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ABSTRACT

The experimental results obtained by the static small-angle neutron scattering tech-
nique for the microemulsion consisting of 40% in volume of nonionic surfactant pentaethylene-
glycol-4-octylphenylether, equal volumes of heavy water and decane, and additives (the
salt KC1, the anionic surfactant SDS and butanol) are presented and discussed. The uni-
versal features of obtained scattering intensity plots are determined. The shape of the
peak present in all scattering spectra was fitted by the universal function derived from the
density functional theory. The persistance length of surfactant sheet used in many density
functional theories of microemulsions is determined and the effect of different additives
on this length is shown.
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1 Introduction
Microemulsions are clear, stable dispersions usually obtained by mixing oil, water, surfac-
tant and cosurfactant. During the past few years microemulsions have been intensively
studied, because they found many applications, e.g. they appear to be excellent systems
for drug delivery [1]. An initial consideration in the choice of surfactants is their ionic
nature. For drug delivery nonionic surfactants are particularly interesting, because they
have several special features: they are able to form microemulsions without cosurfactant
and they do not ionize in aqueous solutions. One subject of microemulsion research is
the determination of their microstructure. A number of different experimental techniques
like the small-angle neutron scattering (SANS) [2] and X-ray scattering [3] giving indirect
information about the microstructure, and freeze fracture electron microscopy [4] giving
direct images of the microstructure are used in these investigations.

In this paper we report the results of measurements obtained by the static small-angle
neutron scattering of the microemulsion consisting of 40% in volume of nonionic surfactant
pentaethylene-glycol-4-octylphenylether and equal volumes of water and decane (oil) both
without additives and with the addition of the salt KCL, the anionic surfactant sodium
dodecyl sulfate (SDS) and the short chain alcohol butanol. We choose the static SANS
technique, because it proved to be very useful drawing conclusions on the characteristic
sizes and connectivity of the water and oil regions. When a microemulsion contains a small
amount of water or oil, this amount is dispersed in the continuous oil or water phase re-
spectively with a layer of a surfactant forming the interafce. J. lie microstructure for equal
volumes of water and oil is mostly determined by properties of the surfactant sheet. In
our microemulsion without additives below the temperature T — 44.5°C the lamellar mi-
crostructure starts to form. We detected this microstructure using two crossed polarizers.
The presence of this microstructure signals the onset of the hydrophilic-lipophilic balance
where the interface between oil and water regions has on the average a zero mean curva-
ture. In this paper we conclude about the microstructure of the microemulsion near the
hydrophilic-lipophilic balance temperature basing on the SANS measurements. We also
discuss the influence of small amounts of additives on the microstructure. Usually addi-
tives move the temperature stability region of a microemulsion up or down sometimes by
many degrees. The SANS measurements for microemulsions with additives we always per-
formed near their hydrophilic-lipophilic balance temperatures. In this way we minimized
the effect of the temperature on the microstructure and we could extract the changes in
the microstructure caused by additives. We performed the static SANS measurements at
the Institut for Energiteknikk in Norway. The neutrons of the wavelength A = 5.5 A were
used and the microemulsion was contained in a 1 mm quartz cell. Data correction and
normalization followed a standard procedure described in Ref.[2]. The adventage of the
SANS technique is that it can distinguish between regions of water, oil and surfactant,
because each of them can be deuterated. In all our samples water was deuterated and the
scattering from water molecules was the dominant. In our experiments g varied between
0.013 (A)"1 and 0.226 (A)"1 , co we got the information about the microstructure of the
microemulsion between 28 A and 490 A . All scattering intensity plots I{q) vs. q which
we obtained have in the measured grange the single broad scattering peak. Below we
presunt conclusic .s about the microstructure which can be drawn from our measurements.



2 Results and discussion

In this section we consider the SANS data obtained for the microemulsion without addi-
tives at T — 44-5°C , i.e. close to the formation of lamellar phase. The obtained scattering
intensity I(q) vs. q is plotted in fig.IB. The problems of transforming the information in
the reciprocal space contained in scattering intensity plots to get an interpretation in the
real space are central to all small-angle scattering techniques. Generally in the analysis
of the scattering plots three different q ranges can be distinguished.
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Figure 1: A.The difference between experimental data I(q) and values obtained from the
formula given in the text If{q) at T = 44.5°C (dots) and T = 50°C (triangles) in the
small grange. B.The scattering intensity I(q) obtained for the microemulsion without
additives at T = 44.5DC The solid line results from a fit with the formula given in the
text. C.The experimental data (dots) with two fitted straight lines having the slope —4
(a) and - 2 (b) in the large grange.

