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Dynamics of poly-nipam chains in competition with
surfactants at liquid interfaces: from thermoresponsive
interfacial rheology to foams

Reine-Marie Guillermict and Arnaud Saint-Jalmes

We report results on the interfacial viscoelasticity and foaming of solutions of a thermoresponsive polymer
(poly-n-isopropylacrylamide) with and without added surfactants, and as a function of temperature. With
pure polymer solution, a clear transition is evidenced: both interfacial shear and dilational rheology shift
from a fluid-like to a solid-like behavior at a well-defined temperature. The high temperature regime
shows that the layer shares many features with soft glassy systems. At all temperatures, the foaming is
low and the foam produced is unstable. Adding a surfactant not only helps to foam and to stabilize the
foam, but also removes the thermal responsivity of the interfacial viscoelasticity. Under the conditions
used here, we observe that the surfactant concentration threshold for altering the high temperature
interfacial viscoelasticity is low, and is of the order of 1% of the surfactant critical micelle concentration.
It turns out to be very different from critical values for the polymer-surfactant association found
previously by structural studies (in bulk and at interface), and also below the threshold value required to

www.rsc.org/softmatter stabilize the foam.

| Introduction

Small molecular weight surfactants are widely used because
they easily adsorb on gas-liquid or liquid-liquid interfaces.
Once with large amounts of adsorbed surfactants, a fluid
interface is significantly modified: a smaller surface tension is
obtained, and the interface can acquire an electric charge or can
develop 2D viscoelastic features. Because surfactants modify the
interfaces in such ways, they are crucial for producing and
stabilizing all types of liquid dispersions (like foams and
emulsions) in various applications and fields like cosmetics,
detergency, or in the food industry.' Surfactants not only help
for the formation of a liquid dispersion, but many macroscopic
properties of such dispersions are directly linked to the inter-
facial structural and dynamical properties, driven by the
chemical formulation at the interfaces.**

Beside dispersed materials, it has recently emerged that the
dynamics of processes involving single liquid films or free
interfaces are controlled by the coupling between bulk and
interfacial hydrodynamics. For instance, in the cases of plate or
fiber coating®” or for the slip of bubbles on walls,? it turns out
that there is strong coupling between the interfacial and bulk
rheology, and that the dynamics at interfaces can have an
impact on the final macroscopic features. To rationalize these
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effects, non-dimensional numbers are used and identified as
control parameters, eventually including purely 2D character-
istics.*”*'? Altogether, it is clearly emerging that the rheology of
liquid interfaces, controlled by the adsorbed species, can play a
key role in many multiphasic materials and applications.

In parallel to the small weight surfactants used primarily in
detergents, dishwashing liquids or shampoos, some polymers
can also adsorb at interfaces. Such amphiphilic polymers can be
either natural, like proteins,"”** or synthetic ones. They act
similarly as surfactants on interfacial properties. However,
adsorbed polymer layers offer more complex features. While
surfactants can basically only make monolayers, various
configurations of adsorption are found with polymers (loops,
mushrooms).”* The adsorbed layer can then have non-trivial
longitudinal and transverse density profiles. Moreover,
adsorption and desorption timescales of polymers are much
longer than for surfactants. As a consequence, surface concen-
tration gradients can easily be produced under interfacial
deformation. In fact, from this dynamical point of view, the
polymeric layer can actually develop high interfacial viscoelas-
ticity, well above what is obtained for small weight surfactants.
This is especially true in terms of interfacial shear viscoelas-
ticity.* Under shear, the shape of the interface is modified, but
not its area: small surfactants usually do not provide elastic
response to such deformations, while a polymeric layer can,
because of chain entanglements or multi-site adsorption.

Understanding the links between the polymer intrinsic
features (like its mass, rigidity or solvent affinity) and the
interfacial dynamical properties is difficult and a clear
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identification of the microscopic key parameters which control
the interfacial rheology is still missing. This makes it even more
speculative to draw links towards higher scales, i.e. between the
polymer intrinsic properties, the dynamical interfacial proper-
ties and the macroscopic processes or materials. Approaches
based on comparing results obtained with different polymers
are tricky, as often too many parameters may change
simultaneously.

To make progress on these issues, a possible approach
consists of investigating model single-component systems,
whose properties can be modified in controlled ways. Poly-n-
isopropylacrylamide, abbreviated as pnipam in the following,
is a water-soluble polymer having a lower critical solubility
temperature (reported at Ty csy = 32.5 & 1 °C). This means that,
for any pnipam solution, there is a critical temperature T,
below which water is a good solvent, while the pnipam chains
collapse above T, (ref. 15-19) and this transition is reversible.
For pnipam, the value of T, is almost constant in a large range
of chain molecular mass and concentration, and practically
identical to its lower value Tycsr. Moreover, this polymer is
surface active and adsorbs at interfaces.”>® Interestingly, these
structural results showed that different interfacial configura-
tions are obtained by tuning the temperature. More precisely,
significant and reversible changes of thickness and density are
obtained from below and above T..>* A transition from a low
density layer to a thick and dense layer is obtained just by
tuning the temperature, keeping the chemical formulation of
the polymer constant. At interfaces, much less work has been
done on the interfacial viscoelasticity, and it is still not clear
how the interfacial rheology depends on temperature. A
previous work on the shear viscoelasticity showed that there is
also a strong dependence with temperature.*” But there are still
many missing points to understand this whole interfacial
dynamics and its dependence on temperature; in particular,
concerning the effect of temperature on the response to dila-
tional perturbations.

