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Form fluctuations of microemulsion droplets are observed in experiments using dielectric spectros-
copy (DS) and neutron spin echo spectroscopy (NSE). Previous work on dioctyl sodium sulfos-
uccinate based water in oil microemulsions in the droplet phase has shown that adding a water
soluble polymer (Polyethylene glycol M = 1500 g mol−1) modifies these fluctuations. While for
small droplet sizes (water core radius rc < 37 Å) compared to the size of the polymer both methods
consistently showed a reduction in the bending modulus of the surfactant shell as a result of
polymer addition, dielectric spectroscopy suggests the opposite behaviour for large droplets. This
observation is now confirmed by NSE experiments on large droplets. Structural changes due to
polymer addition are qualitatively independent of droplet size. Dynamical properties, however,
display a clear variation with the number of polymer chains per droplet, leading to the observed
changes in the bending modulus. Furthermore, the contribution of structural and dynamical prop-
erties on the changes in bending modulus shifts in weight. With increasing droplet size, we
initially find dominating finite size effects and a changeover to a system, where interactions between
the confined polymer and the surfactant shell dominate the bending modulus. Published by AIP
Publishing. [http://dx.doi.org/10.1063/1.4966155]

I. INTRODUCTION

Microemulsions in the droplet phase are a well suited
system to provide a soft confining geometry in the
nanometre range.1–3 Due to this softness, the interactions
between confinement and confined molecules operate in both
directions. The structural and dynamical properties of the
confinement will change by introducing guest molecules
as well as the properties of the guest molecules will
change when brought into confinement. Therefore, in order
to define accurately the confining geometry, these changes
have to be known precisely. A key parameter for the phase
stability of the soft confining microemulsions is the bending
modulus κ of the surfactant shell.4,5 Neutron spin echo (NSE)
spectroscopy determines the relaxation time and amplitude
of form fluctuations of the surfactant layer. This is a direct
access to the bending modulus. Dielectric spectroscopy on the
other hand allows to study the dynamic percolation transition.
The transition temperature is related to the extent of form
fluctuations and therefore provides an independent second
observation.1,6–10

In a recent publication, we applied both methods
to determine the influence of the water soluble polymer
polyethylene glycol on the bending modulus of a dioctyl
sodium sulfosuccinate (AOT) surfactant layer in a water in
oil microemulsion. The oil used was octane. The systems
investigated by NSE had droplet radii of 17 Å and 26 Å. In the

a)Electronic mail: B.Kuttich@fkp.physik.tu-darmstadt.de

polymer free state, they were found to have a bending modulus
around kBT in accordance with literature.1,9,11–13 The addition
of polymer led to a significant reduction of the bending
modulus, which was expressed in the dielectric spectroscopy
results as a strong reduction of percolation temperatures.
However, for larger droplets (with a radius above 37 Å)
the percolation temperatures showed the opposite behaviour,
increasing strongly under polymer addition. The reason for
this change in response to the addition of polymer is unclear.
In this present investigation, we will present NSE results for
the modification of form fluctuations in large droplets with
added polymer.

II. EXPERIMENTAL DETAILS

A. Sample preparation

Preparation of the different microemulsions was done by
weighing the appropriate amounts of surfactant, water, oil, and
polymer on a micro-balance and mixing of these components
in a vortex shaker. The surfactant was obtained from Sigma
Aldrich and dried for 24 h at 45 ◦C in a vacuum oven before
sample preparation. For the neutron scattering experiments,
deuterated water (Carl Roth), deuterated octane (euriso-top,
98%), and deuterated polymer (Polyethylene Glycol (PEG)
1500 g mol−1 from Polymer Source) were used without
further purifications, while for the dielectric spectroscopy
nondeuterated components were used. Parametrisation of the
mixing ratios for the polymer free systems is achieved by
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the parameters W and φ, where W denotes the molar ratio of
water to surfactant molecules and φ the volume fraction of
water and surfactant to the whole volume. For droplet phase
microemulsions, this parametrisation is very convenient since
W is proportional to the droplet water core radius rc and
φ simply gives the droplet volume fraction.14 To quantify
the amount of polymer in the samples, the parameter Z is
introduced, calculated by the average number of polymer
chains per droplet. For our experiments, we kept φ constant
at 0.1 and chose W to be 30 and 40 yielding water core
radii of 42 Å and 56 Å approximately.15 The influence of
the polymer on the systems was investigated for Z = 1 and
Z = 3, which leads to polymer water concentrations less than
1% and thus, way below the estimated overlap concentration
of PEG1500 of 20%.16 Due to the deuteration scheme, a
pronounced scattering contrast is given by the surfactant tails
(shell contrast) in neutron scattering experiments.

