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Abstract. — The microstructure of the water rich microemulsion phase of the C,E;. water and
decane system has been studied using surfactant H-NMR relaxation and 'H Fourier transform
pulsed gradient spin-echo (FTPGSE) self-diffusion experiments. The surfactant-to-oil ratio is kept
constant, and the system is investigated as a function of water dilution and temperature. Particular
attention is focused at the phase boundary where the microemulsion, consisting of normal oil
swollen micelles is in equilibrium with excess oil. On this phase boundary, which occurs at lower
temperatures, the oil-swollen micelles adopt a minimum size, and 1t is argued that this corresponds
to a spherical shape. Increasing the temperature, the micelles grow in size. However, the results
indicate that the micellar growth is only minor, in particular at lower concentrations. The
implications of the experimental results and the phase equilibria are discussed within the frame
work of the flexible surface model, associating a curvature energy to the surfactant film. The
behaviour of the system is consistent with a monotonic variation of the spontaneous mean
curvature of the surfactant monolayer with temperature. The phase equilibrium with excess oil can
be 1dentified with a so-called emulsification failure. Over a large dilution range, @ = 0.35, the
emulsification failure boundary occurs at constant temperature and surfactant-to-oil ratio, which,
within the model, imposes a lower limit to the possible values of the monolayer bending rigidity.

1. Introduction.

Oil and water are normally immiscible but the addition of a suitable amphiphilic surfactant,
preferably insoluble in both oil and water, can promote stable mixtures, with the surfactant
residing at the oil/water interface. With certain mixtures of the three components it is possible
to form a low viscosity transparent liquid phase, known as a microemulsion. Whilst these
systems are homogeneous on a macroscopic length scale they exhibit structure on a
microscopic scale (10-1 000 A), where the apolar and polar domains are separated by the
surfactant rich film. The size, number or curvature of these interfaces are not fixed, rather they
are determined by the system’s equilibrium conditions which minimize the free energy of the
film. Dependent on the concentration of the components and temperature of the mixture, the
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curvature of the surfactant film may alter to enclose a finite volume of oil or water, in the form
of normal or reversed micelles respectively, or form a three-dimensional continuous dividing
surface of multiply connected topology in a bicontinuous microstructure.

In order to study the properties of microemulsion systems theoretically it is possible to treat
the surfactant monolayer as a flexible, elastic but incompressible surface. Using the curvature
energy concept [1] the surfactant film is treated as geometric surface with each configuration of
the surface assigned a curvature free energy, G.. The curvature free energy of a given surface
configuration is then calculated as the surface () integration of the local curvature free energy
density, g., and hence

GC=J' dAg. . (D

The total free energy of the system is now obtained by a summation over all the allowed
configurations of the surface using a Boltzmann weighting factor.

The local curvature free energy density is usually expanded to the second order in the
curvatures. In this case g, is expressed in the form [1, 2]

g. = k (H — Hy) + kK (2)

where H is the mean curvature, H, the spontaneous mean curvature, and K is the Gaussian
curvature. The two expansion coefficients are the bending rigidity («) and the saddle splay
coefficient (<). The saddle splay constant takes into account the energy cost to the system in
allowing the amphiphilic interface to adopt saddle like deformations and the bending rigidity
allows for the resistance, or lack of it, to the interface adopting conformations away from that
dictated by the natural radius of curvature.

Balanced microemulsions and related systems, such as L, phases, occur mainly in the
absence of long-range interactions, i.e. with effectively uncharged surfactant films. For such
systems [3-7] it is advantageous, experimentally, to use non-ionic surfactants (for example of
the ethylene oxide type) since the various systems can be prepared with the minimum number
of components. Furthermore, phase diagrams and structural transitions observed when
increasing the temperature show that with this type of surfactant the spontaneous curvature of
the surfactant film decreases monotonically with increasing temperature [8, 9]. For example,
considering sections at constant surfactant concentration through the phase prism [5-9], one
observes that at lower temperatures a water-rich microemulsion and an oil-rich L; phases are
stable. Here, the average mean curvature of the surfactant monolayer is towards the oil,
(H) = 0. At higher temperatures an oil-rich microemulsion and a water rich L; phase is
stable. Here. (H) < 0. At an intermediate temperature. a « balanced » microemulsion (a
bicontinuous microemulsion containing equal amounts of water and oil) is stable and a marked
stability of a lamellar phase is observed with (H) = 0. This behaviour can be understood
within the flexible surface model by assuming that the spontaneous mean curvature,
Hy, of the surfactant monolayer decreases with increasing temperature as discussed above [8].
This notion has formed the basis for our understanding of microemulsions and L; phases with
non-ionic surfactant [8, 10].

