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Structure formation of PNIPAM microgels in
foams and foam films†

Matthias Kühnhammer, a Kevin Gräff,a Edwin Loran,a Olaf Soltwedel, a

Oliver Löhmann, ‡a Henrich Frielinghaus b and Regine von Klitzing *a

Responsive aqueous foams are very interesting from a fundamental point of view and for various

applications like foam flooding or foam flotation. In this study thermoresponsive microgels (MGs) made

from poly(N-isopropyl-acrylamide) (PNIPAM) with varying cross-linker content, are used as foam

stabilisers. The foams obtained are thermoresponsive and can be destabilised by increasing the

temperature. The structuring of MGs inside the foam films is investigated with small-angle neutron

scattering and in a thin film pressure balance. The foam films are inhomogeneous and form a network-

like structure, in which thin and MG depleted zones with a thickness of ca. 30 nm are interspersed in a

continuous network of thick MG containing areas with a thickness of several 100 nm. The thickness of

this continuous network is related to the elastic modulus of the individual MGs, which was determined

by atomic force microscopy indentation experiments. Both, the elastic moduli and foam film

thicknesses, indicate a correlation to the network elasticity of the MGs predicted by the affine

network model.

1 Introduction

Foams are abundant in every day life in the form of food,
personal care products or household cleaning agents and are
also important for industrial processes like flotation or textile
manufacturing.1–4 Aqueous foams are dispersions of gas in
water and the structure of their continuous liquid phase is
often described as hierarchical with differently sized building
blocks at different length scales. These building blocks are:
foam films, which are liquid films separating two bubbles,
Plateau borders that are made up of three foam films
and nodes, which are the connection of Plateau borders.5,6

Foams are most commonly stabilised by surfactants but
can also be stabilised by solid particles,7,8 proteins9–11 or

polymer/surfactant mixtures.12,13 Because of their large interfacial
area and resulting high surface energy, foams are thermodynami-
cally unstable.14 The main mechanisms governing foam destabili-
sation are coarsening (diffusion of gas between bubbles),15

gravitational drainage16 and coalescence (merging of bubbles by
rupturing of films).17 Both, from a fundamental point of view and
also for some applications, like extraction processes, the control of
foam stability by external stimuli is very interesting. By carefully
choosing the composition, foams responsive to temperature, pH,
magnetic fields or light irradiation can be obtained.18–21 Micro-
gels (MGs) are cross-linked polymer particles, which can swell
in an appropriate solvent and combine characteristics of poly-
mers and particles.22 By choosing a specific polymer, MGs can
be tailored to be stimuli-responsive. Using the thermorespon-
sive polymer poly(N-isopropylacrylamide) (PNIPAM), which has
a lower critical solution temperature of approximately 32 1C,23–

25 temperature responsive MGs are obtained, which collapse
when the temperature is increased above the volume phase
transition temperature (VPTT).26

PNIPAM MGs synthesised using the well-established preci-
pitation polymerisation method,27 have a heterogeneous struc-
ture with a densely cross-linked core and a loosely cross-linked
shell with dangling polymer strands.28,29 These MGs are surface
active and readily adsorb to air/water or oil/water interfaces.30–32

This inspired the fabrication of a range of stimuli-responsive
emulsions which can be broken by changing the pH or the
temperature.33–37 Originally the stimuli-response of these emul-
sions was hypothesised to be related to a lateral collapse of the
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MGs at the interface, which would reduce the surface coverage
and facilitate the coalescence of emulsion droplets.32,37 Recent
studies by Harrer et al. and Bochenek et al. investigating the
temperature response of MG monolayers adsorbed at the air
(oil)/water interface rebutted this interpretation as they found
that adsorbed MGs only show a size reduction in the direction
normal to the interface when heated above the VPTT.38,39 More
precisely, the size of the flat corona adsorbed at the interface is
not affected by temperature, whereas the core shrinks when the
system is heated above the VPTT.39,40 The structure of PNIPAM
MGs adsorbed at interfaces was also studied thoroughly.
Given their soft nature, MGs deform upon adsorption at an
interface.41–45 Picard et al. and Rey et al. studied the lateral
ordering of MGs at the air/water interface by analysing mono-
layers transferred to a solid substrate along the compression
isotherm in a Langmuir trough.43,44 In both studies very long
ranged hexagonal ordering of the MGs even at very low surface
pressures was observed. Upon compression, the inter-particle
distance decreases gradually and eventually a phase transition
characterised by an abrupt change in inter-particle distance is
observed. In both studies this phase transition is explained by a
change from shell-shell to core-core contact of the MGs. The
phase transition seems to be facilitated by a higher amount of
cross-linker used during the MG synthesis. Furthermore, Rey
et al. observed the phase transition at lower surface pressures for
higher cross-linker concentrations.44 Considering the large
amount of publications dealing with PNIPAM MG stabilised
emulsions, there are only very few publications investigating
foams stabilised by PNIPAM MGs. Horiguchi et al. demonstrated
that MG stabilised foams can be obtained at temperatures below
the VPTT, whereas no foam formation is observed at tempera-
tures above the VPTT.46 In addition the foams are temperature
responsive as they rapidly collapse when the temperature is
increased above the VPTT. Maestro et al. reported similar results
and were able to detect a transition from a solid-like (T o VPTT)
to a liquid-like (T 4 VPTT) behaviour of the interfacial MG films
by passive interface rheology.47 According to the authors the
liquid-like film should have a higher permeability, which could
explain the decrease in foam stability at temperatures above
the VPTT.

This article aims to deepen the understanding of aqueous
foams stabilised by PNIPAM MGs. A series of MGs with varying
cross-linker content is used to study macroscopic foam proper-
ties like foam stability and foamability and the influence of
temperature on them. Furthermore, the structure of MG stabi-
lised foams is investigated by analysing single horizontal foam

films in a thin film pressure balance (TFPB) and macroscopic
foams by small-angle neutron scattering (SANS). In addition,
the deformation of MGs inside foam films is correlated with
their elastic properties measured by atomic force microscopy
(AFM).

2 Experimental section
Materials

N-Isopropylacrylamide (NIPAM, Z99%) and N,N0-methylene-
bisacrylamide (BIS, Z99.5%) were purchased from Sigma-Aldrich
(USA). 2,20-Azobis(2-methyl-propanimidamide) dihydrochloride
(AAPH, Z98%) was purchased from Cayman Chemical Company
(USA). D2O (99.9% D) was purchased from Eurisotop (France). All
chemicals were used as received. Deionised water from a MilliQ
water purification system (Merck KGaA, Germany) with a specific
resistance of 18.2 MO cm was used.

