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Light-scattering study of phase transitions in aqueous solutions of nonionic
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The dynamical behavior of water in aqueous solutions of the nonionic polyoxyethylene surfactant
CypH2] (OCH&CH&)sOH has been studied using Raman and depolarized Rayleigh-wing scattering,
with particular attention to changes due to the structural phase transitions apparent at relatively
large amphiphile concentrations. The frequencies and intensities of the two principal components
evident in Raman spectra of the water 0—H stretching band change at the hexagonal to isotropic
phase transition. The width and intensity of the single resolvable line in the depolarized Rayleigh
spectra similarly change at this transition: the relaxation time of the rotational water mode increases
in the hexagonal phase. The changes are all consistent with an increase in the hexagonal phase of
the proportion of water bound to the oxyethylene head groups: the environment of water in the
system divers significantly from that in bulk water. At the lamellar to isotropic phase transition
very much smaller changes were apparent, but only in the Raman scattering data. This lesser
sensitivity suggests that in the lamellar phase almost all of the water is bound to the amphiphile
head groups, as in the isotropic phase at such volume fractions. The changes in water dynamics
reBect the structural changes in the solutions at the phase transitions, in particular the diKering
packing constraints in the various phases.

PACS number(s): 82.70.—y, 64.70.—p, 78.35.+c, 78.30.—j

I. INTRODUCTION

Complex Quid systems represent a class of novel ma-
terials of considerable interest both scienti6cally and
technologically [1]. Such complex systems contain ex-
tended polyatomic structures of sizes from tens of A
to micrometers. Aqueous solutions of the well-known
nonionic polyoxyethylene amphiphiles with chemical for-
mula C H2~+q(OCH2CH2) OH (C E„ for short) pro-
vide good examples of such systems [2]. They have
been the subject of extensive theoretical and experimen-
tal study, most attention being aimed at clarifying the
structural and dynamic nature of the supramolecular
aggregates formed above the critical micelle concentra-
tion (CMC). These surfactants comprise a linear sat-
urated hydrocarbon chain linked to a polyoxyethylene
head group. While aqueous solutions of many such am-
phiphiles exhibit behavior like that of a critical system in
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response to changing temperature or concentration, un-
like simple binary fluid mixtures they can form various
structural phases [2]. At high concentrations the phase
diagram of such systems may become rather complex,
exhibiting regions of anisotropic phases such as lamellar,
cubic, hexagonal, and solid [3]. Such solutions have been
used to model fundamental dynamical and structural
properties of condensed matter (e.g. , fractal aggregation,
percolation phenomena, glass transition, disorder-order
transition, etc. [1]) and to test theoretical models.

These systems comprise two components, surfactants
and water. While previous studies have tended to concen-
trate upon the structure and dynamics of the aggregates
formed by the amphiphiles, changes in the state of wa-
ter in the difFerent phases are no less interesting. Prom
small angle x-ray (SAXS) and neutron scattering (SANS)
[4] and light-scattering [5,6] studies it appears that the
water molecules play an important role in these systems.
Part of the water is hydrogen bonded (H bonded) to the
polyoxyethylene head groups of the amphiphiles. As the
surfactant structures in the various phases are quite dif-
ferent, the structure of the water component would also
be expected to change, especially in the more concen-
trated solutions when water molecules are con6ned in
limited spaces between the organized amphiphile struc-
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tures. For these solutions the nonionic nature of the sur-
factant permits water to be studied in confined geome-
tries without the effects of charge confusing the situation.

In the present work light scattering, both Raman and
depolarized Rayleigh, is used to study changes in wa-
ter structure at the phase transitions. Whereas Ra-
man scattering provides information on the intramolec-
ular vibrational dynamics and intermolecular interac-
tions, Rayleigh scattering relates to collective molecu-
lar motions. Specifically, depolarized Rayleigh scattering
allows the study of rotational molecular dynamics [7].
Both sets of dynamics will be influenced by structural
arrangements in the solutions. The study of the vibra-
tional stretching mode of water by Raman scattering in
the spectral region of 0 H stretching vibrations reflects
structural properties of water in the nonionic amphiphile
solutions as these vibrations are strongly influenced by
intermolecular (H bond) interactions, while depolarized
Rayleigh-wing observations provide further direct infor-
mation about the local properties of the water adjacent
to the polyoxyethylene surfactants.

