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The effect of a doubly hydrophobically end-capped water soluble polymer (C18-PEO150-C18) on 

the properties of an oil-in-water (O/W) droplet microemulsion (R ~ 2.85 nm) has been studied 

as a function of the amount of added telechelic polymer. Macroscopically one observes a 

substantial increase of viscosity once a concentration of ~ 5 hydrophobic stickers per droplet is 

surpassed and effective cross-linking of the droplets takes place. SANS measurements show 

that the size of the individual droplets is not affected by the polymer addition but it induces 

attractive interactions at low concentration and repulsive ones at high polymer content. 

Measurements of the diffusion coefficient by DLS and FCS show increasing sizes at low 

polymer addition that can be attributed to the formation of clusters of microemulsion droplets 

interconnected by the polymer. At higher polymer content the network formation leads to an 

additional slow relaxation mode in DLS that can be related to the rheological behaviour, while 

the self-diffusion observed in FCS attains a lower plateau value, i. e., the microemulsion 

droplets remain effectively fixed within the network. The combination of SANS, DLS, and 

FCS allows to derive a self-consistent picture of the evolution of structure and dynamics of the 

mixed system microemulsion/telechelic polymer as a function of the polymer content, which is 

not only relevant for controlling the macroscopic rheological properties but also with respect to 

the internal dynamics as it is, for instance, relevant for the release and transport of active 

agents. 

 

Introduction  

Microemulsions are a thermodynamically stable way of having 

homogeneous and very finely dispersed mixtures of oil and 

water. They may occur in the form of oil-in-water (O/W) and 

water-in-oil (W/O) droplets, or as bicontinuous structures [1,2]. 

Their formation is facilitated by the presence of surfactant [3,4] 

and the extent of structuring depends on the strength of the 

amphiphile present at the oil-water interface [5,6]. Accordingly, 

they are attractive formulations for many applications where 

such highly interdispersed systems are required, for instance, 

when a hydrophobic active agent, substrate, or enzyme has to 

be present in an aqueous environment. However, for many 

applications of microemulsions the control of their rheological 

properties is a crucial question, which is not easily 

accomplished. Typically dilute microemulsions possess the 

viscosity of its continuous component (or the average of the 

both for the case of bicontinuous systems) [7,8] irrespective of 

their structure. Water-based droplet microemulsions typically 

are water viscous and higher viscosities are only achieved for 

dense packing of droplets, i.e., above 30 vol%, and then for still 

somewhat higher concentrations microemulsion gels (cubic 

phases) are formed [9-13]. However, the latter is a phase 

transition, going from a rather low viscous solution directly to a 

gel-like behaviour. This might be interesting for some 

applications, but in many situations having higher but 

continuously tuneable viscosities would be preferred, and 

without having to resort to go to very high surfactant 

concentrations.  

One way in which the viscosity of droplet microemulsions can 

be enhanced largely is by addition of a telechelic polymer with 

hydrophobic stickers (for instance, an alkyl chain) that adheres 

to the droplets and which is able to bridge the individual 

droplets. Depending on the number of polymer molecules 

contained, a physical network forms with corresponding 

rheological properties. For this approach a number of examples 

have been published [14-20] and such systems have also been 

studied theoretically [21,22]. The effectiveness of bridging is 

mainly controlled by the end-to-end distance of the polymer 

and the surface-to-surface separation of neighbouring droplets. 

MC simulations have shown that interactions become quite 

effective once both lengths become similar [21], leading to 

substantial changes of the pair distribution functions of the 
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droplets [22]. Once there is on average more than one bridging 

polymer per droplet, a network with viscoelastic behaviour is 

formed. The elasticity of the network depends on the number of 

polymers per droplet, and the viscosity depends on the 

structural relaxation time, which is determined by the exit time 

of the hydrophobic sticker from the microemulsion droplets and 

it is strongly related to the length of the sticker [23]. Recently 

also the role of the number of telechelic arms has been 

addressed and it has been shown that the polymer architecture 

can play an important role in the control of the rheological 

properties; even more so with respect to the internal dynamics 

of the physically cross-linked microemulsions, where the 

dynamics, as seen by dynamic light scattering, becomes 

increasingly complex and slower with increasing number of 

telechelic arms [24]. 

The dynamic properties of microemulsion and telechelic 

polymer mixtures are not completely understood despite their 

impact on the rheological properties or the kinetics of 

solubilisate exchange. So far, most of the work regarding the 

dynamics was concerned with DLS experiments, which for the 

case of highly viscous networks showed two or three relaxation 

modes [23,25-27]. The fastest mode (diffusive) was associated 

with the concentration fluctuations of the microemulsion 

droplets, intermediate mode (independent of q) with the 

network relaxation of the gel that is related to the terminal 

relaxation time, and the self-diffusion of the polymer and the 

slowest mode with the droplets in the surrounding network. 

Depending on the relaxation time of the stickers the 

intermediate mode may drop out of the experimental window 

for the case for too long hydrophobic stickers [23]. 

Alternatively, FRAPP (fluorescence recovery after patterned 

photobleaching) has been employed to complement DLS 

measurements, where FRAPP showed a monoexponential 

relaxation that corresponds to the slowest mode observed in 

DLS [28]. In this respect there is quite a bit known regarding 

the dynamic properties of networks of interconnected O/W 

microemulsion droplets, but the picture is yet far from being 

complete.      

Accordingly, the aim of this work is to study such a structurally 

well characterized microemulsion network in a comprehensive 

fashion by combining dynamic light scattering (DLS) and 

fluorescence correlation spectroscopy (FCS) measurements, 

which yield complementary information, as the first method 

measures collective diffusion, the second self-diffusion. For 

that purpose we chose a microemulsion based on a surfactant 

frequently employed in formulations, tetradecyl dimethyl amine 

oxide (TDMAO) [29], decane as oil (similar to paraffin oil), 

and the commercial rheological modifier Rewopal 6000 DS (a 

polyethylene oxide (PEO) with an average number of 150 EO 

units and having two stearate moieties at its ends). TDMAO has 

been shown to be able to solubilize hydrocarbons, where the 

solubilisation capacity is higher the shorter the chain of the 

solubilized alkane [30, 31]. TDMAO microemulsions with 

decane have been studied in some detail before and it was 

observed that the saturated microemulsion droplets have an 

almost identical size (R = 3.0 nm) over a large concentration 

range [10, 32], which makes it a well-defined system to be 

studied. The comprehensive dynamic picture obtained by 

combining DLS and FCS measurements for microemulsion 

networks as a function of the amount of added polymer 

(quantified by the number of stickers per microemulsion 

droplet: r) combined with the structural and rheological 

information then shall allow for a systematic understanding of 

their dynamic properties. This is especially relevant for instance 

for molecular transport and delivery within such systems, as it 

is important for pharmaceutical or cosmetic formulations.  

