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Abstract Static and quasielastic light- 
scattering measurements of end- 
sulfonated polyisoprene in a water in 
oil (w/o) microemulsions were used to 
characterize the structure and 
diffusion properties of this complex 
system. The hydrophilic end groups of 
the polymer stick to the surfactant 
covered oil/water interface, thus 
bridging the water droplets. This 
structure formation decreases the 
mobility of the aqueous nanodroplets 
and polymer molecules. At inter- 
droplet distances larger than the 
end-to-end distance of the ionomer 

chain a decrease of the osmotic 
modulus is observed. It can be 
explained by a depletion force of free 
ionomer chains acting on the nano- 
droplets. With increasing polymer 
concentration structure formation of 
the microemulsion is observed at 
nanodroplet concentrations where the 
ionomer chains just fit the average 
separation of two nanodroplets. 
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Introduction 

Interactions between polymers and organized surfactant 
systems are of considerable interest from a scientific and 
industrial point of view. Aqueous solutions of such systems 
are studied in great detail which is reviewed in [1]. Poly- 
mer-surfactant complexes formed in apolar solvents are 
hardly studied [2]. Microemulsions might well be 
considered as a particular class of solvents having a 
compartmentalized structure of hydrophilic and hydro- 
phobic domains on a nanometer scale separated by a 
surfactant monolayer. Functionalized polymers consisting 
of hydrophilic and hydrophobic blocks show structure 
formation in such "complex" solvents by trying to accom- 
modate these blocks in the apolar and polar domain. In 
a series of papers, we reported on structural and dynamic 
properties of ABA triblock-copolymers in AOT/water/ 
isooctane w/o microemulsions [3-5]. The observed "core- 
shell" structure and dimerization of microemulsion drop- 

lets at small polymer concentrations (approximately one 
polymer per nanodroplet) [3], the large viscosity enhance- 
ment and viscoelastic behavior at higher polymer concen- 
tration [4] and the slow diffusion process measured by 
quasielastic light scattering (QELS) [5] result from the 
particular chemical structure of the copolymer and micro- 
emulsion, respectively. Reversible bridging of colloidal 
particles by blockcopolymers or telechelic ionomers 
gives rise to transient networks with interesting dynamic 
and rheologic properties [6]. These properties depend on 
the thermodynamics of the polymer chain and on the 
chain dynamics in the vicinity of the interface. Recent 
theoretical work focused on the nature of transient net- 
works formed by polymers with sticky end groups or 
blocks [7-9]. 

In this paper, we report on static and dynamic light 
scattering measurements of telechelic ionomers in w/o 
microemulsions. In contrast to blockcopolymers the inter- 
actions of the ionomer chain with the hydrophitic nano- 
droplets is much weaker, i.e., the strength of the transient 
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networks is diminished. This is a consequence of the hy- 
drophilic end groups being localized in the surfactant 
layer. Upon addition of ionomers, hence, the droplet prop- 
erties, i.e., size and refractive index, are not changed and 
the exchange of polymers between different droplets does 
not disturb the surfactant layer. This facilitates the analysis 
of the light scattering measurements since the scattered 
light stems almost exclusively from the nanodroplet whose 
molecular weight exceeds by far that of the ionomer. Addi- 
tionally, it is possible to change the refractive index of 
the oil phase to match the ionomer chain which yields 
information on the nature of the observed diffusive 
processes. 

Experimental 

Materials 

Water in oil microemulsions were prepared from AOT, 
(sodium bis (2-ethylhexyl) sulfosuccinate), obtained com- 
mercially in microselect quality from Fluka, n-octane 
(Fluka) or dipentene (Fluka) and water, deionized with the 
Alpha-Q-Reagent Grade system (MiUipore). The composi- 
tion of the microemulsion corresponds to the optically 
transparent and low viscous mono-phasic region within 
the ternary phase diagram and is characterized by a molar 
ratio of water to AOT, i.e., here wo = 62 corresponding to 
the mass ratio of water to AOT rw = 2.5. Assuming a mean 
polar head group area in the water/oil interface of 
5.8 10-19 m e [10] a droplet radius r,a = 9.6 nm and a mo- 
lecular mass Mnd = 3.2 106 g/tool are calculated. 