We concentrate upon the C&OE5-water system, which
exhibits two well-defined anisotropic phases: hexagonal
(II&) and lamellar (I ) [3]. Above the CMC C]pEs
forms an isotropic phase (Lq) of spherical micelles over a
large part of its phase diagram (Fig. 1), the anisotropic
phases being restricted to relatively low temperatures.
In recent Raman and elastic light-scattering studies [5]
of water structure along a continuous isothermal path
at around 30 C in the isotropic one-phase region, above
the mesophase regions and below the cloud-point curve,
it was demonstrated that for volume ft. actions of am-
phiphile P ( 0.75 the water in the solution is partially
bound to the oxyethylene hydrophilic moieties of the am-
phiphiles, whereas above this concentration all the wa-
ter molecules present are H bonded to the oxyethylene
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FIG. 1. A portion of the phase diagram of CqoE'5, adapted
from [3]. The present experiments were performed for con-
stant composition paths through the Hq-Lq and L -Lq transi-
tions, for concentrations of about 55'Po and 75%, respectively.

chains. Raman and depolarized Rayleigh-wing scattering
both show that in the latter regime the 0—H stretching
vibrations of the water bound to the head groups are
analogous to those observed for glassy water [8]. This
suggests that the solution continues to comprise a wa-
ter continuous dispersion of amphiphile aggregates only
up to P 0.75. There do not seem to have been any
investigations of the changes in water structure at the
isotropic-anisotropic phase transitions of this and similar
amphiphile systems.

There have been some previous Raman spectroscopic
observations of changes in the structure and conforma-
tion of surfactants in aqueous solutions at phase transi-
tions [9—12], but not all workers have considered problems
arising &om the depolarization of light in the anisotropic
phases. These phases consist of very small oriented do-
mains of lyotropic liquid crystals, at the boundaries of
which the incident and scattered light will experience
multiple reflections, leading to partial or complete depo-
larization. A solution to this problem has been proposed
[13,12], and is adopted here (see below).

The above background led to the present work, which
is devoted to an examination of water dynamics in these
complex solutions by means of both Raman and depo-
larized Rayleigh-wing scattering. Particular attention is
paid to investigating the effects of structural transitions
on the water behavior. The variation of the spectra with
temperature has been studied for various amphiphile vol-
ume &actions within the ranges of the transitions &om
the Hq and L phases to the isotropic one-phase region
(Fig. 1).

II. EXPERIMENT

The nonionic amphiphile CqoE5, obtained from the
Nikko Chemicals Co. (Japan), was used without further
purification. Samples were prepared using triple distilled
deionized gas-h. ee water, using great care to avoid con-
tamination, and were filtered before measurement. Be-
fore spectroscopic investigation the samples were homog-
enized in a centrifuge for 90 min at 1000 rpm. The sys-
tem was studied as a function of temperature for various
weight IIIactions of amphiphile: 0.54, 0.57, 0.58, and 0.75.
Solutions were prepared by weight, allowing the use of
the published phase diagram [3] (in practice weight and
volume fractions are almost equal). The concentrations
chosen fall in the Hq and L regions of the phase diagram
(Fig. 1), allowing the transitions from these phases to
the Lq phase to be studied. The temperature was varied
over the range 55—10 C, increments of 2 C or smaller
being used close to the phase transitions; the samples
were thermostatted to within 0.1 C. The measurements
were performed at thermodynamic equilibrium, at least
10 min being allowed for temperature stabilization be-
tween successive spectral recordings.

A. Raman spectroscopy

In order to obtain reproducible results for the Ra-
man spectra of the water 0—H stretching band in the
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anisotropic phases and to permit them to be compared
with the corresponding spectra in the isotropic phases, we
recorded spectra which are linear combinations of parallel
and perpendicular contributions [13]:

I6O = 4III + 4
=1 3

where I6o is the intensity of the spectrum recorded with
an analyzer oriented at 60 with respect to the polariza-
tion of the exciting Ar+ ion laser beam. As mentioned
above, this procedure eliminates errors introduced by de-
polarization of light due to microcrystallinity of the sam-
ples in the anisotropic phases.