 

Experimental Section 

Materials 

Tetradecyl dimethyl amine oxide (TDMAO, C14H29N(CH3)2O; 

Aromox 4D-W970, 24-26%) was obtained from Julius Hoesch 

(Düren, Germany) as a gift. The solutions were freeze-dried 

until no further water could be removed, at which point one had 

a water content of 2.5 wt%, as determined via Karl-Fischer-

Titration, which was taken into account during all sample 

preparations. N-decane (~98%) was obtained from Sigma 

Aldrich and used as supplied. Water was either of Millipore 

grade or for the case of SANS experiments we employed D2O 

obtained from Eurisotop (99.9% isotopic purity). The telechelic 

polymer was Rewopal 6000DS which is a polyethylene oxide 

distearate and was a gift from Evonik Industries. In all our 

calculations we assumed a chemical formula of 

(C17H35COO)2EO150 (Mw = 7157 g/mol) for this polymer. 

The samples were prepared by taking the required amount of a 

stock solution of 200 mM of surfactant. The appropriate 

amount of oil and water was added to achieve the final 

composition of the microemulsion (100 mM TDMAO/ 35 mM 

decane /water). The polymer containing microemulsions were 

prepared by mixing weighted amounts of microemulsions with 

varying amounts of polymer and mixing with a vortex mixer 

under heat (~ 60 °C) to ensure complete dissolution of the 

polymer. The polymer addition thereby led to a variation of the 

droplet volume fraction, which however is rather small (always 

being less than 5 %, see Supporting Information). 

 

Methods  

 

Small-Angle Neutron Scattering (SANS). SANS experiments 

were done on the instrument KWS2 [33] of the JCNS at the 

Heinz Maier-Leibnitz Zentrum (MLZ, FRMII, Munich, 

Germany), with scattered neutrons recorded on a 68*68 cm2 

detector with 128x128 channels based on a 6Li glass scintillator 

of 1 mm thickness. A wavelength of 0.5 nm with sample-to-

detector distances of 1 and 7.7 m and a wavelength of 1.2 nm 

(wavelength spread: FWHM 20%) with a sample-to-detector 

distance of 7.7 m were employed with a collimation of 8 m, 

thereby covering a q-range of 0.03–5.2 nm-1, where q is the 

magnitude of the scattering vector defined as: 
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)(θ
λ

=q 2/sin
4

⋅
⋅π

    (1) 

 

with θ being the scattering angle and λ the wavelength. Samples 

were contained in quartz cuvettes (QS, Hellma) and measured 

at 25.0 °C. The sensitivity of the detector elements was 

accounted for by comparing to the scattering of a 1.0 mm 

sample of water, and the water measurement was also used for 

absolute scaling. Sample thickness, transmission, dead time (of 

the detector), and electronic background were considered and 

the background due to the scattering of the beam with an empty 

cell was subtracted. The obtained data were finally radially 

averaged and merged using standard routines with help of the 

software BerSANS [34]. 

 

Dynamic Light Scattering (DLS). DLS experiments were 

performed at 25.0 °C using a setup consisting of an ALV/LSE-

5004 correlator, an ALV CGS-3 goniometer and a He-Ne Laser 

with a wavelength of 632.8 nm. Cylindrical glass sample cells 

(diameter: 5 mm) were placed in an index matching toluene vat. 

Intensity correlation functions were recorded under different 

angles between 50° and 130°. In the case of Gaussian scatterers 

the intensity correlation function g(2)(t) measured in a 

homodyne experiment is related to the field correlation function 

g(1)(t) by the Siegert relation [35]: 

 

 
2

)1()2( )(1)( tgB=tg ⋅+     (2) 

 

where B is an instrumental constant that reflects the deviations from 

ideal correlation (and should ideally be B=0.33 for our experimental 

set-up). 

The correlation function g(1)(t) can be written as the Laplace 

transform of the distribution of relaxation rates G(Γ): 

 ∫
∞

Γ⋅⋅Γ−⋅Γ

0

)1(
)exp()()( dtG=tg    (3) 

G(Γ) was obtained by a regularized inverse Laplace transformation 

of the DLS data using the CONTIN algorithm [36] implemented in 

the ALV software. 

An alternative way of analysing multimodal relaxation processes is 

by fitting g(1)(τ) to a multiexponential function. For the cases 

discussed here a very suitable functional form was found to be a 

monoexponential decay for the fast relaxation process together with 

a stretched exponential decay describing the slower relaxation, 

which is given by:  

( ) ( ) sl

slslff tAtA=tg
β

ττ /exp/exp)()1( −⋅+−⋅   (4) 

where the amplitudes Ai, the relaxation times τi, and the stretching 

parameter βsl characterize the relaxation process.  

Fluorescence Correlation Spectroscopy (FCS). FCS 

measurements were performed with a Leica TCS SMD FCS system 

with hardware and software for FCS from PicoQuant (Berlin, 

Germany) integrated into a high-end confocal system Leica TCS 

SP5 II instrument. Excitation of Nile red was performed using an Ar 

ion laser at 514 nm. The obtained correlation functions were fitted 

with the following expression [37]: 
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where the first factor accounts for the diffusion in x-y direction the 

second in z-direction (the triplet relaxation was neglected as the 

relaxation processes considered here were taking place on a much 

slower time scale, i. e., above 20 µs). S is the structure parameter 

which is the ratio of the transversal radius Rxy to the longitudinal 

radius Rz of the confocal volume (S = Rxy/Rz). The confocal volume 

was calibrated by a measuring the characteristic time of Rhodamine 

6G (5 nM) in water with a known diffusion coefficient of 4.0x10-10 

m2s-1 [38]. The exponent γ is 1 for pure diffusion. If it differs from 1, 

the diffusion is said to be anomalous, and if γ < 1, it is called 

subdiffusive. For the case of diffusive motion the diffusion constant 

can be calculated from the characteristic time τ via: 

c

xyR
=D

τ⋅4

2

       (6) 

Rheology. Oscillatory rheological measurements were performed 

with a rheometer AR G2 from TA Instruments. A sinusoidal shear 

strain γ(t) = γ0·sin(ωt) was applied at a constant angular frequency, 

ω, and with an amplitude, γ0. As a result a sinusoidal strain σ (with 

an amplitude σ0) was recorded, which was shifted by a constant 

phase angle δ. The complex dynamic shear modulus G*(ω) defined 

by G’(ω) + iG’’(ω) is given by (G’: storage modulus; G’’: loss 

modulus): 

 ( )δ
γ
σ

ω ⋅⋅ i=G exp)(*
0

0     (7) 

The linear viscoelastic regime was ascertained for all measurements 

by an amplitude sweep at 10 rad/s.  

Viscosity measurements were carried out using previously calibrated 

Schott micro-Ubbelohde viscometers of type Ic and IIc (diameter Ic: 

0.84+/-0.01 mm; IIc: 1.50+/-0.01mm, capillary constants: Ic: 0.03 

mm2/s; IIc: 0.3 mm2/s). The viscosity was calculated from the fluid 

flow time as  

 tK= ⋅⋅ρη0      (8) 

where η0 is the zero shear viscosity, ρ the sample density, K a 

calibration constant and t the measured flow time. 

