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Abstract

Hypothesis The mechanical properties of model air/water interfaces covered by poly(N-
isopropylacrylamide) microgels depend on the microgels deformability or in other words on
the amount of cross-linker added during synthesis.

Experiments The study is carried out by measuring the apparent dilational, the compression
and the shear moduli using three complementary methods: 1) the pendant drop method with
perturbative areas, 2) the Langmuir trough compression, and 3) shear rheology using a double
wall ring cell mounted onto a Langmuir through.

Findings In the range of surface coverages studied, the interfaces exhibit a solid-like behavior
and elasticity goes through a maximum as a function of the surface pressure. This is observable
whatever the investigation method. This maximum elasticity depends on the microgel
deformability: the softer the microgels the higher the value of the moduli. The mechanical
behavior of model interfaces is discussed, taking into account the core-shell structure of the
particles and their packing at the interface.
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ABBREVIATIONS

AFM: atomic force microscopy

BIS: N,N’-methylenebis(acrylamide)

CryoSEM: scanning electron cryomicroscopy

DLS: dynamic light scattering

DWR: double wall ring

NIPAM: N-isopropylacrylamide

PDMS: polydimethilsiloxane

PF-QNM: peak force nanomechanical mapping

PNIPAM: poly(N-isopropylacrylamide)

pNIPAM-co-MAA: poly-(N-isopropylacrylamide-co-methacrylicacid

SANS: small angle neutron scattering

SEM : scanning electron microscopy

VELD: viscoelastic linear domain

VPTT: volume phase transition temperature



I) Introduction and state of the art

Microgels are soft and deformable particles consisting of a loosely cross-linked polymer
network, able to swell or contract upon application of an external stimulus. Temperature can be
a tuning parameter, in the case of poly(N-isopropylacrylamide) (pNIPAM) microgels, which
serve as a gold standard for this class of materials [1]. pNIPAM microgels adsorb spontaneously
at model liquid interfaces as shown long ago by Zhang and Pelton [2]. Since this pioneering
work, this feature has been confirmed and numerous works focused on the conformation of
adsorbed microgels at solid [3] and liquid interfaces [4]. It has been shown, both experimentally
and theoretically [5-10], that microgels spontaneously flatten at liquid interfaces and that they
mainly protrude towards water [5] depending on the respective solvent quality parameters of
both liquid phases [10]. Moreover, pNIPAM microgels exhibit a core-shell structure, the core
being more cross-linked than the shell, due to differences in reactivity of the monomer and the
crosslinker [11]. As a consequence microgels present an uneven deformation at the interface,
with a characteristic “fried egg” structure [6]. The cross-linking density of microgels that
governs their deformability has also been shown to influence their flattening [5,11]. The less
cross-linked the microgels, the more the particles deform at the interface [6,9,10]. The evolution
of the surface pressure =t as a function of area A can be understood thanks to the visualization
of the microgels conformation, which was achieved by SEM or AFM after compression of the
microgels using Langmuir trough followed by their transfer onto a flat solid substrate [8,9,12].
It is now well understood that the n-A curve exhibits five domains [8,9,12] upon compression
(see Fig. 1). The first one (domain 1) where 7~0 corresponds to a gas of isolated non-interacting
microgels or non-percolated clusters. When shells begin to interact and interpenetrate the
pressure increases sharply (domain I1). Then the pressure increases more smoothly or even

exhibits a plateau value (domain I11). In this domain, either two solid phases coexist with two



hexagonal lattice distances (for hard microgels) or one hexagonal condensed phase with a
decreasing lattice parameter (soft microgels), where the shell becomes compressed [9]. For
higher compressions, the cores of the microgels interact, likely trough Hertzian interactions (i.e.
interactions between two elastic spheres in contact) as proposed in [13], until reaching their
limit of compressibility (domain 1V) and then the collapse leading to buckling of the interface
and film breakdown may even be observed (domain V). The kinetics of adsorption at model
interfaces has also been studied [14]. Microgels spontaneously adsorb above a critical
concentration whose value is higher for charged microgels compared to neutral ones. Once this
concentration is exceeded, the stationary interfacial tension value depends neither on the
microgel concentration nor on their cross-linking density or presence of charges. It corresponds
to the high surface pressure at the end of the third domain, meaning that spontaneous adsorption

results in a dense surface coverage.
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Figure 1: Surface pressure as a function of the area per microgel on an oil-water interface.
Definition of the domain and schematic representation of the microgel profile in the various
domains, domain V corresponding to the collapse. Adapted from [12]

Parallel to this work dedicated to model interfaces, researchers also investigated the ability of
microgels to stabilize emulsions [15-23]. Owing to the responsiveness of the polymer

composing microgels, the soft particles can swell or collapse upon changing the thermodynamic