Medium q-range. At this range there is a peak at the scattering intensity having a
o

maximum at q — qp = 2x/A , where A « 90 A- In microemulsions with equal volumes
of water and oil A is determined by the mean curvature of surfactant film which is set
by a balance of surfactant head group repulsion and tail interaction. This value strongly
depends on the type and structure of a particular surfactant molecule and on additives, so
it is not a universal value. Rescaling the intensity plots by replacing q by q/qp we obtained
that in the medium g-range we could write I(q) in the form //(<?) = I(q = qP)f(q/qP) •
The form of the function f(q/qp) we tried to obtain from the density functional theories,
because it should be universal. Let's denote by ty(r) the scalar order parameter which
corresponds to the local coherent scattering length and describes the distribution of nuclei
in the sample. There are two general models applicable to systems in nonuniform state



described by order parameter waves characterized by ^-vectors situated in the (/-space on
the sphere \q\ = qp. The generalized Ginzburg-Landau model which found application in
the description of the onset of convective flows [5] and the Brazovskii's model describing
the condensation of a liquid to nonuniform state [6]. The quadratic terms of the free
energy functionals for these models can be written in the form

a(q2- (1)

(2)

where r, e, a and b are parameters of models. We left only quadratic terms in the free
energy, because the coefficient of the quadratic term can be identified with the inverse
of the scattering structure factor. For (/-values very near qv both quadratic terms can be
related if one notes that (q2 - q%)2 = (<? + qpf{q - qP)2 « (2<?p)

2(<7 - qv)
2 . We tried to add

to coefficients of quadratic terms the terms like (q2 — q2,) and (q — qPY in order to improve
fitting of experimental data. The best results we obtained assuming the function f(q/qP)
in the form:

\ ) {x - I)2 + B*(x - I)4 ( 3 )

where A « 4.3 and B « 2.2 ,i.e. the proportion AjB equals approximately 2. The coeffi-
cient A can be identified with qvja , where a corresponds to the mean square deviation
of g-vectors distribution around qP. The quantity A well characterizes the polydispersity
of the sample.

Large g-range. In this range the scattering intensity of our sample follows the gen-
eral law: I(q) ss (Cq~4 + Dq~2) . The dependence of log(/(<?)) vs. log(<?) shown in fig.lC
can well be fitted by two streight lines having slopes —4 and —2 for smaller and bigger
^-values respectively. The scattering in the large g-range is mostly determined by prop-
ei ties of a surfactant film. As it was described by many authors [7], the properties of this
film can well be characterized by a persistance length £#. This length is determined by
the rigidity constant of a film K and the temperature T. The formula for £% has the
form £K = am exp(27r/f/fcsT) , where am is a molecular length. The oil-water interface
is rigid at short scales (r < £«•) and wrinkled at large scales (r > £*)• The dependence
I{q) « Cq~* (i.e. the Porod's law [8]) is valid as long as the interface looks flat. The
appearance of this behaviour and crossover to the asymptotic regime is approximately
at q = Q « l,5qp. The scattering vector Q determines the persistance length [9]. In

o

our microemulsion £# = ir/Q as 30 A. The concept of the persistance length was often
used to construct the density functional theories explaining possible phase equilibria in
complex liquids (see e.g. ref.[10]). The Porod's law breaks down at a characteristic length
scale related to the curvature of the interface. The crossover in fig.lC is approximately at
qc ss 2<7P. In a microemulsion with nonionic surfactant some water molecules are strongly
bounded to surfactant head groups. The scattering from these water molecules is mainly
responsible for the behaviour I(q) « Dq~2. This behaviour also suggests that the mi-
cros tructure of our microemulsion can be described as a network of water in an oil matrix.



Small q-range. In this range the scattering intensity depends on the large scale
structure of the microemulsion which is described by the correlation function of water
domains. We show in fig.lA how I(q) departs here from the form given by the formula
(3). The departure starts approximately at q = qo « (2/3) gp. The increase of I(q) for
q —> o persists in the light scattering range of ^-values. It is the result of fluctuations
in the concentration of water domains. The term describing this effect should be added
to the formula for the scattering intensity in order to fit the behaviour of I(q) in the
entire grange. The large scale microstructure of the microemulsion should not depend on
molecular structure and interactions. The density functional theories seem to be the most
suitable to predict the universal behaviour of I(q) in the small g-range. In these theories
the average water domain should be assumed as the basic unit. Very often the description
of correlations between water domains by the Orstein-Zemike theory gives satisfactory
agreement with experimental data. The main effect on concentration fluctuations of water
domains is due to temperature. At higher temperatures the microemulsion is closer to
the phase separation and the correlation function of water domains is thus bigger. This
is signaled by the increase of the scattering intensity in the small <?~range.

3 The effect of additives
We performed the SANS measurements for the following adaiuves:

• KC1, 5% in wieght in the water, T = 35°C,

• SDS, 4% in weight in the water, T = 48°C,

• KCL-3% and SDS-4% in weight in the water, T = 35°C,

• butanol, 6% in volume, T = 25°C

The experimental results are shown in fig.2.