Results and Discussion 

In our work we concentrated on an O/W microemulsion 

consisting of 100 mM TDMAO / 35 mM decane in water (~ 3.3 
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vol%), which is close to the emulsification boundary of this 

microemulsion system [33]. Increasing amounts of Rewopal 

6000DS were added to this base formulation. The added 

polymer amounts are given in g/g (total solution) and 

alternatively by the number of hydrophobic stearate stickers per 

microemulsion droplet, r, where the latter was calculated 

assuming an unchanged radius of the microemulsion droplets of 

2.85 nm and a polymer formula of (C17H35COO)2EO150. This 

size had been deduced similarly before from SANS 

experiments [31,33] and was confirmed in this study to be 

independent of the polymer admixture (see 3.1). The most 

relevant parameter for the polymer is its end-to-end distance ree, 

i.e., the average distance between the hydrophobic stickers. The 

end-to-end distance of the pure PEO chain in solution can be 

estimated via: 

 EOee NCr l⋅⋅= ∞     (9a) 

 Rpcdss ⋅









−

Φ⋅
⋅

= 2
3

4
)( 3

π
              (9b) 

where C∞ is the characteristic ratio (in our case 5.2, as 

determined from scattering experiments [39]), N the number of 

monomer units (150), and ℓEO the length of a monomer segment 

(lEO=0.2928 nm). With these numbers we arrive at an end-to-

end distance ree of 8.2 nm, which then should be the relevant 

distance over which the Rewopal 6000DS can easily lead to a 

bridging of droplets. This then can be compared to the average 

spacing of the microemulsion droplets. Assuming a primitive 

packing for the given radius of 2.85 nm we can calculate the 

mean distance dss (eq. 9b) between neighbouring surfaces of 

droplets to be 8.6 nm (10.4 nm would be the value for fcc 

packing). This means that the average spacing of the 

microemulsion droplets is very similar to the end-to-end 

distance ree of the stickers. Therefore an effective bridging is to 

be expected and repulsive interaction between the droplets is 

expected due to the fact that, on average, the stickers might be 

placed more closely together than they would like to be in an 

equilibrium polymer conformation (an additional repulsion will 

be introduced by the presence of the water-soluble PEO units in 

between the microemulsion droplets). 

In the following we studied this mixed microemulsion/ 

telechelic polymer system as a function of the amount of added 

polymer, described by the numberof stickers per microemulsion 

droplet (r), by means of structural, dynamical and rheological 

experiments. All the samples investigated were homogeneous 

and long-time stable but varied very pronouncedly with respect 

to their viscosity, which increases largely upon the addition of 

the telechelic polymer. The aim is to correlate the change of the 

macroscopic properties with the mesoscopic structure and the 

dynamics of polymer bridged microemulsion systems, with a 

particular emphasis on the local structure and dynamics.  

 

Small-Angle Neutron Scattering (SANS)  

 

In order to obtain a refined structural picture SANS 

measurements were performed. We investigated how the 

structure of the microemulsion is affected by the addition of 

Rewopal 6000DS. Figure 1 shows the scattering intensity 

against the magnitude of the wave vector, q, for O/W 

microemulsions with Rewopal 6000DS concentrations between 

0 and 3 wt% (corresponding to r = 0-15). At first look, the 

unchanged position of the minimum at high q (≈ 1.5-1.6 nm-1) 

and the very similar appearance of the scattering curves for q > 

1 nm-1 is a sign that the average size and shape of the droplets 

are not influenced by the polymer. However, upon increasing 

the polymer concentration a weak correlation peak arises, i.e., 

there is an increasing repulsion between the droplets. In 

addition, there is also a slight upturn of the intensity at low q 

that indicates either the presence of larger objects or an 

attractive interaction between the droplets that is most 

pronounced at intermediate concentration of polymer, i.e, for 1-

2 wt% Rewopal 6000DS.  

A first model-free information was obtained by extrapolating 

the SANS data by the Guinier-approximation to q = 0 (eq. 10a), 

from which the molecular weight MW was deduced (according 

to eq. 10b, where we used a density d of 0.86 g/ml and for the 

contrasts ∆ρ see supporting information). The obtained values 

are summarized in table 1.  














−⋅= 2

2

3
exp)0()( q

R
IqI G          (10a) 

A

Wg

Nd

SMc
I

2

2 )0(
)0(

ρ∆
=                      (10b) 

Table 1: Parameters obtained by the Guinier approximation 

(eq. 10) from the SANS experiments; cg: total concentration in 

mass per volume, I(0): intensity extrapolated to q = 0, S(0): 

structure factor at q = 0 obtained from the fits (eq. 11), and MW: 

molecular weight obtained from I(0) for different amounts of 

added polymer (given in wt% of total solution and number of 

stickers per droplet, r, respectively).  

Cpol/wt% r cg /gL-1 I(0)/cm-1 S(0)  MW/gmol-1 

0 0 30.73 14.62 0.73 63,900 

0.25 1.28 30.84 17.96 0.91 57,000 

0.5 2.56 30.95 14.84 0.98 57,700 

0.75 3.82 31.07 17.61 1.02 62,000 

1 5.08 31.19 18.03 1.09 79,400 

1.25 6.31 31.30 18.66 1.07 67,700 

1.5 7.55 31.42 19.02 1.06 64,600 

1.75 8.77 31.54 18.55 1.01 67,200 

2 9.98 31.65 19.83 0.91 77,700 

2.25 11.18 31.77 17.95 0.86 76,200 

2.5 12.37 31.88 17.96 0.81 79,800 

2.75 13.55 32.00 16.53 0.75 90,200 

3 14.72 32.11 16.21 0.69 84,500 

A quantitative analysis of the scattering data was done by 

means of a model of polydisperse spheres interacting with an 

attractive potential. The neutrons are scattered predominantly 

by the microemulsion droplets and only for the higher q-range 

some contribution from the scattering of the polymer chains 
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may be expected [40]. We neglected the polymer contribution 

after verifying that its effect was not significant for a 

quantitative description of the experimental data. The scattered 

intensity for polydisperse spheres as a function of the 

magnitude q of the wave vector is expressed as follows: 

 

  incHS IRqSRqP=qI +⋅⋅Φ ),(),()(         (11) 

 

where Φ is the volume fraction of dispersed aggregates, P(q) is 

the form factor accounting for shape and size of aggregates, 

S(q) is the structure factor describing interactions between 

aggregates, and Iinc is the background that essentially accounts 

for the incoherent scattering. To take into account the 

polydispersity of the microemulsion droplets we assumed a log-

normal size distribution f(q,R,rd,σ) and with this assumption the 

form factor of polydisperse droplets was obtained as: 

 ∫
∞

⋅⋅

0

),,,(),(),( drrRqfrqP=RqP dds σ   (12) 

with: 
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with:  













+1ln

2

2

R
=L

σ
σ  (13c) 