The ionomer used consists of a polyisoprene chain with 
sodium sulfonate end groups. The synthesis is described 
elsewhere [11]. The molecular weight Mw of the poly- 
isoprene chain is 50000 g/mol and the polydispersity 
Mw/M~ = 1.08. 

We use a complex solvent, i.e., a three-component 
microemulsion characterized by the size (rna) and the con- 
centration of nanodroplets (Cna) �9 The droplet size is kept 
constant. Another important parameter is the polymer 
concentration (cp) expressed by the mass of polymer per 
volume of oil. It adjusts the chain segment density inde- 
pendent of the nanodroplet concentration, since the poly- 
mer chains are oil compatible. A third parameter is the 
number of polymer molecules per nanodroplet, R. It deter- 
mines the functionality of the nanodroplets and is relevant 
for network formation. R is related to Cp and Cna and 
cannot be chosen independently of these concentrations. 
We have changed, therefore, first the polymer concentra- 
tion at constant cna (series A and B), i.e., the number of 
polymer molecules per nanodroplet R increases with in- 
creasing cp. Secondly, three series were prepared by dilu- 
tion at constant cp (series C, D, E), i.e., R increases with 
decreasing cnd. For  a particular concentration dipentene, 
which is also a good solvent for polyisoprene, instead of 
n-octane was used as the oil phase. The refractive index of 
dipentene is n = 1.47, this is close to that of PI (n = 1.51) in 
contrast to n = 1.39 of n-octane. 

The sample characteristics are listed in Table 1. 
The overlap concentration c* of a polymer chain in 

solution can be estimated from c* = M/(NAr3g). NA being 
Avogadro's constant and rg the radius of gyration [12]. 
From the radius of gyration, we find c* = 0.041 g/cm 3 in 
a good solvent. Our experimental cv values are smaller 
than 0.026 g/cm 3, hence, the solution of the PI chains in 
the oil phase is dilute. The end-to-end distance of the PI  
chain in a good solvent is approximately 32 nm [13]. 

Light scattering 

The static and dynamic light scattering experiments were 
performed using a commercial goniometer (ALV-Langen) 

Table 1 
series 

A 
cn, l = 0.157 g/cm -3 
B 
Cnd = 0.15 g/cm -3 

C 
% = 0.003 g/cm-3 

D 
cp = 0.007 g/cm 3 

E 
c o = 0.021 g/cm- 3 

cp = {0.056, 0.033, 0.021, 0.011, 0.005} g/cm -3 

R = {t0, 5.7, 3.7, 1.9, 0.8} 
cp = {0.026, 0.016, 0.011, 0.0055} g/cm -3 
R = (9.6, 6.0, 4.0, 2.0} 

qld = {0.158, 0.153, 0.19, 0.15, 0.11, 0.072, 0.037, 0.018} g/cm -3 
R = {0.5,0.63,0.8, 1.1, 1.5,2.4,4.9, 10.5) 
cnd= {0.158, 0.153, 0.19, 0.15, 0.11, 0.072, 0.054, 0.045} g/cm -3 
R = {1.2, 1.5, 1.9, 2.5, 3.6, 5.7, 7.8, 9.5} 
Cnd = {0.039, 0.038, 0.037, 0.028, 0.018} g/cm- 3 
R = {10.9, 11.3, 11.7, 15.1,24.4} 
c~d = {0.157, 0.153, 0.19, 0.15, 0.11, 0.071, 0.036) g/cm 3 
R = {3.6,4.6,5.8,7.8, 11.1, 17.5,35.8} 
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equipped with a frequency doubled NdYAg-laser 
(ADLAS, wavelength 2 = 532 nm) at scattering angles 
0 between 20 ~ and 150 ~ Thus, the scattering vector 
q = 2rcn/2 sin(0/2) varies between 5.7 106 and 3.2 10 ? m -  1. 
An ALV-5000/E correlator was at our disposal to calcu- 
late the photon intensity autocorrelation function gz(t). 
The samples were prepared by filtering them through 
a Millipore filter (FGS, 0.2 #m) into 10 mm o.d. quartz 
cells. They were plugged up by a long Teflon stopper 
which reduces the gas volume above the sample to minim- 
ize evaporation of the oil. Prior to the measurements the 
ceils were homogenized by rolling them for a few hours on 
a rock'n roller table at the measuring temperature. The 
sample cell housing mounted in an optical matching vat is 
temperature controlled to T + 0.02 K. Data analysis was 
performed on the normalized intensity autocorrelation 
function g2(t) using a non-linear regularization method 
performed by the ALV-800 transputer. Selected data series 
were fitted to a double stretched exponential function 
using a nonlinear least square fitting routine. 