parameters and therefore their ability to stabilize emulsion may also depend on these parameters
[6,19,20]. Microgels exhibit peculiar properties that make them specific emulsion stabilizers
with original properties, intermediate between polymeric surfactants and rigid particles [19,21].
As for hard particles, microgels adsorb quasi irreversibly, leading to very stable emulsions also
called Pickering or solid-stabilized emulsions. Additionally, due to the high adsorption energy,
mechanical behavior of the interface is likely a paramount parameter. Literature studies about
2D rheology for microgels-laden surfaces remain rare, the more important ones being [8,12,24-
28]. Attempts to link 2D rheology to bubble or drop stability have been proposed. In 2010,
Brugger and co-workers [25] conducted the first interfacial rheology experiments on poly-(N-
isopropylacrylamide-co-methacrylic acid (pNIPAM-co-MAA)-laden fluid interfaces by
carrying out shear and dilational rheology. Depending on pH, these microgels were charged (or
non-charged respectively) and swollen with a 440 nm hydrodynamic diameter (or collapsed
respectively with a 275 nm hydrodynamic diameter) at pH 9 (at pH 3 respectively). The authors
showed that at pH 3, the interfacial tension is smaller, the interface coverage is higher, the linear
regime is limited to smaller strains, the shear elasticity is smaller, the interface is more brittle
and the emulsions are less stable than at pH 9. They concluded that the sensitivity towards shear
determines the emulsion stability. From the observations of microgel packing at emulsion drop
surfaces through CryoSEM, Destribats et al. [6] hypothesized that a higher shell
interpenetration could explain a better resistance to mechanical disturbances for softer
microgels compared to harder ones. In 2013, Cohin and co-workers [26] using particle tracking
at the air-water interface covered by pNIPAM microgels studied the interfacial diffusion. They
showed that at 10 wt% the interface is fully covered and the Brownian diffusivity is arrested.
The compression elastic modulus measured by the pendant drop method was 100 times smaller
than that with linear pNIPAM chains around the lower critical solubility temperature (LCST)

[29]. Using the same technique, in 2014, Pinaud et al. [12] measured the elastic modulus during



pPPNIPAM microgels adsorption onto a dodecane-water interface corresponding to various
surface pressures for two cross-linking densities. They showed the existence of a maximum in
elasticity (on the order of 50 mN/m for 7~15 mN/m) independently of the cross-linking density.
This surface pressure belonged to the second domain where microgels interact through their
shells. Two years later, Rey et al. [8] measured the effect of smaller pNIPAM-co-MAA
microgels concentration on the rheological behavior of a water-hexane interface using an
interfacial microdisk rheometer with the Langmuir trough. They confirmed the existence of a
maximum of viscoelasticity measured at 0.5Hz as a function of the interfacial pressure in the
domain Il. At low pressures, the so-called surface storage modulus G’s increased corresponding
to the compression of the shell-shell hexagonal lattice up to a value close to 1 mN/m. When the
systems entered the coexistence domain, the elasticity of the interface starts to saturate as noted
by the authors [8] followed by the nucleation of clusters of particles in core-core contact that
relaxes the stress of the shell-shell network. When the second lattice percolated a second
increase of G’s was observed. Similar results were obtained by dilational measurements and
discussed by Akentiev et al on pNIPAM microgels [27]. The effect of the 1 pm-sized pNIPAM-
co-allylglycine microgel concentration has also been studied [28] at the PDMS-water interface
by preparing Gibbs or Langmuir monolayers. At low surface coverage, passive microrheology
showed that the interface mainly exhibits an elastic response, dominated by aggregated
structures of microgels that formed at the interface. At high surface coverage, microgels formed
densely packed monolayers. Using microsized magnetic particles as local active rheological
probes, the authors observed four regimes in microgel concentration where elasticity was
suggested to originate from different sources, in agreement with previous results and
interpretations. When concentration increased, first the formation of aggregates leads to a
viscoelastic response, the elasticity increased due to shell compression, then, a decrease of

elasticity is observed which was attributed to the interfacial stress relaxation owing to folding



in the third direction and to the change from shell-shell to core-core interactions. Finally, when
the distance between microgels became lower than 1 um, the elasticity increased again through
Hertzian interactions between cores. The authors also concluded that the microgel monolayers
acted similarly to soft glassy materials. Recently, Yan et al. [30] have also shown that
monolayers of shrunken pNIPAM microgels above VPTT were more easily compressed
compared to monolayers consisting of swollen pNIPAM microgels.

From this brief literature review, it seems that the main points on which results converge are
the dominant elastic behavior of microgels-laden interfaces and the existence of a maximum
elasticity with concentration or equivalently surface pressure. However, the values of the elastic
moduli at the maximum as well as the parameters tuning this maximum have not been identified
yet. We wonder whether intrinsic microgel deformability is controlling interfacial mechanical
properties. To test this hypothesis, we aim, herein, at characterizing the mechanical behavior of
interfaces covered by microgels exhibiting variable deformability (or in other words different
cross-linking densities), all other parameters remaining constant. Therefore, in the present
paper, we combine various techniques to get a clearer insight into the mechanical behavior of
such interfaces. To do that, we measure the dilation and compression, as well as the shear
moduli using the pendant drop method with perturbative areas, the Langmuir trough
compression and shear with controlled surface pressure respectively. In all cases, the interfaces
exhibit solid-like behavior and the magnitude of the elastic moduli goes through a maximum as
a function of the surface pressure. This maximum in elastic response depends on the microgel
deformability: the softer the microgels the higher the maximal elasticity. The mechanical
behavior of model interfaces is discussed taking into account the microgels core-shell structure

and the microgels packing at the interface.

I1) Material and methods



I1.1 Chemicals

All reagents were purchased from Sigma-Aldrich. Prior to use, N-isopropylacrylamide
(NIPAM) was recrystallized from hexane (ICS) and dried overnight under vacuum. N,N -
methylenebis(acrylamide) (BIS, purity 99%) and potassium persulfate (KPS, purity 99%) for
the synthesis were used as received. Milli-Q water was used for all synthesis reactions,
purification, and solution preparation.