Raman scattering measurements were performed in the
usual 90 geometry using a SPEX 1400 monochromator
and charge coupled device detection (ORIEL Instaspec).
The 514.5 nm light (mean power 200 mW) was focused
into the sample by a 40 cm focal length lens. The spectra
of the 0—H Raman band of water were not corrected for
the contribution of the 0—H terminal group of the am-
phiphile. When studying the transition to the anisotropic
phases it was not possible to use the 0—H signal of pure
Cyp Os as a reference (as in [5]) because of transitional
changes in the structure of the solution. Spectra of the
0—H Raman band of bulk pure water were recorded at
the same temperatures for comparison purposes.

The experimental scheme for detection of spectra of
the anisotropic phases, allowing for depolarization effects
by using an analyzer oriented at 60 with respect to the
input polarization, was tested for the water 0—H band
by evaluating the relative difference AI/Isp. AI is the
absolute difference between the parallel and perpendicu-
lar spectra for the anisotropic phases, integrated over the
0—H band (i.e. , the one-norm of the difference [14]), af-
ter normalization of both spectra to the area of I6o. This
ratio was less than 5' at all wave numbers in the 0—H
band. Thus we may assume that depolarization due to
microcrystallinity was almost complete in the water Ra-
man spectra studied here.

rotating groups. Such contributions are Lorentzian lines
related to the exponential decay of local order. In water
this order, while it relates to rotational motions, is gov-
erned by H-bond dynamics. The &ee amphiphile molec-
ular rotation apparently fell in a narrower spectral region
than the instrumental resolution. In practice, therefore,
the spectra could be well fitted with a single Lorentzian
line, plus an instrumental response function (Voigt func-
tion) and a constant background. This background in-
cluded the essentially Hat central portion of the wide con-
tribution due to the recently observed very fast water
dynamics [15]. The physically meaningful parameters of
the fit are the half-width at half maximum (HWHM) and
the relative intensity of the single Lorentzian line, which
corresponds to relatively slow dynamics of water. The
intensity relates to the relative contribution of the slow
water dynamics to the total signal, including the very
fast mode mentioned above.

III. RESULTS

A. Raman spectroscopy

Raman spectroscopic studies were carried out for P =
0.58 and 0.75. Raman spectra recorded for the wa-
ter 0—H stretching band at various temperatures for
an amphiphile weight concentration of 0.58 are shown
in Fig. 2. There is a sudden and monotonic change

B. Rayleigh-wing spectroscopy

The depolarized Rayleigh scattering measurements
were performed using a double pass double monochro-
mator (SOPRA model DMDP 2000) with a resolution
of 700 MHz. We used 1 W of 514.5 nm light for exci-
tation. The scattering geometry was the usual 90 ar-
rangement. The scattered light was collected through a
Gian-Thompson polarizer with an extinction coeKcient
better than 10 . Depolarized spectra were measured in
the kequency range —100 to +100 cm

The nonshifted depolarized light scattering is due to
the fluctuations of the traceless part of the polarizability
tensor [7]. The measured scattered intensity Iv Jr(tu) can
be characterized by various contributions, depending on
the different mechanisms involved in the scattering pro-
cess. Both water and the amphiphile molecules comprise
anisotropic units, so that the corresponding spectrum
could contain at least two contributions from the difFerent
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FIG. 2. Raman spectra for the 0—H band of a 0.58 weight
concentration aqueous solution of C&OE5, for temperatures
running from 12 to 55'C (T increasing as shown by the ar-
row). Spectra are normalized by area. The obvious change in
spectral shape occurs between 22 and 24'C.
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in the spectral shape between 22 and 24 C. As T in-
creases between these two values the spectral feature at
about 3250 cm falls dramatically in intensity, while
that at about 3400 cm increases somewhat and shifts
to rather higher wave number. These temperatures just
bracket the established Hj LI -transition at this P, as
shown in Fig. 1. Clearly the transition significantly af-
fects the character of water molecules in the solutions.
While spectra for concentrations around 0.75 did show
some changes on passing through the I -Lq transition,
these were much smaller than in the Hq-Lq case. As
noted above, all these Raman spectra contain contribu-
tions &om the 0—H groups of the polyoxyethylene head
groups.

The structure of water involves H bonds with a con-
tinuous distribution of strengths, but in practice various
simplifying models are frequently used [16]. These gener-
ally reduce to considering a finite number of populations
of water molecules, each being homogeneous with respect
to the H bonding.

