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Single-particle dynamics of water molecules confined in a lecithin-based gel
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~Received 12 July 1999!

We present experimental measurements, obtained by a quasielastic neutron scattering experiment, of the
self-diffusion coefficient of water confined in the dense structure of lecithin-based gels. The inelastic neutron
scattering~INS! technique was also used to monitor the dynamic state of water molecules involved in the gel
structure. It is shown that, at least in highly concentrated systems, the diffusional properties of water can be
related with the growth process of wormlike aggregates. However, an interpretation of our data consistent with
a number of experimental results in the literature and with INS indications requires the adoption of a model in
which the gel structure is better described in terms of percolating aggregates rather than the usually described
polymerlike entangled~not interconnected! network. In such a way, we are pointing out the existence of an
interpretative controversy calling for further investigation to be disentangled. The source of the inconsistencies
is found in the commonly accepted basic assumption of the existence of a simple scaling law, relating the
average micellar length to the concentration.@S1063-651X~99!04312-3#

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

It is now well known that, when small quantities of wat
are added to a solution of soybean lecithin in a numbe
organic solvents, an enormous increase of the shear visc
is observed, with the formation of a gel phase at high eno
values off, the dispersed phase volume fraction@1#. It was
proposed that water induces the linear growth of giant fl
ible cylindrical micelles, whose mean length,^L&, should
scale asf1/2 @2#. Following such a picture, these micella
systems closely resemble polymer solutions and one is
mediately led to adopt some modified version of the rep
tion theory@3# to explain the experimentally observed rhe
logical properties. However, several differences are to
taken into account, originated by the finite lifetime of th
self-assembled micellar aggregates. The value of^L& is de-
termined by the kinetic equilibrium between the breaki
and reforming processes and, as a consequence, it wi
deeply influenced by any changes of the involved rate c
stants. As an example, any temperature variation will refl
in a change of the above-described dynamical balance
addition, the equilibrium can be easily altered by varying
system concentration: any change off will alter the rate of
the intermicellar collisions and, as a consequence, the
constant for the reforming process. The hypothesized mi
lar growth upon addition of water can be understood by t
ing into account that H2O molecules enter the micellar stru
ture by hydrogen binding to the polar heads of lecithin, th
affecting the value of the scission energy and of the r
constant for the breaking process. The above approach
successfully adopted in the interpretation of data from
number of systems consisting of solutions of surfactants
pable of self-assembling in wormlike micelles. Among the
one of the most studied was the ternary system lecit
water/cyclohexane@4–6#. Furthermore, it is to be stresse
that, in order to observe a true curvilinear diffusion~repta-
tion! we need unusually long micellar lifetimes: at least w
PRE 601063-651X/99/60~6!/7131~6!/$15.00
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need that a micelle survives over a time comparable with
reptation time, the time required for the micelle to disenga
from its environment. In this respect, from a very rece
pulse field gradient NMR experiment@7# in which the sur-
factant curvilinear diffusion in lecithin/water/cyclohexan
was measured at fixed water contentR510 (R denotes the
number of water molecules per lecithin molecule!, the sur-
factant molecular lifetime was estimated to be longer th
1.5 s. Such a result, besides furnishing further confirmat
of the hypothesized analogy between the system and p
mer solutions, calls for additional experimental investig
tions in order to clarify how the interaction between wa
and surfactant can induce the formation of such stable st
tures.

In this paper we present the self-diffusion data, obtain
in an incoherent quasielastic neutron scattering experim
~QENS!, for water molecules confined within the gel stru
ture of lecithin/water/cyclohexane systems, which will
compared with the result from an inelastic neutron scatter
~INS! experiment performed at the Thermal Original Spe
trometer with Cylindrical Analysers~TOSCA! spectrometer
@Rutherford Appleton Laboratory~RAL!#.

II. EXPERIMENTAL SECTION

Soybean lecithin~Epicuron 200! was a gift by Lucas
Meyer and was used as received. D2O (100% D! and
d12-cyclohexane~99.5% D! were purchased by Aldrich
Chemicals. Water was deionized and bidistilled.

The microemulsions were prepared by weight, first d
solving the lecithin in thed12-cyclohexane and then addin
the appropriate amount of water. Then, weight fractions
the dispersed phase were converted to volume fract
~more suitable for comparisons with previous results@7,8#
and with theoretical predictions@2#!, using for the density of
lecithin at 25 °C the value 1.014 g/cm3.