Microgel synthesis

Microgels were synthesized by surfactant-free precipitation
polymerization.27 In a custom-built, double walled reaction
vessel, equipped with a reflux condenser and stirrer, NIPAM
and BIS (total amount 20 mmol with varying NIPAM/BIS ratios,
see Table 1) were dissolved in 120 mL water. The solution was
heated to 80 1C and sparged with nitrogen gas for 1 h. Under
constant stirring (1000 rpm) the reaction was initiated by
injecting AAPH (33.9 mg, 0.125 mmol) dissolved in 1 mL water
into the reaction mixture. After 1.5 h the turbid suspension was
cooled down to room temperature and dialysed for 10 days
against water with daily water exchange. The cleaned microgel
suspension was lyophilised.

Microgel characterization

The hydrodynamic radii Rh of all microgels (MGs) at 20 1C and
50 1C were determined using a multi-angle dynamic light
scattering (DLS) setup (LS Instruments, Switzerland). The z
potentials of all MGs at 20 1C and 50 1C in water were measured
with a Zetasizer Nano (Malvern Panalytical, UK) under the
Smoluchowski approximation. MG samples for atomic force
microscopy (AFM) measurements were prepared by spin coat-
ing 0.5 mL of 0.05 wt% MG dispersion at 1000 rpm for 90 s and
2000 rpm for 30 s onto 10 � 10 mm2 silicon wafers (Soitec,
France) at room temperature. Immediately before the spin
coating procedure the silicon wafers were cleaned by exposure
to oxygen plasma (Diener Femto, Germany). AFM scans in air of

Table 1 Amounts of NIPAM and BIS used for the synthesis of microgels with varying cross-linker content c(BIS), hydrodynamic radii Rh and z potentials
of all microgels at 20 1C and 50 1C and height in the dry state measured by AFM h(AFM,dry)

Name c(BIS) (mol%) n(NIPAM) (mmol) n(BIS) (mmol) Rh (20 1C) (nm) Rh (50 1C) (nm) h(AFM,dry) (nm) z (20 1C) (mV) z (50 1C) (mV)

MG2.0 2.0 19.60 0.40 393 � 8 133 � 4 66 � 11 13 � 4 44 � 6
MG3.5 3.5 19.36 0.70 319 � 5 128 � 2 78 � 19 7 � 4 34 � 5
MG5.0 5.0 19.01 1.00 320 � 11 142 � 2 113 � 11 6 � 4 35 � 5
MG7.5 7.5 18.56 1.50 348 � 7 189 � 8 184 � 19 10 � 4 31 � 6
MG10.0 10.0 18.03 2.00 419 � 17 246 � 7 244 � 18 11 � 4 36 � 5
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spin coated MG samples were performed with a MFP-3D AFM
(Oxford Instrument, UK) situated in an acoustic enclosure
using an AC160TS cantilever (Olympus, Japan) with a typical
spring constant of k = 26 N m�1 and a resonance frequency of
fres = 300 kHz in tapping mode. The height of the adsorbed MGs
in the dried state was determined by analyzing at least 50
individual MGs per sample with the analysis tool included in
the AFM control software.

AFM indentation measurements were performed with a
Cypher AFM (Oxford Instruments, UK) equipped with a BL-
AC40TS cantilever (Oxford Instruments, UK, k = 0.09 N m�1,
fres = 110 kHz). Before each measurement the exact spring
constants of the cantilevers were determined to be 0.076–
0.112 N m�1 by the method described by Sader et al.48 The
MG sample, spin coated as described above, and the cantilever
were submerged in water and the temperature was set to
20.0 1C. After equilibration for at least 30 min, force curves
were recorded by indenting the tip of the cantilever into the
center of the adsorbed MGs. At least 8 force curves from
different MG particles were recorded for each sample. Elastic
properties of the MGs were extracted by fitting the force curves
with the Hertz model:

F ¼ 4E
ffiffiffiffi
R
p

3ð1� n2Þ � d
3=2 (1)

Here, F is the force exerted by a spherical indenter with radius R
(R = 8 nm), E is the elastic modulus of the MG, n the Poisson
ratio of the MG (n = 0.5) and d the indentation depth. The fit
region was set to 0–40% of the maximal indentation depth.

Foaming experiments

Foams were generated using the Bartsch method49 in which a
defined amount of liquid is shaken for a defined amount of
time in a container of defined geometry. In the experiments
presented in this article foams were generated by vigorously
shaking 8 mL of microgel (MG) dispersion in a 40 mL glass vial
(inner diameter: 27.5 mm, height: 95 mm) by hand for 30 s. The
foam decay was monitored by taking photos in regular time
intervals and subsequent image analysis. Image analysis was
performed using the Fiji distribution of the open-source image
analysis software ImageJ.50 Pixel sizes were converted into real-
space lengths by using the height of the foaming vial as a
reference. The foam height was measured as the distance
between the upper edge of the foaming solution and the upper
edge of the foam. The foamability is the initial foam height
immediately after the foaming procedure. The foam stability is
judged by the half life time t1/2, which is the time it took for the
initial foam height to be cut in half. Dispersions in water of all
MGs mentioned in Table 1 were studied at three different
concentrations (w = 0.3, 0.5 and 1.0 wt%). In order to investi-
gate the influence of temperature on the foamability, the MG
dispersions were preheated for 30 min in a 50 1C water bath
and shaken according to the procedure described above. The
temperature dependent foam stability was studied by placing
MG dispersions, which were foamed at 22 1C into a 50 1C water
bath and subsequent photo monitoring. Every foaming

experiment was repeated at least three times. Prior to use,
the glass vials were soaked in diluted alkaline Q9 cleaning
solution (Bernd Kraft, Germany) overnight and thoroughly
rinsed with water.