The present communication deals with a water rich microemulsion composed of pentaethy-
lene glycol dodecyl ether (C,,Es), water and decane. The surfactant-to-oil volume fraction
ratio, @ /®,, has been kept constant, at a value of 0.815, so that we are studying an area in the
concentration-temperature phase prism as illustrated in figure la. The phase diagram [11] for
the temperature dependence as a function of &, the particle volume fraction (@ = @ + D),
is shown in figure 1b. We emphasize here that keeping @ /&, constant corresponds to fixing
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Fig. 1. — a) An 1illustration of the section through the phase prism, defined by a constant surfactant-to-
oil ratio, @ /P, = 0.815. b) A partial phase diagram. reproduced from reference [11], of the system
C,,E;/*H,0O/decane. at a constant surfactant-to-oil ratio @./®, = 0.815. The phase diagram is drawn as
temperature versus . where @ denotes the volume fraction of surfactant + oil. L is a liquid
microemulsion phase. L, denotes a lamellar liquid crystalline phase and L; is a bilayer continuous liquid
phase.

the total area to enclosed volume ratio, since the area per surfactant molecule is independent of
the aggregate geometry and temperature [12].

In this system a microemulsion phase, L, is stable within a limited temperature range.
Increasing the temperature, first a lamellar phase, L, is formed which, with a further increase
in temperature, transforms to a liquid L; or « sponge phase », which at higher temperatures is
in equilibrium with almost pure water. In the microemulsion phase the mean curvature of the
surfactant film is on the average towards oil, in the lamellar phase it is zero while in the L,
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phase it is towards water. The phase diagram is very similar to the phase diagram of the binary
water C,,E;5 system [13]. The major exception is that in the presence of oil the stability of the
L-phase is limited at lower temperatures. At temperatures below the lower phase boundary the
microemulsion is in equilibrium with almost pure oil. It is remarkable that the lower phase
boundary is temperature insensitive over a wide concentration range.

The phase sequence observed when varying the temperature (Fig. 1b), is consistent with a
decreasing spontaneous mean curvature with increasing temperature, where this value even
change sign in the vicinity of the lamellar phase. To investigate this relation further, and to
further compare system with the predictions of the flexible surface model it is of interest to
study the structural variation with temperature within the microemulsion phase. In particular
along the lower phase boundary, below which there is an incomplete solubilization of the oil.

Safran et al. [14, 15] have studied the relative stability of different geometrical shapes, such
as spheres, cylinders and lamellae, as a function of H and the elastic constants. Considering
normal, oil-swollen micelles transitions from spheres to cylinders to lamellae are predicted as a
function of decreasing H;, (here and in what follows, we adopt the convention that curvature
towards oil is counted as positive). Furthermore, for a given surfactant-to-oil ratio,
corresponding to a given total interfacial area-to-enclosed volume, there is an upper limit of
H, above which the microemulsion expels a separate oil phase, since the curvature energy
favours smaller droplets having a higher surfactant-to-oil ratio. This latter phenomenon has
been termed the emulsification failure (EF) (14]. Hence, the predictions from curvature energy
considerations are that spherical micelles should be stable in the vicinity of the lower phase
boundary and that the micelles should grow into a cylindrical shape with increasing
temperature.

A suitable experimental technique for investigating variations in micellar size is ZH-NMR
relaxation time measurements, using a selectively deuterated surfactant. The advantages of
this technique is the strong dependence of the transverse relaxation rate on the micellar size
and, since it monitors reorientational dynamics, there is a negligible influence of intermicellar
interactions (except for the case of overlapping cylindrical micelles and similar cases when the
rotational diffusion of the aggregate is sterically hindered). The latter advantage is particularly
important to consider, since for the observables of most other techniques, such as for example,
static light scattering intensity, collective and self-diffusion coefficients, viscosity etc., the
interplay of micellar size and interaction effects are often difficult to separate. In this respect,
NMR-relaxation is comparable to form factor determinations using small angle scattering.

Focusing on the L-phase and in particular on its lower phase boundary, we have performed a
ZH-NMR relaxation study using selectively deuterated C,,Es. In addition to the relaxation
experiments, we have also monitored the temperature dependence of the oil and surfactant self-
diffusion coefficients at two selected compositions. The results of the self-diffusion exper-
iments not only support the conclusions drawn from the relaxation experiments, but also allow
us to study the particle to bicontinuous topology transition. Furthermore, we have measured

the collective diffusion coefficient in some dilute samples close to the lower phase boundary
using dynamic light scattering.