The time averaged scattered light intensity is expressed 
by Kc/Ro, with an optical contrast factor K = 
4rc2n2/24 (d/'t/dc) 2, no being the refractive index of the 
solution, c the concentration of nanodroplets in g/cm 3 and 
Re the Rayleigh ratio of the solution corrected for the 
scattering contribution of the pure solvent. The refractive 
index increment dn/dc was measured at 20 ~ using a Briee 
Phoenix differential refractometer. 

Conductivity 

The conductivity was determined using an autobalanced 
conductivity bridge CDM-83, operating for optimum sen- 
sitivity between 70 Hz and 50 kHz depending on the con- 
ductivity range. The sample cell containing the platinum 
electrodes was thermostated to T __+ 0.02 K. 

Viscosity 

The viscosity was measured using a thermostated Ub- 
belohde capillary viscosimeter. 

Resul ts  

Constant interdroplet distance 

The effect of the ionomer on the phase diagram is hardly 
observable in the concentration range investigated. This 
is in contrast to our w/o-microemulsions with triblock- 
copolymer where the mono-phasic region of the polymer- 

microemulsion systems is broadened [4-1, apparently due 
to the interaction of the POE chains with the nanodroplets 
[14-1. Still the ionic end groups must be essential for the 
thermodynamic stability of the system: the PI blocks of the 
same molecular weight as the ionomer, however, with 
hydrophobic end groups cannot be dissolved even at con- 
centrations lower than 10-a g/cm 3 in the microemulsion 
without phase separation. This is explained by the action 
of a depletion force between the nanodroplets caused by 
an osmotic pressure difference of the polymer chains in the 
gap between neighboring droplets and outside this gap 
[15]. 

Typical angular dependent intensity correlation func- 
tions at cna = 0.15 and 0.27 and R = 4 are shown in Fig. 1. 
Two correlation processes can be distinguished. The am- 
plitude of the slow decay decreases with increasing scatter- 
ing vector. Both, the nonlinear regularization analysis and 
the nonlinear least square fit of two stretched exponential 
functions yield a q2-dependence of the correlation rate for 
the fast and slow process, indicating the diffusive character 

Fig. l Auto correlation function obtained from QELS at different 
scattering angles for R = 4 and c,d = 0.15 g/cm 3 (upper curves) and 
c~a = 0.27 g/cm 3 (lower curves) at r -- 15 ~ 
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Fig. 2 Diffusion coefficients (obtained from the fit of two stretched 
exponential functions to the autocorrelation function) against the 
polymer concentration. Open symbols correspond to the fast diffu- 
sion process, closed symbols to the slow process. (cad = 0.15 g/cm3: 
�9 [] T = 2 0 ~  �9 o T = 1 5 ~  cna=0.27g/cm3;  �9 zx T = 2 0 ~  
�9 v T = 15 ~ The numbers indicate the power law exponents 

