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We prepared HIPE organogels from polymer organogels which were
pre-formed based on a triblock ionomer and polypropylenimine
dendrimers via charge-induced assembly. The morphologies of the
HIPE organogels are little changed with salt concentrations while
the mechanical strength of the organogels can be tuned by PPI
dendrimers.

High internal phase emulsions (HIPEs) are two-phase systems
with the total fraction of the dispersed/internal phase being
over 74% by volume." HIPEs are usually highly viscous due to the
low fraction of the continuous phase, and they are also called gel
emulsions.” HIPEs are widely used in foods,® chemical industry,*
medicine® and in preparation of materials having porous struc-
tures or low density.® Because of the fascinating properties and
widespread applications, development of a new route to prepare
HIPEs has attracted considerable attention.

HIPEs are usually stabilized by surfactants and particles. As
stabilizers, surfactants are commonly used despite their low
efficiency. Indeed, 5-50% (w/v) of the volume of the continuous
phase is needed to form HIPEs.” Solid particles of a few nano-
metres to micrometres have also been used to stabilize HIPEs,
which are known as Pickering emulsions.® However, phase
inversion may occur in HIPEs stabilized by particles, although
a variety of inorganic particles functioning as stabilizers have
been reported from silica, titanium oxide to clay.

Recently, organic gels have attracted considerable attention
as stabilizers to form HIPEs.” Ngai and co-workers reported
the preparation of HIPE organogels and hydrogels from poly-
(methacrylic acid)-based microgel particles, representing a kind
of physically crosslinked gel without flow behaviour.'®'* HIPE
organogels and hydrogels were also prepared from microgels
which formed via hydrogen bonding interaction by incorporating
functional groups onto polymer chains.'” Fang and co-workers
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reported preparation of HIPE organogels from bulk organogels
based on low molecular weight gelators and found that the
mechanical strength of the HIPE organogels was dominated by
the continuous phase.®"*

Herein we demonstrate for the first time that HIPE organogels
can be prepared from polymer organogels which are usually
inexpensive in comparison with organogels prepared from low
molecular weight organogelators.'® In our previous study, we
developed a new route to prepare multiresponsive organogels
by charge-induced assembly of a triblock ionomer, sulfonated
polystyrene-block-poly(ethylene-ran-butylene)-block-polystyrene
(SSEBS), and a diblock copolymer polystyrene-block-poly(2-vinyl
pyridine) (PS-b-P2vVP)."*

By tuning the hydrophilicity of amines used, ionic complexes
can stabilize water droplets in organic solvents, leading to the
macrophase separation in the gels. When the volume fraction of
water droplets in gels exceeds 74%, HIPE gels form. In this work,
the pre-formed organogels were based on triblock ionomer SSEBS
and polypropylenimine (PPI) dendrimers. PPI dendrimers of gen-
eration 1 (DAB-4), generation 2 (DAB-8) and generation 3 (DAB-16)
were used (see ESI 11). The organogels were prepared by mixing
SSEBS solution and PPI dendrimer solutions with an equimolar
amount of sulfonic acid groups and amine moieties, the organo-
gels were formed in 20-30 seconds upon mixing as confirmed
by the tube-inversion method (ESIL,T Movie (a): organogel for-
mation)."> All the organogels were slightly yellowish without
visible heterogeneity, indicating that no macrophase separa-
tion occurred in the organogels. As expected, the formation of
gels was induced by ionic interaction between SSEBS and PPI
dendrimers, which was verified by FTIR study (see ESI 2t).

The formation of organogels was further confirmed by rheo-
logical measurement, and the results for dynamic frequency
measurements are shown in Fig. 1. For all organogels, the elastic
moduli (G') are higher than the corresponding viscous moduli
(G") at all frequencies ranging from 0.5 to 100 rad s~ ', demon-
strating the rubber-like behaviour in the range. It can be seen
that both the elastic and the viscous moduli increase with the
molecular weight of PPI dendrimers, indicating that the mecha-
nical strength of the organogels can be tuned by PPI dendrimers.
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Fig. 1 Elastic moduli G’ and viscous moduli G” of SSEBS/DAB-4, SSEBS/DAB-8
and SSEBS/DAB-16 organogels as a function of oscillatory shear frequency.
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Fig. 2 SAXS profiles of SSEBS solution, SSEBS/DAB-4 and SSEBS/DAB-16 gels.