I1.2. Particles synthesis and purification

pNIPAM microgels with at different cross-linking compositions (1.5, 2.5 and 5 mol%
respectively) were obtained as previously described [14] by an aqueous free-radical
precipitation polymerization, as classically employed for the synthesis of thermo-responsive
microgels and especially pNIPAM microgels (see Supporting Information Sl 1). The amount
of the cross-linker BIS was varied from 1.5 to 5 mol% compared to NIPAM.

The obtained suspensions were purified to remove possible synthesis residues, such as
water-soluble linear polymer chains, by centrifugation-redispersion in pure water cycles (16
000 rpm = 29 000 gr where gr is the gravitational constant 9.81 m.s during 1 hour at 24°C).
After each centrifugation, the supernatant surface tension was measured by the pendant drop
method. Purification was repeated until reaching the one of pure water (72 mN/m). These
purifications steps are of utmost importance because it has been shown earlier that synthesis
residues exhibit themselves the ability to adsorb at interfaces [14] or to stabilize hexadecane-

in-water emulsions over several months [31].

I1.3 Determination of the microgel concentration
After purification, the mass of particles mpart (in Wt%) in the suspension was determined

by the drying method. At 50°C, Lele et al. [32] have established that the microgels are



composed of 29 wt% of polymer and 71 wt% of water. Based on this result, the number of

particles can be estimated using the following relation (Eq. 1):

6mp,) (0.71 0.29

B 1'lt(d%0cc)3 Ppol Pwater

Eqg. 1

where p,, = 1.269 g.cm? and pyqrer = 1 g.cm= are the density of polymer and water
respectively, dggec is the hydrodynamic diameter of the microgels at 50°C measured by

dynamic light scattering (see values in Table I) and mpart the amount of particles determined by

the dry extract at 50°C.

I1.4 Particle size characterization
Microgel hydrodynamic diameters and polydispersity index were determined by dynamic
light scattering (DLS) with a Zetasizer Nano S90 Malvern Instruments. The polydispersity
index (PDI) is given by the cumulant analysis method. The synthesized characteristics are
given in (Table 1):

Table 1: sum-up of the synthesized microgels

Sample name NIPAM (mM) BIS (mol%) dysec (PDI) dsgec (PDI)
With respect to (nm) (nm)
NIPAM
pPNIPAM-1.5 62 15 680 (0.030) 295 (0.076)
pNIPAM-2.5 62 2.5 620 (0.012) 273 (0.120)
pNIPAM-5 62 5.0 633 (0.042) 358 (0.089)

I1.5 Dynamic dilational elasticity measurements with the pendant drop method

To determine the rheological properties of model air/water interfaces, covered by
microgels, the pendant drop method, also called dilatational or dilational elasticity, has been
used (Tracker™ Automatic Drop Tensiometer from Teclis Scientific). It consists in studying

the interface mechanical response to compression-dilatation cycles. An aqueous drop of 8 uL



composed of a microgel suspension at a concentration between 0.01 wt% and 0.5 wt% was
formed at the tip of a needle and wad submitted to a sinusoidal variation of its area A (Eq. 2):

A = Ay sin(2nft) Eq. 2
where f is the oscillating frequency set to 0.1 Hz and Ao is the variation amplitude chosen small
enough to belong to the linear domain. This technique of course has limitations for strongly
elastic interfaces [33]. In the present case, the measured elasticity does not result from Gibbs
elasticity but rather originates from interactions between adsorbed particles. As a consequence,
the pressure in the drop may change more quickly and the shape may diverge from the Laplacian
(i.e. that can be fitted by the Young-Laplace equation) shape [34] but this was not noticeable in
the present experiment. For simplicity, we chose analyzing the drop shape, as it is frequently
done in literature, keeping in mind the possible discrepancies. We therefore defined an apparent
complex dilatational surface elasticity defined as:

E app = it Eq. 3
E”app is composed of a real part called apparent dilational elastic modulus E’app and an imaginary
part E”spp called apparent dilational loss modulus. A first experiment showed that E’spp and
E”app remained constant for Ao varying from 2 to 10% of the initial drop area. The amplitude
was then fixed to 5% of the initial drop area. It was checked that the Bond number, that

quantifies gravitational forces and tension forces number, defined as:

R2
BO — pwate;gT Eq 4

was larger than 0.1 ensuring a Laplacian shape of the drop. In this equation, pwater is the water
phase density, R the drop radius.

As the stationary value of y and therefore the surface pressure (defined as n=yo—y where yo is
the air-water pristine surface tension (72.8mN/m)) is independent of the microgel concentration

[14], we had to perform the dilational viscoelastic measurements during microgel adsorption
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that is to say during the evolution of y (see Supporting Information Sl 2). At a given time t, the
surface tension and therefore the surface pressure is measured as well as the apparent elastic

dilational modulus. The curve E’app =f(1t) can therefore be plotted.

As the adsorption kinetics of microgels are unequal as a function of the cross-linking density,
the microgel concentration was adapted so the half adsorption time ty2 is long enough (larger
than 100 s) compared to the oscillation duration. It was previously checked that, for a given
cross-linking density, the elastic modulus at a fixed pressure is independent of the concentration

[14].

