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Abstract

The change of the water structure in aqueous solutions of the tri-ethyleneglycol mono n-
decyl ether (C;oE3) was studied by micro Raman scattering. The results obtained on the O-H
stretching band show that the behavior of the hydrogen bonding (H-bonds) water network can
be used as a probe to follow the lamellar (L) to sponge (L3) phase transition. In the lamellar
phase, the stack of the surfactant molecules aggregated into a two-dimensional structure
(membrane) acts as a soft confinement system for the H-bond water network of which the
regular tetrahedral structure is perturbed. The change of the planar organization of the
membranes to a highly disordered and infinite array of bilayers in the sponge phase amplifies
the surface of contact between amphiphilic surfactant and water molecules which drives a

strong disruption of the regular tetrahedral H-bonding water network.
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1. Introduction

The study of the physico-chemical properties of water in confined geometry at a
mesoscopic scale is important to technological and biophysical problems, such as micro-
fluidic system, lab on chip materials, enzymatic activity and functions of membranes [1-4].
Numerous investigations have been devoted on the understanding of confined water and other
liquids into mesoporous materials such as MCM-41, Vycor, clay and porous silicon [5-18].
These studies have revealed effects of confinement which affect both the structure and
dynamics of the confined system of which properties differ strictly from these-ones of bulk
liquid [1-18]. Surfactant systems self assemble into a variety of structures which present
particular organizations of the membranes and provide model system to host small or
significant amounts of water for mimic confinement in biological objects [1, 19-22]. The
formed lyotropic liquid phases have been considered as intermediate between complex
biological water cavities and rigid wall pores in mesoporous media [21]. Despite numerous
studies on nanoconfined water, a little is known about the effect of confinement on water
molecules arranged into H-bond networks. The past infra-red and Raman scattering
investigations have shown a significant change of the tetrahedral H-bonding water network in
micelle systems for a confinement lower than 10 nm [21, 22]. In the same range of scale,
Marinov et al have highlighted a change of the characteristics of water confined in a lamellar,
and reverse micelle phases [22]. However, no studies have focused on the investigation of the
change of the H-bond water network confined into several membrane phases or when the
system undergoes a membrane reorganization which is of great importance since the water
network has been recognized to contribute to the hydration force acting between membranes

[23, 24].



The bulk water structure is understood as a tetrahedral ice like arrangement which competes
to a non tetrahedral arrangement [25-27]. The Raman spectroscopy gives vibrational spectra
which are sensitive to the local environment of molecule and allow apprehending the
disruption of the water network. In particular, the band in the region from 3000 to 3700 cm,
corresponding to the O-H stretching can be convoluted into three Gaussian components [22].
The lower frequency component at about 3200 cm™ refers to collective in phase stretching
vibrations of the tetrahedral H-bonding network, while the second component at about 3400
cm™ is assigned to the not in phase vibrations between the nearest or higher neighbor
molecules [25]. The last component at high frequency corresponds to non H-bonds or
hydrogen bent structure. The measure of the integral intensities of both components gives
information of how the regular tetrahedral H-bonding network of can be disrupted. In this
approach, several studies on bulk water and once confined in surfactant systems, have used
the ratio of the component at about 3200 cm™' to the component at about 3400 cm™', defined as
Roun which represents the fraction of water in the system that takes part in the regular
tetrahedral H-bonding network [22, 25, 28-30].

The tri-ethyleneglycol mono n-decyl ether (C;oE;) and water system forms internal
structures organized by surfactant bilayers such as the lamellar (L) and sponge (L3) phases
[31, 32]. The lamellar phase, L., is characterized by a stack of surfactant molecules
aggregated into two dimensional structures (membranes) and layers of water whose
organization is at long range order which displays a smectic order [32, 33]. On the other hand,
for another range of temperature and concentration, the surfactant self organizes in a
disordered and infinitely connected array of bilayers, called sponge phase or ‘plumber’s
nightmare phase’. Both phases are present in neighboring regions in several phase diagrams
and the transition from L, to L; phase is of first order and is triggered by variations of saddle

splay rigidity of the Gaussian curvature K of the bilayer [32-37].



Previous investigations focused on the changes in water structure in extended polyatomic
surfactant structures (lamellar to reverse micelle structures) by the increase of surfactant
concentration [21, 22]. The aim of this study is to quantitatively evaluate the extent of
perturbation of water structure confined into two lyotropic membrane phases which shows
two levels and organization of the surfactant bilayer (1D and 3D confinement for the lamellar
and sponge phases respectively) and to follow its change in temperature. For this purpose, the
changes in water structure of the lamellar to sponge phase transition in the C;¢E;-water
system is studied by Raman scattering experiments with an accurate analysis of the O-H
stretching mode which allows estimating a contribution of strongly and weakly H-bond water
molecules. The intensity and shape of the O-H stretching mode provide information on how
the fraction of confined water in the system, that takes part in the regular tetrahedral structure,
changes during the reorganization of the surfactant bilayer when the system transits from 1D

to 3D organization membrane phase.