The Raman spectra were deconvoluted using a Fourier
procedure which has been described elsewhere [17]. The
Fourier deconvolution yields three components of the
O H band, the first corresponding to water molecules
with strong H bonds, the middle one to those with
weaker, distorted bonds, and the final one to "&ee" wa-
ter. This analysis is particularly well suited to identi-
fication of the main components of the water stretch-
ing spectra in the present polarization-insensitive mode
of comparison of Raman spectra, and agrees in princi-
ple with the mixture model for interactions in water [18].
(Because of the method adopted here to compare spectra
in the isotropic and anisotropic phases, deconvolution in
terms of isotropic and anisotropic Raman spectra is inap-
plicable, and so direct analysis in terms of the continuous
interaction model for water [19,20] is not possible. ) The
third component, at highest wave number, was of small
intensity in all the present spectra, and will be neglected
in what follows. We have found that over-deconvolution
does permit resolution of the "&ee" water component,
but the results of such fits are not very reliable, and so
we prefer to concentrate on the two main features. De-
convoluted spectra for a 0.58 weight concentration sam-
ple at 22 and 24 C are shown in Fig. 3, illustrating the
transitional changes in the O—H band.

The eKects of phase transitions on water structure in
the C~OE5-water system can thus be viewed in terms of
a particular simplifying model [21], in which the continu-
ous distribution of H bonds between water molecules can
be divided into two broad classes: "bound" water (water
molecules which are tetra bonded and form clusters con-
nected with strong hydrogen bonds), and all the remain-
ing water molecules, which are connected in a network
of higher density by weaker H bonds. The molecules in
the first class scatter light in a region centered at around
3230 cm in the 0 H Raman spectra, while the latter
class contributes a peak around 3450 cm (Fig. 3).

The results obtained &om the deconvolution process
include the wave numbers of the two main vibrational
components (v32$(j and v345Q) and the ratio of their am-
plitudes, B = I$45Q/I$23o measured from the zero level
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FIG. 4. The T variations of the wave numbers of the two

main lines in the 0—H band inferred by deconvolution of the
Raman spectra, together with the ratio of their amplitudes,
for P = 0.58 (hollow points) and 0.75 (filled points). The lines
indicate the behavior found for bulk water for comparison.
See text for discussion.
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FIG. 3. Raman spectra from Fig. 2 after Fourier deconvo-
lution for 22 (full line) and 24'C (dashed line). The spectra
are normalized so that the lines about 3450 cm are of equal
height.
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to the peak heights. Equal parameters of deconvolution
were used for all spectra analyzed. The wave numbers
found are somewhat higher than those for bulk water;
their significance is open to interpretation, but they are
affected by the transition, as we shall see.

Figure 4 shows the dependence of v323p v345p and B
on temperature for two concentrations. For a concentra-
tion of 0.58 the T variations of these parameters differ
&om those found for bulk water: whereas they are all
essentially linear for bulk water, discontinuities are ap-
parent for the present samples in the region of the Hq-
I~ transition. The changes, which occur more or less
abruptly between 22 and 24'C, just at the transition,
are similar for v323p and v345p but are more abrupt for
B. The sudden change in this 0—H stretching band,
revealed by the stepwise decrease of B for the CzpE5
solution on cooling through 23 C, can be viewed as an
increase in the proportion of water molecules assuming a
more organized, tetra-bonded structure.

Such changes are not observed in the &equencies of the
two vibrational components comprising the 6—H band
for the 0.75 concentration sample (Fig. 4), but they are
apparent in the ratio B, though on a much smaller scale
than for P = 0.58. While the L Lq transi-tion would be
expected to occur at about 23 C, B seems to be contin-
uous through this temperature but changes in the region
28—35 C. This accords with the observation of a transi-
tion at 28 C, demonstrated by changes in the shape of
the parallel and perpendicular Raman spectra at that T:
I~~ and I~ coincide when the transition to the anisotropic
phase is complete, as shown by the ratio AI/Iso being

5%, as already discussed. The temperature of the
phase transition likely differs &om that expected &om
the phase diagram (Fig. 1) because of trace impurities
or a few dust particles in the sample. We believe that
the method of identifying the phase transition used here
is more accurate than visual methods, being comparable
with polarization methods, as it detects changes in the
microscopic characteristics of the sample.
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FIG. 5. Depolarized Rayleigh-wing spectrum for a sample
of P = 0.54 at T = 30 'C. The continuous line represents the
best fit to the data; C is the contribution due to the molecular
rotational motion, A the instrumental resolution, and B the
constant background.