of these processes. The dependence of the diffusion con- 
stants on the polymer concentration is shown in Fig. 2 for 
series A and B. The fast diffusion is only weakly concentra- 
tion dependent, however, becomes faster with increasing 
cp. The slow process behaves quite differently regarding 
the two droplet concentrations: for Cnd = 0.15 g/cm 3 the 
slope in a log-log plot is about - 2 and almost temper- 
ature independent. For cna = 0.27 g/cm 3 the slope be- 
comes smaller and strongly temperature dependent. This 
temperature behaviour is reptotted in detail at constant 
R in Fig. 3. To elucidate this temperature effect we show 
the temperature-dependent conductivity for both nano- 
droplet concentrations (see inset). At C,a = 0.27 g/cm 3 the 
onset of a system spanning nanodroplet cluster occurs 
revealed by an increase of the conductivity over several 
orders of magnitude. For c,a = 0.15 g/cm 3 only a very 
weak temperature dependence is observed. This transition 
at the higher concentration is characterized by a dynamic 
clustering of droplets which is a well known property of 
microemulsions [16]. At our particular droplet size and 
concentration this dynamic droplet cluster consists of indi- 
vidual droplets which are temporarily in contact with each 
other by the aliphatic AOT tails. This contact increases 

drastically the electrical conductivity via an improved so- 
dium and surfactant ion exchange between the nanodrop- 
lets. The dynamical droplet clustering markedly increases 
the slow diffusion coefficient (by a factor of about 5). 
Please note that the collective diffusion coefficient in the 
pure microemulsion and the fast diffusion process in the 
polymer containing samples are almost not affected by the 
system spanning droplet cluster. This is a consequence of 
its dynamic character. 

Figure 4 shows the angular dependent correlation 
functions for cna = 0.072 g/cm 3 and R = 5.7 using dipen- 
tene and n-octane. In contrast to n-octane matching of the 
polymer in dipentene leads to a suppression of the slow 
diffusion process. 

Constant polymer concentration 

In order to calculate Kc/Ro, one has to calculate the 
optical contrast factor K and, therefore, one has to know 
the refractive index increment for the scattering system. In 
our case the scattering systems consist of droplets which 
can be treated as hard sphere scatterers and polymer 
chains added to the solution of these spheres without 
interpenetrating the spheres. Due to the low molecular 
weight of the polymer chains compared to the nanodrop- 
lets, their dynamics is much faster. Thus, one can treat the 
spheres as scatterers in a background medium of oil and 
polymer chains. In other words the optical contrast factor 
is determined by the refractive index increment of the 
nanodroplets with respect to the polymer solution rather 
than the pure oil. Furthermore, the scattered light intensity 
of the nanodroplets is by a factor of 1000 larger than the 
scattered light intensity of the polymer chains at the lowest 
droplet concentration and largest polymer concentration, 
which is caused by their large difference in molecular 
weight inspite of the larger refractive index increment of 
the polymer solution. We have measured the refractive 
index difference between the series with constant polymer 
concentration and the pure polymer solution and obtained 
dn/dc = - 0.0277 ml/g - 0.1 ml2/g 2 cp. It is obvious that 
adding the polymer to the oil increases the difference of the 
refractive indices of the nanodroplets and the polymer 
solution, therefore slightly increasing the absolute value of 
the refractive index increment. The above arguments holds 
only if there occurs no clustering of droplets and polymer 
chains. This case will be discussed below. In the case of the 
lowest cp the influence of the polymer on the value of dn/dc 
is completely negligible. 

We now present light scattering data of the series C, D, 
E where c,a was changed at constant cp. For comparison 
the proper microemulsions without polymer were studied 
at different droplet concentrations. Series D displayed 
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Fig. 3 Slow diffusion coefficient 
against temperature for cna = 
0.15 g/cm a (e) and 
c~a = 0.27 g/cm 3 (v) at R = 4. 
The inset shows the 
temperature dependent 
conductivity for 
cnd = 0.27 g/cm a 
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I 

0.8 

0.6 

0.4 

0.2 

0.0 

150' 

dipentene 

30 ~ 

0.8 

0.6 

0.4 

0.2 

0.0 

10-3 tO -2 10 -1 100 101 102 103 104 105 10 .3 10 .2 10-1 10 o 101 102 103 104 105 

t / m s  

a strange scattering behavior  a s  shown in Fig. 5. For  
cna > 0.1 g /cm 3 a monotonica l ly  decreasing value of 
Kc/Ro was found almost  independent  of  q2. At still lower 
concentra t ions  an increasing angular  dependence of  the 
scattered light is observed and within a nar row concentra-  
t ion range of 0.025 to 0.04 g/cm 3 a s t rong increase of  