B. Small-angle neutron scattering (SANS)

Small-angle neutron scattering (SANS) experiments were
performed at the instrument D33 of the Institut Laue-Langevin
(ILL). Neutron wavelength was 6 Å (∆λ/λ = 0.09) and
detector distances of 2 m and 5 m were used.17 With this setup,
scattering vectors q = 4π

λ
sin(θ/2) (with scattering angle θ)

from 0.007 Å−1 to 0.5 Å−1 were investigated. For a better
solubility of the polymer, all neutron scattering experiments
were performed at a temperature of 35 ◦C. Measured scattering
data were radially averaged, background corrected by an
empty beam and an empty cell measurement, and normalised
to absolute intensities by measuring water.

The intensity scattered by the microemulsion droplets
was analysed with a spherical core shell model. The form
factor reads as follows:18

F(q) = r3
c∆ρcs

sin(qrc) − qrc cos(qrc)
(qrc)3

+ R3
∆ρsm

sin(qR) − qR cos(qR)
(qR3) . (1)

The core radius is given by rc, while R denotes the complete
droplet radius including the surfactant tails. The differences in

scattering length densities (SLD) between core and surfactant
∆ρcs and surfactant and matrix ∆ρsm can be calculated
from the literature values of the single components:1 SLDw

= 6.37 · 10−6 Å−2, SLDs = −1.0 · 10−7 Å−2, and SLDm

= 6.42 · 10−6 Å−2. The relative polydispersity p of the core
radius of the droplets is considered by a Schulz-Zimm
distribution.19 In addition, the instrumental resolution due to a
wavelength spread is taken into account by a convolution of the
calculated intensity with a Gaussian function of appropriate
width.20 A detailed description of data evaluation can be found
elsewhere.1

C. Neutron spin echo spectroscopy

The neutron spin echo (NSE) spectroscopy experiments
were performed on the J-NSE instrument at the Heinz Maier-
Leibnitz Zentrum (MLZ) in Garching with an incident neutron
wavelength of 8 Å covering a Fourier time range from 0.1 ns
up to 35 ns for 6 momentum transfer values q from 0.03 Å−1

to 0.13 Å−1. Raw data were corrected for the background
contribution by subtracting the signal of deuterated octane
measured with equal statistics. The scattered intensity was
determined over the whole detector area (3He detector with
32 × 32 pixels on 1 cm2) without subdividing of the signal
into different zones.

The normalised intermediate scattering functions J(q, t)
= I(q, t)/I(q,0) measured by the NSE instrument were fitted
globally for all investigated q values with a complex
model taking droplet form fluctuations into account. If the
microemulsion droplet is described by a spherical particle,
its form fluctuations can be modelled by deviations from
this spherical shape. These deviations can be expanded in
spherical harmonics describing spherical fluctuation modes.
The zero order mode, for example, is the so-called breathing
mode which accounts for the droplets polydispersity. The
contribution of higher order modes to the overall dynamics
decreases rapidly and usually the expansion is restricted to
second order fluctuations.5,6 As in case of the small angle
scattering, droplet polydispersity can be taken into account
by a Schulz-Zimm distribution. The complete intermediate
scattering function reads as6

I(q, t) = ⟨ exp
�
−Dtrq2t

�
Vs(∆ρ)2


f0(qR) +


l≥2

2l + 1
4π

f l(qR)⟨|ul |2⟩ exp
(
− t
τl

) ⟩R, (2)

with

f0(x) = j0(x)2 + j0(x)

l≥2

2l + 1
4π

⟨|ul |2⟩[2 − x2 + l(l + 1)] j0(x) − 2x j1(x),

f l(x) = [(l + 2) jl(x) − x jl+1(x)]2.

The translational diffusion of droplets is quantified by Dtr ,
while amplitudes and relaxation times of the single modes
are given by ⟨|ul |2⟩ and τl, respectively. For the radius of
the fluctuating shell, the full droplet radius R as given in the

core-shell form factor (Equation (1)) is used. If the expansion
is restricted to second order fluctuations only, then Dtr ,
⟨|u2|2⟩, and τ2 are the only fitting parameters, since R and the
polydispersity are known from small angle scattering. The



164904-3 Kuttich et al. J. Chem. Phys. 145, 164904 (2016)

q dependence of the intermediate scattering function is fully
described by the form factors f0(qR) and f l(qR) and thus all
data sets obtained by one spin echo experiment can be fitted
globally to the same three parameters which allow a very
reliable determination.

