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Abstract

This is the first report on the rheological properties of oil-gelled polymerizable bicontinuous
microemulsions. The polymerizable base system consists of H,O / NIPAm / BisAm — n-
dodecane — Ci3/15E5 (a technical grade n-alkyl polyglycol ether), where NIPAm denotes the
monomer N-isopropylacrylamide and BisAm the cross-linker N,N'-methylene bisacrylamide.
For the planned polymerization of the aqueous phase a scaffold is needed to preserve the
structure of the templating microemulsion during the polymerization. This scaffold is
supposed to be a gel, which was formed by adding the gelator 12-hydroxyoctadecanoic acid
(12-HOA) to the oil phase of the microemulsion. The influence of the water-to-oil ratio o, of
the gelator concentration 3, and of the monomer concentration y on the rheological behavior
of gelled microemulsions has been studied in detail. The most important result of the study at
hand is the observation of a transition from a high viscous solution to a gel, i.e. from a
transient to a permanent network, with increasing gelator concentration and increasing
amount of the oil phase, respectively. In other words, it is only under well-defined conditions

that an oil-gelled microemulsion is formed.
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1. Introduction

Microemulsions as templates for nanostructured materials have been of great interest for a
long time. These complex fluids, which contain water, oil and surfactant, are
thermodynamically stable and can appear as discrete particles of one phase dispersed in the
second (water droplets in oil or vice versa) or as a bicontinuous structure consisting of two
equal subphases, namely oil and water.! Using bicontinuous microemulsions as templates
should lead to a material with a high surface area and a structure equal to the structure of the
template. A promising application could be the use of microemulsions as templates for
polymers of various nanostructures. However practical problems are related to the high
flexibility of the surfactant monolayer and to the different time scales of structural changes in
a microemulsion (~1 ps) compared to the kinetics of polymerization (~1 ms per step).

A polymerizable bicontinuous microemulsion system with a gelled oil phase has been
developed previously in our group to arrest structural changes during the polymerization.*”
The chosen system consists of the ternary base system water — n-dodecane — Ci3/15Es (a
technical grade n-alkyl polyglycol ether). The gelator for the oil phase was 12-hydroxy-
octadecanoic acid (12-HOA), and the polymerizable aqueous phase contained the monomer
N-isopropylacrylamide (NIPAm) and the cross-linker N,N'-methylene bisacrylamide
(BisAm). Phase diagrams were studied in detail to elucidate the effect of each of the
components on the phase behavior of the microemulsion. These studies allowed for the
determination of the conditions under which a clear, gelled phase located in the one-phase
region of a H,O / NIPAm / BisAm — n-dodecane / 12-HOA — C;3,5sEs microemulsion is
formed.? The structure of the gelled microemulsion was studied via conductivity, small angle
neutron scattering (SANS), and NMR self-diffusion measurements. It has been proven that
gelling a bicontinuous microemulsion does not change the structure of the microemulsion — it
is still bicontinuous with the same domain sizes as the non-gelled counterpart. However, the
structure of the gel network in the gelled microemulsion has not been determined yet. We
assume that it resembles the structure of the respective binary gel, which consists of long thin
crystalline fibrils that are connected via crystalline nodes.* To verify this assumption the
thickness and the shape of the gel fibrils as well as the distance between the nodes needs to be
determined. SANS and transmission electron microscopy (TEM) measurements are currently
under way to complete the structural characterization of the gelled microemulsion.

The current study expands on that of our previous work™ and aims at investigating the

rheological properties of gelled bicontinuous microemulsions. Note that the present study is



the first of its kind. The questions we wanted to answer are: Are the high-viscous
microemulsions which we observed in our previous work indeed gels or only high viscous
solutions? Under which conditions is a microemulsion a gel in the first place? Is there a
difference between a gelled microemulsion and the respective binary organogel from a
rheological point of view? How is the rheological behavior of a gelled microemulsion
influenced if one changes the water-to-oil ratio a, the gelator concentration B, and the

monomer concentration y?
2. Experimental Part
2.1. Materials

The gelator 12-HOA, the monomer NIPAm, and the cross-linker BisAm were purchased from
Acros Organics. According to the manufacturer, these chemicals have a purity of 99%. The
gelator, 12-HOA was used as received and NIPAm was recrystallized twice from n-hexane.
The technical grade surfactant Lutensol® AOS5 (nonionic n-alkyl polyglycol ether with an
average molecular structure of C;35Es) was donated by BASF and used as received. n-
Dodecane (purity of 99%) was purchased from Sigma-Aldrich. The water was purified by a
Milli-Q system or alternatively doubly distilled.

2.2. Phase Diagrams
2.2.1. Microemulsions

The experimental procedure to determine phase diagrams of gelled microemulsions is
explained in.? Of importance for the present study are the definitions to characterize the
samples. The masses of the individual components water (A), oil (B), surfactant (C),
monomer (NIPAm), cross-linker (BisAm), and gelator (12-HOA) are denoted m(A), m(B),
m(C), m(NIPAm), m(BisAm), and m(12-HOA), respectively. The composition of the samples

is given in mass fractions. It holds for the mass fraction of oil in the water plus oil mixture

B
~ m(A)+m(B) 1

for the overall mass fraction of the surfactant in the sample



m(C)

" m(total) @
for the mass fraction of NIPAm + BisAm in the aqueous phase
m(NIPAm)+ m(BisAm)
V= n(A) + m(NIPAm) + m(BisAm)” 3
and for the mass fraction of 12-HOA in the oil phase
B m(12-HOA) )

~ m(B)+m(12-HOA)