2
ln

2
L

L R=µ
σ

−  (12d) 

where ∆ρ is the scattering length density (SLD) difference 

between the microemulsion droplets and the average SLD of 

the solution (∆ρ = ρagg – <ρ>, see Supporting Information), rd 

their radius, R the mean radius, 1N the number density of 

aggregates, and σ the standard deviation of the distribution 

function. We consider the microemulsion droplets to be 

homogeneous spheres and, therefore, their SLD is the volume 

average of the scattering length density of decane and TDMAO 

and hydrophobic stickers. For details of the parameters 

employed in the calculation see Table S1. In addition, we 

accounted for the experimental smearing, where the 

experimental intensity Iexp is the real scattered intensity 

dΣ/dΩ(q) smeared by the resolution function R(q’,q,∆q): 

 

( ) ( ) ( )∫
+∞

∞− Ω
Σ

∆=
.

exp ',,' dqq
d

d
qqqRqI     (13) 

 

The resolution function R(q’,q,∆q) describes the distribution of 

the q-vectors at a given instrumental configuration. Assuming a 

Gaussian function for the resolution function [41], equation 13 

yields: 
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The q-resolution at a given q has three contributions: the finite 

size of the incident beam, the wavelength resolution and the 

pixel size on the detector [41]. If we neglect the pixel size due 

to its small dimension (7.5x7.5 mm2), ∆q is described by: 
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∆λ/λ is related to the FWHM (full width at half maximum) 

value of the triangular function of the wavelength distribution 

by FWHM=λ0(∆λ/λ) is related to the width of the direct beam.  

 

 

 
Figure 1: SANS scattering intensity as a function of the 

magnitude q of the scattering vector for aggregates of the pure 

microemulsion (black squares) and with increasing polymer 

concentrations between 0 and 3 wt% at a temperature of 25 °C. 

(subsequent curves are shifted by a factor 2n for better clarity). 

 

For the structure factor S(q) the model of sticky hard spheres 

(SHS) was employed. Baxter’s SHS model [42] employs a hard 

sphere model with an infinitesimally narrow infinitely deep 

square well described by the stickiness parameter α, that is a 

measure of the attractiveness of the spheres at contact. The real 

interaction potential is more complex. Numerical calculations 

of the interaction potential for chains between two spheres 

show an attraction in the order of kT, occurring at a separation 

less than the end to end distance of the polymer and an 

increasing repulsion with the polymer length and concentration 

[43, 44]. However, if the range of the potential is not too large, 

a Baxter model can be used instead and the effective hard 

sphere radius (RHS) will give information about the repulsion 

and the stickiness parameter (α) about the net attraction.  

The details for this model and the corresponding SSHS(q) are 

given in the supporting information. 

The model has as adjustable parameters: 

- mean particle radius R 

- standard deviation σ of the size distribution function  

- hard sphere radius RHS 

- attractive interaction parameter α (stickiness parameter)  
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-hard sphere volume fraction, although not entirely. We fitted 

for the lowest and highest polymer concentration, and then in 

the remaining fits forced the hard sphere volume fraction to 

increase linearly with the polymer concentration (based on the 

fact that the volume of the shell increases linearly). See 

supporting information for more details. 
This model allows us to extract the size of the microemulsion 

droplets and information regarding their interaction potential. 

 

Table 2: Results of the analysis of the SANS data (fits with 

eqs. 11 and 13) for different concentration of added polymer 

cpol and droplet volume fraction Φ: mean radius of the droplets 

R, standard deviation of the Log-Norm distribution σ, hard 

sphere radius RHS, hard sphere volume fraction ΦHS, stickiness 

parameter α, and second virial coefficient B2.  

Cpol / 

wt% 

r ϕ / 

% 

σ R/ 

nm 

RHS/ 

nm 

ϕHS/ 

% 

α B2 

0 0 3.57 0.109 2.82 3.68 4.0 ∞ 10.57 

0.25 1.28 3.59 0.113 2.77 4.6 3.8 0.349 5.21 

0.5 2.56 3.60 0.102 2.82 5.93 4.8 0.254 0.59 

0.75 3.82 3.62 0.114 2.82 6.09 5.7 0.226 -4.26 

1 5.08 3.63 0.120 2.83 6.3 6.6 0.203 -10.2 

1.25 6.31 3.65 0.128 2.84 6.31 7.5 0.208 -8.88 

1.5 7.55 3.66 0.128 2.86 6.42 8.4 0.212 -8.09 

1.75 8.77 3.68 0.129 2.88 6.57 9.1 0.225 -5.3 

2 9.98 3.70 0.136 2.88 6.6 10.4 0.250 0.19 

2.25 11.2 3.71 0.148 2.87 6.6 11.2 0.270 3.6 

2.5 12.4 3.73 0.155 2.88 6.75 12.1 0.280 5.5 

2.75 13.6 3.74 0.157 2.87 6.81 13.0 0.300 8.86 

3 14.7 3.76 0.149 2.94 6.83 14.0 0.320 10.92 

 

 

The fit curves are included in fig. 1 and show very good 

agreement with the experimental data. The results for the fit 

parameters are summarized in table 1. The radius of the 

microemulsion droplets remains basically unchanged. The pure 

microemulsion has a radius of 2.82 nm (somewhat less than the 

fully saturated microemulsion that has an average radius of 3.12 

nm [33]), and then increases slightly with increasing polymer 

concentration to about 2.94 nm for the maximum polymer 

content. This increase can be attributed to introducing a 

significant amount of C18 chains into the microemulsion 

droplets at the high polymer concentration (for 3 wt% r = 14.7, 

corresponds to 0.074 stearyl chains per TDMAO molecule). In 

addition, we observe a slight increase of the polydispersity of 

the microemulsion droplets with increasing polymer content. 

A very interesting observation is that there is a pronounced 

attractive interaction introduced into the system by the addition 

of the telechelic polymer. This attraction describes the upturn at   

low q by the stickiness parameter α, which is a quantitative 

 

Figure 2: Hard sphere radius RHS and stickiness parameter α as 

derived from the SANS fits as a function of the polymer con-

centration or number of stickers per microemulsion droplet, r.  

 

measure for the attractive component of the interaction 

potential (and directly related to the second virial coefficient B2 

via eq. 16) and also allows to predict the attractive phase 

separation of such systems. The inverse 1/α is proportional to 

the attractive interaction, and first increases rapidly upon 

polymer addition, goes over a maximum of attractive 

interaction for r ~ 5 and then becomes smaller again (fig. 2). At 

the same time we observe a pronounced increase of the hard 

sphere radius RHS that increases continuously from 3.9 to 6.8 

nm (fig. 2). This is also seen directly in the curves via the 

appearance of a correlation peak for increasing polymer 

concentration. This means that the presence of the polymer 

chains makes the microemulsion droplets bulkier (more 

repulsive). Apparently the presence of the water soluble 

polymer chains enhances the repulsive interaction between the 

microemulsion droplets, thereby leading to the correlation peak. 