III. RESULTS

A. SANS: Droplet structure

The scattering curves obtained by small angle neutron
scattering are depicted in Figure 1. Due to the deuteration
scheme, a pronounced shell contrast is observed. Profiles are
grouped for each droplet size and colour denotes the average
number of polymer chains per droplet. The most prominent
difference between the curves is the change in the position of
the minimum between the W = 30 and W = 40 samples. This
is due to an increase in the droplet radius with a rising molar
water to surfactant ratio W , resulting in a shift to smaller q
values.1,14 In contrast, the effect of polymer addition is only
subtle and cannot be seen directly in the obtained scattering
curves.

Fitting the core shell model (mentioned in Section II B)
results in the full black curves also shown in Figure 1.
Obviously the model provides a very good fit to our data. Since
the droplet volume concentration is φ = 0.1, the influence of
the structure factor on the model is negligible and will not
be discussed further. The interesting parameters are thus the
radius of the core rc, its polydispersity p, and the thickness
of the surfactant shell d. The variation of these parameters
with the number Z of polymer chains per droplet is depicted
in Figure 2. In order to give a full overview of the structural
properties of the system, we included our previous results on
the systems with W = 12 and W = 20 as well.1

As observed before, the thickness of the AOT shell
surrounding the droplets is independent from the droplet size
and polymer content. The mean shell thickness averaged
over all investigated samples is d = 9.1 Å ± 0.1 Å. The
droplet water core radius rc shows a strong dependency
on the mixing ratio W , as already mentioned above. For

FIG. 1. SANS data and fitted model (full curves) for all investigated samples.
Curves are shifted for clarity as indicated. Experimental errors are smaller
than symbols.

FIG. 2. Parameters deduced from the SANS fitting model for all samples
with varying polymer content. Results from samples withW = 12 andW = 20
are taken from our previous publication.1 Upper panel: droplet radii and
shell thickness. Lower panel: polydispersity. Fitting errors are smaller than
symbols.

the polymer free systems, rc is proportional to W with a
constant of proportionality of 1.3 Å, which is consistent with
literature.14,15,21 The droplet radius generally decreases with
the addition of polymer while the relative changes are much
stronger for small droplets. The radius of gyration of the used
PEG1500 in water was determined to be Rg = 10.8 Å (data
shown in the supplementary material). Thus the closer the
droplet radius is to Rg , the stronger is the polymer influence
on the droplet radius.1

The second parameter showing a strong influence on
polymer addition is the polydispersity p of the core radius,
shown in the lower panel of Fig. 2. For the small droplets
investigated in our previous work, the polydispersity increases
strongly, when polymer is added to the droplets. In cases of
large droplets, this increase is almost insignificant, which
corresponds well to the small polymeric influence on the
droplet radius discussed before.

In conclusion, the addition of polymer to droplets with
a core radius of rc ≥ 40 Å investigated in this work has
only a very small impact on the structural properties of
the microemulsions. Furthermore, the slight influence found
for the droplet radius points towards the same direction

ftp://ftp.aip.org/epaps/journ_chem_phys/E-JCPSA6-145-012641
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in comparison with the small droplets investigated in our
previous work. Thus, from the structural point of view no
reason for a changeover of the bending modulus, observed
with dielectric spectroscopy, is seen.1

B. NSE: Form fluctuations

For the NSE experiments, the normalised intermediate
scattering function J(q, t) is analysed. Figure 3 depicts
exemplarily the results for a polymer free and a polymer
loaded system with W = 30. With increasing scattering vector
q, the intermediate scattering function is decreasing faster. As
emphasized by the dashed lines, a single exponential decay
cannot describe the data properly.

The model used instead is based on the expansion of the
droplet dynamics into spherical fluctuation modes as described
in Section II C. If the expansion is restricted to zero and second
order fluctuations only, the resulting J(q, t) depends only on
the droplet radius R, its polydispersity p as well as the relative
amplitude u2 and relaxation time τ2 of the second mode. Due to
the translational droplet diffusion, a fifth parameter Dtrans has
to be included. The droplet radius and its polydispersity are
known from the SANS experiments discussed in Section III A;

FIG. 3. Intermediate scattering functions for two different samples. Solid
lines are fits with the model mentioned in Section II C. Dashed lines are fits
with single exponential decays.

thus, only three free fitting parameters remain. These three
parameters are independent of the scattering vector; thus, all
data sets of a sample can be fitted globally with these three
parameters only, reducing strongly fitting uncertainty.