Small angle neutron scattering

Small-angle neutron scattering (SANS) experiments were carried
out at the KWS-1 instrument at the Heinz Maier-Leibnitz-
Zentrum (MLZ, Garching, Germany).51,52 All measurements were
performed with a 10 � 10 mm2 neutron beam with a wavelength
of 0.49 nm and a wavelength resolution (FWHM) of 10%.
Scattering patterns were recorded with a 2D 6Li-scintillation
detector with photomultiplier tubes and a spatial resolution of
5.3 � 5.3 mm2 at sample–detector distances of 7.615 m (collima-
tion length 8 m, data acquisition time 5 min) and 19.615 m
(collimation length 20 m, data acquisition time 15 min), cover-
ing a q-range of E0.04–1.1 nm�1. Radial averaging of the 2D
detector images, processing and merging of the data was done
with the QtiSAS software.53 A custom-built sample cell was used
specifically designed for studying macroscopic foams with SANS.
Technical details are given in a previous publication.54 Foams
were produced from microgel dispersions in D2O (w = 0.3, 0.5
and 1.0 wt%) by bubbling nitrogen gas at a rate of 10 mL min�1

through a porous glass plate (pore size 10–16 mm, porosity P16
(ISO 4793)) at the bottom of the cell. Once the foam level reached
the top of the column the flow rate was reduced to a value to
obtain a constant foam height over time and to prevent over-
flowing of the foam column. The flow rates were in a range of
1–3 mL min�1 with the exact value depending on the sample
studied. Once this steady-state was reached, measurements at
three different foam heights (h = 2 cm, 9.5 cm and 16 cm above
the foaming solution) were performed.

The SANS data were analysed using a self-written program
and the following model:

I ¼ A �
X
di

1ffiffiffiffiffiffiffiffiffiffi
2ps2
p e

�ðdi�d0Þ
2

2s2 � RðdiÞ þ B � q�4 þ C (2)

The model uses an incoherent superposition of reflectivity
curves of a set of normal distributed film thicknesses and a
Porod contribution. A and B are scaling factors for the reflec-
tivity and Porod contribution, respectively. d0 and s are the
mean and standard deviation of the normally distributed film
thicknesses. R(di) is an individual reflectivity curve for a layer in
air with thickness di and C is the constant, incoherent back-
ground. This model is an adaptation of a model described in
detail in another publication.55

Thin film pressure balance

Individual, horizontal foam films of MG dispersions (w =
0.3 wt%) were studied with a thin film pressure balance (TFPB)
using the porous plate technique at 22 1C.56,57 In our custom-
built setup, the film is formed in a 1 mm hole drilled into a
porous glass disc (pore size 10–16 mm, porosity P16 (ISO 4793)).
The film holder is placed in a sealed stainless steel chamber,
which also contains a reservoir of the studied MG dispersion to
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ensure a saturated atmosphere and thereby preventing film
drying. Before each measurement, the film holder was
immersed in the MG dispersion for at least 2 h to equilibrate
the porous glass disc with the solution. Right before the film
formation, the film holder is raised from the sample solution
and equilibrated for 30 min in the saturated atmosphere inside
the pressure chamber. Upon increasing the pressure inside the
sample cell, inhomogeneous foam films were formed. Disjoining
pressure isotherms P(d) were recorded by interferometrically
measuring the equilibrium film thickness d as a function of
pressure inside the sample cell. The equilibrium film thickness
was assumed to be reached 5 min after the desired pressure was
reached. Since the foam films studied are inhomogeneous, the
whole film area is illuminated by a cold filtered halogen lamp
and imaged by a colour CMOS camera (JAI Go-2400-USB, pixel
size: 5.86 mm � 5.86 mm, Stemmer Imaging, Germany). In
combination with the optics (reflected light microscope, focal
reducer, extension tube), the resolution of the camera system is
1.07 pixel mm�1. Since the films are colourful (thickness 4
100 nm), a purely intensity based thickness calculation approach
cannot be used. Instead, a colour comparing algorithm was used
to determine the film thickness. The algorithm is based on a
modeled spectrum assuming a free standing water slab sur-
rounded by air.58 The spectrum is represented in the HSV colour
space (hue, saturation, value) and is stored in a lookup table with
the regarding thickness values in 1 nm steps. For each film
thickness in the range from 100 nm to 800 nm there is a
corresponding set of unambiguously HSV values. Single spots
with distinguishable features were selected for every measure-
ment and spatially tracked over the whole pressure ramp. The
film thickness was determined by an automated comparison
between the experimental and theoretical hue colour values from
the lookup table. Being grey, the thickness of the interspersed
film areas can be assumed to be below 100 nm and therefore
within the first interference order. The disjoining pressure
isotherms presented in this article are an average from at least
three individual measurements. Since the TFPB technique
requires rather large sample volumes (around 30 mL), only the
lowest MG concentration was investigated.

3 Results
3.1 Microgel characterization

The hydrodynamic radius, z potential and height in the dried
state of all microgels (MGs) are summarised in Table 1.
A temperature-induced collapse of all MGs is observed. This
volume phase transition is well-known for NIPAM MGs26 and is
linked to the lower critical solution temperature (LCST) of
linear PNIPAM, which is approximately 32 1C.23,24 All MGs have
a small, positive z potential in the swollen state at 20 1C, which
is due to the positively charged initiator fragments incorpo-
rated during the MG synthesis. In the collapsed state at 50 1C
the z potential increases notably, which is attributed to the
reduced surface area of the collapsed particles, while the total
charge of the individual MGs stays constant. The height in the

dried state h(AFM,dry) decreases with decreasing cross-linker
content, which can be explained by the higher deformability of
MGs with smaller cross-linker content.44 Representative height
profiles of all MGs are shown in Fig. S2 in the ESI.†

Fig. 1 shows the swelling ratio of the MGs studied as a function
of the cross-linker concentration c(BIS). The swelling ratio is
calculated as the hydrodynamic volume increase upon swelling
(R20/R50)3. The swelling ratio decreases with increasing cross-
linker concentration, which is an indirect indication for decreas-
ing deformability with increasing cross-linker concentration.

Fig. S1 in the ESI,† shows AFM scans of spin-coated MG
samples under ambient conditions in air. All MGs have a
spherical shape and a low polydispersity.

3.2 Foaming experiments

The foamability, which is the initial foam height immediately
after foam formation, of the different MG dispersions at 22 1C
is summarised in Fig. 2. The foamability of all MG dispersion
increases approximately linear with the MG concentration w
(see Fig. 2(a)). This observation indicates the absence of any
aggregation processes in the studied concentration range and
can be rationalised by the consideration that a larger number of
MGs are capable of stabilising a larger interfacial area. Assuming
a constant bubble size for the different MG concentrations leads
to a linear relation between w(MG) and the foamability. Despite
the seemingly imprecise foaming procedure, all foamability

Fig. 1 Temperature induced swelling ratio of the MGs as a function of
cross-linker concentration.

Fig. 2 Foamability of the MG dispersions at T = 22 1C (a) as a function of
MG concentration w and (b) as a function of cross-linker concentration
c(BIS).
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values are well reproducible. This suggests that during the
foaming procedure some type of steady-state regarding the
foamability is reached, which is not influenced by further
shaking cycles. The existence of this steady-state in foamability
was also reported in literature and is explained by an equili-
brium between bubble formation and coalescence during the
foaming procedure.59,60 When the foamability is plotted against
the cross-linker concentration c(BIS) (see Fig. 2(b)), a non-
monotonous trend is observable at all three MG concentrations
studied. The foamability is maximal for c(BIS) = 2.0 mol%,
decreases to its minimum around 5.0 mol% and increases
slightly again for higher cross-linker concentrations.