2. Materials and methods.

The a-deuterated non ionic surfactant, CH;(CH,),(CD,(OCH,CH,)sOH(C,E;) was
synthesized by Synthelec (Lund, Sweden) and was used without further purification. The
decane (99.9 %) and deuterium depleted water were purchased from Sigma and also used
without further treatment. The deuterium depleted water was used in the sample preparation to
avoid « swamping » the signal from the surfactant for very dilute microemulsions. The
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concentration of ?H in the depleted water was reduced by a factor of 100 from that of millipore
water.

The NMR samples were prepared by weighing the components into a 10 mm NMR tube and
then immediately flame sealing. These samples were then homogenised by heating them in a
temperature controlled water bath into the lamellar phase and gently agitating the tube
regularly. When mixed, the samples were cooled and kept in the microemulsion phase until
required for experiments. The phase diagram in figure b, which was characterized for
samples made using 2H,O [11], could be reproduced using the above samples allowing for the
expected ~ 2 °C increase in the transition temperatures upon substitution of water for 2H,0
[16]. Here the samples were heated in the water bath and the phase transitions monitored
between cross Polaroid sheets, to detect any optical birefringence of the phases.

The measurement of the longitudinal (R,) and transverse (R,) relaxation rates were
performed on a Brucker MSL 100 NMR spectrometer operating at 15.67 MHz in a 2.35T
magnetic field. R, was measured by inversion recovery using composite pulses. R, was
determined from the width of the 2H signal at half height after a Lorentzian fit to the frequency
spectrum, with a small (< 2 %) correction for magnetic field inhomogeneity. The inhomoge-
neity of the magnetic field was determined from comparing line width with the longitudinal
relaxation rate of “H,O in a separate heavy water sample. For one microemulsion sample we
also measured R, from a spin-echo experiment. The inhomogeneity obtained from comparing
this R, value with the corresponding line width was very similar to that obtained from the
heavy water sample.

Quadrupolar splittings in the lamellar phase were recorded using the quadrupolar-echo
sequence [17, 18]. The temperature of the sample was maintained, using an airflow system, to
an accuracy of = 0.1 °C.

Self-diffusion experiments at varying temperature were carried out on two of the samples
previously used in the relaxation studies. The samples were transferred from the 10 mm tube
into 5 mm tubes and then flame sealed and the experiments performed on a Joel FX-60 NMR
spectrometer operating at 60 MHz, with an external ?H lock and the temperature of the
samples maintained to an accuracy of + 0.3 °C as determined by a calibrated copper/constantan
thermocouple. The self-diffusion coefficients were obtained using the Fourier transform pulsed
gradient spin echo (FTPGSE) technique [19].

The self-diffusion diffusion constant (D) measurements were made according to Stilbs,
where the length of the gradient pulse (8) was varied at a constant gradient pulse interval
(4) of 0.140 ms. The decay of the echo amplitude is given by the following relationship

A:Aoexp(—G272D82<A—%)) 3)

where G is the gradient field strength, < is the gyromagnetic ratio and A, is the peak amplitude
of the signal in the absence of the gradient pulse. The decay of the amplitude (A ) as a function
of & was fit with a non-linear fit routine to calculate the self-diffusion constant of the species in
question. The data were in all cases found to follow the relation above. Due to a fast exchange
between different diffusion sites the effective D-value is an average. The gradient field strength
was calibrated against the known self-diffusion coefficients of water [20] and tetradecane (n-
CiHsp) [21].

Dynamic light scattering experiments were performed at 25.0 = 0.1 °C at a scattering angle
of 90° using an AMTEC goniometer. The intensity auto correlation function was analysed with
a Brookhaven correlator BI 8000.
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3. NMR relaxation theory.

For a ?H nucleus the quadrupolar mechanism determines the longitudinal (R,) and the
transverse (R,) relaxation rates which are given by [22]

3w’ . .
Ry = S0 x*Qj(@) + 82 w)) @
3’7T2 2 . . .
RFTO—X(3;(0)+51(w)+21(2w)) &)

where x is the quadrupolar coupling constant and j(w) is the reduced spectral density
evaluated at the Larmor frequency (w) of the deuteron. The dynamics of aggregated surfactant
molecules have been shown to obey a time scale separation of fast local motions leaving a
residual anisotropy which is averaged by a slow isotropic motion associated with the aggregate
(23-27]. In this case the reduced spectral density is given by