I1.6. Interfacial static compression modulus

From the Langmuir compression experiments, as the surface is decreased and the two
dimensional pressure is measured, the compression elastic modulus can also be estimated
through Eq. 5. As the compression is not isotropic but rather uniaxial the modulus will be

denoted here as Eg (rather than K).

d
Bo =~ s (E9.5

Most of the Langmuir compression isotherms have been performed with a homemade Teflon
trough whose size is 145 mm width and 690 mm length equipped with two mobile barriers with
a protocol described in [9]. Isopropanol has been chosen as it plays the role of volatile non
cosolvent [35]. Note that we checked that the obtained curve did not depend on the compression
rate neither on the initial suspension concentration providing the expanded volume was adapted

to deposit the same amount of microgels.
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I1.7. Interfacial shear rheology at controlled surface pressure

Using AFM and pendant drop method, it has been shown that the adsorbed microgel
morphologies can be determined as a function of the surface pressure. However, these methods
do not give access to the mechanical interface behavior at stationary state. Indeed, in the
previously described pendant drop method, the surface pressure is not controlled but results
from the spontaneous adsorption. This is the reason why we used a method combining
Langmuir trough experiments allowing controlling the surface pressure and an interfacial stress
controlled rheometer equipped with a double wall ring (DWR) geometry with openings to
ensure homogenous concentrations on both sides of the ring [33,36,37], whose dimensions can
be found in [33]. The Teflon homemade Langmuir trough was 780 mm large and 75 mm width.
It was equipped with two mobile barriers positioned at 30 mm each from the edge,
corresponding to a compressible area of 540 cm2. The surface pressure was recorded with a
Wilhelmy balance equipped with a paper plate. Knowing the area occupied by the DWR and
the mold the effective compressible area was calculated, it was equal to 531.6 cm2,
Microgels were spread at the air-water interface as described in [9]. Microgels were first
dispersed in a water-isopropanol (5:1) mixture that was then spread at the water surface using
a Hamilton syringe and let for one hour.
For each sample, the viscoelastic linear domain (VELD) was determined by varying the
oscillating shear strain amplitude from 0.1% to 50% at various surface pressures ranging from
1 to 30 mN/m at a fixed frequency of 0.1 Hz. The evolution of G’* and G*** was then recorded,

they are defined as:

G'S =2%cos 8 (Eq. 6a)
Yo

G’ = 2sin § (Eq. 6b)
Yo

where oo Is the 2D stress amplitude, yo the 2D strain amplitude and 6 the phase shift. For each

rheology experiment, the surface pressure was let to equilibrate for 15 min prior to measurement
12



and then maintained constant thanks to the Langmuir trough control loop. Once the viscoelastic
linear domain determined, frequency sweep experiments were carried out from 0.01 to 1 Hz
keeping the strain amplitude in the VELD. Conditions were such that subphase flow corrections

do not need to be applied [33].

I11) Results and discussion

I11.1 Dilational elasticity

Figure 2 reports the apparent dilational elastic and loss moduli deduced from the
pendant drop shape analysis at the air-water interface, as a function of pressure for the three
cross-linking densities: 1.5, 2.5 and 5 mol%. In all cases, the apparent elastic modulus E’app IS
much larger than the apparent loss modulus E”app. This elastic dominant behavior is in
agreement with results obtained previously for microgel-laden interfaces [12,25,26]. The
apparent elastic modulus (as well as the apparent loss modulus in a much lower extent) exhibits
a non-monotonous curve going through a maximum noted hereafter E’app max for a surface
pressure of the order of 14+1 mN/m. The value of E’app max Strongly increases with the microgels
deformability that is to say when the cross-linking density decreases. It is equal to 80, 64 and
50 mN/m for interfaces covered by microgels with 1.5%, 2.5% and 5% of BIS respectively.
Note that E”app is almost independent of the cross-linking density. This maximum elasticity

occurs in the domain I, corresponding to microgels interacting through their shells.
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Figure 2: Apparent dilational elastic E’app (filled symbols, left axis) and apparent loss E”app
(empty symbols, right axis) moduli as a function of the surface pressure measured by the
oscillating pendant drop method at the air-water interface for three cross-linking densities (red
disks: 1.5 mol%, blue diamonds: 2.5 mol% and black squares: 5 mol%).

Measurements of the apparent elastic modulus (which combines elastic contribution due to
microgel compressibility and elastic contribution from interactions between microgels) at oil-
water or air-water interfaces with microgels has been shown to be one or two orders of
magnitude smaller than the elasticity of interfaces covered by solid undeformable nanoparticles
(for which the compressibility contribution is negligible) [25,26,38,39] or the surface plastic
stress threshold determined for Pickering emulsions stabilized by silica particles [40]. It is worth
noticing that E’app max IS Of the same order as the elastic modulus previously measured by
Noskov et al. for pNIPAM homopolymer solutions [41].

As discussed previously in the introduction, the shape of the apparent dilational elastic modulus
curve as a function of pressure is a consequence of the microgel morphology with a dense and
rigid core surrounded by a much softer shell made of dangling chains. Recent studies have
focused on local mechanical behavior of individual microgel through dynamic light scattering

(DLS), small angle neutron scattering (SANS) and atomic force microscopy (AFM) either
14



through nano-indentation or peak force nanomechanical mapping (PF-QNM) [42-44]. In
particular, Aufderhorst et al. have provided evidence of the radial distribution of mechanical
properties in the microgel by independently measuring the elasticity of the core and of the shell
[43]. The core Young modulus ranged between 17 and 48 kPa, with a higher value as the cross-
linking density increased in agreement with a core stiffening with increasing cross-linking. The
corona exhibited lower value of the Young modulus, between 3-40 kPa. Notably, for the more
densely cross-linked particles, they observed similar moduli because of a significant lower
radial heterogeneity, with a much less extended corona. While the elasticity of individual
microgels increases with the cross-linking density, Fig. 2 shows the opposite trend for E’app max
reflecting the importance of the shell rather than the core on the dilation elastic modulus of a
microgel assembly. This is also consistent with the fact that this maximum occurs in the domain

I1 where microgels interact through their shells.