In Figure 4, the results of the global fitting procedure for
all investigated samples are shown. The translation diffusion
coefficient is related to the hydrodynamic radius via the
Stokes-Einstein relation and thus should be linked to the

FIG. 4. Translational diffusion coefficient Dtrans, dimensionless fluctuation
amplitude of the second mode ⟨|u2|2⟩, and relaxation time of that mode τ2
obtained from the fitting procedure.
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droplet radius. Indeed, for the polymer free systems, a trend
towards a higher diffusion coefficient for smaller droplets can
be seen. Regarding the addition of polymer to the W = 20,
W = 30, and W = 40 systems, the changes in the translational
diffusion are weak. The absolute values of the W = 20 and
W = 30 series are surprisingly close. For the smallest droplets,
a tremendous reduction of the diffusion coefficient can be
seen. This is surprising since the reduced droplet radius
measured with SANS should lead to the opposite behaviour.
Having a closer look into the SANS curves of the W = 12
system, discussed in our previous publication, reveals a strong
increase in scattered intensity for small scattering vectors.1

This indicates the emergence of droplet clusters, which we
estimated to consist of approximately five droplets.1 These
clusters will have a strongly reduced translational diffusion
coefficient which explains the observed trend for the W = 12
samples.

The second fitting parameter is the dimensionless
amplitude of the second fluctuation mode. While the addition
of polymer had a huge influence on this quantity for the small
droplets investigated earlier, it has almost no impact for large
droplets. The relaxation time τ2 is of greater importance
because it is directly linked to the bending modulus of
the surfactant shell. The systems with intermediate droplet
sizes (W = 20 and W = 30) show only minor changes in the
relaxation time, while the W = 12 and W = 40 systems exhibit
either a strongly increasing or decreasing relaxation time,
respectively. Thus, while the structural changes of the W = 40
system discussed in Section III A are almost negligible, the
relaxation time is affected strongly by polymer addition, in
fact in the opposite direction as it is observed for the smallest
droplets.

Finally, the results from SANS and NSE can be combined
to calculate the bending modulus of the surfactant shell
stabilising the droplets7,8

κ =
1
48

(
kBT
πp2 +

ηwR3

τ2

23ηo + 32ηw

3ηw

)
. (3)

Droplet radius R and polydispersity p are known from
SANS and relaxation time τ2 from NSE. The temperature for
the experiments was set to 308 K and the viscosities of water
ηw and oil ηo were taken from literature.22,23 Viscosity changes
due to the presence of polymer in the water core are weak
because of the low polymer concentration and are therefore
not considered. In order to focus on the Z dependence of the
bending modulus, Figure 5 depicts the normalised bending
modulus, in which the normalisation was done by the bending
modulus of the polymer free system according to the droplet
radius.

The bending modulus decreases strongly for the smallest
droplets investigated, while for the W = 20 series a decrease
is only seen for the Z = 3 sample. For the large droplets, the
behaviour is different. While the bending modulus for W = 30
samples stays almost constant, it increases significantly for
W = 40. Investigating the reasons for this strong increase one
can compare the influence of R, p, and τ2 on the change in
κ. Thus, for the W = 40 system, the structural parameters
R and p point towards a reduction of the bending modulus
from Z = 0 to Z = 3 by roughly 10%. The slowing down

FIG. 5. Normalised bending modulus κ calculated from the combination of
SANS and NSE results. To emphasise, the Z dependence data are normalised
to the bending modulus of the polymer free system according to the droplet
radius. Errors are smaller than symbols if not visible.

of the relaxation time τ2 in contrast increases the bending
modulus by 80%, leading in total to an increase in the bending
modulus of 65%. Thus for the large droplet, the changes in
the bending modulus are strongly dominated by the changes
of the relaxation time. In case of the W = 12 samples, these
contributions are different both leading to a reduction of κ. The
changes in relaxation times are still the dominating parameters
but with only 50% approximately, while R and p now account
for roughly 25% each.