B. Rayleigh-wing spectroscopy

Figure 5 shows a typical spectrum &om the depolar-
ized Rayleigh-wing scattering &om the isotropic phase
of CqpE5. The lines indicate the results of the Btting
process. It may be seen that an instrumentally broad-
ened single I orentzian line plus background Bts the data
rather well.

The results of the depolarized scattering comprise the
measured linewidth (HWHM) and the intensity of the
only rotational contribution present in the spectra, for
the various amphiphile concentrations and temperatures.
The relaxation time v of the exponential decay of the ro-
tational order can be found directly &om the HWHM.
The measured values of v. are plotted in Fig. 6 as a func-
tion of T for three values of P (0.54, 0.57, 0.75). The
variation found for pure bulk water [22,15] is shown for
comparison; the similarity of the magnitudes of w for pure
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FIG. 6. The relaxation time 7 of the water rotational mode

as a function of T for three difFerent P values (see legend).
The T dependence found for pure bulk water is shown for
comparison.
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water and the present samples confirms that the spectra
recorded for the CioE5 solutions relate to the dynam-
ics of the water component of the system. In contrast,
the rotational relaxation time for pure amphiphile would
be greater than 8 ps, as the depolarized Rayleigh line is
narrower than the instrumental resolution ( 700 MHz).

It is apparent &om Fig. 6 that the rotational dynam-
ics of water in all of these samples are significantly slower
than in pure bulk water at the same temperatures. Fur-
ther, the relaxation time decreases significantly as the
solution passes through the Hi to Li phase transition
(0.54 and 0.57 concentrations). Similarly, the relative
area of the single fitted Lorentzian line, expressed as the
ratio Aq/Aq~q where Aq is the area of the Lorentzian and
At t is the total area of the depolarized Rayleigh-wing
spectrum, changes at the Hq Lq tra-nsition (Fig. 7). No
such changes are apparent at the L -Li transition for the
solution having P = 0.75.

IV. DISCUSSION

The arguments advanced here must be qualitative,
rather than quantitative, as for some of the observables
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FIG. 7. The T variation of the ratio of the areas of the
Lorentzian line, due to the slow water rotational mode, to
the total area of the depolarized Rayleigh-wing scattering for
various P (see legend).

our data provide only relative variations. However, our
results yield information on transitional changes in the
dynamics of water in the nonionic amphiphile solutions,
which provides deeper insight into the structural role of
water in these complex systems.

For both Raman and depolarized Rayleigh scattering,
the results for amphiphile concentrations near 0.55 show
greater sensitivity to temperature than do the data for a
concentration of 0.75, which are nearly independent of T.
In contrast, the data for concentrations about 0.55 show
significant discontinuities about 23'C, the temperature
of the Hi-Li transition. We therefore concentrate upon
these latter results in this discussion.

The entire set of data suggests that in the hexagonal
Hi phase a significant fraction of the water molecules
changes state compared to the isotropic micellar
phase. In particular, it appears that in the Hi phase
more of the water molecules are bound to the oxyethy-
lene head groups.

We turn first to the details of the results of the Raman
spectroscopy of the 0—H stretching band, subsequently
considering the depolarized Rayleigh-wing data on the
rotational dynamics of water molecules in the system.

Figure 4 shows that the frequencies (or, equivalently,
the energies) of the 0—H stretching vibration, vs23p and
v345Q change at the Hi-Li transition, indicating that
the state of water in the solution changes. The change
Lv, 10 cm ~, is roughly the same for both types of
water, tetra bonded (v32sp), and the remainder (v345p).
The similarity of the transitional change Lv for both
populations of water indicates that it is the global en-
vironment for water in the system which is afFected by
the phase transition, rather than just the "bound" water.
In bulk water it is conventional to correlate shifts in the
frequency of the 0—H oscillator (determined from the
0—H vibrational band), unperturbed by intermolecular
or intramolecular interactions, with changes in the mean
distance between the oxygen atoms of nearest neighbor
molecules in the H-bonded water network [23]. Such
shifts are directly proportional to changes in tempera-
ture [20]. The behavior of the frequencies of both types
of water in our I6o spectra can be understood in these
terms. The changes in both v323O and v345O at the Hq-Lq
transition indicate that, on average, the separation be-
tween the oxygens decreases discontinuously on entering
the Hi phase. The lower energy of the 0 H stretch-
ing vibrations in this phase thus suggests that the water
molecules are more closely packed, and their stretching
vibrations are somewhat constrained, compared to the
L q phase at high T, where the water molecules can move
more freely.