Jw)y= (1 -8 jw)+S*j(w) (6)

where S is usually referred to as an order parameter or the residual anisotropy and
Jji(w) and j (w) are the spectral densities that densities that describe the fast and slow motions
respectively. Here it is also assumed that the fast local motions have a threefold or higher
symmetry around an average molecular orientation (normal to the surfactant film). In the case
of particles it can further be assumed that the fast motions are in extreme narrowing conditions
and hence the difference AR (= R, — R,) depends only on the slow dynamics. For the large
particle dimensions of the present system, the dynamics associated with the aggregates are
slow compared to the inverse resonance frequency. Hence, we can use the approximation :

__97r2

40

AR [xS1%j.0). )

This equation has been applied to a similar study on reverse micelles [28]. Keeping the total
area to enclosed volume ratio of the swollen micelles fixed, as done in this study,
measurements of AR provides a simple and accurate method to monitor a swollen micellar
growth [28, 29].

The absolute value of product |¥S| can be determined in anisotropic liquid crystalline
phases from quadrupolar splittings. For the case of a lamellar phase, the quadrupolar splitting,
A is given by :

3
a=31xs]. 8)

In general, |xS| is experimentally found to be independent of the aggregate geometry, and for
a given surfactant a similar value is found in the micellar and liquid crystalline phases [25-27].
In the present lamellar phase, however, | xS| is further reduced due to bilayer undulations, and
to find the | x S| value associated with the total anisotropic motions only, we need to evaluate A
at high surfactant plus oil concentration where the undulations are damped out.

4. Results.

The temperatures of the upper and lower phase boundaries of the microemulsion phase are
listed for the different samples of the present study in table I.

The transverse and longitudinal relaxation times were measured as a function of @ along the
emulsification failure boundary. At 25.5°C, R, was observed to be 32 +1s! and
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Table 1. — Phase boundary temperatures for the microemulsion phase of the samples
examined in the relaxation and self-diffusion studies. The phase transition temperatures were
determined optically as described in the text.

Volume fraction @ Upper phase boundary Lower phase boundary
C) )
0.230 32.4 25.4
0.117 32.6 25.6
0.059 32.5 25.7
0.024 32.5 25.7
0.012 32.6 25.7

independent of the concentration. At the highest temperature studied in the microemulsion
phase, 31 °C, R was 28 s~! at the lowest and 28.1 s~! at the highest concentration, with the
corresponding R, values being 303 s=! and 1000s~' The fact that R, is experimentally
found to be constant while R, varies with the concentration signifies that the variation in
R, results essentially from a variation in j (0) and the slow motion does not contribute to
R,. Hence, with R, » R, we have j (0) > j (w) and we may safely use the approximation
AR oc j(0) (Eq. (7).

Figure 2 shows the variation in the quantity AR as a function of & for four different
temperatures in the microemulsion phase. The lowest temperature, 25 °C, is slightly below the
lower phase boundary. However, samples left a few degrees below the lower phase boundary
are observed to be metastable on a time scale of hours. In the vicinity of the lower phase

1000 [ :

800 |- :
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Z [ ]

% 400 .

200 | y

0 1 I 1 1
(1] 0.05 0.1 0.15 0.2 0.25
o

Fig. 2. — The variauon of the observed relaxation rate difference, AR, as a function of sample

concentration at four temperatures in the microemulsion phase. Note that the phase boundaries for the
microemulsion phase are not included in this figure, or subsequent temperature dependence figures, but
they are placed in table .
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boundary, the relaxation rates are temperature independent, and the measurements performed
on the metastable samples represent the micellar properties at the lower phase boundary. At
25 °C, AR is virtually concentration independent, while at higher temperatures AR increases
with @. The increase is stronger the higher the temperature. For the more concentrated
samples, @ = 0.117 and 0.230, respectively, figure 3 shows the evolution of AR plotted as a
function of temperature for the samples upon cooling through the microemulsion phase. An
important observation here is that AR levels off at lower temperatures.

Complimentary information to the relaxation data can be obtained from molecular self-
diffusion measurements. In figure 4 we show the variation with temperature of the self-
diffusion coefficients of the surfactant and oil, respectively for the two samples with
@ = 0.117 (Fig. 4a) and @ = 0.230 (Fig. 4b).

1200 [ M 1 N | N T 1 R M ¥ N I N LI
[ e o ]
1000 - . ° 1
800 | o o
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& i © ]
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Fig. 3. — Temperature dependence of the observed relaxation rate difference, AR, upon cooling through

the microemulsion phase for the concentrated samples, with volume fractions (@) of 0.117 and 0.230.
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Fig. 4. — Temperature dependence of the (O) oil and (M) surfactant self diffusion coefficients across the
microemulsion phase for: (a8) the @ = 0.117 sample and (b) the & = 0.230 sample, using the 'H
FTPGSE self diffusion techmique.
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Fig. 4 (continued).

