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ABSTRACT

Polymeric microgels adsorb spontaneously to fluid interfaces, and they can therefore be used to
stabilize multiphase systems such as emulsions and foams. The stability of a microgel-laden
interface depends strongly on its viscoelastic properties, among other factors. In this study, we
investigate the viscoelastic behavior of poly-N-isopropylacrylamide (pNIPAM) microgel
monolayers at the oil-water interface. In particular, the effect of crosslink density on the
interfacial shear and dilatational rheology is assessed. The interfacial shear properties are
correlated with the two-dimensional phase behavior of the microgel monolayers. Moreover, the
effects of temperature and surface pressure on the dilatational rheology are analyzed.

INTRODUCTION

Microgels are crosslinked polymer networks of colloidal size that are swollen by a solvent.!*
Their softness and the ability to respond to external stimuli such as temperature, pH, ionic
strength and light make them interesting as soft model systems for fundamental colloid research
as well as for a broad range of applications.>* The softness of microgels can be tuned by varying
the crosslink density; densely crosslinked microgels resemble hard colloids in their behavior,
while loosely crosslinked microgels bear a closer resemblance to flexible macromolecules.’
Moreover, when microgels are made out of thermoresponsive polymers, the microgel stiffness
can be reversibly controlled by temperature. In the case of poly-N-isopropylacrylamide
(pNIPAM) microgels, a transition from a swollen to a deswollen state around 32 °C is
accompanied by a distinct increase in the elastic modulus.®

Despite not being amphiphilic, microgels adsorb spontaneously to fluid interfaces due to
their ability to lower the surface energy of the interface.”!° Their efficiency to stabilize fluid
interfaces is further enhanced by their inherent softness, as interfacial tension-induced forces
cause microgels to deform laterally along the interface.!! It has been shown that the mechanical
stability of a microgel-laden interface depends strongly on the deformability of microgels at the
interface'” as well as on the interfacial rheological properties'®. Furthermore, due to their
stimuli-responsiveness, microgels serve as building blocks for smart emulsions that can be
broken and reformed on demand by mild changes in external conditions.!*"!”

In this paper, we study the interfacial shear and dilatational rheology of pNIPAM microgel
monolayers at the oil-water interface. The effects of crosslink density and internal architecture
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are investigated by comparing ultra-low crosslinked (ULC) and regularly crosslinked (5 mol%
BIS) microgels, and the interfacial viscoelastic properties are correlated with the two-
dimensional phase behavior of the microgel monolayers.

EXPERIMENTAL

Materials

Both microgels were synthesized by free radical precipitation polymerization using potassium
peroxydisulfate (KPS) as an initiator. The ULC microgels were synthesized in the absence of a
chemical crosslinker, while the regularly crosslinked microgels contained 5 mol% of N,N'-
methylenebis(acrylamide) (BIS). In the synthesis of both microgels, sodium dodecyl sulfate
(SDS) was used to control the microgel size. The hydrodynamic radii of the ULC and 5 mol%
BIS crosslinked microgels at 20 °C were 138 nm and 166 nm, respectively, as measured by
dynamic light scattering (DLS). Further details of the synthesis of ULC and 5 mol% BIS
crosslinked microgels are described elsewhere!!?.

Characterization methods

All interfacial experiments in this study were performed for microgel monolayers confined at
the n-decane/water interface. Unless otherwise stated, these measurements were performed at
20 °C.

Interfacial shear rheology measurements were performed with a custom-built setup where a
modified double wall ring (DWR) geometry?*?! is placed inside a Langmuir trough. This setup
allows interfacial shear measurements of compressed microgel monolayers at defined surface
pressures.’>? Amplitude sweep measurements were performed to measure the linear and
nonlinear viscoelastic response of the microgel monolayers at various surface pressures. In
addition, linear viscoelastic properties were measured under the continuous compression of the
monolayer to obtain more detailed information about the surface pressure dependence of the
interfacial shear properties.

Dilatational rheological properties of the microgel monolayers were measured by oscillating
barrier?* and oscillating drop?® techniques. The oscillating barrier technique was employed to
perform amplitude sweep measurements, thus gaining information about the linear and
nonlinear dilatational behavior of the microgel monolayers at various surface pressures. The
oscillating drop technique was utilized to measure the temperature and surface pressure
dependences of the dilatational properties in the linear viscoelastic region.

The two-dimensional phase behavior of the microgel monolayers was studied by depositing
microgels from the n-decane/water interface to a silicon wafer in a Langmuir-Blodgett trough,
and by using an atomic force microscope (AFM) to measure the height profiles of the deposited
microgels.