The morphologies of the organogels were investigated by small-
angle X-ray scattering (SAXS) at room temperature, and the SAXS
profiles are shown in Fig. 2. Although there is no obvious peak
observed in the figure for SSEBS solution, well-defined peaks are
noted for SSEBS/DAB-4 and SSEBS/DAB-16 organogels, demon-
strating that microphase separation occurred in the gels. Since the
first-order peak is broad and the resolution of the higher order
peak becomes poorer with the increase of ionic interaction for
oil-swelling SSEBS gels,'® it is impossible to clarify the exact
morphology of the organogels. According to the composition of
the organogels and similar results reported,"*'®" it is believed
that the ionic microdomains were stabilized by solvophilic blocks
of SSEBS in the gels. Based on the g values, the average distances
between neighbouring domains were calculated to be 20.9 and
16.2 nm for SSEBS/DAB-4 and SSEBS/DAB-16 organogels, respec-
tively. The peak for SSEBS/DAB-4 organogels is much narrower
than that for SSEBS/DAB-16 organogels, indicating the existence of
more ordered structures in the SSEBS/DAB-4 organogels.

To confirm that the organogels were stabilized by the presence
of ionic microdomains, acetic acid, triethylamine and their salts
were added to the pre-formed organogels, as they could affect the
strength of ionic interaction. In our experiments, when 2% (v/v) of
acetic acid, triethylamine and their salts were added to the pre-
formed organogels, the gels transformed into a liquid, indicating
the breakdown of networks. A quantitative study was carried out
using dynamic frequency measurements, showing that the pre-
formed organogels are responsive to acids, amines or salts even
when only 0.5% (v/v) is added (see ESI 3T). These results revealed
that the mechanism for the formation of SSEBS/PPI dendrimer
organogels is similar to that of SSEBS/PS-b-P2VP organogels."*
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The ionic complexes form charged microdomains, and the
domains are connected and stabilized by the middle blocks
of SSEBS to form gels.

The ionic complexes are hydrophilic, and the charged domains
in the complexes should be able to dissolve or partially dissolve
in water. However, upon addition of water to the pre-formed
organogels, a precipitate formed. In order to avoid precipitation,
tetrahydrofuran (THF) was added. When a water-THF mixture
(4:1, v/v) was added to the pre-formed organogels, new white
gels formed and the gel formation was confirmed by the tube
inversion method (ESI,T Movie (b): HIPE organogel formation)
and rheological measurement. The fraction of the water phase
could be as high as 80%, which was studied by control experi-
ments with the same solvents. Although white gels can be
obtained by simple blending of SSEBS/DAB-4 organogels with
a water-THF mixture, it is impossible to form gels from SSEBS/
DAB-8 and SSEBS/DAB-16 organogels without addition of NaCl.
Our experiments showed that the HIPE organogels can also be
obtained by adding other salts such as KCI or Na,SO,. From the
results, it is reasonable to believe that an electrolyte plays an
important role in the formation of the gels.

To study the structure of newly formed gels, conductivity of
the gels was measured. The results showed that the conducti-
vity of newly formed white gels was 0 uS cm ™", so the gels had a
structure of water droplets dispersed in the organic continuous
phase according to results obtained from control experiments,
which showed that the conductivities of the water phase and
the organic phase were 102.4 and 0 uS cm™ ', respectively. As the
volume fraction of the internal phase was over 74%, high internal
phase organogels formed.

The structure of the high internal phase organogel was further
investigated by confocal microscopy. The confocal image of the
gel in Fig. 3 confirmed the formation of water-in-oil organogels,
with toluene (pyrene labelled) as the continuous organogel phase
with water droplets entrapped. The size of water droplets varied
from several to tens of micrometres, which was in the size range
of emulsions, and thus HIPE organogels formed.