2. Materials and Methods

2.1. Materials and experimental setup

The surfactant C;oE; was purchased by Nikko Chemicals, Inc., Tokyo is assumed to have a
purity better than 99.8 % and was used without further purification. Distilled and deionized
water was used to prepare the aqueous solution of 0, 5, 10, 20, 30, 40, 60, 80 and 100 wt %
for CjoEs. The solutions were prepared by weight and were homogenized for at least 24 hours.
Then, the solutions were sandwiched between two plates of cover glasses for microscopy with
the use of 10 um diameter silica spheres as spacers. The samples were sealed by glue to avoid
any water evaporation. Special care was taken to prevent nor dust contamination nor contact

between glue and aqueous solutions. In this C;oE;-water system, an isotropic sponge phase



(Ls) phase exists at high temperature whereas a lamellar (L,) phase is displayed at low
temperature and for high concentration of surfactant an inverse micellar phase characterizes
the mixture, as shown in Figure 1. The interlamellar spacings of the dilute lamellar phase can

reach several hundred nanometers and can be described, assuming conservation of volume

and a constant bilayer thickness, C, by eq (1):

(1)

2
i
k=R R

where d is the repeat distance, ¢ the volume fraction of surfactant in solution and the CoE;

bilayer thickness C is assumed to be close to 27.6 A [12, 32].
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Figurel: Phase diagram of the C(E;-water system. The phases shown are the lamellar phase (L,), sponge phase
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L; and reverse micellar L, phases. The phase domains are identified with phase contrast microscopy. The two

inserts represent schematic drawing of the organization of the membranes in the lamellar and sponge phases.

The Raman Spectra in the 2600-4000 cm™ region were recorded in the backscattering
geometry with a Horiba Jobin-Yvon T64000 micro Raman spectrometer equipped with a
symphony CCD detector. A Neodynium Vanadate laser (Verdi Coherent) operating at 514.5
nm with an output power of 100 mW was used as an excitation light source. The spectral
resolution was 2 cm’' whereas the spatial resolution, determined on silicon wafer, was better
than 2 um. The temperature range measured for the lamellar to sponge phase transition for the
20 wt % for C,oE3 solution was controlled by a Linkam system. The Raman spectra of various
concentration wt % of CjoE; solutions were recorded at room temperature (i.e. 25°C). This

implies measurements in three phases, sponge, lamellar and reverse micellar solution phase.

2.2. Raman scattering experimental setup for light depolarization

The measured spectra in the lamellar phase cannot be directly comparable to the optically
isotropic sponge or micellar phases. In the lamellar phase which shows some anisotropic
properties, the light experiences partial or full depolarization. A method has been suggested
and successfully applied to prevent this experimental problem of light depolarization [22, 29].

The lamellar phase consists to numerous randomly oriented microscopic domains of
lyotropic liquid crystals. At each interface between two neighboring monodomains, a light
beam is split into ordinary and extraordinary beams with orthogonal polarization orientations.
When the number of the domains, which the beam is intersecting, is large enough, the
exciting laser beam is completely depolarized and the scattered Raman spectrum is that of
randomly oriented molecules illuminated with naturally polarized light. If I and |, are the
intensities of the scattered light components with polarization parallel and perpendicular to

that of the exciting light, respectively, then, in the experimental situation described, the
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intensities of the Raman signal components with polarizations parallel and perpendicular to
the direction of propagation of the exciting light are proportional to I} + I, and 2I,,
respectively. As the total Raman signal polarization is scrambled on the way out, the
intensities of the observed spectra are proportional to Iy + 31,. The rational idea of the
suggested method is that Raman spectra with the same type of a linear combination of I and
|, as that for the liquid crystalline phases, namely, I + 31, are measured for the isotropic
micellar and sponge phases. Thus, it is possible without the influence of depolarization effects
to compare the Raman spectra of the isotropic solution phase and the anisotropic liquid
crystalline phase and accordingly to compare changes in the spectral shape of the bands to be
attributed to changes in the molecular structure. Obviously, such a combination of I and I, is
obtained if Raman scattered light is recorded from the isotropic phase with polarization
rotated to 60° with respect to the polarization of the exciting light:
lso = [c0s*(60°)]1} + [sin*(60°)]1, = (0.25)I; + (0.75)I . (2)
In order to diminish the error due to the uncertainty in tuning the angle of the polarization
rotator at 60°, parallel and perpendicular Raman spectra were measured and their linear
combinations were calculated according to eq 2. Moreover, the derivative of the intensity at
such angles (0 and 90°) of a polarized light with respect to the polarization rotation angle is
zero. An important condition of producing correct results with this experimental setup is that
both the exciting light and the Raman scattered light have to experience full depolarization in
the liquid crystalline phase. This means that the excitation and Raman photons must cross a
sufficiently large number of monodomain borders, or in other words, the size of the domains