Various amounts of the components were weighed into test tubes which contained a magnetic
stirring bar and were sealed with polyethylene stoppers. All phase diagrams were determined
at a fixed water-to-oil ratio o as a function of the temperature 7 and the total surfactant

concentration y. The focus was on the location of the 1-phase region of the microemulsion for

which the lower (2—1) and the upper phase boundary (1—2) were measured (see ref. 2 for
details). Microemulsion gelation was achieved with different amounts of gelator, which were

added to the oil phase. All sample compositions, the phase transition temperatures Tin (2—1)

and Trax (1—»5 ), the middle temperatures Tmiddle = (Tmin + Tmax)/2, and the temperatures at

which the measurements were carried out are listed in Table 1.
Table 1

Note that in the case of technical grade surfactants the phase boundaries usually shift to higher
or lower temperatures if a new batch is taken as each batch differs slightly in composition. As
the surfactants used for the rheological measurements and for the phase studies were from
different batches, the phase boundaries of the samples used for rheometry were re-measured.
Thus the phase boundaries listed in Table 1 and those shown in the phase diagrams sometimes
differ by 1-2 °C. In the present study the rheological measurements were always carried out as

close as possible to Tmigqie Of the actual sample.

2.2.2. Binary Organogels



Various binary mixtures consisting of the gelator 12-HOA and n-dodecane were weighed into
test tubes which contained a magnetic stirring bar and were sealed with polyethylene stoppers.
The sol-gel transition temperatures of all samples were determined in a water bath with a
precision of = 1 °C. The rheological measurements were carried out with samples that

contained 1, 2, and 3 wt.-% 12-HOA ( = 0.01, 0.02, 0.03).
2.3. Rheometry

The gel-like rheological properties can be qualitatively studied by simple experimental tests
without using a rheometer. These are known as “tabletop” tests and are based on visual
observation, which are particularly useful in determining the sol-gel transition boundary.’ For
the “tabletop” experiments samples were placed in a water bath at the desired temperature.
The physical state (sol or gel) was checked by tube inversion at different temperatures.

For a more precise and quantitative analysis rheological measurements were performed on a
Reologica Stress rheometer equipped with an automatic gap setting. The viscoelastic
properties of the system were studied by dynamic oscillatory experiments, which provide
information on the linear viscoelastic behavior of materials through the determination of the

6
complex shear modulus

G*(v)=G'(v)+i G"(v), (5)

where G' is the storage and G" the loss modulus. The temperature was regulated by a
circulating water bath with an accuracy of + 0.3 °C. A metallic plate-plate measuring system
with a gap of 2 mm for the binary systems and of 0.5 mm for the microemulsions was used.
Different gap sizes were used to optimize the experimental conditions (the gap size did not
influence the results). Prior to any frequency-sweep measurement a stress-sweep
measurement was performed for each sample at a constant frequency of 1 Hz to ensure that
all tests were carried out in the linear viscoelastic regime. The stress was varied from 0.001 to
50 Pa and the lowest stress value of the linear regime was chosen for the frequency sweep
measurements. The frequency-sweep experiments were carried out at a constant stress of 2 Pa
for the binary organogels and the gelled microemulsions, respectively, and of 0.2 Pa for the
non-gelled microemulsions. The frequency range was 0.1 — 10 Hz for the gelled
microemulsions and 0.01 — 10 Hz for the non-gelled microemulsions and the binary
organogels. Different frequency ranges were used in order to capture the main features (i.e.

the crossing of G’ and G”’) of the different systems.



All microemulsion samples were heated up to 60 °C, homogenized via stirring, and then
cooled down to 4 °C where they were kept for 1 hour. Afterwards the gel was transferred to
the plate and equilibrated for 30 minutes at the chosen experimental temperature (see Table
1). The binary system was studied at various temperatures, ranging from 25 to 80 °C in steps
of 5 °C. Prior to any measurement at each new temperature, the sample was left to equilibrate
30 minutes. For three of the gelled microemulsions (h, i, and j) temperature scans were carried
out (see the supporting material section, SMS) in steps of 1 °C (samples h and j) and 0.5 °C
(sample 1). During the temperature scans the samples were kept 30 minutes at the respective

temperature prior to the measurement.

3. Rheology of Reference Systems

3.1. Binary Organogel 12-HOA — n-dodecane

“Tabletop” experiments were carried out to determine the sol-gel transition temperatures of
the binary system 12-hydroxyoctadecanoic acid (12-HOA) and n-dodecane. 12-HOA is a
well-known low molecular mass organic gelator (LMOG), which is capable of forming strong
organogels with some solvents.*’” As the phase diagram of the binary system 12-HOA — n-
dodecane has not been studied in detail yet, we determined the sol-gel transition temperatures
T, as a function of the gelator mass fraction 3 in order to have a reference for the discussion

of the gelled microemulsions. The results are represented in Fig. 1.

Fig. 1

As can be seen in Fig. 1, an increase of the gelator content from 0.5 — 4 wt.-% (B = 0.005 —
0.04) leads to an increase of the sol-gel transition temperature 7, from 45 — 65 °C. In order to
check the reliability and accuracy of the tabletop experiments, additional dynamic oscillatory
tests were carried out. In one set of measurements the frequency of the oscillations was kept
constant at 1 Hz and the rheological parameters were measured as a function of the
temperature, while in a second set the temperature was kept constant and the rheological
parameters were measured as a function of the frequency. The dynamic data of selected

samples are represented in Fig. 2.