The largest transitional efFect apparent in the Raman
data (Fig. 4) is the change in the ratio B of the relative
amplitudes of the two deconvoluted lines for the sample
of concentration 0.58. R, as defined above, refIects the
inverse of the proportion of tetra-bonded. water. R can
only be considered as a relative estimate of the &action of
water molecules which are tetra bonded: while the abso-
lute values of R, relating to amplitudes, may not express
the real ratio of the integrated intensities of the various
components, it does conveniently express the extent of
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changes in the shape of the 0—H band when the envi-
ronment of the water molecules is altered in transitions
between different phases.

On cooling the 0.58 concentration sample through
23 C, the fraction of water molecules which are tetra
bonded increases sharply —R decreases. In the hexago-
nal phase the mean diameter of the rod shaped micelles
increases relative to that of the spherical micelles in the
isotropic phase, and the micelles become more closely
packed [2]. The spaces between these close packed mi-
celles, which are Ried with water, are narrower than in
the I» phase, in which comparatively isolated micelles
are suspended in "bulk" water, so that the number of
water molecules bound to the hydrophilic head groups
of C»pE5 is significantly higher in the H» phase than in
the L» phase. It is this effect which causes the increase
in "bound" water in the H» phase. The relatively small
degree of binding of water to the amphiphile head groups
in the L» phase has already been established from SAXS
[4] and Raman measurements [5].

Within the different phases for the 0.58 amphiphile
sample, and throughout the temperature range studied
for the 0.75 sample, the T variations of both R and the
wave numbers for the two populations of water molecules
basically parallel the corresponding ones for bulk water
(Fig. 4). This suggests that within the different aque-
ous environments in the different phases the effects of
temperature upon the Raman band are about the same,
as seems appropriate for an intramolecular effect such as
0—H stretching.

Turning to the depolarized Rayleigh-wing scattering
data, the principal result is the effect of the H»-L» tran-
sition on the relaxation time ~, seen in the data for the
samples at 0.54 and 0.57 concentration (Fig. 6). The
change in 7 at this transition indicates that the water
molecules are significantly freer to move in the isotropic
phase than in the hexagonal phase. This may be empha-
sized by comparing the data for the present samples with
those for pure bulk water. In the L» phase, above 23 C,
the relaxation time of water molecules resembles that ob-
served for bulk water cooled to about 5 C, whereas below
23 C, in the H» phase, w is of the order of that found
for bulk water supercooled to about —15 C. In the lat-
ter situation there would be a considerable increase in
the structural organization of the bulk water compared
to that at 5 'C, suggesting a comparable increase for the
amphiphile solutions in the H» phase.

In contrast to bulk water, the amphiphile solutions,
within the different phases, all display apparently non-
Arrhenius behavior of the rotational relaxation time ~.
As is well known [24], for bulk water the T variation
of w reflects a single activation process, which is re-
lated to the energy of formation or breaking of the H
bond. In the amphiphile solutions this rotational relax-
ation time is influenced by the presence of oxyethylene
groups, to which water is also bound. In contrast to
Raman scattering, which is quite incoherent and is due
only to intra-molecular dynamics, depolarized Rayleigh
scattering probes a collective mode that reflects the re-
laxation of single molecules influenced by their environ-
ment. Whereas in bulk water there is one environment,

provided by other water molecules, in the present samples
water molecules may be in different environments, adja-
cent to either water or the amphiphile head groups. In
any case, the present results reflect a change in the geom-
etry in which water molecules are more confined than in
bulk water. The structural transition changes both the
packing of the hydrophilic head groups, which is more
open in the micellar phase, and the interaggregate spac-
ing, which is larger in this phase. Both effects reduce the
constraints on water molecules in the L» phase relative
to the H» phase.

In the H» phase water is constrained by closer packing
than in the isotropic micellar phase, leading to a signif-
icantly larger relaxation time in the Hq phase (Fig. 6).
This conclusion accords very well with those drawn from
the intramolecular vibrational dynamics, in particular
with the energies of the two main 0 H stretching modes.