Effect of temperature. Fig. 3 illustrates the effect of tem-
perature on the foamability. Photographs of 1.0 wt% disper-
sions of MG2.0 taken immediately after the foaming procedure
are shown. The dispersion in Fig. 3(a) was equilibrated at room
temperature (T = 22 1C). The dispersion shown in Fig. 3(b) was
equilibrated in a water bath (T = 50 1C) before the foam
formation. The foamability of the heated dispersion is drasti-
cally decreased, indicating a temperature dependent foam
formation.

Besides the foamability, also the foam half life time t1/2 was
measured. Fig. S3 in the ESI† shows a selection of photographs
used to determine the half life time t1/2 at T = 22 1C of MG
dispersions with w = 1.0 wt%. Fig. 5 (closed symbols) shows t1/2

at T = 22 1C of all MG dispersions studied. There is no clear
trend observable for t1/2, neither as a function of MG concen-
tration, nor as a function of cross-linker concentration. Most of
the studied foams have half life times in the range of 10 � 5 h
with standard deviations of several h.

Fig. 4 shows a series of photographs used to determine t1/2 at
T = 50 1C of a 1.0 wt% dispersion of MG2.0. Fig. 4(a), (b) and (c)
show photographs of the foamed dispersions directly after
foam formation (t = 0), after t = 5 min and t = 12 min,
respectively. Fig. 5 summarises the half life times at T = 22 1C
(closed symbols) and at T = 50 1C (open symbols) of all MG
dispersions studied. t1/2 at T = 50 1C is independent of MG and
cross-linker concentration and is approximately 15 � 5 min for

every foam studied, meaning that t1/2 at 50 1C is around two
orders of magnitude lower than t1/2 at 22 1C.

3.3 SANS measurements

Fig. 6 shows SANS data of a foam prepared from a 0.3 wt%
dispersion of MG2.0 recorded at different foam heights ((a) h =
2 cm, (b) h = 9.5 cm, (c) h = 16 cm) together with the model fits
obtained using eqn (2) with a scattering length density (SLD) of
rfilm = 4.5 � 10�6 Å�2 for the foam films in the reflectivity
contribution. For all foam heights the overall scattered intensity
is dominated by the Porod contribution (I p q�4) at low q. At
q E 0.1–0.2 nm�1 the scattered intensity is set off from the strict
Porod behaviour (dashed green line) to higher intensities by the
reflectivity contribution (dotted blue line). The magnitude of this
intensity offset is increased for the two higher measurement
positions (h = 9.5 cm and h = 16 cm). The fit parameters used for
the model fits in Fig. 6 are summarised in Table 2. The fit
parameters are: reflectivity scale factor A, mean foam film
thickness d0, standard deviation of the foam film thickness s,
Porod scale factor B and incoherent background C.

With increasing foam height, both the Porod scale factor B
and the incoherent background C decrease. The reflectivity

Fig. 3 Foamability of a 1.0 wt% dispersion of MG2.0 (a) at T = 22 1C and (b)
at T = 50 1C. Red dotted lines highlight the foam height, i.e. foamability.

Fig. 4 Exemplary foam decay T = 50 1C of a foam formed from a w =
1.0 wt% dispersion of MG2.0 subjected to a T = 50 1C water bath at t = 0.
(a) Immediately after foam formation, (b) after 5 min and (c) after 12 min.
Red dotted lines highlight the foam height.

Fig. 5 Half life time t1/2 at T = 22 1C (closed symbols) and T = 50 1C (open
symbols) of foams produced from MG dispersions at three different
concentrations as a function of cross-linker concentration c(BIS).
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scale factor A first increases from 5.89 cm�1 to 8.48 cm�1 when
the foam height is increased from 2.0 cm to 9.5 cm and then
decreases again to 6.53 cm�1 for the highest foam height
measured (h = 16.0 cm). The mean foam film thickness d0 is
around 23 nm to 25 nm for all foam heights. The standard
deviation decreases from 291 nm to 199 nm with increasing
foam height. This large standard deviation is further discussed
in Section 4.2.

Since all scattering curves are dominated by the Porod
contribution and the features arising from the reflectivity
contribution are barely visible in Fig. 6, the SANS data of foams

prepared from 0.3 wt% dispersions of four different MGs ((a)
MG2.0, (b) MG3.5, (c) MG5.0, (d) MG7.5) are presented in Porod
plots (I�q4 vs. q) in Fig. 7. For comparison a theoretical reflectivity
curve of a free-standing 30 nm thick film in air with a SLD
contrast of rfilm = 4.5 � 10�6 Å�2 is shown (black line). Here, the
q�4 decay corresponds to the Fresnel reflectivity of a bare inter-
face. The Porod plots of foams prepared from 0.5 wt% and
1.0 wt% MG dispersions, are shown in the ESI† (Fig. S4 and S5).

All scattering curves display a first maximum at q E
0.15 nm�1 and a very weak, in some cases barely visible, second
maximum at q E 0.33 nm�1. Albeit much less pronounced, both
maxima and the intermediate minimum in the experimental
SANS curves are at the same positions as the corresponding
extrema of the theoretical reflectivity curve. It is important to
note that for sufficiently thick films (d 4 20 nm) the position of
the first maximum of the theoretical reflectivity curve in the
Porod plot corresponds to its critical edge and its q-position is
therefore only governed by the SLD contrast between the film
(rfilm) and the surrounding medium (air, rair) via the following
relation:

qc ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
16pðrfilm � rairÞ

p
(3)

Assuming rair = 0, the position of qc (i.e. the first maximum
in the SANS curves) allows to calculate rfilm. The first maximum
in the SANS curves of the MG foams appears at qc E 0.15 nm�1,
which means that the foam films consisting of MGs and D2O
have a SLD rfilm of approximately 4.5 � 10�6 Å�2. An estimation
of the foam films’ expected SLD is not possible, because their
composition (MG concentration inside the foam film) and the
composition of the individual D2O swollen MGs is unknown.
There are however reference values in literature which were
determined using neutron reflectometry. Widmann et al.
reported a SLD of a thin film of PNIPAM MGs on a solid
substrate in a saturated D2O atmosphere of around 3 �
10�6 Å�2.61 Assuming that the MGs swell more in pure D2O
than in a D2O vapour and taking into account the increased D2O
concentration (rD2O = 6.34 � 10�6 Å�2) in the foam films, a SLD of
4.5 � 10�6 Å�2 for the MG stabilised foam films is realistic.