Quadrupolar splittings, which were used in the calculation of |xS|, were measured in the
lamellar phase at 37 °C for four different concentrations, and the values shown in table II. The
magnitude of the quadrupolar splitting decreases with dilution. A similar decrease has been
observed in the binary water-C;E, lamellar phase [30]. This decrease is attributed to the
increased amplitude of the undulations in the lamellae as the periodicity increases. Due to the
finite size, the micelles in the microemulsion phase have restricted shape fluctuations. Hence
we are only interested in the residual anisotropy after partial averaging of the quadrupolar
interaction due to local molecular motions, which we expect to be given by the limiting value
of the quadrupolar splitting at higher concentrations, in the lamellar phase. In subsequent
calculations we use a value for | xS| as obtained from the splitting in the most concentrated
sample (@ = 0.594).

Table II. — Quadrupolar splittings (A) measured in the lamellar phase of the studied system
at 37 °C.

Volume fraction ¢ Quadrupolar splitting A (Hz)
0.117 7 860
0.230 8 300
0.564 9970
0.594 10 300

Dynamic light scattering measurements were performed on some dilute samples (& < 0.06)
at 25.0 °C, close to the lower phase boundary. The obtained collective diffusion coefficients,
D,, are plotted as a function of @ in figure 5. The solid line is a linear fit to the data yielding
D/Dy =1+ 0.88 @, where the infinite dilution value Dy = 2.6 x 10~ " m? s~ ! is consistent
with a hydrodynamic radius ry = 94 A.
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Fig. 5. — The collective diffusion coefficient, D, as a function of the volume fraction, @, of surfactant

and oil, measured at 25.0 °C using dynamic light scattering.

5. Discussion.

The present study concerns a water-rich ternary micro-emulsion. Fixing the surfactant-to-oil
ratio corresponds to fixing the total area-to-enclosed volume ratio of normal, oil-swollen
micelles. Spherical micelles can be viewed as consisting of a spherical hydrocarbon core,
containing the oil and the hydrocarbon tails of the surfactant, covered with a layer of end-
anchored pentaethylene oxide chains, as illustrated schematically in figure 6. The volume of

Fig. 6. — A schematic representation of an oil swollen spherical micelle. Here we indicate the different
radii described 1n the text. These radii are denoted by »; and r, . In the text these radii are referred to as the
hydrodynamic and hydrocarbon radius respectively. The hydrocarbon radius defines the sphere that
encloses all the oil and the hydrocarbon chains of the surfactant, It measured to the apolar-polar interface
where the head groups join the hydrocarbon chain.
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the C,;E; hydrocarbon chain corresponds to approximately half of the total surfactant
volume, v, and the radius of the hydrocarbon core is given by :

3(Po+ (PJ2)) (’s
The = &

)

S

Here, {, = v/a, is the surfactant length where a is the area per surfactant molecule at the
polar-apolar interface associated with r,.. A value for the length of the C,E; surfactant,
f. = 15 A, has been found in hexagonal and lamellar phases of the C,,Es-water-tetradecane
system [12] and in the binary water-C,Es system [13]. This value is essentially independent
of the temperature and the aggregate geometry. Upon substituting this f; value into
equation (9), we obtain r,, = 78 A.

For a given ratio of surface area to enclosed volume the particle of smallest size is a sphere.
At the same surface area to enclosed volume larger particles will have a non-spherical shape.
The experimental techniques involved in this study are sensitive to the size of the aggregates,
but not to the shape. In the analysis of micellar growth we will assume a prolate shape for the
micelles. Prolates and oblates are well defined non-spherical shapes, for which there also exist
numerical solutions to the joint spectral density function entering the expressions for the NMR
relaxation rates. Focusing on a one (prolate) rather than a two-(oblate) dimensional growth
corresponds to assuming the shape transitions to follow the sequence sphere-to-cylinder-to-
lamellae [31]. Further justification for the choice of one-dimensional micellar growth is
obtained from the presence of a hexagonal phase at higher concentrations in the phase diagram
(unpublished results).

In the following, the discussion is split into three main sections. Firstly we will consider the
implications of the results we have achieved along the lower phase boundary and then go on to
interpret the relaxation and self-diffusion results obtained upon increasing the temperature
away from this boundary. Finally we compare our experimental findings with the predictions
of the flexible surface model.