I11.2 Compression modulus

The Langmuir compression isotherms have been measured for the various cross-linking
densities, they are reported in Fig. 3a and transformed into compression elasticity as a function
of normalized area A (see Supporting Information SI 3) and as a function of pressure using Eq.
5 (Fig. 3b). The compression rate was fixed at 10 mm/min, the slowest accessible rate. The
curves exhibit the classical shape as discussed in the introduction [9,12,45]. One can note the
similar general trend as for the dynamic apparent dilational elasticity. The compression
modulus Eg exhibits a maximum whose height depends on the amount of cross-linker. The
lower the cross-linker amount, the higher the compression modulus. However, the surface
pressure corresponding to the maximum elasticity is shifted toward smaller values as it varies
from 10+1 to 721 mN/m when using microgels with increasing deformability. One can also

note that the curves seem less symmetrical with respect to the maximum than the dilational

15



ones. This could result from a difference of deformation homogeneity in both types of
experiments. Indeed the strain in a pendant drop is not purely elongation and shear is present in
the neck. Also in the Langmuir through, the type and homogeneity of deformation may depend

on the boundary conditions at side walls [46].

) 40
- * 1.5 mol% BIS
- + 2.5 mol% BIS
= e | = 5.0 mol% BIS
£
= 20 A
£
~ 15 -
B
10 A
5 -
0 ‘
0 100 200 300 400 500 600
Normalized area A (m?/g)
100 -

80 - ’0.“ + 2.5 mol% BIS

70 f—-'\. - 5.0 mol% BIS

60 { ofgitmp, "v-‘,

50 { &° S o

40 - )

30 -

20 -

10

0 : : .
0 10 20 30 40

Surface Pressure T (mN/m)

Eg (mMN/m)

g™

Figure 3: (a) The measured pressure is plotted as a function of normalized area (by the amount
of microgels). The experiment is performed at a rate of 10 mm/min. (b) Elastic compression
modulus Ec (defined by Eq. 5) as a function of the surface pressure for the three cross-linking
densities

At high surface pressures (above 30 mN/m), a second maximum can be observed. It appears in

the domain IV where the cores are thought to interact. From Fig. 3b, it can be seen that this
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second maximum exhibits an opposite trend. Indeed its amplitude increases as a function of the
cross-linking density in agreement with harder cores and occurs at a higher surface pressure for
PNIPAM-5. It therefore seems that this secondary maximum originates from the core
compressions. The amplitudes of the elastic maxima (compression and dilational ones) are

compared in Fig. 4.
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Figure 4: Maximum elastic moduli as a function of the cross-linking density (disks:
compression modulus Eg, triangles: dilational apparent elastic modulus E’ and empty circles:
secondary maximum compression modulus).

I11.3 Shear moduli

Despite the fact that the main trends are correctly described, the two previous methods
do not allow to fully characterize the mechanical behavior of the interfaces at a controlled
pressure in the stationary state. This becomes possible by combining a Langmuir trough and
interfacial shear rheology [33,37,47,48]. The experiments have been performed on the

PNIPAM-1.5 and pNIPAM-5.

111.3.1 Effect of applied strain at a fixed surface pressure
The VELD was determined by varying the strain amplitude from 0.1% to 20% at a fixed

surface pressure from 1 to 28 mN/m (Fig. 5a) at 0.1 Hz. This frequency has been chosen to
17



cover the same range as the dilation experiments. A larger strain amplitude range has been
tested (from 0.01% to 50%). However, at low surface pressure, the experiments were limited
by the apparatus detection limit, and at high surface pressure by the monolayer rigidity that led
to macroscopically observable inhomogeneous deformation and fracture, consistent with the
formation of a predominantly solid interface. This is the reason why in a typical experiment the
strain amplitude range was fixed between 0.1 to 20%. In fig. 5b to 5g, G’* and G™* are plotted
as a function of the shear strain for the various surface pressures for pNIPAM-1.5 depicted in

Fig. 5a.
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Figure 5: Characterization of the pNIPAM-1.5 laden air-water interface a) Langmuir isotherm,
b to h) G* (full symbols) and G (empty symbols) as a function of the strain amplitude at fixed
0.1 Hz frequency for different pressures b) t=1 mN/m, ¢) =5 mN/m, d) =13 mN/m, e) =15
mN/m, f) 1=20 mN/m, g) =24 mN/m, and h) =28 mN/m. All the data are superimposed for

comparison in see Supporting Information SI 3
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Whatever the applied surface pressure, the interface behaves as a viscoelastic solid with G**
larger than G**° by at least one order of magnitude. The evolution of the moduli with the strain
amplitude exhibits similar shape for the various pressures. It can be divided into three regions.
In the first domain, at low strain (<1%), G’ and G™ are constant (and the stress amplitude
varies linearly with the strain amplitude) corresponding to the VELD where G’° and G
characterize the intrinsic material properties. This linear domain is more extended when the
surface pressure increases. In the second domain, G’® begins to decrease while G increases
until reaching a maximum meaning that the energy dissipation increases. The strain is high
enough to induce microgel reorganization: the interface begins to flow. At higher strains, both
G”® and G”® decrease, most likely due to sliding between microgels. These shapes are analogous
to the ones that are usually observed in bulk rheology for many materials as for example in
emulsions [49,50] or colloidal crystals of polystyrene core-PNIPAM shell particles [51]. This
confirms the 2D soft glassy material behavior previously proposed from the arrested dynamics
[28]. In 3D rheology, this shape, termed “G” overshoot”, has been shown to result from the
transition from the soli-like to liquid-like behavior in yielding materials [52]. It can therefore
be concluded that this is a typical signature of plasticity, also in these 2D microgel layers.