Fig. 2



In Fig. 2 (left) the storage modulus G’ obtained at 1Hz is plotted as a function of the
temperature for three selected B values. Two things are worth mentioning. Firstly, at low
temperatures an increase of B leads to an increase of the elastic properties, i.e. of G’. The
storage modulus increases by nearly one order of magnitude if one increases the gelator
concentration from 1 to 3 wt.-%. Secondly, an increase of the temperature eventually leads to
an abrupt decrease of the storage modulus for all three samples. The temperature (or rather the
temperature range) at which the G’ values drops by more than 4 orders of magnitude is the
higher the larger the gelator concentration . In other words, the sol-gel transition boundary is
shifted to higher temperatures with increasing 3. The respective transition temperatures are
included in Fig. 1 (open symbols) and a comparison between the oscillatory and the tabletop
experiments shows that the latter are indeed an appropriate tool to measure sol-gel transition
temperatures. In Fig. 2 (right) the storage modulus G’ and the loss modulus G’ of the sample
with B = 0.03 are plotted as a function of the frequency for two selected temperatures. A
typical gel-like behavior is observed at the lower temperature (25 °C), where G’ and G’ are
frequency independent in the studied frequency range and G’ is about 1 order of magnitude
higher than G’’. At the higher temperature (75 °C) both moduli are strongly frequency
dependent and orders of magnitudes lower compared to the values measured at 25 °C. Note
that for a low viscous, unstructured sol one expects Newtonian behavior, which is obviously
not the case. The observations that G’ > G’ and that the values of G’ and G’ are higher than
expected for a Newtonian liquid indicate that the gel was not completely destroyed and that
the sample still had some gel character. In any case, the significant difference of the
rheological behavior at 25 °C and 75 °C are obvious and the data are in perfect agreement

with those obtained by Terech et al.®

We like to conclude this section by a short description of the gel structure, which is needed to
understand the results obtained for the gelled microemulsions (see section 4). Binary 12-HOA
organogels were found to consist of a rigid fibrillar network with rigid junction zones. Both

4 810 and are generated via self-assembly of 12-

the fibrils and the junctions are crystalline
HOA molecules, which is why the resulting gel network is called a self-assembled fibrillar
network (SAFIN).'' The dramatic decrease of G’ upon reaching the sol-gel transition
temperature reflects the loss of interconnectivity between the fibers, i.e. the melting of the
crystalline 12-HOA network. Despite a lot of research activities it still is impossible to predict
whether a gelator gels a given solvent and if it does what the properties and the structure of
the resulting gel will be. For example, for 12-HOA gels it has been found that the structure of

the gel network depends on the polarity of the solvent. More precisely the shape of the
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fibrillar cross-section was found to be rectangular for cyclohexane and dodecane, square for
benzene and toluene (side ~ 20 nm), and round for nitrobenzene (diameter ~ 30 nm).** Thus
the less polar the organic solvent is, the flatter the fibrils are - an explanation for this
observation has not been found yet. The distance between the junctions is 1 — 2 orders of
magnitude larger than the cross-sections of the fibrils and mainly depends on the total gelator
concentration, i.e. the larger the gelator concentration the closer the junctions, which, in turn,

strengthens the gel.
3.2. Non-Gelled Microemulsions

For comparison, oscillatory measurements were carried out with the non-gelled bicontinuous
base microemulsion H,O — n-dodecane — C3,15Es. As the phase diagram was determined in a
previous study” only the phase boundaries of the freshly prepared sample needed to be re-

measured (see explanation in section 2.2.1). The sample composition, the phase transition

temperatures T, (2—1) and Tax (1—>§), the middle temperature Tigdie = (Tmin T Tmax)/2,
and the temperature at which the measurements were carried out are also listed in Table 1,
while the phase diagram (right) and the dynamic mechanical spectrum (left) are represented in

Fig. 3.

Fig. 3

In Fig. 3 (left) the dynamic moduli G, G** and the complex viscosity n* (n* = (G>+ G*H)"?
o) of the sample indicated in Fig. 3 (right) are presented. The non-gelled microemulsion
exhibits a liquid-like behavior with the G’-values being lower than the G '’-values up to 0.1
Hz and G’ ~ G’ above 0.1 Hz. Note that the moduli are very low (up to 8 orders of
magnitude lower than the values obtained for the binary organogel) and thus subject to a
significant error. In any case, G’ is proportional to ®” while G** scales with ® which is in
agreement with a simple Maxwell model for linear viscoelastic behavior. Moreover, the
complex viscosity is frequency independent. All these observations are in agreement with
other bicontinuous microemulsions (reviewed in ref. 12).

A closer look on the structure of a bicontinuous microemulsion reveals that it consists of two
interwoven sub-phases, which is why it is often called “sponge phase” or “plumbers
nightmare” (latest reviews are in ref. 1 and 13). It is interesting to note that, despite being a

multiple connected bilayer structure, the structural relaxation times of bicontinuous



microemulsions are typically less than 1 ms (bilayers are fluid and passages can freely slide),

while relaxation times of gels are a few hundred seconds.
4. Rheology of Gelled Microemulsions

As outlined in the introduction it was found that the microemulsion structure is not altered by
gelling the oil subphase. However, the structure of the gel network, which causes the gelation
of the whole microemulsion, still has to be determined. The interested reader is referred to ref.
3, where a suggestion for a possible structure is made. However, in this paper we will focus
on the rheology of gelled bicontinuous microemulsions and discuss structure — property
relations whenever reasonable.

In our previous work, phase diagrams of the system H,O / NIPAm / BisAm — n-dodecane /
12-HOA — C3/15E5s were measured at a fixed water-to-oil ratio (o = 0.5) and a fixed monomer
concentration (y = 0.075) for different gelator concentrations 3 to find the conditions under
which the microemulsion behaves like a gel.” It was found that at least 2.9 wt.-% of 12-HOA
in the oil phase are required to have a sol-gel transition boundary that passes the 1-phase
region of the microemulsion, while at 3.1 wt.-% of 12-HOA the whole 1-phase region was
gelled. Thus the minimum gelator concentration in the oil phase required to gel the whole 1-
phase region is 3.1 wt.-%. Note that in the previous work the sol-gel transition temperatures
were only determined via “tabletop” measurements.