From the theory on droplet form fluctuations, it is possible
to calculate polydispersity from the bending modulus and then
in addition the amplitude of the second fluctuation mode.5,24

These calculated values can then be compared to the measured
one as sort of a consistency check of the used model. For all
investigated systems except the W = 12 samples, both values
agree well in a range of 20%. The deviations for the smallest
droplets might be due to a nonvanishing saddle splay moment
κ̄, which is not considered in this work, and whose influence
increases with increasing curvature of the surfactant shell.4,24

A finite contribution of κ̄ to the system’s free energy will not
change the polymeric influence on κ qualitatively. Due to the
small sample set, a detailed investigation of κ̄ is not done here.

The changeover from an increasing bending modulus due
to the polymer addition for large droplets to a decreasing one
for small droplets discussed above was already observed
by dielectric spectroscopy.1,25 To our knowledge in the
framework of surfactant monolayers, this behaviour has not
been investigated so far. However, for surfactant bilayers,
composed, for example, of sodium dodecyl sulfate (SDS) a
surfactant which is very similar to AOT, this phenomenon is
also observed. While Brooks et al. deduced theoretically that
a polymer adsorbed at a surfactant bilayer reduces the bending
modulus, Iñiguez-Palomares et al. showed by dynamic light
scattering that the addition of PEG strongly increases the
bending modulus of a SDS bilayer.26,27 The reason for the latter
observation seems to be the fact that PEG not only adsorbs at
the SDS head groups, but it is at least partially incorporated
in the surfactant layer.27–29 Due to the close similarity of
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AOT and SDS, this incorporation is also likely for AOT
monolayers. Furthermore, Shafir and Andelman analysed the
free energy of a system composed of a polyelectrolyte and a
charged surfactant membrane. For weak polymer surfactant
interactions, they calculated a decreasing bending modulus if
the salt concentration is high (csalt = 0.1 M) and an increasing
one if its lower.30

Although PEG is not a polyelectrolyte and a wa-
ter/AOT/octane microemulsion does not form a surfactant
bilayer, these results offer a possible explanation for our
observations. We find that the presence of polymer has
different effects on small and large droplets and that the
changeover occurs at a droplet size which is not exclusively
related to the size of the polymer.1 For small droplets,
the surfactant to water ratio and thus the concentration of
dissociated sodium ions is higher than for the large ones, which
might be a key parameter for the impact of the presence of PEG
on the surfactant layer. On the other hand for small droplets,
polymer size and droplet radii are close together leading to a
confinement situation dominated by finite size effects.

IV. CONCLUSIONS

Extending our former work on the structure and dynamics
of polymer loaded water in oil microemulsions to large
droplet radii, we could now complement our investigations
on this system.1 The small angle neutron scattering showed
that qualitatively structural changes due to the polymer
addition are the same for all investigated droplet sizes. With
increasing polymer content the core radius is almost constant,
with a slightly decreasing tendency, while the thickness
of the surfactant shell is unaffected. However, the relative
polydispersity of the core radius is increased. Quantitatively
the changes are more pronounced for small droplets, whose
radius is close to the radius of gyration of the polymer.

Neutron spin echo spectroscopy resulted in intermediate
scattering functions which displayed a clearly non-exponential
decay. Taking droplet form fluctuations into account,
expanding the dynamics in spherical relaxation modes results
in a model which significantly improves the description of
the measured data. For all NSE data, an expansion up to the
second order mode was sufficient to fit our data. This was also
found for the polymer loaded systems. For the determination
of the bending modulus of the surfactant shell, the relaxation
time τ2 of this second mode is the relevant parameter. For
the W = 30 series, it stayed almost constant while the larger
droplets exhibited a strongly decreasing relaxation time upon
polymer addition. For small droplets, the opposite behaviour
was found.

Combining the structural and dynamical results, the
bending modulus is calculated. The observed changes by
the addition of polymer are dominated by an acceleration of
the relaxation time for large droplets and a slowing down
for the small ones. The observed behaviour fits nicely to
our results with dielectric spectroscopy showing a decreasing
or increasing percolation temperature, respectively. These
different effects due to polymer addition are expected be
caused by differences in the concentration of dissociated ions
at the surfactant shell in small and large droplets. A second

factor is the precise position of the polymer in the droplets
as investigations on charged surfactant bilayers suggest.30 To
elucidate these assumptions further, a direct observation of the
location of the polymer in the droplet and its conformation is
needed.

SUPPLEMENTARY MATERIAL

See the supplementary material for intermediate scatter-
ing functions and fits of the remaining W = 30 and W = 40
samples not shown in the paper, as well as small angle
neutron scattering on the used deuterated PEG1500 for the
determination of the radius of gyration.
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