The QENS experiment was performed on the NEAT sp
7131 © 1999 The American Physical Society
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7132 PRE 60F. ALIOTTA et al.
trometer at the Berlin Neutron Scattering Center~BENSC!,
using an incident wavelength of 5.1 Å and an instrumen
resolutionDE5217 meV ~vanadium! at room temperature
~25 °C!. The covered exchanged wave vector~Q! range was
0.3 Å21<Q<2.2 Å21 ~at energy zero transfer!. In order to
separate the water contributions from those of the other c
ponents, the isotopic substitution method was adop
lecithin/water/d12-cyclohexane systems of different compo
tions (f50.2,R510 andf50.1,R55) were prepared both
with light and heavy water. Spectra from pu
d12-cyclohexane and from a binary system (f50.2,R50)
were also taken, to check the matching among this exp
ment and previous QENS results@8# obtained at LLB
~MIBEMOL, DE520 meV! and RAL~IRIS, DE58 meV!.
All time-of-flight spectra were preliminarily translated int
energy scale and corrected for the empty cell contribution
Fig. 1 we report, as an example, the experimental spectra
pure d12-cyclohexane and for two isotopically substitute
samples of the same composition.

The INS spectra were taken on the TOSCA spectrom
at RAL, at room temperature, over an energy range 1 m
<DE<1000 meV. Samples atR50 and R510 (H2O)
were investigated at a fixed volume fractionf50.2. Spectra
from pure solvent and H2O were also taken in order to sep

FIG. 1. QENS spectra ofd12-cyclohexane and of systems atf
50.2 andR510, prepared both with light and heavy water. Co
tinuous lines are the fitting results from Eq.~2!.

FIG. 2. INS spectra of H2O, d12-cyclohexane, and the system
lecithin/H2O/d12-cyclohexane atf50.2 andR510. Only one ex-
perimental point for each ten has been represented in the figur
l
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rate the contributions from each component. In Fig. 2
experimental spectra of pure water,d12-cyclohexane, and the
solution atf50.2 andR510 are reported, after subtractio
of the empty can contribution, and normalized for the sam
thickness.

III. HANDLING OF THE DATA AND RESULTS

A. QENS spectra

The QENS spectra were analyzed under adoption of
Sears@9# formalism, following which the scattering law ca
be written as

S~Q,v!}J1
0~Q,j!

1

p

GT

GT
21v2

1(
l 51

`

~2l 11!

3J1
2~Q,v!

1

p

GT1 l ~ l 11!Dr

@GT1 l ~ l 11!Dr #
21v2

, ~1!

whereJl are the spherical Bessel functions,Dr is the rota-
tional diffusional coefficient,GT is the translational line-
width, j is a correlation length characteristic of the syste
and the other symbols have the usual meaning. As a co
quence, a fitting was adopted, able to resolve, after conv
tion of the scattering law with the instrumental resoluti
function R(Q,v), the n independent Lorentzian contribu
tions,Ln(Q,v), to the experimental QENS spectra:

S~Q,v!}F(
n

Ln~Q,v!G ^ R~Q,v!. ~2!

In the case of pured12-cyclohexane, two Lorentzian line
are resolved. The first one is translational in character
exhibits the effect of a coherent structure factor contributi
centered atQ.1 Å 21, with a de Gennes narrowing at th
same wave vector~see Ref.@8# for details!. The good match-
ing among the different QENS experiments is shown in F
3~a!, where theQ dependence of the half-width at half max
mum ~HWHM! of this line is reported, for the three sets
data. The second contribution turns out to be originated
the convolution of the translational line with a rotatio
~HWHM approximately equal to 300meV!. In analyzing the
QENS spectrum from the solution of lecithin i
d12-cyclohexane atf50.2, we assumed the additivity of so
vent and solute contributions, which does not seem too cr
an approximation if one looks at the NMR indication for
solvent mobility completely insensitive to the presence
lecithin @10#. The good statistics obtained at NEAT allowe
us to well-separate the QENS contributions from solvent a
solute: some doubts advanced in Ref.@8# about possible in-
terference effects betweend12-cyclohexane and surfactan
are now removed~probably, the adopted normalization pro
cedure did not perform very well when applied to low stat
tics data!. In Fig. 3~b!, we report one of the QENS spectra
the solute lecithin, after subtraction of the weighted solv
contribution. These spectra can be reproduced by the co
lution of the instrumental resolution with two rotational line
~HWHM approximately equal to 100meV and 2 meV, re-
spectively! which ultimately coincide, within the experimen
tal uncertainties, with those resolved by depolarized lig
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PRE 60 7133SINGLE-PARTICLE DYNAMICS OF WATER MOLECULES . . .
scattering~DLS! @8#. Since DLS in liquids is to be relate
both with theself anddistinct contributions to the time cor
relation function of the traceless part of the polarizabil
tensor fluctuations, the results obtained through this te
nique can be directly compared with indications from QEN
when the observed linewidths are appropriately rescaled
the Q values@11#; as a consequence, we are confident t
both QENS and DLS are monitoring the same rotational c
tributions that we can ascribe to reorientational processe
the whole lecithin molecule or, more likely, of its en
groups. Moreover, an intense elastic scattering is obser
in which the slow translational contributions from the lec
thin protons~resolved in the high-resolution experiments@8#!
are collapsed. In Fig. 3~b!, the fitting result and each resolve
rotational contribution are reported as continuous lin
while the shadowed area represents all the fast translati
lines collapsed within the instrumental resolution.