The same experiments have been carried out for the higher cross-linked microgels

PNIPAM-5 (see Fig. 6).
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Figure 6: Characterization of the PNIPAM-5 laden air-water interface a) Langmuir isotherm, b
to 1) G’ (full symbols) and G™** (empty symbols) as a function of the strain amplitude at fixed
0.1 Hz frequency for different pressures b) =4 mN/m, ¢) =10 mN/m, d) 7=13 mN/m, e) =15
mN/m, f) =17 mN/m, g) 7=20 mN/m, h) 7=23 mN/m and i) ©t=25.5 mN/m. All the date are
superimposed in see Supporting Information SI 4.
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As for the less cross-linked microgels, the pNIPAM-5 laden interface exhibits a solid-
dominant behavior as G’° is much larger than G in the whole explored pressure range.
However, the values of both elastic and loss moduli are weaker than for the more deformable
microgels (G”* = 10 mN/m for pNIPAM-1.5 at maximum and G’° = 3 mN/m for pNIPAM-5 at
maximum). It can also be noticed that no crossover between G’* and G™° can be seen and that
the linear domain is even less extended that the surface pressure increases. The overshoot of
G is also less noticeable suggesting that the flow setting corresponds to less energy

dissipation.

111.3.2 Effect of frequency

At a fixed strain belonging to the linear domain in all cases (0.5%), a frequency sweep
(from 0.01 to 1 Hz) was performed for various surface pressures. The results are reported in
Fig. 7 a and b for pNIPAM-1.5 and pNIPAM-5. They are also plotted on a single graph in

Supporting Information Sl 4 and SI 5 for pNIPAM-1.5 and pNIPAM-5 respectively.
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Figure 7: Surface elastic modulus G’s (full symbols) and surface loss modulus G”’s (empty
symbols) as a function of the frequency. The applied strain is equal to 0.5%. a) pNIPAM-1.5
and b) pNIPAM-5.

In all cases, for both cross-linking densities and for all surface pressures, G is
independent of the applied frequency and remains much larger than G”* showing the main solid
behavior in the whole frequency range. The loss modulus exhibits a minimum and increases at
higher frequency. For pNIPAM-5, this minimum seems to be shallower.

The same frequency behavior has been observed by Petekidis et al. [51] in pNIPAM hydrogels
films. It has been identified as a solid behavior of hard spheres. In 3D rheology, such frequency
dependence is common, for example in concentrated colloidal suspensions or emulsions. In
these systems, each particle or drop is seen as trapped in a cage formed by its neighbors. Mason
and Weitz have shown that this minimum in G”, in 3D, originates from the existence of two
distinct characteristic times: the shortest time characterizes the particle motion dynamics inside

the cage while the longer time corresponds to the cage relaxation [53].

The previous results can also be presented as a function of the surface pressure.
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111.3.3 Effect of the surface pressure

From the shear measurements, we can extract the characteristic parameters G°, G, y¢°
and oc®. We define the critical strain y° and o¢® as the limit of the VELD. For that, we plotted
the oscillating stress amplitude as a function of the oscillating strain amplitude, the critical
values y¢® and oc® are taken as the last point before deviation for the linear relation between both
amplitudes (an example is given in supporting information Sl 6). After this limit, a deviation

with respect to linearity is observed.

Fig. 8 reports G’° and G™* as a function of the surface pressure for the two cross-linking

densities.
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Figure 8: Magnitude of the elastic shear plateau surface modulus G’* as a function of surface
pressure for microgels with two different cross-linking densities 1.5 (red disks) and 5 mol%
(black squares) of BIS.

The same shape can be observed for G’* as for apparent E’app and Eg. The magnitude of the

surface shear modulus goes through a maximum as a function of the surface pressure. To allow
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better comparison, Table 2 lists the maximum elasticity values of G’Smax, Ee_ . and E’ of

app max
G”®, Ec and E’app respectively as well as the corresponding surface pressure mmax.

Table 2: Summary of the maximal values of elasticity obtained with the three methods. All the
moduli and pressures are expressed in mN/m.

Apparent Interfacial shear Compression using
dilational elasticity rheology a Langmuir trough Ratio Ratio
E’app max/G’S max EG max/G’S max
E T G*s T Ec T
app max max max max max max
PNIPAM-1.5 80 13 9.5 13 82 9 8.5 8.6
PNIPAM-5 50 13 3 13 64 9 16.7 21

Whatever the method, the magnitudes of the maxima in the elastic moduli G’® max and E’app max
are larger for the interfaces created with the more deformable microgels than for the more rigid
ones. Moreover, the maximum arises for the same surface pressure indicating that the interface
has a similar response independently of the way it is solicited (dilatation or shear or even
complex combinations of both since for the pendant drop and Langmuir trough the
deformations are not pure). One can also notice that dilational and shear moduli take different
values with E’app larger than G’° by almost an order of magnitude. However, as demonstrated
by Brugger et al. on pNIPAM-co-AA [25], differences may exist between results obtained by
dilational and shear rheology. The authors justified this observation by the fact that the
interactions that are measured by the two methods are not necessarily the same: shear rheology
measures the response to (translation) rotation and elongation of the interface while dilational
rheology is sensitive to the ability of the layer to adapt its lattice parameter (distance between
microgels) under the effect of expansion-compression. Consequently, one can imagine that in
our case, the elastic interface response to a shear or a dilatation is not the same. Then shear and

dilational rheology allows mechanically stressing the microgel-laden interface with two stimuli:
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(com)pression or shear strain. Making an analogy with three-dimensional mechanics and the

Poisson COCfﬁCient, as the ratios E,app max/(i’S max AS We|| as EG max/G’S max dlffer fOI’ bOth types

of microgels (Table 2), this could indicate intrinsic differences of the two materials.