Kc/Ro occurred. Extrapola t ion of  Kc/Ro to q = 0 yields 
the osmotic  modulus  (RT)-16rc/bc, a the rmodynamic  
quant i ty  which is plotted against the nanodrop le t  concen-  
trations for the C, D and E series and the pure micro- 
emulsion. At high droplet  concentrat ions a mono ton i c  
increase of  the osmotic  modulus  with increasing polymer  
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concentration is observed. At low droplet concentrations 
the osmotic modulus decreases with decreasing c,a. The 
crossing over occurs at a concentration where the inter- 
droplet distance becomes comparable with the mean end- 
to-end distance of the polymer. For cp = 7 10 .3 g/cm 3 
a maximum in the osmotic modulus is found at C,H = 
0.036 g/cm 3. At this concentration the sample shows also 
a maximum in the viscosity and a weak gelation. A de- 
tailed discussion of this behavior follows below. 

The scattered intensity of the pure microemulsion 
shows a maximum at about c,d = 0.03 g/cm 3, i.e., the os- 
motic modulus first decreases with droplet concentration 
and then increases. This is a well known behavior for w/o 
microemulsions [17] and is explained by a combined hard 
sphere repulsive and a short ranged attractive potential 
due to van der Waals attraction and interpenetration of 
the surface layer of opposite particle surfaces. 

The analysis of the intensity autocorrelation function 
92(t) for the diluted samples yields two dominating correla- 
tion processes which are both q2-dependent. The constants 
of the fast diffusion process were plotted against c,d in 
Fig. 7. In analogy to the osmotic modulus a monotonical 
increase of the diffusion constants is observed with increas- 
ing polymer concentration in the high concentration re- 
gime. For cp < 0.07 g/cm 3 the diffusion constants decrease 
the stronger the higher the polymer concentration. The 
microemulsion without polymer shows the dominant at- 
tractive interaction at low droplet concentrations and 
a diffusion constant of 4.1 10-J~m2s-1 is extrapolated 
for c~d = 0. From the Stokes-Einstein relation (D = 
kT/6zctlRh) a hydrodynamic radius of 9.8 nm is obtained 
which agrees reasonably with the radius of the nanodrop- 

let. The diffusion constant of the slow process is plotted 
against c,a in Fig. 8. It decreases with increasing polymer 
concentration. This behavior is much less pronounced 
than the decrease of the diffusion coefficient by orders of 
magnitude with decreasing droplet concentration. At first 
sight this is a surprising effect but it will shed some-light on 
the nature of the slow correlation process. 

Discussion 

Diffusion processes obtained by QELS 

In the pure microemulsion the diffusion process arises from 
the collective compression-dilatation motions of the nano- 
droplets [18]. Addition of polymer leads to an increase of 
the osmotic modulus (see Fig. 6) and, therefore, to an in- 
crease of the collective diffusion coefficient. Comparison of 
the diffusion coefficients of the fast process in the pure and 
polymer containing microemulsions (Figs. 2 and 7, above 
0.1 g/cm 3) reveals that both processes originate from the 
collective droplet motion. This was also concluded for the 
ABA triblock-copolymer microemulsion systems [5]. 

As regards the mechanism responsible for the slow 
diffusion process, this is a much more difficult question. At 
least two different molecular interpretations can be of- 
feted: the simplest idea is the droplet cluster formation via 
bridging polymer molecules leading to larger objects 
which are responsible for the slow diffusion process. This 
should result in a strong forward scattering which is ob- 
served only for very low nanodroplet concentrations. Pre- 
vious studies with ABA triblock copolymers in the same 
w/o microemulsions showed that the slow diffusion pro- 
cess can be related to the polymer self diffusion [5]. Hence 
the molecular motion of the polymer chains is monitored 
by the nanodroplet scattering, since the contribution of 
the polymer chains to the scattering intensity is negligible. 
Calculating the ratio of the product of the optical contrast 
factor K (using the values of the refractive index increment 
of the two component system polymer/oil and the quasi 
two-component system nanodroplet/oil) and Mw of the 
nanodroplets and the polymer one yields a ratio of the 
scattering intensities of the nanodroplets to that of the 
polymer at equal concentrations of both components of 
about 1000. At higher droplet concentration it becomes 
still larger. 