The relative amplitude of the depolarized Rayleigh line
clearly decreases as T increases through the H»-L» tran-
sition (Fig. 7). The number of scatterers responsible for
the slow water mode is thus less in the I.» phase than
in the H» phase. This is the number of molecules which
can reorient due to breaking of H bonds. Interpretation
of the data is difBcult as, while A» depends only on the
water molecules, Aq t relates to all scatterers, including
the amphiphiles, whose rotational contribution is not re-
solved in the spectra. However, the changes observed
accord qualitatively with the effects noted in the ampli-
tudes of the Raman signal &om tetra-bonded water.

We briefly comment on the data for the 0.75 am-
phiphile concentration samples. The Raman spectra dif-
fer from those for bulk water (Fig. 4). Similarly, the
depolarized Rayleigh-wing data (Figs. 6 and 7) show
that the rotational dynamics are significantly slower than
those for bulk water. With the exception of the ratio
R of the amplitudes of the two deconvoluted compo-
nents in the present Raman spectra no transitional ef-
fects are observable at the L -L» phase change. R ex-
hibits a small and comparatively smooth discontinuity at
the phase transition. However, at this high concentration
its magnitude may be influenced by the contribution of
the 0 H stretching vibrations of the amphiphile. If this
contribution could be subtracted, it is possible that the
T behavior of the corrected R would not differ from that
of the other parameters describing the L -I.» transition.
At all events the changes at this transition are very small,
and it would be speculative to pursue their interpretation
at this stage.

Recent Raman studies [5] suggest that at P ) 0.75
in the L» phase essentially all water molecules are fully
bonded to the oxyethylene head groups of the surfactant:
the solution has become predominately a continuous am-
phiphile structure. It appears that almo'st the same de-
gree of bonding to the head groups also occurs in the
lamellar L phase. This might have been expected. : in
this phase water is "squeezed" in thin layers between the
lamellae of surfactant molecules and again essentially all
the water molecules are tetra bonded. The similarity of
the environments in which the water molecules are sit-
uated in the micellar and lamellar phases explains why
the light-scattering spectra do not change markedly with
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temperature at the L -L» phase transition. The envi-
ronments are very difFerent &om that in bulk water, as
shown by the difFerences of both Raman and Rayleigh
spectra &om those for bulk water.

Previous depolarized light-scattering studies [6] have
shown that for P ) 0.75 al/ water molecules in the sys-
tem are bound to the amphiphile head groups. They can
further be regarded as all tetra bonded as the measured
w reaches values typical of deeply supercooled water. For
lower P the water molecules, while more significantly
bound in low density structures (tetra bonded) than in
pure water, are only partially bound to the amphiphile
molecules. This overall picture, based on water dynamics
in such structured complex fluid systems, confirmed con-
clusions of earlier SAXS and SANS structural studies [4].
In particular the behavior of the more concentrated solu-
tions confirms the resemblance of these complex fluids to
block copolymer melts with all the water bound to the
amphiphiles. The present work has demonstrated con-
clusively the efFects upon the water properties, in some-
what more dilute solutions, of structural phase transi-
tions. More precisely, the results show the efFects upon
the water dynamics of increased packing constraints.

V. CONCLUSIONS

concentration and temperature, may organize itself into
a variety of structural phases, in which the constraints
upon water vary. For the particular amphiphile studied,
CioE5, it is possible to study transitions between both
hexagonal and lamellar phases and the isotropic micellar
phase.

Our results show that, on passage &om the compara-
tively open structure of the isotropic phase to the more
constrained geometry of the hexagonal phase, there is
a considerable change in the dynamics of the water
molecules. Both the collective and intramolecular dy-
namics are afFected, as shown by changes in the depolar-
ized Rayleigh wing and Raman scattering, respectively.
In the hexagonal phase the proportion of tetra-bonded.
water increases, and the dynamics slow down, reflecting
the greater packing constraints in this phase compared to
the isotropic one. In the lamellar to isotropic transition,
at higher amphiphile concentrations, very much smaller
changes are apparent in the water dynamics as perceived
by Raman scattering. This implies that almost all of the
water is bound to the oxyethylene head groups in the
lamellar phase, as is known to be the case for such con-
centrations in the isotropic phase [4—6]. The last finding
reflects the very confined geometry available to the water
molecules in such concentrated solutions.

The dynamics of water in confined geometry is a chal-
lenging problem of current interest in the physics of com-
plex systems. We have studied such dynamics in a par-
ticular system, which afFords the possibility of modifying
the geometrical constraints upon water. The particular
system studied is an aqueous nonionic surfactant solu-
tion, in which the confusing efFects of charge upon the
water molecules are absent. The system, depending upon
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