It is interesting to note that the extra volume effectively 

occupied by the polymer, that should be proportional to (RHS
3 – 

R3) increases linearly with the amount of polymer contained 

(see fig. S2, Supporting Information), thereby confirming the 

picture that the repulsion is directly linked to the amount of 

water soluble polymer chains.  

Similar results were already observed for microemulsion 

droplets, when the distance between the droplets is larger than 

Ree the net interaction is attractive and when the polymer is 

longer, the net interaction is repulsive [17]. Theory predicts that 

attraction dominates the second virial coefficient when chains 

are less stretched, while repulsion controls the highly stretched 

limit [43,44]. For constant Ree and d, the addition of polymer 

contributes both to an increase of attraction and repulsion. 

These counterbalancing factors in the interdroplet interaction 

can be summarized with respect to their total effect by looking 

at the second virial coefficient B2 (eq. 16), which is a very good 

average measure for the effective attractive/repulsive 

interaction between the droplets. This is very useful as the two 

parameters describing the structure factor S(q), the hard sphere 

radius RHS and the stickiness parameter α, describe opposite 
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effects but are not fully decoupled in their effect on the 

scattering curves. The dimensionless second virial coefficient 

can be calculated from: 

 


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drop

  (16) 

 

where Vdrop is the volume of the droplets as given for a radius of 

2.85 nm. 

 

 
Figure 3: Dimensionless second virial coefficient as a function 

of the added polymer concentration calculated with Eq. 16 with 

the structural parameters obtained from the SANS data. Solid 

line: B2 = 4 (pure hard sphere).  

 

The variation of the second virial coefficient is given in fig. 3 

and shows a very interesting behaviour. It starts for the pure 

microemulsion at a value of about 10 which is well above the 

value for a simple hard sphere. This can be explained by the 

fact that in our calculation we took the radius of the 

microemulsion droplet without considering the hydration shell, 

which is taken into account by RHS in the analysis. Upon 

polymer addition the attractive interactions increase 

dramatically and B2 becomes markedly negative, reaching a 

minimum around 1 wt% Rewopal 6000 DS, which corresponds 

to 4-5 stickers per droplet. Apparently for this condition the 

formation of interconnected clusters is maximized. Upon 

further addition of polymer, B2 increases again and this 

repulsive interaction can be ascribed to the action of the water-

soluble polymer molecules which are located between the 

microemulsion droplets and thereby lead to an effective 

repulsion between the latter. For concentrations above 2.2 wt% 

(r ~ 10) it then is higher again than for a simple hard sphere 

system. 

Rheology 

The most obvious change of the microemulsions upon addition 

of the telechelic polymer is the viscosity increase. The original 

microemulsion is basically water viscous, while upon addition 

of the polymer an increase of viscosity by more than four 

orders of magnitude is observed. The zero-shear viscosity is 

given in fig. 4 and shows that this marked viscosity increase 

occurs rather sharply in the range of polymer concentrations of 

1.5-2 wt%, which corresponds to a number of stickers per 

droplet r of 7-10, i.e., well beyond the concentration where the 

maximum of the attractive interaction between the droplets has 

been observed (figs. 2 and 3). It is interesting to note that below 

this concentration, the increase of viscosity is rather, which is in 

agreement with the SANS data, where up to this value only an  

Figure 4: Zero-shear viscosity η0 at 25 °C of the mixtures of 

microemulsions as a function of the concentration of C18-EO150-

C18 measured with a capillary viscometer until a concentration 

of 2 wt% and with the instrument AR-G2 above this 

concentration. Solid line: η0 = 0.0016((1.54 – c)/wt%)−0.7. 

Dashed line: η0 = 3.6((c − 1.54)/wt%)1.7  

attractive clustering of the particles is seen. This means that  

initially individual clusters form (until r ~ 4-5) that do not lead 

to a substantial viscosity enhancement and only for a higher 

polymer content (r ~ 6) a space-filling viscous network starts to 

be formed. Such a sharp viscosity increase has been seen before 

for the case of similar microemulsion droplets but for a much 

shorter interconnecting polymer and correspondingly higher 

microemulsion concentrations [14] and in similar fashion has 

also been reported for other mixtures of microemulsions and 

doubly hydrophobically modified polymer [25].   

The sharp increase of the viscosity can be ascribed to a 

percolation transition induced by the effective interconnecting 

of the microemulsion droplets by the telechelic polymer. Such a 

percolation typically leads to a power law behaviour of the 

viscosity which can be described as: η ~ (cp – c)–k1 below the 

percolation concentration cp and η ~ (cp – c)k2 above the 

percolation concentration [45]. The power laws fit very well to 

our experimental data as shown in fig. 4 and from these fits we 

obtain a cp of 1.54 wt% (r = 7.4) and k1 = 0.7 and k2 = 1.7, 

respectively. Here it might be noted that slightly lower values 

of 1.4-1.6 for k2 have been found for other microemulsions 

upon the addition of a bifunctional telechelic polymers 
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[16,25,46], i.e., here the viscosity increase appears to occur in a 

slightly more cooperative fashion.  

The samples with more than 1.5 wt% Rewopal 6000 DS are 

sufficiently viscous to be measured by means of oscillating 

rheological measurements, where they show viscoelastic 

behaviour that is close to that of a Maxwellian fluid. There are 

some systematic deviations as shown for example in fig. 5, 

where the slopes for the storage modulus G’ and loss modulus 

G’’ are systematically lower than the theoretically predicted 

values of -2 and -1, respectively.  

 

Figure 5: (a) Storage (G′) and loss (G′′) moduli as a function of 

angular frequency (ω) for microemulsion with 2.16 and 3.38 

wt% of C18-EO150-C18 (b) Cole-Cole plot of the loss modulus 

G’’ as a function of the storage modulus G’ for mixtures of 

microemulsion consisting of 100mM TDMAO /35mM decane / 

water with different amounts of C18-EO150-C18 added.The lines 

in (b) represent fits with Eq. 17. Measurements were done with 

the instrument AR-G2 at a constant temperature of 25 °C. 

 

Figure 5b shows the Cole-Cole plot, which is the representation 

of the loss modulus G’’ as a function of the elastic modulus that 

allows for detailed observation of viscoelastic systems [48]. For 

the Maxwell model the data for G’ and G’’ should lie on a 

semicircle described by a a generalized Maxwell model (eq. 17) 

[49]: 

( )( )mPaGGG=PaG 22
0 /''/'' −⋅          (17) 

 

The fits of Eq. 17 to the experimental data were consistently 

found to be best described for m = 0.482 (m would be 0.5 for 

perfect Maxwellian behaviour), which means that there is some 

systematic but not too large deviation from Maxwellian 

behaviour. We could deduce reliably the shear modulus G0 of 

the samples from the fits to eq. 17 and the relaxation time τR 

from the angular frequency at which G’=G’’, τR=1/ωR. 