To approach a possible answer to the question of the 
responsible molecular process we summarize the experi- 
mental facts known about the slow process: 

. the slow process becomes slower with increasing 
cp at cna = const. (Fig. 2) and with decreasing C,a at 
cp = const. (Fig. 8), 
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�9 the scattering intensity of  the slow process is angular  
dependent.  If  only the particle form factors are responsible 
for the q-variations of the autocorre la t ion function one 
derives f rom a semi-logarithmic plot  of  the ampli tude ratio 
against q2 a correlat ion length of about  30-50 nm. This 
value agrees with the mean  center to center distance be- 
tween the nan �9  

�9 the slow process becomes faster in the system spann- 
ing cluster regime, i.e., while building up of  the dynamic  
droplet  cluster (Fig. 3), 
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�9 the slow process vanishes if the po lymer  refractive 
index is crudely matched by that  of  the oil phase (Fig. 4). 

The two last observations are not  compatible  with the 
idea of cluster format ion due to the added polymer.  We  
therefore suppose that  the slow process originates f rom 
polymer  concentra t ion fluctuations. Such fluctuations re- 
sult in a spatial inhomogeneous  refractive index of  the 
cont inuous  phase sur rounding the nan�9  This 
leads to a spatial distribution of  the droplet  scattering 
power  even at spatially constant  droplet  concentrat ion.  
Thus, the fast diffusion process is due to averaging the 
concentra t ion fluctuations of the nan �9  via 
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collective droplet motion. But this process does not lead to 
a complete decorrelation or the scattered light and the 
remaining correlation of scattered light is caused by the 
inhomogeneities of the scattering power of the spheres. 
This part of the correlation decays only by decaying of the 
fluctuations of the refractive index of the background, i.e., 
of the polymer solution. This picture is similar to that used 
to explain the slow mode obtained for interacting polydis- 
perse spheres [18], with the exception that in our case the 
polydispersity fluctuations do not decay by the self-diffu- 
sion of the droplets. By contrast they decay due to the 
collective diffusion of the polymer chains which should be 
comparable to the self-diffusion, since we study the dilute 
polymer concentration regime. The polymer diffusion is 
strongly affected by the attractive interactions between the 
polar end groups of the polymer chain and the nano- 
droplets. As shown in ref. [19], we suppose that the con- 
tact time of the polar end group in the surfactant layer of 
the nanodroplet is the dominant factor controlling the 
diffusion of the polymer chain. This contact time strongly 
depends on the collision rate and contact time of two 
nanodroplets during collision between the droplets. With 
increasing collision rate and contact time the exchange of 
the chain end groups between two droplets or between one 
droplet and the oil phase (and vice versa) increases, leading 
to a faster polymer diffusion. This explains qualitatively 
the observed increase of the slow diffusion constant at the 
system spanning cluster formation (due to increasing con- 
tact time between the nanodroplets) and the decrease with 
dilution of the microemulsion, i.e., with increasing droplet 
distance (due to decreasing collision rate between the 
nanodroplets). 

The above model implies that the interdroplet distance 
is the controlling parameter of the slow diffusion process 
(as shown in Fig. 8). For Cp = 0.003 g/cm 3 a power law 
dependence is observed with an exponent of - 1.7 _+ 0.2. 
At larger concentrations the diffusion coefficient shows an 
exponential dependence. The crossing over coincides with 
the formation of a three-dimensional network. The onset 
of this network formation is controlled by the functionality 
of the droplets which depends on R. 