After the above-described checks, we extracted the in
herent QENS contributions from water confined in the m
cellar core as the difference between spectra of isotopic
substituted samples of the same composition~accounting for
the sample thickness!. In Fig. 4~a!, two of the extracted
QENS spectra of water, at two different values of the e
changed wave-vector, are reported as an example. Whe
fitting procedure is applied to the obtained spectra, bot
translational and a rotational line are detected. The ave
HWHM of the latter is about 1.3 meV, close to that of bu
water @12#; unfortunately, there is a large uncertain
(.40%) about this value, originated by small errors in t
normalization procedures which are non-negligible when
wings of this broad contribution are extracted, as descri
above. Thus, we cannot decide about the possible effec
the sample composition on this relaxational process. H
ever, the translational contributions have been resolved w

FIG. 3. ~a! d12-cyclohexane:Q dependence of the translation
component as obtained by the fitting procedure.~b! QENS spectrum
of the solution atf50.2 andR50. Circles: experimental data
continuous lines: fitting results; shadowed area: elastic contr
tions.
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a much better accuracy. Their HWHM,GT , versusQ2 de-
pendence, reported in Fig. 4~b!, shows a typical jump-
diffusion behavior@12#

GT~Q!5
DTQ2

11DTQ2t0

, ~3!

where DT represents the diffusion constant andt0 is the
residence time before jump. The worked out best-fit para
eters @solid lines in Fig. 4~b!# are reported in Table I, to-
gether with literature data for bulk water@12# and the esti-
mates for the values of the characteristic jump lengthsL
5A6t0DT.

Some results from water confined in micropores of a V
cor glass@13# are also reported for a comparison.

B. INS results

In the analysis of the INS contributions from water co
fined in the micellar core, we will limit ourselves to th
analysis of the low-frequency spectra (DE<100 meV!,
where the modes more sensitive to the confinement, nam
translations and librations, are localized. In order to be
evidence these spectral features, we proceeded as follow~i!
from the normalized spectra of the samples atf50.2 (R
510 andR50), the spectrum ofd12-cyclohexane, appropri-
ately normalized for the volume fraction, was subtracted;~ii !
the obtained spectral contributions from the dispersed ph

TABLE I. Extracted jump diffusion parameters for water co
fined in the micellar core. Literature data for bulk water and wa
confined in a Vycor glass are also reported for a comparison.

Sample DT(1025 cm2/s) t0(ps) L(Å)

f50.2;R510 3.4611% 1.2868% 1.6
f50.1;R55 3.5613% 1.6368% 1.9
bulk water@12# 2.3 1.1 1.2
Vycor 100% hydrated@13# 2.43 2.2 1.8
Vycor 52% hydrated@13# 2.61 5.7 3.0
Vycor 25% hydrated@13# 2.45 15 4.7

u-

FIG. 4. ~a! Extracted QENS spectra of water confined in t
system atf50.2 andR510. ~b! HWHM of the resolved transla-
tional contribution of water; continuous lines are the fitting resu
with a jump diffusion model.
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7134 PRE 60F. ALIOTTA et al.
of the two samples have been normalized at the same lec
volume fraction;~iii ! the INS contribution from water mol
ecules confined in the micellar core was then obtained by
difference between the two spectra;~iv! finally, the corrected
vibrational neutron scattering spectra were divided by
Bose-Einstein population factor, obtaining a generalized
namic susceptibility,x(v). Such a function approximatel
corresponds to a generalized vibrational density of states
vided by the frequencyv ~when theQ dependence is ne
glected!. In Fig. 5, the above-describedx(v) spectra are
reported together with the calculated difference spectr
~continuous line!. It should be noticed that in Fig. 5, th
above-mentioned difference spectrum is multiplied by a f
tor 4 ~which corresponds to the same fictitious sample thi
ness off50.2 andR50 data, in the same figure!. Thex(v)
curve for the bulk water, normalized by the same factor
also reported for a comparison.