Being able to control the strength of the gel is of utmost importance for our work as the final
goal is to polymerize the aqueous phase of the microemulsion, for which a scaffold as strong
as possible is needed to preserve the structure during the polymerization. In order to quantify
the strength of the gelled microemulsions and to find out under which conditions the strongest
possible gel is formed, dynamic oscillatory measurements were performed. The influence of
various parameters such as the gelator concentration 3, (section 4.1), the water-to-oil ratio a,
(section 4.2), the monomer concentration v, (section 4.3), the type of oil (SMS*), and the
temperature (SMS#) were studied in detail. For all systems the respective phase diagrams had
to be determined in order to specify the experimental temperatures and sample compositions.
All rheological studies were carried out in the 1-phase region of the phase diagram at the
lowest possible surfactant concentration y as it is only in this region where a bicontinuous

structure is formed. The compositions of all samples, the phase transition temperatures 7Tin

(2—1) and Thax (1—>§), the middle temperatures 7Tomidgde = (Tmin + Tmax)/2, and the

* Supporting Material Section



temperatures at which the measurements were carried out are listed in Table 1 and Table S1
(SMS%), while the rheological data and the phase diagrams are presented in Fig. 4 -7, Sl
(SMS¥), and S3 (SMSH).

4.1. Influence of the Gelator Concentration 8

Let us first consider the influence of the gelator mass fraction B on the viscoelastic properties
of the H,O / NIPAm / BisAm — n-dodecane / 12-HOA — C3,15E5s microemulsion system at o
= 0.5 and y = 0.075. In Fig. 4 the dynamic rheological data (left) and the phase diagrams

(right) for three 3 values are shown.

Fig. 4

A look at the phase diagrams reveals that the sol-gel transition temperatures shift towards
higher values with increasing gelator concentration as was the case for the binary organogel
(see Fig. 1 and Fig. 2). What is different, however, are the absolute sol-gel transition
temperatures. Comparing systems with similar 3-values one sees that the sol-gel transition of
the gelled microemulsions takes place at temperatures which are 20-30 °C lower compared to
the binary organogel. We will come back to this below. Another important observation is the
fact that an increase of the gelator concentration from 3.1 to 4.1 wt.-% has no significant
affect on the position and extension of the 1-phase region of interest (i.e. the 1-phase region at
low surfactant concentrations y), while it strongly affects the position of the sol-gel transition
boundary. In other words, the distance between the region of the gelled bicontinuous
microemulsion and the sol-gel transition boundary increases, which, in turn, should be
reflected in a stronger gel. Indeed, as is seen in Fig. 4 (left), the strength of the gel strongly
increases with increasing gelator concentration. While at f = 0.029 a liquid-like (sol)
character is observed up to 2 Hz, the samples with B = 0.031 and 0.041 clearly have a solid-
like character. At the lowest B-value of 0.029 a transition from a liquid-like (G* < G’’) to a
solid-like (G’ >> G’’) character is observed around 2 Hz. Thus the main relaxation time of the
system is ~0.5 s, which is very fast for a viscoelastic system. The very small increase of 3
from 0.029 to 0.031 leads to a completely different picture. The elastic properties now clearly
dominate the viscous properties and a system with an extremely long relaxation time is
obtained in the linear viscoelastic regime. The same holds true for B = 0.041. However, the G’

values of the system with the higher gelator concentration are 3-4 times and the G’ values are
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even 100 times higher than those of the system with B = 0.031. Due to this different increase
of G’ and G’ the ratio of G*:G”” is 500:1 at B = 0.031 and 10:1 at B = 0.041. Comparing the
results obtained for B = 0.031 with those obtained for the binary organogel at § = 0.03 (Fig. 2
(right)) one sees two differences. Firstly, the ratio of G’:G”’ is roughly 10:1 for the binary
organogel (as is the case for the microemulsion with B = 0.041), while it is 500:1 for the
gelled microemulsion. Secondly, the absolute G’ values of the binary organogel are 50-100
times and the corresponding G’ values are nearly 4 orders of magnitude larger than those of
the gelled microemulsion.

Summarizing the results obtained so far one can say that the strength of the gel increases with
increasing gelator concentration for both the gelled microemulsion and the binary organogel.
However, comparing the binary organogel with the gelled microemulsion at equal gelator
concentrations one sees that the former is a much stronger gel, which is reflected in the higher
sol-gel transition temperatures and the higher G’ values. We can understand this finding in the
following way. For the formation of a permanent network a minimum number of cross-links
have to be present, which, in turn, depends on the total gelator concentration. In the case of
the gelled microemulsions one has to keep in mind that the gelator concentrations refer to the
oil phase only. What is gelled, however, is the total system. From a structural point of view
there are two possibilities. The gel may only be formed in the oil phase and thus a closely
cross-linked network is required to also “arrest” the non-gelled aqueous phase. Alternatively,
the gel network may expand over the whole sample. In both cases, the presence of the
aqueous phase renders the network inhomogeneous. Since inhomogeneous and coarse
networks tend to be weaker (effectively, defects were introduced in the network) compared to
well-structured gel networks, this explains why the gelled microemulsion is weaker than the
binary organogel. Independent on what the structure would be the presence of the aqueous
phase obviously dilutes and thus weakens the gel network. This “dilution” will be further
studied in section 4.2, where we varied the water-to-oil ratio. Another possible reason for the
reduced strength of the gelled microemulsion in comparison to the binary organogel is the
surface-activity of the gelator. This means that parts of the gelator are adsorbed at the water-
oil interface and are thus not available for network formation.? However, this effect is
expected to play a minor role compared to the structural changes which are induced by the

presence of the aqueous phase.