5.1 MICELLAR SHAPE AND SIZE ON THE LOWER PHASE BOUNDARY. — It is clear from figures 2
and 3 that AR levels off at a minimum value at the emulsification failure boundary and that this
quantity is constant along this isotherm. This levelling off of AR to a minimum value is most
clearly demonstrated in figure 3. Measurements were performed also below the lower phase
boundary, on metastable samples, to ensure that there was no further decrease in the micelle
size (phase separation below this boundary is observed to be very slow). AR levels off to its
minimum value above the lower phase boundary, indicating that the aggregates have a
minimum size at the phase boundary and that the aggregate size there is invariant with respect
to the concentration. Noting that for a given interfacial area-to-enclosed volume the smallest
particle corresponds to a spherical shape we conclude from these results that the oil-swollen
micelles are close to spherical on the lower phase boundary, and that their size does not change
along this phase boundary within the investigated concentration range.

Further support for this conclusion can be gained from the NMR self-diffusion studies
carried out along this boundary for the @ = 0.117 and 0.230 samples. Here, whilst we can say
very little directly about the micelle shape, the surfactant and oil diffusion coefficients
correspond to the micellar self-diffusion constant, D, because the surfactant and oil diffuse
with the same diffusion coefficient and hence are present in the same aggregate. Below 27 °C
for @ =0.117 and 26 °C for & = 0.230, D, is constant, within experimental error,
indicating a constant micellar size. D, takes a maximum value consistent with a minimum in
the micelle size.

From the measured relaxation rate difference along at the lower phase boundary we can now

mic
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proceed and estimate a radius of the micelles, assuming a spherical shape. For spherical
particles, j (o ) is Lorentzian and in particular j (0) = 2 7, where 7 is the correlation time in
an exponential time auto correlation function of the slow motion. Due to the internal degrees of
freedom, 7 has contributions from both the aggregate tumbling () and the surfactant lateral
diffusion within the interfacial film (7;). These two processes may be considered to be
statistically independent in which case it is possible to write

i =7 gt (10)
For the tumbling, we consider the rotational diffusion of a sphere of radius ry, where
ry is the hydrodynamic radius. This correlation time is given by :

477’7’"13-1
AL 11
T3k T (b

where 7 is the solvent viscosity and kg T the thermal energy.

The lateral diffusion coefficient of the surfactant molecules is naturally defined at the polar-
apolar interface, of radius ry;, dividing the ethylene oxide from the hydrocarbon part of the
surfactant monolayer as illustrated in figure 6. In this case, the correlation time associated with
the lateral diffusion is given by :

2
Fhe

- (12)
6D1at

Td

While 7,4 is well defined, D, is only well defined when the surface on which the diffusion is
evaluated is specified. This is particularly important when comparing D,,, values from different
structures.

The quadrupolar splittings from the lamellar phase show a strong variation with the
concentration. Since the present non-ionic lamellar phase swell by means of the undulation
force, we expect an additional averaging of the quadrupolar coupling due to the partially
crumpled bilayers. The order parameter, S, associated with the local molecular motions hence
corresponds to the limiting quadrupolar splitting at high surfactant concentration where the
undulations are damped out. Assuming S to be given by the quadrupolar splitting at the highest
concentration measured, AR = 205 s~ ! as measured on the lower phase boundary (mean value
from the four lowest concentrations). corresponds to 7, = 2.4 x 10”7 s,

Dy, can be measured directly in systems of infinite films such as bicontinuous microemul-
sions, cubic phases, sponge phases etc. [32]. In the bicontinuous cubic phase, formed in the
binary C,,Es-water system, D, was found to be 3 x 10" m?s~! at 20 °C [12]. With this
value and a water viscosity of 0.89 cp, we can now proceed and calculate radius via
equations (10-12). The uncertainties in D, and | xS|, which we estimate to 10-20 %. are of
the same order as the relative difference in ry and r,.. hence this resolution does not justify a
determination of the latter two quantities. We simplify the analysis and represent the micellar
size in terms of a single radius only, making the approximation r,. = »; =~ r in equations (11)
and (12). Using the values of the different parameters stated above, we obtain a radius. r, for
the spherical micelles of 86 A. This value (representing an effective mean of ry and
Fio) is consistent with the values, r,, = 78 A and ry = 94 A, obtained from the ¢_ value
(Eq. (9)) and the DLS experiment, respectively. Alternatively, we can calculate =, and AR
using the above stated values for ry. and ry. Using the same values for Dy, |xS|, and 1, we
calculate 7, =2.3x 1077 s and AR = 194 s~ ', The good agreement supports the previous
conclusion that the micelles along the lower phase boundary are spherical.
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Shape fluctuations are strongly restricted since the surfactant film is practically unstrechable
[33]. The effects of shape fluctuations can in principal be taken into account in the evaluation
of the relaxation data [34], but are most likely negligible. The effects are largest for slow
(> 7.) modes [34], corresponding to a static shape polydispersity. Considering a prolate
deformation at constant volume, an axial ratio of 1.5 will in this case increase AR by
approximately 10 % compared to the spherical case (see also Fig. 7 and the discussion below).
Large fluctuations, if present, will affect the evaluated radius, but not the conclusion
concerning the minimum micellar size at the lower phase boundary.