IV. DISCUSSION

In the case of bulk water, the value of the jump length,L,
is close to that of the intermolecular H-H distance a
slightly increases with decreasing temperature. This re
was interpreted consistently with the opening of the O-O
angles~thus allowing for the completion of the local tetrah
dral coordination in H2O), as was deduced from the analys
of the x-ray structure factor of water@14#. Table I shows that
the water molecules confined in the micellar core are ch
acterized by a residence time very close to that typica
bulk water, exhibiting a higher value at lowerR. This would
suggest that the fraction of water molecules involved in
formation of the micellar interface slightly increases at low
water contents, with subsequent deformation of the orig
intermolecular bond angle. It could be interesting to comp
the results of Fig. 4~a! with literature data concerning th
single-particle dynamics of water confined in the micropo
of a Vycor glass@13#, the size of which (.50 Å) is com-
parable with the micellar cross section of lecithi
cyclohexane/water systems obtained by SANS. In Tabl

FIG. 5. x(v) spectra of the dispersed phases in two system
different composition and in bulk water. Continuous line represe
the estimate for the contribution from water confined into the m
cellar core. Note that a different normalization factor was used
the dispersed phases and H2O spectra~see text!.
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the data corresponding to 25%, 52%, and 100% hydra
Vycor samples are reported. The tendency oft0 to increase
upon decreasing ofR is revealed both in Vycor and lecithin
gels. In particular, the value oft0 we found is in between
those of bulk water and fully hydrated Vycor. Its variatio
with the system composition, together with its relatively lo
values, could be taken as the sign of a structural evolu
reflecting in a high mobility of water: both a blowing up o
the micelle and a growth process of tubular aggregates u
the addition of water are compatible hypotheses. The I
experiment can be of some help in solving the point. If o
compares thex(v) spectra for water confined in the micella
core and for bulk water, reported in Fig. 5, it becomes cl
that the main result of the confinement is a dramatic atte
ation of the peak associated with the translational motio
around 6 meV. The same result, interpretable as the re
tion of the translational degrees of freedom upon confi
ment, was obtained for water confined in Vycor glass@13#.
This would suggest that, also in our case, almost all the w
molecules are involved at the interface with no evidence
bulky properties. In such a way, a noticeable blowing-up
the micelles should be excluded, also at the maximum w
content, and the growth process of cylindrical micelles
mains a picture able to fit both QENS and INS results.
addition, a sharpening of the librational motion is observ
centered at 70 meV, which may indicate a preferred lo
coordination for the water molecules, induced by interact
with lecithin polar end groups, which is also reflected in
more localized spectral distribution.

The observed high value of the diffusion coefficient
water could appear consistent with the hypothesis of the
istence of giant wormlike micelles~that could be branched o
not!. However, the picture of a connected network
branched cylindrical micelles better agrees with recent
sults from depolarized light scattering@8#, in which it is
shown that, at high values of the micellar volume fractio
the addition of water results in an enlargement of the ro
tional contribution associated with the lecithin end groups
a branch point the interface is curved toward the water a
as a consequence, the rotational relaxation time is shifte
lower values. The same indication was given by NMR me
surements, both in cyclohexane@15# and in isooctane@16#.
Also, the occurrence that the diffusion coefficient of wa
measured by NMR@15# is smaller than the values reported
Table I is a further observation that is consistent with t
hypothesis of an infinite percolated structural model: due
the fact that the diffusion coefficient in confined space is
time-dependent quantity, the NMR probe furnishes a lo
time and long-range diffusion coefficient that must be rela
to a larger confinement volume. The same idea of a pe
lating extended network of branched wormlike micelles w
suggested recently@16# to account for the observed depe
dence of the conductivity onf at highR.