4.2. Influence of the Water-to-Oil Ratio o
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Considering the presence of the aqueous phase as “diluting” the network of the binary
organogel automatically leads to the question of how the water-to-oil ratio influences the gel
properties. According to the results of section 4.1 one expects that the gel gets the weaker the
less oil is in the system. To prove or disprove this assumption we varied the water-to-oil ratio.
Starting from equal amounts of water and oil (oo = 0.5) and a fixed gelator concentration in the
oil phase of f = 0.031, we decreased the amount of the oil down to o = 0.25. In a second set
of measurements we combined the knowledge gained so far and tried to optimize the gel
strength. For this purpose measurements at B = 0.041 and two different water-to-oil ratios

were carried out.

4.2.1. a-Variation for p =0.031

We first studied the influence of the water-to-oil ratio o on the viscoelastic properties of the
system H,O / NIPAm / BisAm — n-dodecane / 12-HOA — C,3/15Es at B = 0.031 and vy =
0.075. In Fig. 5 the dynamic rheological data (left) and the phase diagrams (right) for four a

values are shown.

Fig. 5

Let us again first look at the phase diagrams. As can be seen in Fig. 5 (right) a decrease of a
leads to a shift of the phase diagrams to lower temperatures and surfactant concentrations,

L1415 What is remarkable is the fact

which is always the case for non-ionic microemulsions.
that the sol-gel transition boundary also shifts to lower temperatures with decreasing o
although the gelator concentration in the oil phase is kept constant. Moreover, the lower o the
more difficult it was to gel the microemulsion. This macroscopic behavior is very nicely
reflected in the rheological properties. Looking at Fig. 5 (left) one sees that a gel-like behavior
is only observed at the highest a value (sample f). Note that the data are the same as those
shown in Fig. 4 (middle). As already mentioned above three things are important to state for
this sample: (a) both moduli are essentially frequency independent, i.e. the relaxation time of
the system is extremely long, (b) the G -values are of the order of 10> Pa and thus three orders
of magnitude lower then the G -values found for the binary system (10> Pa), (c) the G -values
are two orders of magnitude higher than the G’’-values, which is typical for soft solids. The

situation clearly changes if one decreases the amount of the oil phase. At lower o values, the

system is a viscoelastic material with a finite relaxation time. In all cases (o0 = 0.34, 0.30, and
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0.25) a cross-over from liquid-like (G’ > G”) to solid-like (G’ > G’’) behavior is observed
with increasing frequency. The relaxation time can be inferred from the frequency at which
G’ and G’ cross but, apparently, no significant o dependence is found and the relaxation
times are similar to that observed for the system with oo = 0.5 and B = 0.029 (see Fig. 4).
Coming back to Fig. 5 (left) one clearly sees that the behavior not only changes qualitatively
for o < 0.34 but also quantitatively, i.e. that both the G’ and the G’ values decrease with
decreasing a.. The G’ values of the sample with the lowest oil content (oe = 0.25) are only one
order of magnitude higher than those of the non-gelled microemulsion (Fig. 3) and two orders
of magnitude lower than those of the gelled microemulsion (a0 = 0.5). In conclusion one can
say that a gel-like behavior is only observed for a = 0.5. All viscoelastic parameters decrease
with decreasing o which can be explained by the fact that the volume of the gelled oil phase
decreases with decreasing a. The larger the amount of the aqueous phase is, the smaller the
effective amount of gelator, which, in turn, increases the distance between the cross-links and
thus decreases the strength of the 3D network. At o = 0.5 and = 0.031 the gelator indeed is
able to form a closely cross-linked permanent network, which transforms to a transient widely

cross-linked network when diluted.

4.2.2. a-Variation for p =0.041

The results presented so far clearly show that bicontinuous microemulsions can be gelled at
gelator concentrations of B > 0.031 and a water-to-oil ratio of a = 0.5. In order to find out
whether it is possible to obtain a gel which is stronger than that of the system with = 0.041
and o = 0.5, the water-to-oil ratio o was increased from 0.5 to 0.6 at § = 0.041. Note that we
also increased the monomer concentration y from 0.075 to 0.14 to compensate for the loss of
NIPAm due to its surface activity.'® However, the influence of the monomer concentration on
the rheological properties is not very pronounced as will be shown below in section 4.3. Fig. 6
shows the dynamic rheological data (left) and the phase diagrams (right) of the system H,O /
NIPAm / BisAm — n-dodecane / 12-HOA — C13/15E5 at two different a values.

Fig. 6

The phase boundaries — including the sol-gel transition boundary — are shifted to higher
temperatures with increasing o (Fig. 6 (right)). Again the increase of the sol-gel transition

temperatures reflects the formation of a stronger gel, which is supported by the rheological
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data (Fig. 6 (left)). Both samples exhibit a gel-like behavior with both moduli being
essentially frequency independent. The resulting G -values are of the order of 10° Pa which is
around two orders of magnitude lower then the G’-values found for the binary system (10’
Pa). Another important result is the fact that indeed all rheological parameters (G°, G*’, n*)
increase with an increase of o following the same trend as observed for the a-variation at p =
0.031.

In conclusion one can say that the variation of the water-to-oil ratio a at a fixed gelator
concentration 3 allows one to cover the whole spectrum of viscoelastic systems. The larger
the amount of the oil phase the more gel-like the system. The fact that a bicontinuous

microemulsion can be obtained at nearly any water-to-oil ratio""’

allows us to prepare
bicontinuous gelled microemulsions with different water domain sizes. This feature will

certainly play a role in our future work where we will polymerize the aqueous phase.

4.3. Influence of the Monomer Concentration y

Another important parameter that may have an influence on the gelation process of the
bicontinuous microemulsion is the monomer concentration y of the aqueous phase. For
optimizing the polymerization conditions it will be very important to play around with the
monomer concentration and thus it is important to know whether or not the monomer
concentration plays a role for the formation and the stability of the gel. To study the influence
of the monomer concentration y on the viscoelastic properties of the microemulsion we took
the system that forms the strongest gel and increased y from 0.075 to 0.138. The resulting
rheological data and phase diagrams of the system H,O / NIPAm / BisAm — n-dodecane / 12-
HOA — C3/15E5s measured at a = 0.5, p = 0.041 and two different y values are presented in
Fig. 7.