Concentration dependence of the osmotic modulus 

At large Cnd where the interdroplet distance is small com- 
pared to the end-to-end distance of the polymer chains, the 
addition of polymer increases the osmotic modulus. It is 
a consequence of an increasing repulsion between the 
droplets because of steric effects of the polymer brushes 
covering the droplets. At these small interdroplet distances 
the majority of the polymer end groups are attached to the 
surfactant layer of the droplets. Also, the bridging of the 

nearest neighbor droplets via the polymer chains would 
result in a compression of the polymer chain (i.e., bridging 
is preferred between droplets at larger distances than the 
nearest neighbor distance). Loop formation of one poly- 
mer chain over the surface of a nanodroplet seems likewise 
to be unfavorable, since the droplet diameter is smaller 
than the end-to-end distance of the polymer chain. 

This situation changes at a certain droplet concentra- 
tion, C,O,~, where the interdroplet distance becomes 
comparable to the end-to-end distance of the PI chain. 
Theoretical investigations on polymer brushes on planar 
and spherical surfaces [20] have shown that at surface 
separations larger than the end-to-end distance of the 
polymer chain the number of bridging chains decreases 
drastically in favor of loops, dangling ends and free chains 
in case of weakly adsorbed chains. The free chains exert an 
additional attractive force on the nanodroplets. This is 
caused by their concentration difference in the wedged 
gaps (between opposite nanodroplets) and in free solution 
resulting in an osmotic pressure difference (AFI). A l l  
causes the observed decrease in the osmotic modulus 
at droplet concentrations below 0.08 g/cm 3 at Cp = 
0.003 g/cm 3. One can try to estimate roughly the contribu- 
tion of the depletion mechanism to the osmotic modulus 
using the calculations of Richmond and Lal [21] and Vrij 
[15]. For interdroplet distances large compared to the 
radius of gyration rg of the polymer chain the following 
equation for the osmotic pressure difference is obtained: 

A I I / R T ~ _  8nr~ 
ZcNAh2 , (1) 

with n the number density of free polymer chains in free 
solution, NA Avogadro's constant and h the interdroplet 
distance (surface to surface), where we have to consider 
that h is a function of cna: 

h--3 / Mnd 
NAC,o 2rnd. (2) 

In order to calculate the scattering intensity contribution 
due to the depletion effect, we require the dependence of 
n on the weighed-in concentration of ionomers and nano- 
droplets. This is accessible via an equilibrium association 
of ionomers (P) and nanodroplets (D), such that 
v ionomers interact with one nanodroplet, i.e., 

vP + D ~ K ~ D P v .  (3) 

Applying the mass action law, the mass balance and mak- 
ing some suitable approximations, one arrives at the num- 
ber density of free ionomers, 

NA I a-'~2Cn2d l 
n_~ ~ c, 1 1 + bc,aJ ' (4) 
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where a = 1 / %  b = (1 + c;K)/(c~ + 1K) and Mp being the 
ionomer molecular weight. There exists a characteristic 
nanodroplet concentration cne,o where n = 0, i.e., 

v Cnd, c -~ b / a 2 provided bc,d>> 1, i.e., cpK << 1. This condition 
conforms to the experimental situation. Thus, Eq. (4) can 
be given the form 

n = cp 1 - (5 )  
Cnd, c J  

or after insertion of Eq. (5) into Eq. (1), 

8 % [ 1 -  c~d ]r2 
end, e~ ~ 

A I I / R T  ~_ ~cNAh2 (6) 

Equation (5) conforms to Monte Carlo studies of telechelic 
polymer chains adsorbed onto flat parallel surfaces [22]. 
They show for surface separations larger than the mean 
end-to-end distance of the polymer chain that the amount 
of free polymer chains increases with increasing sepa- 
ration, i.e., with decreasing nanodroplet concentration. 
Also in case of curved interfaces the characteristic concen- 
tration cna,~ defines approximately that concentration 
where the interdroplet distance equals the end-to-end dis- 
tance of the ionomer chain. 