In all scattering intensity plots one can distinguish the three ^-ranges in which the
behaviour of I(q) vs. q is similar as in the microemulsion without additives. There are
thus the following characteristic points on the q-axis which can be found in all plots: the
point q = qv corresponding to the peak of I(q), the onset and breakdown of Porod's law
(q — Q ^ d q = qc) and the point q = q0 below which the scattering intensity is determined
mainly by the concentration fluctuations of water domains. The positions of these points
depend on the additive. However there are general relations between these points. These
relations can be written in the form: qo = (4/9)Q,qp = (2/3)Q and qc = (4/3)Q , where
Q — n/^K- The persistance length £#• is thus the basic length scale characterizing the
microstructure of our microemulsion. The value of £*• is not universal, i.e. it depends on
the additive. The other universal feature of all obtained scattering intensity plots is that
the shape of the peak in the medium q-ra.nge can well be fitted by the function f(q/qp)
given by the formula (3). Below there are some additional comments about the effect of
different addith'- on the microstructure of our microemulsion.
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Figure 2: The scattering intensities obtained for the microemulsion with different addi-
tives. (a)KCl, 5% in wieght in the water, T = 35°C. (b)SDS, 4% in weight in the water,
T = 48°C. (c)KCL-3% and SDS-4% in weight in the water, T = 35°C. (d)butanol, 6%
in volume, T = 25°C.

The addition of the salt KCL causes the change of all characteristic length scales by

only about 1 A, so this additive has almost no influence on the microstructure of the mi-
croemulsion with nonionic surfactant. The addition of anionic surfactant SDS decreases
the persistance length to £% « 28 A- The smaller mean size of oil and water regions cor-
responds to the increase in the interface area and to the decrease of the amount of loosely
bounded water. This decreases fluctuations of the concentration of water domains ob-
served in a small <?-range. The term in I{q) describing these fluctuations and responsible
for the monotonic increase of I(q) for q —> 0, is much smaller then in the microemulsion
without additives, although the temperature of the sample with SDS was several degrees
higher. The addition of the salt KC1 to the microemulsion with SDS causes mainly the
decrease of the peak intensity, because it introduces the random screening of repulsion of
surfactant sheets induced by the presence of SDS surfactant.
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Finally we discuss the effect of the addition of the short chain alcohol butanol on
the microstructure of the microemulsion. The influence of this additive on the scattering
intensity plot was much bigger then for additives discussed above. The rigidity of the
surfactant sheet depends mainly on chains of surfactant molecules which oppose distor-
tion. The addition of the short chain alcohol thus decreases the rigidity of the sheet. The
persistance length droped to the value fa « 24 A. The flexibility of surfactant sheet is
increased, what causes large polydyspersity of oil and water regions.

4 Conclusions

The scattering intensity plot obtained in SANS experiments for the microemulsion consist-
ing of equal volumes of deuterated water, decane and nonionic surfactant pentaethylene-
glycol-4-octylphenylether (40% in volume) can be divided into four characteristic parts.
At the smallest g-range (q < qo) the scattering intensity I{q) increases for q —• 0. This is
connected with the concentration fluctuations of water regions. The correlation function
describing these fluctuations increases when the temperature increases. At the medium q-
range (q0 < q < Q) there is a clear peak of the intensity at q = qp. The shape of this peak
can well be fitted by the function f{q/qp). We proposed the form of this function following
the Brazovskii's density functional theory and from the quality of the fit to experimental
data. At larger ^-values, i.e. Q < q < qe, the Porod's law is observed. It crosses over at
q = qc to the behaviour I(q) w q~2 which describes the scattering from water molecules
bounded to interfaces. We conclude that the microstructure of the microemulsion can be
described by a water network in an oil matrix. The addition of small amounts of additives
(below 5% in weight in water) like KC1, the anionic surfactant SDS and butanol does not
change the main features of the scattering plot. The addition of KC1 has no effect on
the microstructure of the microemulsion. The addition of SDS decreased the correlation
function between water regions in the small g-range. The persistance length fa = TT/Q is
the basic length scale characterizing the microstructure of the microemulsion. fa depends

o o

on additives. We obtained fa « 30 A for the microemulsion without additives, fa « 28 A
after the addition of SDS (4% in weight in the water) and fa « 24 A after addition of
6% in volume of butanol. The characteristic points in all scattering intensity plots are
determined by fa in the following way: qo = (4/9)Q,qp = (2/3)Q and qc = (4/3)<2 ,
where Q = TT/^. These relations and the form of the function f(q/qp) are universal, i.e.
they do not depend on additives. The universal features of all obtained scattering inten-
sity plots described in this paper reflect the universal features of the microstructure of
the microemulsion. They can help to predict the microstructure of other microemulsions
with nonionic surfactant having equal volumes of water and oil.
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