 

The structural relaxation time τR is rather constant at ~ 10 ms 

irrespective of the polymer concentration. This indicates that 

this relaxation might be related to the residence time of the 

stearyl moieties in the microemulsion droplets that can be 

estimated to be ~20 ms from relaxation kinetics [47]. 

The obtained G0 is given in fig. 6 and shows a pronounced 

increase from about 100 to 1000 Pa (see Table 3) with 

increasing polymer concentration which sets in beyond a 

threshold concentration of ~ 1.3 wt% (r ~ 6.2) Rewopal 6000 

DS. Empirically the evolution of G0 with the concentration cp 

of the polymer (in wt%) can be described by a power law of the 

form: G0 = (307/Pa)·((cp − 1.32)/wt%)1.7
 (see fig. S3, 

Supporting Information). This critical concentration value of 

1.32 wt% is somewhat lower than that observed in the viscosity 

measurements (1.54 wt%). The exponent 1.7 is somewhat 

higher than the 1.42 found by Appell et al for a similar system 

[25] but close to the 1.8 found for a polymer bridged W/O 

microemulsion [50]. In contrast, for the viscosity increase also 

much higher exponents of 3.6-5.2 have been reported for W/O 

microemulsions [50]. It can also be noted that for higher 

polymer concentrations the increase is rather linear and one 

might expect if simply every telechelic polymer contributes 

equally to the viscosity. This may be explained by the fact that 

in the viscosity analysis one only sees a rather substantial 

viscosity, which requires an effective interconnection of the 

droplets, while the analysis of the viscoelastic moduli gives the 

value for the onset of elastic properties. 

 

Table 3: Viscoelastic parameters, shear modulus G0, relaxation 

time τR, and relative shear modulus compared to the theoretical 

value according to eq. 18 with the polymer concentration 1Npol 

for 1Nel, for the polymer containing microemulsions as deduced 

from the generalized Cole-Cole fit (eq. 15).  

Cpol/wt% 1.72 1.96 2.18 2.44 2.67 2.9 3.14 3.38 

R 8.4 9.4 10.4 11.7 12.8 13.8 15.0 16.2 

G0 / Pa 103 170 209 306 496 754 912 974 

τR / ms 16.7 9.1 8.3 8.9 10.3 9.5 10.2 10.0 

G0/
1NpolkBT 0.017 0.025 0.028 0.037 0.054 0.076 0.085 0.084 
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Figure 6: Shear modulus G0 of microemulsions-HM polymer 

mixtures as a function of the concentration of C18-EO150-C18 

measured with the instrument AR-G2 at a constant temperature 

of 25◦C. Dotted line: G0/Pa = 307((c − 1.32)/wt%)1.7  

 

The experimental G0 can also be compared to the theoretical 

value for a simple network model given by [51]: 

TkN=G el ⋅⋅1
0             (18) 

where 1Nel is the number density of elastically active structural 

elements. If all the polymer molecules were actively connecting 

microemulsion droplets, their concentration (1Npol) would be 

identical to 1Nel. For example, for cpol = 3 wt%, G0 would be 12.4 

kPa. The experimental data in fig. 6 is about 10% of that theoretical 

estimate (as seen from the values of G0/
1NpolkT given in table 3). 

From the linear increase at higher polymer concentration one can 

conclude that here about 22% of the theoretical increase expected 

from eq. 18 is achieved. All this is an indication that the network is 

not yet perfect (only a smaller fraction of the polymer chains leads to 

bridges), and that each polymer chain stores substantially less energy 

than kT. 

Collective Diffusion - Dynamic Light Scattering (DLS) 

 

In order to gain further insight into the mesoscopic dynamic 

behaviour of the investigated polymer bridged microemulsions, 

we performed DLS measurements. Figure 7 shows the intensity 

autocorrelation functions g(2)(t) for various concentrations of 

Rewopal 6000DS added to the microemulsion. The pure 

microemulsion shows a monoexponential relaxation, which 

corresponds to the simple diffusion of microemulsion droplets 

with a hydrodynamic radius of 2.43 nm. This is slightly smaller 

than the value obtained by SANS but might be attributed to the 

finite concentration and even more to a slight charging of the 

microemulsion droplets due to protonation of the TDMAO 

(there is no salt contained to screen the charges). The 

corresponding repulsive interaction leads to an increase of the 

apparent diffusion coefficient, as it has been observed before 

for such microemulsion droplets [52]. Upon addition of 

polymer, the correlation function shows a slower relaxation, 

which indicates the formation of bigger objects. At still higher  

 

Figure 7: Intensity autocorrelation function g(2)(t) of 

microemulsions with several concentrations of C18-EO150-C18 

added measured at a scattering angle of θ = 90° and a 

temperature of 25 °C. 

 

polymer concentration the curves start deviating from a simple 

monoexponential relaxation, and a second relaxation mode is 

observed. The second mode appears at the concentration where 

the solutions become highly viscous (~ 1.75 wt%, r = 7). Its 

amplitude and characteristic time increase with increasing 

polymer concentration. This second relaxation mode has to be 

associated with structural relaxations of an interconnected 

network of microemulsion droplets.  

In order to analyse the relaxation process and verify the number 

of relaxation modes, the decay time distributions were obtained 

by inverse Laplace transformation. The evolution of these 

distribution functions is presented in figure S4 and one 

observes that the slower mode increases in intensity and moves 

to longer times with increasing concentration of the Rewopal 

6000DS, and the slow mode is always much wider than the fast 

mode. One can distinguish two regimes of polymer 

concentration. First, below 1 wt% the distribution is 

monomodal. Then at higher polymer concentration the 

relaxation process is apparently bimodal and may well be 

described by two relaxation processes, where the slower one is 

a rather broad one. Accordingly, we analyzed the 

autocorrelation curves quantitatively in terms of a sum of a 

normal and a stretched exponential decay of g(1)(t) as described 

by equation 19 (f: fast mode; sl: slow mode), where the 

amplitudes and the stretching parameter β provide useful 

information regarding the dynamical behavior of the systems.  

 

β)exp()1()exp()()1( tAtA=tg slfff ⋅Γ−⋅−+⋅Γ−⋅  (19) 

)/1( β
β

Γ⋅
Γ

Γ sl
sl =     (20) 

Here <Γsl> is the average relaxation rate from which by 

inversion the average relaxation time can be calculated (table 4) 

and Γ(1/β) the gamma function.  

Eq. 19 fits the experimental data very well. This analysis is 

complementary to having two or three relaxation modes as the 

stretched exponential can effectively mimic a biexponential 
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decay for a not too large difference between the two relaxation 

rates. Actually, it might be noted that in our g(2)(t) curves the 

presence of a third relaxation mode is less clearly visible than 

in the case of PEO-distearate investigated by Appell et al [23]. 