The contribution to the osmotic modulus is obtained 
by calculating the derivative of Eq. (1) with respect to the 
droplet concentration c~a and in the case c,a < cna, c, one 
obtains: 

_1 [ 6 ~ ]  ~ 16r~ ~ N A ] 2 / 3 c p [ l _  c~a] 

x (7) 
(1 - 2r~a ~/(NAC.a/M.a)) 3 '  

where we have neglected an additive contribution propor- 
~z/3 vanishing for cna--. O. At concentrations tional to ~ . a  

> c.a,~ the contribution of the depletion mechanism is 
zero and the osmotic modulus is determined by the inter- 
action potential between the nanodroplets. The osmotic 
modulus of interacting particles is usually described by 
a virial expansion of the form: 

K c  1 
- -  + Alcoa + AzCand + "'" �9 (8) 

R(q = O) = M,a  

The values of Aa and A2 were obtained from a fit of the 
experimental data at c.a > 0.1 g/cm 3. Below this concen- 
tration the osmotic modulus is fitted by the sum of Eqs. (3) 
and (4), where A~ and A2 were fixed. One obtains cp = 
1.6 103 g/cm 3 and c.a,~ =0.08 g/cm 3, i.e., only about 
40% of the weighed-in polymer chains contributes to the 
fraction of free chains for c.d = 0.018 g/cm 3. The other 

part of the polymer chains exists as ioops and dangling 
ends; this agrees reasonably well with ref. [22]. The onset 
of the depletion mechanism occurs at an interdroplet dis- 
tance of about 20 nm which follows from c~a,c using 
Eq, (2). This is somewhat lower than the mean end,to-end 
distance of the PI-chain in a good solvent (about 30 rim). 
One reason for this discrepancy is probably the spherical 
structure of the adsorbing interface which results in a dis- 
tribution of interracial distances larger than the interdrop- 
let distance calculated from cna. The dotted line in Fig, 6 
corresponds to a data set with the same value of cne, c 
and Cp =2.8  103 g/cm -3 yielding about 30% free 
polymer chains at the lowest droplet concentration of the 
series D. 

The variation of the concentration dependence of the 
osmotic modulus above a certain polymer concentration 
can only be understood by assuming a preferred local 
structure at an interdroplet distance equal to the end-to- 
end distance of the polymer chain. The osmotic modulus 
shows a maximum at c , a = O . O 3 6 g / c m  3 and cp= 
7 103 g/cm 3. At this particular interdroplet distance a min- 
imum of the free energy of interaction between polymer 
adsorbing nanodroplets occurs, thus defining a polymer 
nanodroplet aggregate characterized by bridging of near- 
est neighbor nanodroplets [20]. The polymer chains prefer 
apparently to accumulate between opposite droplets lead- 
ing to a much stronger repulsion in case of compression of 
the droplets. Thus with increasing polymer concentration 
the repulsive force prevails over the depletion force at 
constant c~d (in the present case c.a ~ 0.036 g/cm3). 

At this point, one has to note that the absolute values 
of Kc/Ro at higher cp are influenced by the dependence of 
the optical contrast factor K from the structure of the 
solution. Stable clusters of two or more droplets and 
polymers, i.e., scattering objects determined by a correla- 
tion length large compared to the droplet distance, with 
a composition such that its refractive index is equal to that 
of the oil are invisible for light scattering (optically match- 
ed). This composition corresponds to Cp = 0.007g/cm 3 
and c~a = 0.031 g/cm 3 and to cp = 0.021 g/cm 3 and c,a = 
0.094 g/cm 3 at the given droplet size. At cp = 0.021 g/cm 3 
no evidence for the occurrence of such clusters is seen in 
Fig. 6 (upper curve), whereas the maximum in the curve for 
cp = 0.007 g/cm 3 indicates the occurrence of such clusters. 
In other words, we can conclude that cluster forming in 
these systems is forced in the vicinity of and below the 
equilibrium distance. 

From the occurrence of an equilibrium distance it must 
be concluded that the samples with c,d < 0.036 g/cm a 
are only metastable. However, during light scattering 
measurements no phase separation was detected, but on 
time scales of a few weeks a separation of an oil phase was 
observed. This appears reasonable since the system tries to 
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a d o p t  its equi l ib r ium state,  i.e., the  d rop le t  concen t ra t ion  Acknowledgment We are grateful to the Swiss National Science 
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