Fig. 7

Looking at Fig. 7 two observations clearly indicate that increasing y weakens the gel. Firstly,
the sol-gel transition boundary is shifted to lower temperatures (Fig. 7 (right)), while the
position of the other phase boundaries is not affected significantly. Secondly, the G’ values of
the system with ¢ = 0.075 are about a factor 2 higher than those of the system with y = 0.138.
However, compared to the influence of the gelator concentration § and the water-to-oil ratio

a, respectively, the influence is small. Although an increase of y weakens the gel, one still

14



observes a typical gel-like behavior and the slightly lower G° values could certainly be
compensated for by a slight increase 3 or a if need be. Note that the system has been chosen
in such a way that the planned polymerization can be started via an intense UV light. Thus no
polymers are expected to be formed during the rheological measurements or the phase studies.
Actually, if polymer was formed higher G’-values would be observed for the system with the
higher monomer concentration compared to the one with the lower monomer concentration,

which was not observed.

5. Conclusions

The aim of the present study, which is the first of its kind, was to investigate the rheological
behavior of gelled bicontinuous microemulsions. Our approach to gel the microemulsion was
to add the gelator 12-hydroxyoctadecanoic acid (12-HOA) to the oil phase (n-dodecane) of
the microemulsion. In order to understand how the presence of the non-gelled aqueous phase
influences the properties of the organogel, the binary system 12-HOA — n-dodecane was
studied first by “tabletop” and dynamic oscillatory experiments. The second step was to study
the rheological properties of the respective polymerizable microemulsions, which consist of
H,O / NIPAm / BisAm — n-dodecane / 12-HOA — C3/15E5 (NIPAm denotes the monomer N-
isopropylacrylamide and BisAm the cross-linker N, N'-methylene bisacrylamide). The
viscoelastic parameters were found to be strongly dependent on the composition of the
system. An increase of the gelator concentration B and of the amount of the oil phase a
induces a transition from a typical viscoelastic liquid to a viscoelastic gel. In the latter case the
storage modulus G’ and the loss modulus G’ are frequency independent and the G’:G”’ ratio
was found to be 10:1 for the strongest gels. Comparing the G’-values of the gelled
microemulsions with those of the binary organogel one sees that the former are 2-3 orders of
magnitude lower. Obviously, the transition from a transient to a permanent gel network is
induced if one increases 3 and o.. The presence of the aqueous phase decreases the cross-link
density and thus weakens the network. Another important result is the finding that the
monomer concentration  also affects the strength of the gel. The larger v is, the weaker the
gel. Finally it was found that the viscoelastic properties of the gelled microemulsion also
depend on the type of oil and - not to be forgotten - on the temperature.

In conclusion one can say that we identified 5 different parameters which are important for
the gelation of a bicontinuous microemulsion. The observed gel-like behavior of the
microemulsions is caused by the gelled oil phase, which is most convincingly reflected in the

destruction of the gel with decreasing gelator concentration and/or increasing water content.
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What could be learnt from the results obtained so far is that a minimum gelator concentration
is required, that the mass fraction of the gelled oil phase should be as high as possible, that a
high monomer concentration may destroy the gel and that the temperature should be kept as
low as possible. Knowing how to prepare a strong and stable gelled bicontinuous
microemulsion one can indeed use the microemulsion as template for the synthesis of high
surface area polymers. The templating gel can easily be removed after the polymerization by
simply raising the temperature above the sol-gel transition and washing the polymer with an

appropriate solvent.
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Table 1 Compositions and phase transition temperatures of the system H,O / NIPAm /
BisAm — n-dodecane / 12-HOA — C3/15E5. The definitions of a, 3, v, and y are given in eqn
(1)-(4). Twin 1s the lower and Tyax the upper phase transition temperature for the given
composition, Tmiddle = (Tmin + Tmax)/2, and Tey, indicates the temperature at which the
rheological measurements were carried out.

Sample | « B Y v T min Tmax | Tmidaie | Texp
non-gelled base system
I 0.50 0 0.120 0 4592 | 4892 | 47.42 47.0
B-variation (o = 0.5, y = 0.075)
e 0.50 | 0.029 | 0.130 | 0.075 | 29.74 | 37.19 | 3347 335
f 0.50 | 0.031 | 0.109 | 0.075 | 35.39 | 37.40 | 36.40 36.5

g 0.50 | 0.041 | 0.109 | 0.075 | 33.71 | 37.21 | 3546 | 355
a-variation ( = 0.031, y = 0.075)
f 0.50 | 0.031 | 0.109 | 0.075 | 3539 | 37.40 | 36.40 | 36.5
b 0.34 | 0.031 | 0.099 | 0.075 | 30.89 | 35.35 | 33.12 | 33.0
c 0.30 | 0.031 | 0.083 | 0.075 | 32.23 | 34.72 | 33.48 | 34.0
d 0.25 | 0.031 | 0.069 | 0.075 | 3191 | 34.40 | 33.16 | 33.0

a~variation (= 0.041, v = 0.14)
h 0.50 | 0.041 | 0.130 | 0.138 | 31.72 | 36.22 | 33.97 35.0
i 0.60 | 0.041 | 0.150 | 0.140 | 36.21 | 38.70 | 37.46 37.0

y-variation (o = 0.5, B = 0.041)
g 0.50 | 0.041 | 0.109 | 0.075 | 33.71 | 37.21 | 3546 | 355
0.50 | 0.041 | 0.130 | 0.138 | 31.72 | 36.22 | 3397 | 35.0
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Figure Captions

Fig. 1 Sol-gel transition temperature 7, versus gelator mass fraction B of the binary system 7-
dodecane — 12-HOA. Open symbols represent the results of dynamic oscillatory
measurements at 1 Hz (see Fig. 2, left), while full symbols correspond to the results obtained
via the “tabletop” method (data are taken from ref. 2). The horizontal dashed line represents

the melting temperature of pure solid 12-HOA.