should be much smaller than the distance at which each photon travels through the sample.
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Figure 2: Raman spectra of the C,¢E;-water system for a concentration of 20 wt % of surfactant. The bands at

about 2900 cm™ are assigned to the C-H stretching of the aliphatic tails of the surfactant whereas the broad band
at higher frequency represents the O-H stretching of both water and surfactant molecules. The insert shows the
Gaussian decomposition of the vibration Raman spectra of the O-H stretching mode. The correlation coefficient

for all fit r>=0.99.

2.3. Processing of the spectra

The Figure 2 represents the Raman spectra of CjoE;-water system in the experimental
frequency range from 2600 to 4000 cm™. In order to discriminate the O-H stretching band
from the C-H stretching band relating to surfactant molecules, we used the fitting procedure

of the LabSpec software (Horiba, Jobin-Yvon). The C-H stretching band was decomposed



into four Gaussian components, while the O-H stretching was fitted with three main Gaussian
components at about 3200, 3400 and 3600 cm’!, as it is shown in the insert of Figure 2. The
calculated Igy spectra were rescaled so that they correspond to equal surfactant content in the
solution. The procedure has consisted to divide each spectrum by the integral of the C-H
stretching band obtained by the fitting procedure. The Figure 3 shows the results of the

calibrated spectra in the range of the O-H stretching.
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Figure 3: Raman spectra in the O-H stretching band region for the CjoE;-water system. The spectra are

normalized to equal surfactant content.
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Figure 4: Relative integrated intensity of the O-H stretching band for the C,oE;-water system after the subtraction
of the contribution of the O-H stretching band of the surfactant, given as a function of the mole ratio of water to

surfactant. The solid line shows the best linear fit passes through the origin.

Thus, the spectra were corrected from the contribution of the O-H stretching of the
surfactant which can be achieved from the spectrum of the neat CoE;. We realized another
fitting procedure on the subtracted corrected spectra for both concentrations on the O-H
stretching range. The integrated intensity of the O-H stretching band as a function of the mole
ratio of water to surfactant is shown in the Figure 4. The excellent linearity supports the

appropriateness and accuracy of the calibration procedure adopted in this study.
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3. Results and Discussion

The Raman spectra of the C;¢E;-water in the O-H stretching range from 24 to 43°C for the
concentration of 20 wt % are shown on the Figure 5, and the parameter Roy, obtained from
the spectra, is presented in the Figure 6 as a function of the temperature when the system
transits from lamellar to sponge phase. The Raman spectra in the Figure 5 are normalized to

equal area after the correction by surfactant contribution. For each spectrum, the parameter

Ron was calculated as the area ratio of the component at about 3200 cm™ to the component at

about 3400 cm’! (Ron = As200/As400) using the curve fitting procedure.
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Figure 5: Temperature evolution of the Raman spectra of aqueous C,4E; solution at a concentration of 20 wt %

for the surfactant.
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Figure 6: Roy parameter as a function of the temperature for the 20 % wt C,oE;-water system. The dashed lines
represent the approximate borders of the phases and the phase transitions temperatures (L, lamellar phase; L,

sponge phase) as estimated by the observation with phase contrast microscopy.

In this temperature range from 24 to 43°C, the 20 wt % C,oEs-water system transits from
lamellar to sponge phase. The two phases coexist on about 8°C as it can be represented in
either Figure 1 or 6. The Raman spectra evolution in the Figure 5 displays some interesting
features. By increasing temperature, one can note the decrease in intensity of the 3200 cm™
component whereas the component at about 3400 cm™ becomes preponderant in the O-H
stretching band. One can remark also the increase in the intensity of the component at about
3600 cm™, which underlines the rupture of the H-bonds. The temperature evolution of the
spectra for the CoEs-water system indicates that the intermolecular vibrational coupling at