Fig. 6 SANS data of a foam prepared from a 0.3 wt% dispersion of MG2.0, measured at different foam heights. (a) h = 2 cm, (b) h = 9.5 cm, (c) h = 16 cm.
Black squares are experimental data. Lines are model fits according to eqn (2). For clarity the full curve (solid red line) is shown together with the Porod
(dashed green line) and the reflectivity (dotted blue line) contribution.

Table 2 Fit parameters of the model fits employing eqn (2) for the three
different foam heights. The corresponding curves are shown in Fig. 6(a)–
(c)

h (cm) A (cm�1) d0 (nm) s (nm) B � 10�8 (nm4 cm�1) C � 10�3 (cm�1)

2 5.89 24.7 291 3.15 1.77
9.5 8.48 24.5 225 1.90 1.03
16 6.53 23.2 199 1.30 0.60

Fig. 7 Porod plots of SANS data of foams prepared from 0.3 wt% disper-
sions of (a) MG2.0, (b) MG3.5, (c) MG5.0, (d) MG7.5, measured at different
foam heights (red squares (h = 2 cm), blue circles (h = 9.5 cm) and green
triangles (h = 16 cm)). The curves are shifted in intensity for clarity. For
comparison a theoretical reflectivity curve of a 30 nm film in air with a SLD
contrast of rfilm = 4.5 � 10�6 Å�2 is shown (black line).
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3.4 TFPB measurements

Fig. 8 shows photographs of individual foam films formed in the
TFPB using (a) MG2.0, (b) MG3.5, (c) MG5.0, (d) MG7.5, (e) MG10.0
at a concentration of w = 0.3 wt% at intermediate pressures of the
isotherms. In all cases, the films consist of a coloured area which is
interspersed with small, grey spots with varying brightness. The
colours of the films do not originate from the usage of a filter or
image post processing, they originate from interference of white
light. Consequently, the thickness of the colourful areas is in the
range of several 100 nm and can be analysed using the colour
comparing algorithm described in Section 2. The exact thickness of
the grey areas is more difficult to determine because this would
require an intensity calibration, which is very challenging in the
case of inhomogeneous films. However, as they appear to be
colourless their thickness should be less then 100 nm.

The disjoining pressure isotherms of the colourful areas of
the foam films, stabilised by the different MGs, are shown in
Fig. 9. In the case of MG2.0, the foam film thickness d
decreases notably with increasing disjoining pressure P. The
foam film thicknesses in the case of the other MGs do not
decrease significantly with increasing P. The foam films with
MG10.0 were only stable until P E 200 Pa, whereas all other
foam films were stable up to P4 1000 Pa. The initial foam film
thickness d increases with the cross-linker concentration c(BIS)
from d E 300 nm for MG2.0 to d E 540 nm for MG10.0.

3.5 AFM indentation measurements

In Fig. 10(a) exemplary force curves (open symbols) are shown
together with the corresponding fits using the Hertz model

(solid lines, eqn (1)). The slope of the force increase upon
indentation increases with the cross-linker concentration. This
shows the influence of the cross-linker concentration on the
mechanical properties of the MGs. The negative forces mea-
sured close to the point of contact between AFM tip and MG
(indentation = 0) are due to attractive interactions between tip
and MG.62,63 The elastic moduli E of the different MGs (given in
Fig. 10(b)) increase from 100 kPa for MG2.0 to 400 kPa for
MG10.0. All force curves used for the determination of E for
every MG are summarised in Fig. S7 in the ESI.† Every force
curve was recorded at the apex, i.e. height maximum, of a
individual MG, because of the radial inhomogeneity of the

Fig. 8 Photographs of foam films inside the TFPB, stabilised by different MG dispersions at a concentration of w = 0.3 wt% (a) MG2.0, (b) MG3.5, (c)
MG5.0, (d) MG7.5, (e) MG10.0. Pictures are taken at intermediate pressures of the isotherms shown in Fig. 9, which are E500 Pa for MG2.0, MG3.5, MG5.0
and MG7.5 and E150 Pa for MG10.0. Scale bars are 200 mm.

Fig. 9 Disjoining pressure isotherms of coloured area of foam films
stabilised by different MG dispersions (w = 0.3 wt%).
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elastic properties of MGs synthesised with the batch method
used here.64–68

Similar experiments were reported in literature, which
yielded elastic moduli in the range from 5 kPa to 550 kPa for
PNIPAM MGs prepared with varying amounts of cross-linker
and synthesis conditions.64,69–73

4 Discussion
4.1 Macroscopic foam properties

The foamability increases with the MG concentration, which
indicates that a fast coverage of the surface by MGs supports
the foam formation. A possible explanation for the non-
monotonous trend in foamability with increasing cross-linker
concentration described in Section 3 is the difference in size of
the MGs. This possible correlation is investigated in Fig. 11.
Here, the foamability at different concentrations (black
squares: w = 0.3 wt%, red circles: w = 0.5 wt% and blue
triangles: w = 1.0 wt%, left ordinate) is plotted together with
the hydrodynamic radius Rh(20 1C) (connected green dia-
monds, right ordinate) as a function of the cross-linker concen-
tration c(BIS).

Rh(20 1C) also shows a non-monotonous trend with respect
to c(BIS), displaying a minimum between c(BIS) = 3.5 mol% and
5.0 mol%. Although the trend is similar for Rh and foamability,
a direct correlation is not obvious. In this context it is impor-
tant to keep in mind that the concentrations of the MG
dispersions are given in wt%. Assuming that all MGs have a
similar density, the number of MG particles present in a
dispersion with a certain mass concentration w should be
inversely proportional to the size of the MGs. This relation
would suggest that the foamability of the resulting dispersions
also should be inversely proportional to the size of the MGs, as
the MGs’ total surface area is higher at a given mass concen-
tration. Even if there are differences in the density of the MGs
with varying cross-linker concentration, this effect should not
suffice to invert the expected trend described above. Furthermore,
MGs deform upon adsorption to an air/water interface. The extent
of this deformation is, among other things, influenced by the
cross-linker concentration.43,44 Consequently, the area occupied
by a single MG adsorbed to the air/water interface cannot be
predicted only considering its size in bulk. Furthermore, a part of
the MGs will not be adsorbed to the air/water interface during the
foaming procedure, but remain in the bulk liquid. The distribu-
tion of MGs between foam and bulk liquid might again depend
on parameters like the cross-linker concentration and MG size.