Fig. 2 (left) Storage modulus G’ measured at 1Hz as a function of the temperature 7 for three
different weight fractions of 12-HOA in n-dodecane, namely = 0.01, B = 0.02, and = 0.03.
The vertical lines indicate the temperatures at which G’ abruptly changes, i.e. the sol-gel
transition temperature 7, of the respective sample. (right) Storage modulus G’ and loss
modulus G’ as a function of the frequency for the sample with = 0.03 measured below (25

°C) and above (75 °C) T.

Fig. 3 Storage modulus G’, loss modulus G’’, and complex viscosity n* as a function of the
frequency v (left) and phase diagram (right) of the system H,O — n-dodecane — C,3/;5Es at o =
0.5. The diamond in the phase diagram represents the surfactant concentration y and
temperature 7 of the sample used for the rheological measurements (see section 2.2.1 and

Table 1). Data of phase diagram are adapted from ref. 2.

Fig. 4 Storage modulus G’, loss modulus G’’, and complex viscosity n* as a function of the
frequency v (left) and phase diagrams (right) of the system H,O/NIPAm/BisAm — n-
dodecane/12-HOA — Ci3/5Es at o = 0.5 and y = 0.075 measured for three different gelator
concentrations 3, namely B = 0.029 (sample ¢), f = 0.031 (sample f), p = 0.041 (sample g).
The stars in the phase diagrams represent the sol-gel transition temperatures 7, and the
diamonds the surfactant concentration y and temperature 7 of the samples used for the
rheological measurements (see section 2.2.1 and Table 1). Data of all phase diagrams are

adapted from ref. 2.

18



Fig. 5 Storage modulus G’, loss modulus G’’, and complex viscosity n* as a function of the
frequency v (left) and phase diagrams (right) of the system H,O/NIPAm/BisAm — n-
dodecane/12-HOA — C,3/15Es at B = 0.031 and y = 0.075 measured for four different water-
to-oil ratios o, namely a = 0.50 (sample f), a = 0.34 (sample b), o = 0.30 (sample ¢), o = 0.25
(sample d). The stars in the phase diagrams represent the sol-gel transition temperatures 7,
and the diamonds the surfactant concentration y and temperature 7 of the samples used for the
rheological measurements (see section 2.2.1 and Table 1). Note that for o = 0.30 and o = 0.25
LC phases are observed at y > 0.10 and 0.08, respectively'®, which are not indicated in the
figures. Moreover, for oo = 0.50 only parts of the phase diagram are shown (see Fig. 4 for

more details).

Fig. 6 Storage modulus G’, loss modulus G’’, and complex viscosity n* as a function of the
frequency v (left) and phase diagrams (right) of the system H,O/NIPAm/BisAm — n-
dodecane/12-HOA — C3,5Es at f = 0.041 and y = 0.14 measured for two different water-to-
oil ratios o, namely o = 0.50 (sample h), o = 0.60 (sample 1). The stars in the phase diagrams
represent the sol-gel transition temperatures 7, and the diamonds the surfactant concentration

v and temperature 7 of the samples used for the rheological measurements (see section 2.2.1

and Table 1).

Fig. 7 Storage modulus G’, loss modulus G’’, and complex viscosity n* as a function of the
frequency v (left) and phase diagrams (right) of the system H,O/NIPAm/BisAm — n-
dodecane/12-HOA — C,3/15Es at a = 0.5 and = 0.041 measured for two different monomer
concentrations y, namely y = 0.075 (sample g) and y = 0.14 (sample h). The stars in the
phase diagrams represent the sol-gel transition temperatures 7, and the diamonds the
surfactant concentration y and temperature 7 of the samples used for the rheological
measurements (see section 2.2.1 and Table 1). Data of phase diagram with y = 0.075 are

adapted from ref. 2.
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Supporting Material

S1 Influence of the Type of Oil

Preliminary polymerisation studies revealed that polymerizing the system H,O / NIPAm /
BisAm — n-octane / 12-HOA — C,3,15E5s will be much less complicated and more promising
compared to the n-dodecane containing base system.'® Replacing n-dodecane by n-octane
does not change the general approach and can be considered as “optimization of the system”
anticipating that the rheological properties are not influenced significantly. To prove — or
disprove — this assumption we studied the influence of the type of oil on the viscoelastic
properties of the gelled bicontinuous microemulsions. To be more precise, we gelled a
microemulsion the oil of which was n-octane and compared our results with those obtained
for the n-dodecane containing counterpart. Both systems were prepared at the same water-to-
oil ratio of a = 0.6, the same gelator concentration of § = 0.041 and the same monomer
concentration of y = 0.14. However, different surfactant concentrations y and experimental
temperatures T were needed due to the shift of the phase diagram as will be explained below.
The rheological data (left) and the phase diagrams (right) for the systems with two different

oils are shown in Fig. S1 and the sample compositions are listed in Table S1.

Fig. S1

Table S1

A look at the phase diagrams (right) shows that replacing n-dodecane by n-octane shifts the 1-
phase region, i.e. the region where a bicontinuous microemulsion is formed, to lower
surfactant concentrations y and temperatures T. This behavior is well-known and will not be
discussed any further - the interested reader is referred to.! We like to emphasize that it is only
because of the detailed phase studies that we were able to identify the concentration and
temperature range of the 1-phase bicontinuous microemulsion in the n-octane system, which,
in turn, explains why the rheological measurements of sample i and sample j had to be carried
out at different y- and T-values. The simultaneous shift of the sol-gel transition to lower
temperatures is not only caused by the shift of the phase diagram of the microemulsion but
also by the shift of the sol-gel transition of the binary system. We measured the sol-gel
transition of three binary 12-HOA — oil systems and found that the sol-gel transition



temperatures decrease with decreasing chain length of the oil. The results of the tabletop

measurements are presented in Fig. S2.