long range order in the regular tetrahedral H-bonding network is reduced.
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The parameter Roy corresponds to the measure of collectiveness vibrations within the
fraction of water molecules that take part in the tetrahedral structure. The Figure 6 shows the
temperature evolution of Roy for the lamellar to sponge phase transition of the 20 wt % C,(E3-
water system. The parameter Roy obtained from the spectra of pure water (not presented) in
the same experimental conditions does not present any fluctuations and remains at a constant
value of 0.7 in the studied temperature range. Previous studies on the bulk water from
amorphous ice to super critical water via ambient water highlighted the strong change of
water structure with a variation of the Roy ratio from 2 at -180°C to about 0 at 400°C [25].
However, on the ambient temperature range between 20 and 50°C, the fraction of the regular
tetrahedral H-bonding water molecules display a Rop parameter close to 0.7 which is coherent
to our experimental spectra evolution and reflects the good agreement of the fitting procedure.

The parameter Rop exhibits a different behavior when the system is in the lamellar phase.
The removing of water in the system or the introduction of surfactant at a weight of 20% leads
to a decrease in the relative part of the tetrahedrally H-bonding water molecules. In the
lamellar phase, the 20 wt % C;oEs-water system exhibits a Rog parameter close to 0.55 and
remains at this same value of in the phase domain temperature. The changes in the O-H
stretching spectra in the lamellar phase, comparatively to spectra in the bulk water at same
temperature, are due to a reduction of bulk water relative to the volume of the water that is in
some degree involved in interaction with the surfactant molecules and also a change of the
structure of water. Interestingly, the introduction of a C;oE; membrane in water affects the
fraction of the regular tetrahedrally H-bonding water molecules at about 20% comparatively
to bulk water, which indicates the existence of a correlation between surfactant concentration
and Roy parameter. Then, as the temperature reaches the sponge-lamellar coexistence region,
an abrupt change in the behavior of the Roy parameter is observed, which decreases linearly

and remarkably fast with the temperature. This result indicates a drastic change in the
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structure of water. Thus, in the sponge phase, Roy remains at a plateau value of 0.46 which
underlines that water structure does not evolve.

Previous studies in the structure and properties of water confined at a mesoscopic scale
between supramolecular aggregates and in small cavities have highlighted the same behavior
[38]. In these studies, the decrease of the intensity of the lower frequency component of the
O-H stretching band, resulting to the reduced long range intermolecular vibrational coupling,
is interpreted to an effect of finite size on the water domains than to the nature of the surface
interstices where the water is confined. Generally, the confinement of water or alcohol
between hydrophilic surfaces leads to a distortion of the H-bond network, which can be
expressed by a decrease in the value of the parameter Roy [39-41]. The O-H stretching Raman
spectra of interstitial water in multilamellar lipid liposomes showed a significant deviation
from the spectrum of bulk water when the distance between the surfaces was several
nanometers. Again, the component at about 3200 cm™ decreased in intensity compared to the
component at about 3400 cm™ [26].

At such mesoscopic scale, numerous studies have shown that the structure and the physical
properties of confined liquids in cavities differ strikingly from the bulk system [5-18]. The
experiments on the confinement of water or associated liquid such as alcohol in mesoporous
materials (aerogels, controlled pore glass, MCM-41...) showed confined liquid presents a
density, structure and dynamics different from bulk system. Physical properties such as
structure factor or density are also perturbed due to the interaction with the surface which is of
first importance in this latter case and also to a finite size effect. In the recent Monte Carlo
simulation study of methanol, which is the simplest alcohol system available to create some
H-bonds, confined into a silica mesopore, the results obtained have shown that the pore
surface significantly affects the spatial arrangement of molecules, leading to the creation of

layers which propagate to the entire pore volume [16, 17]. The interesting result concerns the
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interfacial layer molecules which creates more H-bonds with the silanols groups of the surface
than between them, leading to a strong disruption of the H-bond network.

The changes in the water structure observed for the present C;oEs;-water system in the
lamellar phase are in good agreement with the changes of the structure of nanoconfined water
observed by other researchers [1, 21, 22]. In the lamellar phase, the repeat distance d of a
bilayer can be calculated for one dimensional swelling system by the eql. This relation is not
exactly valuable because it does not take in account the thermal undulations of the bilayer and
also the interbilayer interactions but gives a suitable idea of the repeat distance of the bilayer
against dilution with a good accuracy. For a concentration of 20 wt % C;oE; in water, the
repeat distance d is equal to 138 A and implicates that water domains are confined between
two flat surfaces in a slit thickness close to 110A [12, 32]. The finite size effect confinement
and the presence of a surfactant membrane surface contribute to the disruption of the long-
range ordering of the water molecules and lead to the decrease of the Roy parameter. Previous
studies on confinement of water in surfactant micelles showed a strong change in water
structure for core micelle size below 10 nm which is in good agreement with our observations
even if the system geometry differs [21].