The values of y¢® and oc® are plotted as a function of the surface pressure in Fig. 9 and in

Supporting Information SI7.
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Figure 9: Variation of a, c) the critical strain yc* and b, d) corresponding stress oc® as a function
of the surface pressure imposed in the Langmuir trough for a, b) pNIPAM-1.5 and c, d)
pPNIPAM-5. The data are superimposed for comparison in see Supporting Information SI 7.

Fig. 9a highlights the fact that for pNIPAM-1.5 the critical strain increases with the surface

pressure in a quite narrow range, from about 1.5% at =1 mN/m where microgels are packed
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in a hexagonal array with peripheral chains that begin to interact, up to about 5% when the
pressure is close to 30 mN/m. It therefore seems that it is easier to “break” the hexagonal lattice
and to make it flow at low pressures. The corresponding stress increases progressively and
reaches a maximum value at about 25 mN/m before decreasing at higher surface pressures.

From fig. 9c, a major difference can be observed for the higher cross-linked microgels: in
opposition to pNIPAM-1.5, the VELD for pNIPAM-5 is all the narrower that the surface

pressure increases, indeed yc decreases when surface pressure increases.

As the surface elastic modulus G’* is always larger than the loss modulus by more than a decade,
the contribution of the loss modulus to the total viscoelastic modulus can be neglected. Then,
the stress maximum, during stationary oscillatory deformations, is approximately given by the
elastic modulus times the strain amplitude ¢°® = y* x G*°. For pNIPAM-1.5, the critical stress for
such oscillatory deformations is the product of the critical strain amplitude, which is an
increasing function of the surface pressure, times the elastic modulus that exhibits a maximum.
Therefore, the critical stress exhibits the same shape as the elastic modulus, an increase until a
maximum and then a decrease. In contrast for the higher cross-linked pNIPAM-5 microgels,
the elastic modulus varies much less, so that the critical stress exhibits a similar shape than the
critical strain that is to say a decrease when the surface pressure increases. This seems indicating
that below the maximum pressure, the shear-induced transition from solid-like to liquid-like
behavior is dominated by the elasticity originating from interpenetrating microgels through
their shells for the more deformable microgels. In the case of more cross-linked microgels, as
the yield stress is larger for low surface pressure, rearrangement and sliding phenomena,
induced by large deformation prevail, and are likely responsible for the irreversible plastic

deformation.
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IV. Conclusion

Microgels have been shown to strongly adsorb at liquid interfaces by flattening [5-10] with a
main protrusion towards water [5]. As a consequence of their core-shell structure [11], they are
able to densely cover the drop surface by adopting a fried-egg like morphology, thereby
stabilizing emulsions [6]. It is known that the emulsions are all the more mechanically resistant
as the microgel deformability increases [6]. This has been connected to the interfacial properties
of the microgels. Langmuir compression experiments combined with AFM observations
showed a complex microstructural evolution, with the existence of five domains when
increasing the surface coverage going from a dilute 2D gas of microgel particles (domain 1) all
the way to the interface buckling (domain V). However, only few experiments were previously
performed to assess the mechanical behavior of microgel-laden interfaces [8,12,25-28], and an
integral view is missing. So far, the surface elastic modulus was derived from oscillation of a
pendant drop [12,25,27] or from micro-rheology [8,25,26,28]. In such experiments, applied
deformations however constitute complex and mixed deformation fields, with the amount of
shear and dilation depending on the very properties one tries to measure. In the present work,
the mechanical properties of model interfaces covered by microgel particles have been studied
by an array of techniques, to elucidate the full rheological response of the interface. The
experiments included pendant drop oscillation and Langmuir compression and a complete shear
rheology study was performed using a double wall ring cell mounted onto a Langmuir through.
The latter enables one to measure the response to controlled simple shear deformations at
controlled pressure/surface coverage in static conditions. This is the first time such an integral
view on the rheology of microgel interfaces is reported. Moreover the effect of the microgel
deformability, meaning the impact of the cross-linker concentration during synthesis, on the

shear rheology has been examined.
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The elastic response of adsorbed microgels at the air/water interface was established as a
function of surface pressure. Whatever the method used, the magnitude of the different elastic
moduli goes through a maximum of elasticity for pressure values of about 10-15 mN/m
confirming previously reported trends [8,9,12]. This behavior is a direct consequence of the
particular structure of microgels, i.e. a dense and rigid core surrounded by a deformable shell
made of dangling chains. The presence of an elastic maximum can be rationalized by a
conformational change of the hydrophobic segments of pNIPAM microgels constituting the
shell from a proximal region (polymer layer) to a so-called distal region. At the beginning of
the adsorption process, the dangling chains are likely organized parallel to the surface. An
increase in particle concentration or equivalently in surface pressure causes the chains to fold
in the distal region of the polymer layer. A stress relaxation can then occur due to a
conformational exchange of the polymer segments, which can desorb from the surface
(proximal region) to form loops in the distal region. The elastic contribution of the loops being
less important than that of the segments adsorbed on the surface, it results in a decrease of the
elastic modulus when the interface is further compressed. The elastic modulus is lower for
higher cross-linking density, likely resulting from the fact that the less the microgels are cross-
linked, the higher the contribution of the chains constituting the shell. An additional study
would be required to identify the role of local entanglements (chains constituting the shell and
having a free end able to interact with the chains of the neighboring microgels) on the
mechanical properties of dispersion of microgels at different cross-linking rates.