Fig. S2

Regarding the rheological properties (left) one clearly sees that both systems exhibit a gel-like
behavior. In both cases the storage modulus G’ and the loss modulus G’ are frequency
independent. Moreover, the G’:G’’ ratio is roughly the same for both systems, namely 5:1.
The absolute values of the moduli, however, are different. The G’ and G’’ values of the n-
dodecane system (top) are about a factor 3 smaller than the corresponding data of the n-octane
system (bottom). Note that the scales of the y-axes are different compared to those of Fig. 4 -
7 in the main manuscript. One reason for the formation of a stronger gel in the n-octane
system could be the distance between the temperature at which the sample was measured and
the sol-gel transition temperature. Looking at Fig. S1 (right) and Table S1 one sees that this
distance is roughly 2 °C for the n-dodecane system, while it is around 4 °C for the n-octane
system. In other words, the n-dodecane sample was closer to the sol-gel transition than the n-
octane sample which explains the smaller G’ and G’ values. Another reason for the different
G’ and G’ values may be the absolute temperature at which the samples were measured.
Comparing the two samples one sees that that n-octane sample was measured at a temperature
which was 8°C lower than that of the n-dodecane sample. A temperature study (see below,
section S2) revealed that it is indeed a combination of these two points which causes the

different behavior.

S2 Influence of the Temperature

The influence of the temperature on the rheological properties of gelled microemulsions
consisting of H,O / NIPAm / BisAm — oil / 12-HOA — C,3,;5Es where the oil was n-octane
and n-dodecane, respectively, was studied in more detail. For that purpose we carried out a
temperature scan along the 1-phase region and measured the values G’, G’ and n* as a
function of the temperature at a constant frequency of 1Hz. The resulting rheological
parameters are presented in Fig. S3 and the temperature ranges of the 1-phase region are listed

in Table S1.

Fig. S3



As can be seen in Fig. S3 a small temperature increase causes a significant decrease of all
parameters for both microemulsions — note that the parameters are plotted on log-scales.
Reductions up to a factor of 4-5 are obtained for a temperature increase of 3-5 °C. The main
reason for the decrease of the rheological parameters is the fact that the systems approach the
sol-gel transition at which the gel network collapses. Looking at the upper end of the 1-phase
regions one sees that the parameters of the n-octane system are still higher than those of the n-
dodecane system. Two explanations can be given for this observation. Firstly, the absolute

temperature is about 7°C lower than that of the n-dodecane system. Secondly, the distance

between the 1 — 2 phase boundary and the sol-gel transition is larger in the n-octane system,
i.e. the system is farer away from the temperature at which a collapse of the gel is expected. In
conclusion one can say that approaching the sol-gel transition decreases significantly the
rheological parameters. With respect to the gelled bicontinuous microemulsions one can say
that the gels are the stronger the larger the distance between the 1-phase region and the sol-gel
transition boundary. Note that the thermal behavior may be important for the control of the

polymerization process.

Table S1: Compositions and phase transition temperatures of the system H,O / NIPAm /
BisAm — o0il / 12-HOA — C315Es. The definitions of a, B, y, and y are given in eqn 1-4. Tpyin
is the lower and T .« the upper phase transition temperature for the given composition, T pigdie
= (Tmin T Tmax)/2, and Teyp, indicates the temperature at which the rheological measurements
were carried out. The oil phase is n-dodecane (sample 1) and n-octane (sample j), respectively.

Sample | o B Y 1 T min Tmax | Tmiddie | Texp
oil-variation (a = 0.6, f = 0.041, vy = 0.14)
i 0.60 | 0.041 | 0.150 | 0.140 | 36.21 | 38.70 | 37.46 37.0
] 0.60 | 0.041 | 0.119 | 0.140 | 27.24 | 33.21 | 30.26 29.0




Figure Captions

Fig. S1: Storage modulus G’, loss modulus G*’, and complex viscosity n* as a function of the
frequency v (left) and phase diagrams (right) of the system H,O/NIPAm/BisAm — oil/12-
HOA - Ci315Es at a = 0.6, B = 0.041, and v = 0.14 measured for two different oils, namely
n-dodecane (sample 1) and n-octane (sample j). The stars in the phase diagrams represent the
sol-gel transition temperatures T, and the diamonds the surfactant concentration y and
temperature T of the samples used for the rheological measurements (see section 2.2.1 and

Table 1).

Fig. S2: Sol-gel transition temperature T, versus gelator mass fraction 3 of the binary systems
oil — 12-HOA for three different oils, namely n-dodecane (same data as in Fig.1), n-decane,
and n-octane, obtained via the “tabletop” method. The horizontal dashed line represents the

melting temperature of pure solid 12-HOA.

Fig. S3: Storage modulus G’, loss modulus G”’, and complex viscosity n* as a function of the
temperature T obtained for 1 Hz (left) and phase diagrams (right) of the system
H,O/NIPAm/BisAm — 0il/12-HOA — C3,5E5 at o = 0.6, B = 0.041, and y = 0.14 measured
for two different oils, namely n-dodecane (sample 1) and n-octane (sample j). The stars in the
phase diagrams represent the sol-gel transition temperatures T, and the vertical lines the
surfactant concentration y of the samples used for the rheological measurements (see section
2.2.1 and Table 1). The samples were studied only between the upper and the lower phase
boundary of the 1-phase region.
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Fig. S1: Magno et al.
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Fig. S3: Magno et al.



