ation numbeiN, to produce one mole of micelles with an progressive shift of t_he maximum position towards Iq\@er
gverage aggreg%tionpnummg NN values: a result that is consistent with the usual blowing pro-
gg— N N0~

cess of the reverse micelles after the addition of water, and
The thermal effect should_b(_a equal .fO(N_l)E' The that would suggest that the macroscopically observed sol-gel
enthalpy changes for one lecithin mole is transition is not determined by the existence of wormlike
(N-1)E 1 1 micelles that are becoming long enough to entangle. The
= —( —g) (8)  above considerations are in agreement with IR-spectroscopy
NN, No  Nag results in which no changes in the C-H antisymmetric
stretching of the methylene group of lecithin is observed
[22]. This band, in fact, is particularly sensitive to the varia-

AHL:_

Taking into account thaAH, = AH\yR, we obtain

1 1 E tion of the intermolecular chain-chain interactigr&3] and
AHy= _(__ _a) —. 9) hence of a variation of the packing order of the lecithin alkyl
No Kgro®/ R chains located in the micellar layer. Of course, an extensive

entanglement of long cylindrical micelles should involve a
change of the lateral packing order in the micellar interface
and such a change should be easily detected in the IR spec-
tra. A further argument against the hypothesized growth pro-
¢=0.135| cess is furnished by the calorimetric probe: if one assumes
the current model as the basis for data analysis, i.e., if one
assumes that the only intermicellar aggregation process that
is taking place is the linear growth of polymerlike chains,
then one reaches the contradictory result that the average
micellar size is minimum where the macroscopic shear vis-
cosity reaches its maximum value.
A similar result has been found by NMR experiments
[13], in which the3C linewidth did not point out any alkyl
. . , chain entanglement. In contrast, NMR have shown that the
j 10 increasing of the macroscopic viscosity is correlated with a
strong stiffening of the phosphorus atom of lecithin and of
FIG. 10. Experimental values of the water solution enthalpythe adjacent trigliceride moiety. This is a surprising result,
AHy, . The straight line represents the fitting with E@). because the phosphorus atom is far from any possible point

In Fig. 10, the experimental values of the enthalpy of
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of entanglement. A possible explanation of the above resultsoncentration at relatively high water contents. The proposed
was given by Shchipunov and Shumilina4], who have analogy of the system under study with conventional micel-
shown that water molecules can interact simultaneously withar solutions (for which the observed percolation at high
phosphate groups of neighboring lipid molecules via hydroenough volume fractions is ustiagrees well with the con-
gen bonding, acting as a bridging between them: in such gjusions previously drawn from SANB—11]. Cirkel, van
way, water molecules and lecithin phosphate groups can selfter ploeg, and Koper also find some inconsistency in the
arrange giving rise to a hydrogen bonding network. Such gssmption that the mean micellar length scales&sin
structural hypothesis fit well with the experimental resunsparticular they finda~0 at very low concentrations, in
that the water contribution to the Q_ENS spectra of the je"y'agreement with recent argumerit<] that point out incon-
like phase of our system is essentially coherent and follow istencies in the assumption that0.5.

fche sameQ dependence of the scattering from I_eC|th|n. The In summary, we can conclude that no correlation was de-
idea that almost all the water molecules are involved, to-

gether with the lecithin molecules, in the structure observetﬁeaed between the observed sol-gel transition and the local

by SANS could agree with the structural hypothesis pro_structural arrangement of the gel. We have not been able to

posed in Ref[24], but the observed increase of the waterdeteCt any str.uctural transition gssociated with a growth pro-
mobility with R seems to be interpretable with an increasingC€SS ©f the micelles, occurring in the crossover of the sol-gel
of the water molecules that are seen as bulk liquid and not goundary. On the contrary, all the experimental evidences
an increasing of the number of water molecules involved iS€€m to give support to the hypothesis that the rheological
the building up of the extende(nterfacia) hydrogen bond Properties of the lecithin-based microemulsions could origi-
network. nate from some dynamical property of the micelles them-
The presence of water not involved in the formation of theselves on which water plays a preminent role. This is the
interfacial structure of the gel is also suggested by recenmain point suggested in this paper. On these bases, if a role
dielectric measurements performed by Cirkel and co-workerss played by any shape whatsoever of micelles, our results
on isooctane/lecithin/water systefi®5], where a percolation show that it is not so crucial and directly responsible of the
phenomenon has been indicated as possibly responsible dfeology of the system as thought before. A definite answer
the observed dependence of the conductivity on the lecithinequires further theoretical and experimental examination.
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