The stability of the HIPE organogels was examined in closed
vials. About 5% (w/v) of water was separated from the HIPE
organogels in the first two weeks, and no further change was
observed in the following seven months.

Fig. 3 Confocal image of HIPE gels prepared from SSEBS/DAB-4 with 0.25 M
NaCl added, excited by laser with a wavelength of 405 nm for the pyrene labelled
organic phase, scale bar: 100 pm.

This journal is © The Royal Society of Chemistry 2013
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Fig. 4 Dynamic moduli G’ and G” of HIPE organogels prepared from SSEBS/DAB-4
with different NaCl concentrations as a function of oscillatory shear frequency.
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Fig. 5 SAXS profiles of HIPE organogels (a) with SSEBS/DAB-4, SSEBS/DAB-8 and
SSEBS/DAB-16 with 0.5 M Nadcl, (b) SSEBS/DAB-4 with 0.25, 0.5 and 1 M Nacl.

The effect of salt concentration on mechanical properties of
HIPE organogels was studied by rheological measurement.
Fig. 4 presents SSEBS/DAB-4 HIPE organogels with different
NaCl concentrations, and it is observed that G’ always exceed
G" at all frequencies ranging from 0.5 to 100 rad s~ ', indicating
that HIPE organogels are formed. Both G’ and G” of HIPE
organogels decrease with the increase of salt concentration. To
our knowledge, this result is quite different from that reported for
conventional HIPE organogels, where high concentration of the
electrolyte leads to the formation of strong HIPE organogels.'’
This unusual result could result from the salt screen effect.'®
With the increase of salt concentrations in the water phase, the
electrostatic interaction between -SO;H groups on SSEBS and
amine moieties on PPI decreases, resulting in the decrease in
the modulus of HIPE gels.

To reveal the morphology of HIPE organogels, SAXS experi-
ments were carried out at room temperature and the results are
shown in Fig. 5. In SSEBS organogels, the relaxation behaviour
of charged domains controls the morphology of gels.'® After
addition of water to the pre-formed SSEBS organogels, water
would dissolve or swell ionic domains, which decreases the
relaxation time and increases the mobility of charged blocks.
As a result, the morphology of HIPE organogels would change.
From Fig. 5(a), it can be seen that well-defined peaks occur for all
the HIPE organogels, demonstrating the persistence of micro-
phase separation. The average distances between neighbouring
domains of the HIPE organogels (Fig. 5(a)) are considerably
increased compared to the pre-formed organogels (Fig. 2).
As the ionic domains are hydrophilic after addition of water,
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the interaction between endblocks on triblock ionomers decreases
and the balance between endblocks and midblocks determines
the phase separation, leading to the nearly unchanged morpho-
logy of all the HIPE organogels. The SAXS profiles in Fig. 5(b)
demonstrate that the morphologies of HIPE organogels are
little affected by different salt concentrations, indicating that
salt concentrations do not dominate the microphase separation in
HIPE organogels though they affect the formation and mechanical
strength of HIPE organogels.

In conclusion, we have presented the first example of HIPE
organogels prepared from polymer organogels. The polymer
organogels are formed from a triblock ionomer SSEBS and PPI
dendrimers by charge-induced assembly. Upon addition of a
water-THF mixture into the organogels, the charged domains in
the pre-formed organogels stabilize water droplets, resulting in
the transition from organogels to HIPE organogels. The morpho-
logies of HIPE organogels are little changed with the salt con-
centrations though the salt concentrations affect the formation
and mechanical strength of HIPE organogels. The obtained HIPE
organogels should have potential for applications such as pre-
paration of porous materials and separation membranes.

SAXS measurements were conducted on the SAXS beam-line
at the Australian Synchrotron, Victoria, Australia, and we would
like to thank Dr Patrick G. Hartley for sharing his Foundation
Investor Beamtime with us. The authors appreciate Zhifeng Yi
of Deakin University for his assistance in using the confocal
microscope.
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