An important question is whether the relaxation processes are 

diffusive or not. The q-dependence of the relaxation rates was 

analyzed and showed that the fast mode has a q-2 dependence 

(see figure S5) and therefore can be associated with the 

collective diffusion coefficient Df,coll of the microemulsion 

droplets or clusters formed by them. Its value decreases with 

increasing polymer concentration (fig. 8) and reaches a rather 

constant value at ~ 1 wt% Rewopal 6000DS. An interpretation 

would be that in this concentration regime bigger agglomerates 

(clusters) of the microemulsion droplets are formed, as already 

indicated by the SANS measurements and, in agreement with 

the rheological observations, these clusters are effectively 2-3 

times bigger in size than the individual microemulsion droplets. 

For higher polymer content Df,coll increases again slightly, 

which means that the collective diffusion of the smaller 

structural units is not further reduced by the presence of the 

polymer and the formation of an interconnected network of 

microemulsion droplets. Here it should be noted that collective 

diffusion does not really mean the actual transport of individual 

droplets but is related to the relaxation of the density 

fluctuations in that system (further information regarding the 

self-diffusion can be deduced from the FCS experiments 

described in 3.4.). 

Figure 8: Reduced collective diffusion coefficient Df,coll/DME of 

the fast mode calculated as Df,coll = 1/(τfast). DME is the diffusion 

coefficient of the microemulsion without polymer. The dotted 

line is a guide to the eye. 

 

 

The slow mode is more complex and not purely diffusive. From 

the log-log representation (fig. 9) it becomes clear that the 

power law (Γ~qn,slow) dependence of the relaxation rate changes 

markedly with increasing polymer concentration. The slow 

relaxation process becomes much slower (Figs. 7 and 9 and 

Table 4) with increasing polymer concentration. For low 

polymer content, n is approximately 2, thereby indicating  

Figure 9: a) Slow relaxation time inverse τslow
−1 as a function of 

the magnitude q of the scattering vector. Solid lines: fits with 

equation τslow
−1 
∼ qnslow. b) q-dependence exponent nslow as a 

function of the polymer concentration added to microemulsion. 

 

diffusive relaxation, then first increases up to a value of almost 

3 for ~ 1.25 wt% Rewopal 6000DS, and then for still higher a 

polymer content nslow decreases substantially and approaches 0 

around 2.5 wt% Rewopal 6000DS (see fig. 9b), i.e., the 

relaxation becomes independent of the size scale considered. 

Higher q dependencies than q-2 have been observed for 

crowded systems, where the slower relaxation time arises from 

caging or obstruction effect of neighboring particles or clusters 

[53]. 

 

Relaxation times that are q independent are observed in 

transient networks, where the slow relaxation time is correlated 

to the structural relaxation time [23,26,28]. In our system at low 

polymer concentrations the polymer induces the formation of 

droplet clusters with the corresponding increase in effective 

volume fraction and viscosity (see Fig 4) and the q dependence 

of the slow relaxation increases. Once the network is fully 

formed, the slower relaxation becomes q independent. Such a 

transition of the q dependence upon gelation has already for 

instance been reported for the thermoresponsive gelling of 

nonionic cellulose ether in the presence of ionic surfactants 

[54]. 

For this higher polymer concentration the slow relaxation time 

is in the range of 20-100 ms (table 4) in the same order of 

magnitude of the rheological relaxation time (table 3), but, in 
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contrast to the rheological times, one finds a systematic 

increase with increasing polymer concentration. 

 

 

Table 4: Values for the amplitude of the fast relaxation mode 

Af, the effective diffusion coefficient Deff (= Γf/q
2)) derived 

from the fast relaxation mode, the relaxation time of the slow 

process τsl (obtained at 90°), exponent of the q-dependence of 

the relaxation rate nsl and the stretching exponent βsl of the slow 

mode (obtained as the average of the angle-dependent 

measurements). 

Cpol/wt% r Af Deff /10-11m2s-1 τsl/ms <τsl>/ms nsl βsl 

0 0 1.0 9.77     

0.25 1.19 1.0 9.04     

0.5 2.39 1.0 6.39     

0.75 3.59 0.98 4.88 0.33 0.36 1.93 0.83 

1 4.79 0.87 4.52 0.81 0.98 2.39 0.74 

1.25 5.98 0.73 4.37 1.98 2.98 2.79 0.60 

1.5 7.17 0.73 3.49 27.0 61.0 2.17 0.47 

1.77 8.44 0.72 3.8 18.6 30.0 1.05 0.57 

2.04 9.75 0.62 3.73 20.1 35.3 1.51 0.54 

2.3 11.0 0.67 4.09 45.8 59.6 0.58 0.68 

2.56 12.3 0.5 4.23 86.7 116 0.38 0.66 

3.09 14.8 0.5 5.02 102 128 0.21 0.71 

 

Another interesting property is the stretching parameter βsl, 

which is close to 1 for low polymer content but then becomes 

smaller with increasing polymer content (table 4). This is 

consistent with the observation that the second relaxation rate is 

still diffusive at low polymer content. However, for the range of 

higher polymer content the stretching parameter βsl deviates 

increasingly from unity, while at the same time the exponent nsl 

deviates increasingly from the diffusive value of 2, i.e., this 

mode is due to a more complex relaxation, that can be ascribed 

to the viscoelastic network formed in the microemulsion 

copolymer systems. Once the network is formed, βsl goes to a 

rather constant value 

The q dependance nsl first increases in the range of cluster 

formation, where B2 goes to a minimum, and then rapidly goes 

to zero for the highly viscous systems of an interconnected 

network of O/W droplets,. A further confirmation of the 

relation between the slow mode and the elastic properties of the 

network was asserted by the direct proportionality of Aslow and 

G0 (fig.S6). 

 

Self-Diffusion – Fluorescence Correlation Spectroscopy (FCS) 

 

While DLS gives information about collective diffusion, FCS 

measurements yield a complementary insight into the dynamic 

behavior of the polymer bridged microemulsion systems as 

FCS measures exclusively self-diffusion of the labeled 

domains. The droplets were selectively fluorescently labeled 

with Nile Red at a concentration of 2.5 nM. Then FCS was 

measured as a function of the concentration of added Rewopal 

6000DS. These measurements show for the pure microemulsion 

droplets a diffusion coefficient very similar to that seen by DLS 

(9.77, DLS vs. 8.99 10-11 m2/s for FCS; compare table 4 and 

table S2, but it should be noted that due to the typical 

calibration uncertainty of the confocal volume the precision of 

the FCS diffusion coefficient is not better than 20% in absolute 

units).  

Upon adding the bridging polymer Rewopal 6000DS, there is a 

rapid increase of the relaxation time in the fluorescence 

correlation functions (fig. 10 and table S2), that occurs in the 

range of 0 to 2 wt% Rewopal 6000DS. The self-diffusion 

coefficient Ds is correspondingly reduced (fig. 11 and table S2) 

in a similar fashion as seen by DLS. However, the reduction of 

the self-diffusion coefficient Ds is much more pronounced (see 

figs. 8 and S5), which means that the self-diffusion is much 

more frozen in by the network formation. The fast decrease of 

the self-diffusion coefficient Ds confirms the idea of the 

formation of clusters of microemulsion droplets interconnected 

by the polymer, which is similarly seen in FCS and DLS. Upon 

further increase of r, Ds remains almost constant and low, 

thereby indicating that the O/W droplet are largely reduced in 

their mobility. This is different to DLS, where the network 

formation leads to a slight increase of Deff (as the network 

formation allows for faster collective diffusion), while Ds 

describing the movement of individual droplets remains low, as 

they are basically fixed in space (it might be noted that here we 

cannot exclude molecular diffusion of the Nile red by a hopping 

process, due to its solubility of 0.2 mg/ml in water).  