The exact origin of the observed trend in foamability
remains unclear, mainly because of the complexity of foam
formation itself and the deformability of MGs. However, it
seems that the MG size is not the dominating factor. There
are several parameters governing foamability discussed in
literature like viscosity of the bulk solution,74,75 dynamic sur-
face tension76–79 or dilatational surface viscosity.80–83 However,
there is no unifying general theory for foam formation as the
relevant factors depend on the system and even the foaming
procedure used.59,84,85

The slight increase of t1/2 observed for the MG7.5 and
MG10.0 at high MG concentrations could be related to the
formation of MG aggregates inside the foam films or Plateau
borders and subsequent slowdown or blockage of drainage. The
overall stabilising effect of aggregate formation or ‘‘jamming’’
inside the liquid ‘‘bulk’’ phase of foams, i.e. the Plateau
borders, is well documented.86–89 In addition, MGs with higher
cross-linker concentration were reported to form aggregates
with close core-core contacts more readily than MGs with lower
cross-linker concentrations at a single air/water interface.43,44

Following this argumentation, the increased foam stability at
high cross-linker contents and MG concentrations could be
rationalised by the presence of MG aggregates in the Plateau
borders. However, since there is no direct proof for the exis-
tence of these MG aggregates in the Plateau borders, this
explanation should not be over interpreted.

Another noteworthy observation regarding the foam stability
is the fact that the maximum disjoining pressure before film
rupture Pmax is not related to the macroscopic foam stability at
a MG concentration of w = 0.3 wt%. Pmax is minimal for
MG10.0 (see Fig. 9), whereas t1/2 is nearly constant for all
MGs (see Fig. 5, black squares). A discrepancy between stability

Fig. 10 (a) Exemplary force curves for all MGs studied (open symbols)
with corresponding fits using the Hertz model (solid lines, eqn (1)). (b)
Elastic moduli as a function of cross-linker concentration extracted from
Hertz model fits to the force curves shown in Fig. S7 (ESI†).

Fig. 11 Foamability of the MG dispersions at different concentrations
(black squares: w = 0.3 wt%, red circles: w = 0.5 wt% and blue triangles:
w = 1.0 wt%, left ordinate) and hydrodynamic radius Rh(20 1C) (connected
green diamonds, right ordinate) as a function of cross-linker concentration
c(BIS).
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of individual foam films and macroscopic foam stability is
regularly observed.90 The main reason for this is most likely the
difference in experimental conditions between comparably
large single foam films under static and isolated conditions
in a TFPB and a multitude of small foam films in the highly
dynamic setting inside a foam, which sometimes makes a
direct comparison of foam films in a TFPB and in actual foams
difficult.91,92 In addition, further parameters like the MG
adsorption speed, size and deformability could influence the
foamability and Pmax in different ways.

The temperature responsiveness of PNIPAM MG stabilised
foams was already reported in literature46,47 and suggests a link
between the collapse of individual MG particles when heated
above the VPTT and the macroscopic foam properties. The
foam half life time at 50 1C is not influenced by the MG or
cross-linker concentration and approximately 15 � 5 min for
every foam. This finding suggests that the MG foams are
drastically destabilised once a certain critical internal tempera-
ture is reached. This is also underlined by the photograph in
Fig. 4(c), in which the foam decay is progressed further at the
edge of the foaming vial, which is in contact with the heated
water bath, then in the center. Temperature responsiveness was
also reported for MG stabilised oil-in-water emulsions, which
are stable at temperatures below and rapidly break at tempera-
tures above the VPTT.35–37,93 MGs adsorbed at interfaces do not
collapse in the lateral direction when the temperature is
increased above the VPTT, which suggests a different destabi-
lisation mechanism than the reduction of surface coverage.38,39

Another explanation for the temperature responsiveness of MG
stabilised emulsions is the temperature induced change in
interfacial viscoelasticity of MG laden interfaces.94–96 In our
opinion, this explanation also appears to be the best candidate
for the rationalization of the temperature responsiveness of MG
foams, as the interfacial viscoelasticity is also very often related
to macroscopic foam stability.97–100

4.2 Foam structure

In the SANS experiments with MG foams the overall scattered
intensity decreases slightly with increasing foam height. This
was also observed in various other publications investigating
foams with SANS and is explained by drainage of the
foam.55,101–104 During drainage the liquid films inside the foam
become thinner and eventually rupture.5,16,105 As a result, the
amount of contrasted structures in the foam decreases, which
leads to a decrease in scattered intensity.55 This trend is also
visible in the fit parameters B and C (Table 2), which decrease
monotonously with increasing foam height.

The fact that the theoretical reflectivity curve displays
extrema at the same q values as the experimental SANS curves
of the MGs suggests the presence of a slightly preferential film
thickness of around 30 nm with a pronounced polydispersity.
The large polydispersity of the film thickness is reflected by the
very high value of the standard deviation of the foam film
thickness s (Table 2), which is one order of magnitude higher
than the mean film thickness d0.

In combination with the results obtained for individual
foam films in a TFPB the following picture arises: foam films
in MG stabilised foams are inhomogeneous in thickness. Only
the thinner parts of the foam films (grey areas in Fig. 8,
thickness of around 30 nm) are detectable by SANS (detection
limit E200 nm in the setup used) but the corresponding
scattering features are not very well defined as the thin films
have a very high polydispersity and only represent a small
portion of the total foam film. The foam film’s inhomogeneity
is also the reason for the rather exact Porod decay of the
scattered intensity (I p q�4) as the thicker parts of the foam
films are too large to display a distinct form factor and are only
detectable as single interfaces by the neutrons.106 In agree-
ment, deviations from strict Porod behaviour were reported for
SANS curves from surfactant stabilised foams, which should
have thinner foam films with a more homogeneous thickness
profile.55,101,103,104,107–109

It is well established that MGs, adsorbed at a single air/water
interface, adopt very well defined long-ranged hexagonal struc-
tures even at low surface pressures.43–45 The behaviour in foam
films however, can be different as the presence of a second air/
water interface in close proximity can add further geometrical
constraints. Keal et al. were the first to report the inhomoge-
neous structure of foam films stabilised by PNIPAM MGs.110

This observation is further corroborated here, which suggests
that the presence of a second air/water interface changes the
interfacial arrangement of MGs as they are gradually confined
inside the foam film. Keal et al. were able to verify the depletion
of MGs from the thinner regions of the foam film via fluores-
cence microscopy. The absence of MGs in the thinner and by
SANS detectable regions of the foam films also explains the very
similar scattering curves irrespective of MG concentration or
cross-linker content. The stabilisation mechanism of these
thinner regions is still unclear. The dangling ends of MGs
might extend into the depleted zones, but since these zones
can be 10 mm and even more in diameter this cannot be the sole
explanation. Another possibility is that the MGs around the
depleted areas are heavily jammed and form a sort of corset
structure which stabilises the depleted zones. Finally, small
surface active components like PNIPAM oligomers might still
be present in small quantities after the dialysis and could
stabilise the MG depleted zones, although no impurities could
be identified after dialysis. Again, it is possible that the MG
structuring inside the foam is slightly different than observed
in the TFPB, because of the different geometries. Despite the clear
connection between the results obtained with both methods, it is
possible that the MG depleted zones in the foam films of the
macroscopic foam are for example smaller than the ones observed
for single foam films in the TFPB.