SUMMARY OF RESULTS

Five distinct regimes were identified upon compression of the 5 mol% BIS crosslinked microgel
monolayer: (I) diluted state, (II) corona-to-corona contact, (III) isostructural phase transition,
(IV) core-to-core contact, and (V) the failure of the monolayer.? In contrast, the ULC microgel
monolayer exhibited only three different phases upon compression. This can be explained by
the radially homogeneous structure of the ULC microgels, resulting in only one type of
hexagonal arrangement of microgels at the interface.?’
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To study the effect of the two-dimensional phase behavior on the interfacial shear rheology
of the microgel monolayers, amplitude sweep measurements were performed at various surface
pressures. In the case of 5 mol% BIS crosslinked microgels, it is observed that the interfacial
storage modulus measured in the linear viscoelastic region (LVR) is significantly higher in
regimes (II) and (IV) than in regime (III). The higher interfacial shear stiffness and elasticity of
the microgel monolayer in regimes (II) and (IV) is caused by the 2D crystalline structure of the
monolayer; in regime (I) microgels are arranged in a loosely-packed hexagonal array, and in
regime (IV) they are arranged in a close-packed hexagonal array. Regime (III), on the contrary,
is characterized by the co-existence of these two crystalline phases. In this region, individual
microgels or clusters of microgels can move more freely along the interface, thus causing
reduction in the interfacial shear stiffness and elasticity. These correlations between the
interfacial shear rheology and two-dimensional phase behavior were further confirmed by the
measurement of interfacial shear response under the continuous compression of the microgel
monolayer. In the case of the ULC microgel monolayer, the interfacial shear moduli are
generally lower than for the 5 mol% BIS crosslinked microgel monolayer. Also, as the ULC
microgel monolayer does not exhibit an isostructural phase transition between two different
crystalline states, there is no drop in the interfacial storage modulus associated with it.

In terms of the nonlinear shear behavior, it is observed that the 5 mol% BIS crosslinked
microgel monolayer exhibits a peak in the interfacial loss modulus around 10-20 % strain
amplitude. This peak is prominent especially in regimes (II) and (IV), while it almost disappears
in regime (III). This leads us to believe that the peak originates from the melting of the 2D
microgel crystals at the interface. Furthermore, it is notable that the LVR of the ULC microgel
monolayer becomes wider with increasing surface pressure.

Similarly to the interfacial shear rheology, dilatational viscoelastic properties are observed
to correlate with the two-dimensional phase behavior of the 5 mol% BIS crosslinked microgels.
The dilatational storage and loss moduli are observed to be systematically higher in regime (II)
than in regime (III). The oscillating barrier measurements could not be performed at higher
surface pressures in regime (IV) due to the possible formation of multilayers.?® Interestingly, it
is observed that the microgel crosslink density has only very minor effect on the dilatational
viscoelasticity of microgel monolayers at low surface pressures (in regime (I1)), as the data for
the 5 mol% BIS crosslinked and ULC microgels overlap almost perfectly. At higher surface
pressures (in regime (I1I)), the ULC microgel monolayer exhibits moderately higher dilatational
stiffness than the 5 mol% BIS crosslinked microgel monolayer. This observation demonstrates
that the dilatational stiffness of a microgel monolayer is not directly proportional to the stiffness
of individual microgels. It is also worth noting that there is a transition from dilatational strain
softening to dilatational strain hardening with increasing surface pressure. This change in the
nonlinear dilatational response may have important practical implications as microgel
monolayers experience large deformations and deformation rates in various real-life
applications.

The oscillating drop measurements confirm the observation of higher dilatational stiffness
of the ULC microgel monolayer at high surface pressures. Furthermore, these measurements
demonstrate that the dilatational stiffness and elasticity decrease when microgels are heated
significantly above their volume phase transition temperature (VPTT) of 32 °C. This effect is
particularly pronounced for ULC microgels that experience a more distinct volume phase
transition. It is further observed that in the case of the ULC microgel, the dilatational storage
modulus exhibits a distinct peak (maximum) around the VPTT. However, the 5 mol% BIS
crosslinked microgel does not exhibit such a peak. We are currently carrying out further studies
to explain the origin of this phenomenon.
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CONCLUDING REMARKS

This study demonstrates that the interfacial rheology of pNIPAM microgel monolayers is
strongly correlated with their two-dimensional phase behavior. From this perspective, microgel
monolayers bear resemblance to monolayers of hard colloids, showing similar type of structure-
property relationship®’. However, microgel monolayers offer an additional capability to tune
the interfacial viscoelasticity by means of varying the crosslink density and temperature. This
further highlights the suitability of polymeric microgels as building blocks for smart materials
such as stimuli-responsive emulsions.
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