A more extensive light scattering study along the lower phase boundary has been performed
previously [11], although with heavy water (ID,O) as solvent. The ry value obtained here
(94 A) is identical to the value, 95 A [11]. obtained in D,O.

5.2 MICELLAR SIZE AND SHAPE AWAY FROM THE LOWER PHASE BOUNDARY. — The main
strength of the 2H-NMR relaxation technique as a complement 1o other techniques in the study
of surfactant aggregate structure is the strong variation of AR with micellar size. This property
was invoked above where we could conclude that the micellar size was minimum,
corresponding to a spherical shape, which remained constant along the lower phase boundary.
Below we will proceed by analysing the micellar growth as the temperature is increased away
from the lower phase boundary.

As the temperature increases the spontaneous radius of curvature for the surfactant
monolayer is larger than that for the sphere at the given surfactant-to-oil ratio (see Eq. (9)), and
other geometries for the aggregates are energetically favoured. However, the entropy of
mixing favours small aggregates so the growth is expected to be significantly suppressed at
lower @, as seen in the experimentally observed results where AR increases very little at 31 °C
from its value at 25 °C for the @ = 0.019 and 0.024 samples.

A quantitative analysis of the effect of micellar growth on AR can be performed in terms of
well defined non-spherical shapes such as prolates. In a previous paper Skurtveit and Olsson
[28] have used Halle's [29] numerical treatment of the joint spectral density function of lateral
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Fig. 7. — Calculated ratio of the zero frequency joint spectral densities of a prolate spheroid to that of a

sphere plotted as a function of axial ratio, p. The calculations are made using Halle’s {29] theory and
utilising a constant area to enclosed volume of 0.039 A-' and a lateral diffusion coefficient of
3x 107" m’s!
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diffusion and tumbling of prolate spheroids, to quantitatively analyse a particle growth in a
microemulsion system. Following the approach of reference [28] we have calculated the ratio,
Js, or (0)Jj 5, pn(0), of the zero frequency spectral density functions for a prolate (j; ,(0)) and a
sphere (j; n(0)), where the prolate and the sphere have the same ratio of surface area to
enclosed volume, which we in this study have fixed globally by a constant surfactant-to-oil
ratio, see figure 7. Keeping this constraint on a local level also amounts to the describing the
particles as being monodisperse. Since we have no detailed information on the size and shape
polydispersity, the result of the calculations should be considered as an estimate of the average
particle size, expressed in terms of monodisperse prolates.

By using the ratio j; . (0)j, o, (0) = AR, /AR, we have excluded the uncertainty associated
with the value of the order parameter and we focus only on the variation of AR = AR, relative
to a reference, AR, corresponding to the spherical shape, which we take as the limiting AR
value at the lower phase boundary. For simplicity we describe the micelles by a single
interface, which for the reference spherical state corresponds to a radius of 86 A, and we have
used Dy, = 3 x 107" m? s™! We have also neglected the small variation in the water viscosity
with temperature and constantly used the 25 °C value n = 0.89 cp.

The results of the calculations applied to the temperature variation of AR for the
@ = 0.117 and 0.230 samples (Fig. 3) are presented in figure 8 as the prolate axial ratio, p,
(defined as p = 1) as a function of temperature through the microemulsion phase.
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Fig. 8. — Calculated axial ratios for the prolate spheroids as a function of temperature for the two

samples studied in the self-diffusion experiments (with (O) denoting the & = 0.117 results and (e)
denoting the @ = 0.230 results) in the microemulsion phase. Note that for the @ = 0.230 sample these
calculations are presented for temperatures below the maximum in the AR values from the relaxation

study were the surfactant and oil diffusion coefficients become different indicating a transition to a
bicontinuous microstructure.