The question whether a mono-, bi-, or even multilayer of
MGs forms in the foam films was addressed by releasing the
pressure inside the TFPB and observing the evolution of the
film structure over time. Exemplary photos of a MG5.0 foam film
are shown in Fig. S6 in the ESI† as all MGs used in this study
show similar behaviour in this regard. Upon pressure release the
overall film area decreases gradually. The structuring inside the
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foam film, i.e. the shape of the thinner regions does not change
until the meniscus front reaches them. This also means that the
thicker parts of the foam film are ‘‘pinned’’, which was inter-
preted by Keal et al. as a monolayer of MGs briding the two air/
water interfaces.110 Moreover, the thickness of this monolayer
region in the case of a MG with a cross-linker concentration of
5 mol% and a hydrodynamic radius of 330 nm, observed by Keal
et al. was 400 nm, which is very similar to the film thickness of
425 nm observed in this study for MG5.0 (Rh(20 1C) = 320 nm).

4.3 Elastic properties of microgels govern their compression
in foam films and deformation upon drying

Since the thickness of the colourful areas of the foam films
increases with the cross linker concentration of the MGs used for
stabilising them (see Fig. 9), a relation between the stiffness or
deformability of the individual MGs and this thickness is
observed. This correlation is explored in Fig. 12, in which the
foam film thickness at the lowest disjoining pressure, where the
foam film forms d(Pmin) (black squares, left ordinate) and the
elastic modulus extracted from AFM indentation experiments E
(red circles, right ordinate), are plotted together as a function of
the cross-linker concentration c(BIS). There is a linear relation
between these two quantities, which is further highlighted in the
inset of this figure, in which E is plotted against d(Pmin). The
thickness at the lowest disjoining pressure was used in this
evaluation, since the elastic moduli were extracted from the force
curves by fitting the first few 10 nm of indentation, which should
probe the elastic properties at low compression. The absolute
values of E might differ from the values reported here, as the
Poisson ratio n of PNIPAM MGs is still not known exactly. The
values reported in literature range from 0.25 to 0.5 for tempera-
tures below the VPTT.29,69,70,111 However, assuming that the
Poisson ratio is not strongly influenced by the cross-linker
concentration the trend of E is maintained. The foam film
thickness should be influenced by more parameters than just
the elastic properties. For example the overall MG size might have
an impact on the foam film thickness. In fact, the hydrodynamic

radius at 50 1C (R50), which can be used to estimate the maximum
deformability of MGs, also increases with increasing cross-linker
concentration (see Table 1). A possible correlation between R50

and d(Pmin) is explored in Fig. S8 in the ESI.† Despite the absence
of a linear correlation between R50 and d(Pmin), a possible
influence of the MG size in the foam film thickness cannot be
ruled out completely. The MGs in the present study might simply
have too similar sizes for this effect becoming notable.

The relation observed between d(Pmin) and E suggests that
the MGs’ resistance to indentation of an AFM tip and to
deformation inside a foam film probe the same overall elastic
properties. One of the first models for the description of elastic
properties of polymer networks is the affine network
model.112–114 The main assumption of this model is that the
relative macroscopic deformation of a polymer network is the
same as the relative deformation of the individual polymer
chains. In the following the electrostatic contribution is
neglected, since the charges in the MGs are solely caused by
the charged initiator fragments, which make up o1% of all
monomers. The low charge of the MGs is also reflected by the
low z potential in the swollen state (see Table 1). The expression
for the osmotic pressure arising from the isotropic elastic
deformation of such a network is:

Pel

kBT
¼ Nchain

V0
0:5

f
f0

� f
f0

� �1=3
 !

(4)

Here, Nchain is the number of polymer chains in each MG
particle and V0 represents the volume of a MG particle in the
reference state. This reference state is typically interpreted as
the state the MGs were during synthesis, which would mean in
the collapsed state in this case. However, there is an ongoing
debate about whether this reference state is well-defined when
solvent molecules are already present during synthesis.115 For
simplicity, the reference state here is defined as the state at T =
50 1C. This implies that f and f0 are the polymer volume
fractions in the MG particles under experimental conditions
and the reference state, respectively. Note that the osmotic
pressure Pel given in eqn (4) is also used as the elastic
contribution in the Flory–Rehner theory used for the descrip-
tion of gel swelling.113

The polymer volume fraction can be estimated by the relation

f ¼ f0

R0

R

� �3

(5)

with the polymer volume fraction under experimental conditions
f and the hydrodynamic radii R0 and R in the reference state and
under experimental conditions.

Using this relation and the hydrodynamic radii at 50 1C and 20 1C
as reference and experimental state, eqn (4) can be rewritten as:

Pel

kBT
¼ Nchain

V0
0:5

R50

R20

� �3

�R50

R20

 !
(6)

Combining the experimental accessible parameters of the

MGs, an affine network factor a ¼ � 0:5
R50

R20

� �3

�R50

R20

 !
is

Fig. 12 Foam film thickness at the lowest disjoining pressure d(Pmin)
(black squares, left ordinate) and elastic modulus E (red circles, right
ordinate) as a function the cross-linker concentration c(BIS). The linear
correlation between the to parameters is shown in the inset.
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defined. Possible correlations between a and the elastic moduli
E, the foam film thicknesses at the lowest disjoining pressure
d(Pmin) and the ratio between the height in the dry state and
the hydrodynamic radius at 20 1C h(AFM)/R20(DLS) are explored
in Fig. 13. h(AFM)/R20(DLS) can be interpreted as the swelling
capacity of MGs when changing from the dry state to the (water-)
swollen state.