A secondary elastic maximum is observed at high surface pressures (above 30 mN/m) as already
seen in [27,28]. We herein showed that its amplitude increases when the cross-linking density
increases, corresponding to an opposite trend compared to the first maximum but in agreement

with individual microgel rigidity [43]. Since, at such high surface pressures, microgels interact
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through core-core interaction, this secondary maximum is likely originating from the core-core
Hertzian interactions, as hypothesized in [13] and referred in [28].

One has also to be aware of some fundamental differences when comparing liquid interfaces
properties. In the case of spontaneous adsorption, microgels spontaneously adsorb at high
surface pressures (close to 30 mN/m) corresponding to the end of domain 111 [12,14], above the
first elastic maximum and below the secondary elastic maximum. In the case of forced
compression, the whole surface coverage or equivalently the whole microgel conformation
range is accessible. In the case of emulsion drops, when emulsification is performed in the
particle-poor domain, it has been shown that microgels are flattened, their shells are
interpenetrated while their cores are not in contact [6] which corresponds to the domain 1l
defined for the model interfaces. This domain, characterized by interacting shells, is very
extended in surface pressure and the elasticity goes through a maximum. It should be noted that
this maximum of elasticity occurs for a given pressure whatever the microgels cross-linking
density and for various surface coverage corresponding to various center-to-center distance
between microgels. In the emulsions, it has been shown that, due to higher microgel
deformability, the microgels flattening increases when the cross-linking density decreases,
keeping a constant center-to-center distance between microgels [6]. To allow a complete
conclusion it should be necessary to assess the surface pressure of the drop composing the
emulsions.

The present reported shear study on model interfaces brings clarity on the dominant solid
behavior with G’° larger than G™ , in the viscoelastic linear domain, whatever the applied
pressure and whatever the frequency in the explored range. G’* is independent of the frequency
while G goes trough a minimum. By analogy with 3D rheology [53], we suggest that this
minimum originates from the existence of two characteristic times, the shortest one

corresponding to the microgel dynamics in its cage formed by neighboring microgels while the
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longest time represents the cage relaxation. For increasing shear strains, exiting the viscoelastic
linear domain, we also showed the influence of the microgel deformability. Indeed, the
viscoelastic linear domain extended for increasing surface pressures for interfaces covered by
the more deformable microgels while it reduced for interfaces covered by the more rigid ones.
In all cases, the interfaces exhibit a elasto-plastic behavior whose yield stress seems to be
dominated by the elasticity going through a maximum as a function of surface pressure for the
more deformable microgels while the yield stress seems to be dominated by shear-induced
rearrangements that become easier as the surface pressure increases in the case of more rigid
microgels. In our opinion, the most challenging question that now arises is the transposition of
these model interface rheological characterization to interfaces present in emulsion systems and

to the macroscopic properties of emulsions.
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Supporting Information Sl 1: details for the pNIPAM microgels synthesis

Polymerization was performed in a 500 mL three-neck round-bottom flask, equipped with a
magnetic stir bar, a reflux condenser, thermometer, and argon inlet. NIPAM and the BIS cross-
linker were dissolved in 280 mL of water so that the total monomer concentration was equal to
62 mM. The amount of BIS was varied from 1.5 to 5 mol% compared to NIPAM. The solutions
were purified through a 0.2 mm membrane filter to remove residual particulate matter. The
solutions were then heated up to 70°C with argon thoroughly bubbling during at least 1 h prior
to initiation. Free radical polymerization was initiated with KPS (2.5 mM) dissolved in 20 mL
of water after 10 min of argon degassing. The initially transparent solutions became
progressively turbid as a consequence of the polymerization and precipitation processes. The
solutions were allowed to react for a period of 6 h in the presence of argon under stirring. After

this period of time, a homogeneous suspension was obtained.
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Supporting Information SI 2: Scheme of the apparent dilational viscoelasticity measurement

(left) and plot of E’app Versus r (right) using the pendant drop method. At a given time t, during

adsorption that is to say at a given y or equivalent at a given pressure w, oscillations were

applied to measure E’app and E”pp.
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Supporting Information SI 3: Uniaxial compression elastic modulus as a function of the
normalized area using Eq. 5 for the various microgels from table 1 (red disks: 1.5 mol%, blue
diamonds: 2.5 mol% and black squares: 5 mol%)
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Supporting Information Sl 4: Superposition of the curves given in Figure 5 for the various
applied pressures. pNIPAM-1.5 laden air-water interface.
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Supporting Information SI 5: Superposition of the curves given in Figure 6 for the various
applied pressure. pPNIPAM-5 laden air-water interface.
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Supporting Information SI 6: examples of the determination of the surface critical values of the
stress and strain oscillating amplitudes above which linearity is lost. They correspond to the
limit of the VELD. Top: pNIPAM-1.5 with a 5 mN/m surface pressure, bottom: pNIPAM-5
with a 20 mN/m surface pressure.
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Supporting Information Sl 7: Superposition of the curves given in Figure 10 for the pNIPAM-
1.5 and pNIPAM-5.
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