Figure 10: FCS decay curves of microemulsion with C18-

EO150-C18 of different concentrations. The lines are the fits with 

Eq. 6 yielding the parameters listed in table S2. The inset plots 

the characteristic diffusion time τD as a function of the polymer 

concentration. 

 

At the same time with increasing r the relaxation mechanism 

becomes less uniform, which was quantified by fitting the 

experimental relaxation data by eq. 6 and deducing the 

parameter γ, which describes the deviation from simple 

diffusion (that would correspond to γ = 1). Accordingly, the 

dynamic behavior of the polymer/surfactant mixtures depends 

largely on their mixing ratio and on their total concentration. 
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Fig. 11 shows the anomalous diffusion exponent γ that 

describes the monodispersity of the relaxation mechanism (both 

the characteristic diffusion time τD and the anomalous diffusion 

exponent γ are also given in table S3). γ is constant up to a 

value of 1.0 wt% (r ~ 5) and then decreases linearly with 

increasing r, which is exactly in the range where the percolation 

in the samples, i. e., the formation of a highly viscous network, 

takes place. Accordingly, the appearance of an anomalous 

diffusion is related to the formation of this network in solution, 

which means that the arrest of the individual microemulsion 

droplets is directly seen by FCS. It might be noted here that our 

FCS observations differ substantially from those reported by 

Cipelletti et al obtained by FRAPP on a principally similar O/W 

droplet system bridged by a PEO-DS. In their case the diffusion 

observed by FRAPP was related to the slowest relaxation time 

seen by DLS [28], while in our case it is originally the same as 

the fast mode of DLS and it then differs increasingly for higher 

r values. The hydrodynamic radius Rh calculated from the self-

diffusion coefficient Ds (table S2) of the microemulsion without 

polymer yields a value of 2.66 nm and the subsequent change 

of Ds with increasing polymer concentration is first quite 

similar to that seen by DLS. Only for high polymer content it 

then is substantially lower. In that context it should also be 

noted that FCS probes diffusion over a distance of ~ 1 µm, 

which is comparable to the distances probed by DLS, but much 

smaller than those of the FRAPP experiment.   

 

 

Figure 11: Reduced self diffusion coefficient Ds/Ds,ME 

calculated as Ds = w0/(4τDα) and anomalous diffusion exponent 

γ as a function of the concentration of C18-EO150-C18 (obtained 

by analysis with Eq. 6). Ds,ME is the self diffusion coefficient of 

the microemulsion without polymer. The dotted line is a guide 

to the eye. 

Conclusions 

Our comprehensive structural, dynamical and rheological 

investigation of a diluted O/W microemulsion allows to derive 

a detailed structural and dynamical picture of the changes 

occurring upon adding increasing amounts of a telechelic 

polymer able to bridge different microemulsion droplets and 

how this is related to the macroscopically observed increase of 

viscosity.  

At low polymer concentration the bridging polymer simply 

introduces an attractive interaction between the droplets, which 

leads to the formation of interconnected clusters of droplets 

(see fig. 12), as also predicted by MC simulations [22,55]. This 

is evidenced from SANS and also from DLS and FCS, where a 

much slower diffusion of these clusters is observed. The 

maximum clustering is observed for a number of about 5 

hydrophobic stickers per microemulsion droplet (r = 5), as seen 

by the minimum of the second virial coefficient, that is a good 

measure for the effective interaction in this complex self-

assembled system. However, at this point the viscosity of the 

samples is still rather low.  

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
     
 
               

Figure 12: Schematic drawing of the structural evolution of 

microemulsion/telechelic polymer systems as a function of the 

amount of added linking polymer. a) low polymer content, just 

some bridging, b) intermediate polymer content, cluster 

formation, c) high content, network formation 

 

Only for a somewhat higher polymer concentration of r = 7, one 

observes a rather sharp increase of viscosity that can be 

attributed to a space-filling formation of a polymer-mediated 

network of microemulsion droplets (fig. 12), i. e., here 

percolation takes place. At this point also a much slower 

relaxation mode starts to be seen in DLS (and as similarly 

observed before for cross-linked microemulsion systems 

[23,25-28] that increases with further increasing polymer 

content, and at this point FCS shows the onset of anomalous 

diffusion. The amplitude of the slower relaxation mode seen by 

DLS is directly proportional to the shear modulus G0. For this 

r↑ 

r>rp 

a) 

 

 

 

b) 

 

 

 

 

c) 
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completely interconnected network of microemulsion droplets 

one has a largely enhanced viscosity and pronounced 

viscoelastic properties of the systems, where the collective 

diffusion seen by DLS is increasing again (due to the 

interaction between the droplets introduced by the presence of 

the polymer), whereas the self-diffusion seen by FCS remains 

very low as the individual droplets are effectively frozen in the 

viscoelastic network. In that context it might also be interesting 

to note that dynamic investigations on a related 

microemulsion/telechelic star polymer system by means of 

neutron spin-echo (NSE), which probes dynamics over the 1-20 

nm range, showed that on that time scale the apparent diffusion 

coefficient was only reduced by a relatively small extent and 

network formation, and was more efficient for a 2-arm bridging 

polymer compared to ones with more bridging arms [56]. This 

is opposite to the trend observed for the rheology, where 

rheological parameters increase with the number of arms [24], 

but demonstrates the complexity of the dynamic details in such 

interconnected microemulsion networks.  

Accordingly, the dynamic behaviour of the polymer/surfactant 

mixtures depends largely on their mixing ratio and on their total 

concentration and the structural evolution is described by the 

structural picture given in fig. 12. First, at low polymer content, 

interconnected clusters are formed and only for higher content 

of telechelic polymer a space-filling network with elastic 

properties appears. Very interesting in that context are the 

results from FCS, that describe the self-diffusion of the 

microemulsion droplets and show a very slow internal 

dynamics for higher polymer content, while at the same time 

collective diffusion increases again. These findings are very 

interesting as they show in detail how the internal dynamics, 

that are correlated for instance to the transport and release of 

active agents from such a system, are controlled by the amount 

of telechelic polymer contained. The macroscopic rheological 

properties can directly be related to the amplitude and 

relaxation time of the slow mode of DLS. The combination of 

DLS and FCS results with the rheological observations then 

allows for a comprehensive understanding of these mixed 

systems, as it is essential for an optimized formulation of such 

microemulsion systems, which is important for many 

applications. 
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