For the @ = 0.230 sample we have only included temperatures below the maximum in AR,
since above this temperature the microstructure is bicontinuous as demonstrated by the
dramatic increase of the oil and surfactant self-diffusion coefficients. Similar AR maximum
coinciding with a diffusion coefficient minimum has been observed in related systems [35, 36].

The particles grow only moderately with increasing temperature, with the maximum size
corresponding to an axial ratio of approximately 3.5. For the & = 0.117 sample there is a
similar increase in the size of the micelles, although slightly less pronounced. For the lower
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concentrations, the AR values obtained at 31 °C (Fig. 2) correspond to an axial ratio of about
3.3 and 2.5 for the @ = 0.059 and 0.024 respectively. For the lowest concentration,
@ = 0.012, AR at 31 °C indicates an axial ratio of about 1.8. We also note that for the two
lowest concentrations deviations from spherical shape occur first when the temperature
exceeds 29 °C.

The self-diffusion data presented in figure 4 for the @ = 0.117 and 0.230 samples confirm
the conclusions based on the relaxation experiments. At lower temperatures the surfactant and
oil diffusions coefficients are equal proving that the microstructure is that of discrete oil
swollen micelles. Increasing the temperature, D,  decreases indicating a micellar growth.
Above 31 °C for @ = 0.117 (just below the upper phase boundary) and above 29 °C for
@ = 0.230 the self-diffusion coefficients increase dramatically with increasing temperature,
indicating a cross over to a bicontinuous microstructure. Here the oil diffusion coefficient is
higher than that of the surfactant, mainly due to a higher local mobility of the oil over that of
the surfactant (the bulk self-diffusion coefficient of decane is over an order of magnitude
higher than the lateral diffusion coefficient of C,Es within the film). Since this paper is
primarily concerned with the discrete particle microstructures we will take the discussion of the
transition to the bicontinuous structure no further. Similar relaxation and self diffusion results
have been observed in other microemulsion systems [35, 36] and this transition is dealt with in
more detail there.

The decrease in D, due to miceilar growth, with increasing temperature away from the
lower phase boundary is partially due to a decrease of the free particle diffusion coefficient
[37], Dy = kg T/(6 mnry), associated with an increase in ry, and in addition a concomitant
increase in the excluded volume. Although the latter effect is less well-known, it is clear that
the self-diffusion data support the conclusion from the relaxation study that the micellar growth
is only minor.

5.3 STRUCTURE AND PHASE EQUILIBRIA WITHIN THE FLEXIBLE SURFACE MODEL. — Summariz-
ing the conclusions from the experimental results we have found that : (i) the swollen micelles
are spherical on the lower phase boundary over the whole concentration range studied. (ii) At
temperatures above the lower phase boundary, the micelles grow in size with increasing
concentration. The micelles grow more rapidly with concentration, the higher the temperature.
(iii) An important observation is that the micellar growth is nevertheless only minor. The
largest average particle size observed is consistent with a prolate micelle with an axial ratio of
approximately 3.5.

The phase behaviour of the present system (Fig. 1b), as well as the observation of a particle
growth with increasing temperature, are consistent with the assumption that A decreases with
increasing temperature. Spherical oil-swollen micelles are indeed predicted to coexist with
excess oil and we can identify the lower phase boundary with the emulsification failure
boundary, discussed by Safran and co-workers [14].

It is of interest to compare the spontaneous radius of curvature, ro=H;', with the
stoichiometric spherical radius r, dictated by the surfactant-to-oil ratio, which we here identify
with r. (defined in Eq. (9)). Above a certain value of the ratio s/r,, phase separation with
excess oil occurs. Including an ideal entropy of mixing of micelles and solvent molecules,
equilibrium with excess internal phase (oil) occur at [15]:

. = kp T
7 K B
=l 4+ XV . 13
! K 47TKln{} (13

Here the last term results from the entropy of mixing, where X is the molar fraction of micelles.
We see here. that equation (13) predicts that r/ry on the emulsification failure boundary
increases as the concentration of micelles decreases.
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A striking observation is that the phase boundary is a straight line up to high volume
fractions, @ < 0.35. This is a general behaviour observed for a number of non-ionic surfactant
water oil systems [4, 38], and is consistent with a concentration independent r/r, on the phase
boundary. This indicates that the variation of last term in equation (13) is negligible in
comparison to 1 + &/«x. The analysis can be carried further if we consider the explicit
temperature dependence of H, and the resolution of the phase boundary determination.
However, a more detailed analysis should also include non-ideal entropy of mixing, which
takes into account the (large) difference in size of the micelles and the solvent (water)
molecules. Work is progressing in these areas.
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