The structure of the sponge phase is described in terms of a 3-d isotropic continuous
bilayer structure as it represented on the insert of the Figure 1 [33-37]. The previous electric
conductivity experience on the sponge phase concluded to the structure of a bicontinuous
bilayer cubic phase [37]. The repeat distance for this bilayer is 1.4 wider than this-one of the
lamellar phase for the same concentration which means that, in this study, the water domains
are confined into a space of about 168 A if we assume that the thickness of the bilayer
remains the same in both membrane phases [32]. However, the elastic curvature,
characteristic of the lyotropic membrane phases, differs in the sponge phase. Besides, the

shape of the bilayer organization shows a 3D arrangement which drives to an increase of
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water amount in interaction with the polar headgroup of the surfactant [33, 36, 37]. Moreover,
the high disordered structure in the sponge phase shows defects in the bilayer organization
which could favor interaction between confined water with hydrocarbon chains of surfactant
and as result disrupt the water structure.

The continuous decreasing of the fraction of the regular tetrahedrally H-bonding water
molecules undergoes the transition from the lamellar to the sponge phase. In these two phases,
water interacts with the hydrophilic part of the C;oE; surfactant membrane. The fast
decreasing of the Roy parameter is due to an increase of water molecules interacting with the
polar headgroup of the nonionic surfactant. These results obtained here can be related to the
hydration force which results to the ordering from the water molecules between the
membranes and its organization [23, 24]. This force due to the structure of water with surface
changes between the lamellar and sponge phases due to an increase of water molecules
interacting with the headgroup of surfactant leading to a strong disruption of the water
structure. Finally, these results highlight the importance of the first adsorbed layers of water
molecules on surface in the water structure. Indeed, the water structure depends mainly on
this particular layer and its morphology [42-44]. In the case of the lamellar phase, the planar
geometry of the surface leads to a 1D slit confinement and affects only the first layer also
called solvation layer, as it has been observed for adsorbed water on various substrate whereas
in the sponge phase, the solvation layer thickness should highly increase and perturbs in the
same order of magnitude the water structure between the 3D organization of the surfactant
bilayer. Even if the size of confinement is wider in the sponge phase, the geometry of the
highly disordered structure of the membranes reduces the size of the tetrahedrally H-bonding
water clusters and consequently disorganizes the water structure at long range ordering,

characteristic of the bulk water.
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4. Conclusion

Water confined in solid pores and cavities of mesoscopic dimensions in surfactant
structures exhibit highly unusual properties [1-3]. The understanding of the dynamics and the
water structure is important to biophysical problems such as functions of membranes and food
conservation [1]. However the use of biological systems is rather complex and surfactant
structures provide interesting well-controlled aggregates for the understanding of confined
water [1]. Effects of confinement have been observed on water structure network confined in
micelle structures and lamellar phase by Raman scattering and infra-red spectroscopy
investigations [21, 22]. However, the investigation of H-bond water structure in the sponge
phase of which structure corresponds to a 3D isotropic bilayer organization has not been
characterized so far. Moreover, the study on the changes in water structure for the lamellar
(Ly) to sponge (L3) phase transition has also not be undertaken which is of great importance
since the water network ordering has been recognized to contribute to the hydration force
acting between membranes [23, 24].

In this work, we have explored using Raman scattering the behavior of the water structure
in aqueous solution of tri-ethylene glycol mono n-decyl ether (CioE;) for various
concentrations in the lamellar and sponge phases. Using a three-Gaussian decomposition of
the OH stretching band data, it is clear that the confinement in the lamellar phase disturbs
essentially the two lower and slightly the higher energy components, as it has been previously
identified. The reorganization of the membrane in one dimensional structure, in the lamellar
phase to a three dimensional structure in the sponge phase affects both components, which
indicates that the water molecules involved in different supermolecular bonding schemes
differ from each other through their respective mean degrees of connectivity. In the sponge
phase, even for a wider confinement size, the regular tetrahedral water structure is disrupted

quite strongly comparatively to this-one of the lamellar phase. This observation indicates
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water molecules interacting with the polar head groups of the nonionic surfactant increase
considerably when the system self organizes from a 1D to a 3D confinement and reveals the
importance of the first layers of adsorbed water molecules in the water structure. The behavior
of the water structure can be used as a probe to describe perfectly the lamellar to sponge phase

transition and its consequence for the formation of the liquid crystalline phases.
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