All three parameters E, d(Pmin) and h(AFM)/R20(DLS) seem
to be strongly linearly correlated with a. These correlations
suggest that the deformation of MGs inside a foam film, their
swelling capacity and their elastic modulus extracted from AFM
indentation measurements can be described by applying the
affine network model to MGs. It is worth noting that a in the
present case is very similar to the inverse swelling ratio of the
MGs, as we used the hydrodynamic radii at 50 1C (R50) and
20 1C (R20) to define it. This means that various pathways of MG
deformation (temperature-induced collapse, shrinkage upon
drying, deformation in foam films and by an AFM tip), are
correlated with each other, which suggests the existence of an
underlying concept. The first natural candidate for such a
concept is the affine network model, as it is also part of the
Flory–Rehner theory, which is widely used for the description of
gel swelling. However, some assumptions were made, which
have to be kept in mind. The affine network model formalism
for isotropic deformation was used, while the deformation of
MGs in a foam film is uniaxial and the indentation of a AFM tip
into a MG is an even more local deformation. The model for
isotropic deformation was used, because the isotropic deforma-
tion of MGs upon changing from the reference state (collapsed,
T = 50 1C) to the experimental state of interest (here T = 20 1C)
can easily be determined using DLS. Despite the difference in
deformation symmetry this allows the determination of a with a
completely different experimental technique and omits the
danger of circular reasoning when correlating a with other
parameters. Another point is the question of validity of the
affine network model for MGs. Affine swelling was reported for
PNIPAM MGs,116 but the exact requirements for the affine
network model to be applicable are still unclear.117 In general,
there is a variety of models, which try to describe the elastic
properties of polymer networks, including the phantom
network,118 the constraint-junction,119–121 Edwards tube122 or

slip-tube123 model to name a few. The prerequisites for the
applicability of each model are still debated, but the polymer
concentration and heterogeneity of the polymer network were
shown to have an influence on which model describes experi-
mental observations best.124,125 A more detailed understanding
of the elastic properties of MGs would be beneficial, especially
regarding their possible application as nano-actuators.126–130

5 Conclusion

Aqueous foams stabilised by PNIPAM MGs with varying cross-
linker content were studied regarding their macroscopic foam
properties and their structure. These foams are thermorespon-
sive, as they are stable for several hours at temperatures below
the VPTT and rapidly collapse when heated above the VPTT.
Below the VPTT an increase in foam stability was observed for
high cross-linker contents and high MG concentrations, which
might be due to the formation of MG aggregates inside the
foam and subsequent blockage of drainage. All MGs form
heterogeneous foam films inside a TFPB, with small areas
(thickness around 30 nm) interspersed in a network structure
with a thickness of several 100 nm. This heterogeneity also
explains the scattering curves of MG stabilised foams. These
SANS curves show a strict Porod behaviour (I p q�4) over a
large q-range, which can be attributed to structures larger than
200 nm and therefore includes Plateau borders, nodes and the
thicker parts of the foam films. In addition, a strongly damped
reflectivity term was used to model the scattering curves. The
reflectivity contribution in SANS from foams is typically attrib-
uted to foam films with a thickness below 100 nm and was
consequently attributed to the thinner regions of the foam
films. As these thinner regions only represent a fraction of
the complete foam film, the reflectivity contribution to the
scattering signal is rather small. A theoretical reflectivity curve
of a 30 nm thick D2O layer in air reproduces the position of the
extrema in all scattering curves, which leads to the conclusion
that the thinner regions of the foam films are around 30 nm
thick. The fact that this thickness is comparable for all MGs
and much smaller then their hydrodynamic sizes suggests that
the MGs are depleted from the thinner areas of the foam film,

Fig. 13 (a) Elastic modulus E (black squares, left ordinate) and affine network factor a (red circles, right ordinate) as a function the cross-linker
concentration c(BIS). (b) Foam film thickness at the lowest disjoining pressure d(Pmin) (black squares, left ordinate) and affine network factor a (red circles,
right ordinate) as a function the cross-linker concentration c(BIS). (c) Height in the dry state measured by AFM (h(AFM)) related to the hydrodynamic
radius at 20 1C measured by DLS (R20(DLS)) (black squares, left ordinate) and affine network factor a (red circles, right ordinate) as a function the cross-
linker concentration c(BIS). The linear correlations between the respective parameters is shown in the insets.
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which might be stabilised by the formation of a corset-like
structure, dangling polymer ends of the MGs or residual
PNIPAM oligomers. An interesting question for future research
is whether other soft particles show similar pattern formation
when confined in foam films. The model used for the descrip-
tion of the SANS curves is a restricted version of the model
described in a previous publication,55 as the power of the SAS
decay was fixed to b = �4 (Porod behaviour). The fact that the
model is capable of describing two very different types of foams
further corroborates its validity. Finally, a linear correlation
between the thickness of the thicker areas of the foam films
and the elastic moduli determined by AFM indentation experi-
ments of the individual MGs is observed. This correlation
implies that both the deformation in foam films and by an
AFM tip are governed by the overall elastic properties of
the MGs. In fact, both of these deformations and additionally
the MGs’ swelling capacity show a strong correlation with the
elastic osmotic pressure according to the affine network model
describing the elasticity of polymer networks.
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115 M. Quesada-Pérez, J. A. Maroto-Centeno, J. Forcada and

R. Hidalgo-Alvarez, Soft Matter, 2011, 7, 10536–10547.
116 B. R. Saunders, Langmuir, 2004, 20, 3925–3932.
117 G. Hild, Prog. Polym. Sci., 1998, 23, 1019–1149.
118 H. M. James and E. Guth, J. Chem. Phys., 1953, 21,

1039–1049.
119 P. J. Flory, J. Chem. Phys., 1977, 66, 5720–5729.
120 B. Erman and P. J. Flory, J. Chem. Phys., 1977, 68,

5363–5369.
121 P. J. Flory and B. Erman, Macromolecules, 1982, 15,

800–806.
122 S. F. Edwards, Proc. Phys. Soc., 1967, 92, 9–16.
123 M. Rubinstein and S. Panyukov, Macromolecules, 2002, 35,

6670–6686.
124 Y. Akagi, J. P. Gong, U. I. Chung and T. Sakai, Macromo-

lecules, 2013, 46, 1035–1040.
125 S. Panyukov, Polymers, 2020, 12, 767–793.
126 D. Suzuki, T. Kobayashi, R. Yoshida and T. Hirai, Soft

Matter, 2012, 8, 11447–11449.
127 A. Fernández-Barbero, I. J. Suárez, B. Sierra-Martı́n,

A. Fernández-Nieves, F. J. de las Nieves, M. Marquez,
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