At low water contents the conductivity decreases and
entangled network could be enough to explain the exp
mental data, if micelles can stick together at the entang
ment points ~without formation of a water channel!. Of
course, from the static point of view the two situations ca
not be distinguished if the entanglement points are alm
equidistant. This is, in our opinion, a very appealing id
since it is also able to fit previous results from small-an
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PRE 60 7135SINGLE-PARTICLE DYNAMICS OF WATER MOLECULES . . .
neutron scattering~SANS! experiments@17# on the same
system, where a well defined interference peak was dete
that does not agree with the structural hypothesis of an
tangled random network of neutral polymerlike micelles.

The hypothesis of an entangled network of polymerli
micelles also conflicts with the NMR indication that the13C
linewidth did not point out any alkyl chain entanglemen
while it was shown that the increase of the macroscopic v
cosity is correlated with a strong stiffening of the phosphor
atom of the lecithin and of the adjacent trigliceride moie
@10#. As a last point, we wish to point out that the values
the self-diffusion coefficient for the lecithin protons,Dl ~in
the range 1.131026 cm2/s<Dl<3.231026 cm2/s, as ob-
tained by the slopes of the data reported in Fig. 6 of R
@8#!, are not too far from that (.1027 cm2/s) required for a
good matching of the persistence length, roughly estima
by Angelico and co-workers@7#, with literature data@4#;
however, the observed dependence of the self-diffusion c
stant for the lecithin molecules onR and f does not agree
with the polymerlike picture. The latter would imply that th
lecithin mobility decreases whenR increases, contrary to
what was observed@8#.

V. CONCLUDING REMARKS

Although our discussion above seems to indicate that
percolated structure is better suited to describe the lecit
gel, our conclusions are far from being definitive. In fact, w
pointed out a controversy that calls for more data in order
be disentangled. As an example, some results from pu
field gradient NMR@7# seem to indicate that micelles do no
form branches, a conclusion that, in agreement with the c
ventional point of view, conflicts with the results from d
electric spectroscopy@16# and with the picture we have
drawn from the analysis of SANS and QENS spectra.
argument against the hypothesis of branch points often
ported in the literature is the idea that a branched syst
should exhibit a low viscosity: branch points, unlike tru
chemical connections, can slide along the branches@18#.
However, we wish to point out that the theory predictions a
for only a moderate importance of such an effect. In ad
tion, the establishment of extended networks of interco
nected cylindrical micelles was independently evidenced
micellar solutions of lecithin inn-decane@19# and isooctane
@16#. One could argue that different behaviors can be induc
by different solvents. However, the close similarity amon
,
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the rheological properties of the different systems~at least
until the water content does not exceed the value at wh
the maximum shear viscosity is observed! would suggest a
situation in which where all the systems are described wit
a unique general framework.

We wish to recall that, very recently, we have show
@17,20# that, in the limit of a mean-field approximation@2# in
which the micellar size in highly diluted systems is dete
mined by the kinetic equilibrium between the breaking a
the reforming processes of chains, no scaling law exists
the average micellar length,^L&, this quantity being indepen
dent off and only determined by the value of the rate co
stants for the involved processes@17,20#. This result was
fully confirmed by the analysis of dielectric spectrosco
data from diluted samples@16#. The numerical results ob
tained from a rough phenomenological model@20# indicate
that describing the growth process of the wormlike micel
in dense systems as a process driven by excluded vol
effects leads to a concentration-dependent scaling expon
Once again, an analogous result was found in Ref.@16#. Very
recent oscillatory rheology results onn-decane/lecithin/water
system@19# pointed out the lack of any correlations betwe
micellar growth and shear viscosity. In order to overcom
the interpretative difficulties, the authors hypothesized t
the mechanism of the growth process of wormlike micel
should be dependent both on the system density and w
content; the possibility of branching of the micelles at highR
values was also taken into consideration.

We claim that any interpretation of the experimental da
from any technique whatsoever, based on thea priori ~not
theoretically supported! assumption of any scaling law fo
the average micellar length, will introduce further confusio
and inconsistencies in the literature. At the same time,
wish to point out that our results do not mean that entang
~not interconnected! polymerlike micelles cannot exist in th
semidilute regime. From the whole body of the experimen
results, we merely obtained indications that at high dilutio
the system polydispersity is concentration independe
while in concentrated solutions the close-packing arran
ment typical of any conventional micellar solution is r
trieved. In the semidiluted region the situation is of cour
more complicated, since a wide spectrum of different mec
nisms can take place, leading to a number of different in
pretative models when the system is investigated by differ
probes.
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