In fact, a full characterization of the rheology of pnipam-
covered interfaces is required to determine if formulations
based on pnipam could actually be efficient routes to obtain
widely tunable interfacial viscoelasticity (just by changing 7).
Indeed, having such a system would help to carefully determine
the links not only between polymer properties and viscoelas-
ticity but also between this viscoelasticity and macroscopic
features. In that spirit, ideal macroscopic systems, in which
properties are dependent on interfacial rheology, are disper-
sions like foams and emulsions. If one wants to better under-
stand these links between the interfacial viscoelasticity and the
macroscopic dispersions, it is also important to know if pnipam
chains can be efficient stabilizers of dispersions, how a
surfactant and this polymer interact at interfaces and if a
thermal responsivity of the interfaces can be transposed to the
3D hierarchical structure of a dispersion. On all these aspects,
in particular on the interaction of pnipam with surfactants as a
function of temperature, it is also necessary to check how
consistent are the studies in the bulk,'**"?%2 the static studies
at interfaces, and the rheological properties at interfaces.
Moreover, understanding the interaction between surfactants
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and polymers, in the bulk and at the interface, for good and bad
solvent conditions, is also a fundamental and important issue.

Here, we first report a new set of results on the viscoelasticity
of interfaces covered with pnipam, and secondly on foams
containing pnipam. We show how dilational viscoelasticity
indeed also drastically changes with temperature. We also
implement previous works on shear response, using here a
different method allowing us to investigate the rheology of the
elastic regime at high temperature. We also present the results
of the addition of a surfactant on these interfacial and foam
properties. Strong effects of the surfactant are observed: we
show that the surfactant concentration threshold values for
modifying interfaces and foams are different, and depend on
temperature.

Il Experimental information: materials and
methods

A Chemicals

Poly-n-isopropylacrylamide (pnipam) was purchased from
Sigma-Aldrich, and has a mean molecular mass of 25 000 g
mol . Keeping in mind that we want to investigate foaming, we
have chosen a rather small M, and will work with concentra-
tions ¢, up to 10 g L~ '. We used sodium dodecyl sulfate (SDS) as
a surfactant, which was also purchased from Sigma-Aldrich. All
the solutions were prepared with Millipore water. The polymer
is poured into water and the solution was stirred until complete
dissolution. Surfactants were added afterward, and the solution
was stirred again.

B Interfacial tension

The interfacial tension y is measured using a pendant drop
tensiometer. In the static mode of the tensiometer, a milli-
metric liquid drop of controlled volume is formed at the tip of a
syringe. By image analysis, the interfacial tension is measured,
solving the Laplace equation describing mechanical equilib-
rium under capillary and gravity forces.

C Interfacial dilatational viscoelasticity

The mechanical response to compression-dilatation of the
interfaces is studied by the oscillatory drop method. The same
setup as for the interfacial tension measurement is used, but in
a dynamic mode. In that case, accurate sinusoidal oscillations
of the volume are performed, corresponding to controlled
compression-dilatation of the interfacial area.*® Then by
monitoring the in-phase and out-of-phase response of the
surface tension, the dilatational elastic and viscous moduli, E;
and E}, can be determined (E;, being the complex modulus: E; =
E;+iE;). Note that compression—dilatation solicitations mostly
reflect the exchange of molecules between the bulk and the
interface.

D Interfacial shear viscoelasticity

A bi-conical setup mounted on a rheometer (Anton Paar MCR
301) is used to measure the interfacial shear rheology. The
interface is sheared between the rotating inner bicone and the
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outer container wall.*** All the usual 3D rheological

measurements can then be transposed in 2D. In particular,
oscillatory measurements like amplitude- or frequency-sweeps
can be performed. Taking into account the corrections
from the bulk,*** one can then derive the interfacial storage G;
and loss moduli Gl as a function of the strain amplitude 7 or
frequency f. In practice, 100 mL of solution are required to
fill the experimental cup. Once this cup is filled, setting up the
instruments requires about 15 minutes before running the
first measurement. In contrast with dilational solicitations,
shear deformation mostly reflects the interactions and flows
within the interface (interfacial area does not change, only
its shape).

E Temperature measurements and experimental ramping
for interfacial studies

We used different types of ramps for changing the temperature.
Experiments are either performed with a continuous rate d7/d¢,
or by steps of AT with variable waiting times at a given T, or by
creating the interface at any given temperature 7. For the
pendant drop apparatus, the temperature is set by a water
circulation thermalizing a transparent cell in which the syringe
tip and the drop are placed. A temperature probe measures the
temperature close to the pendant drop. For a better precision,
we also used an IR camera for taking pictures of the drop, and
providing a direct temperature measurement. The interfacial
shear cell is thermalized by high precision Peltier devices; here
also, the IR camera is complementarily used to measure the
temperature of the interface.

F Bulk shear viscoelasticity

We used the same rheometer (Anton Paar MCR 301) as for
interfacial shear, to measure the bulk rheological properties. As
the viscosities are actually close to that of pure water, a double-
gap Couette geometry, well-suited for low viscosities, is chosen.

G Foam studies

The experimental measurements on foams are made in a
transparent rectangular column of section 8 cm and height 30
cm. At the bottom, gas is injected at various controlled flow
rates through glass frits of controlled porosities. All together,
changing the frit porosity and the gas rate allows us to test the
foamability of the solution and stability of the foam as a func-
tion of the bubble diameter, and liquid fraction. On opposite
sides of the cell are incrusted electrodes allowing us to measure
the local liquid fraction as a function of time, thanks to a cali-
bration relating electrical conductivity and liquid fraction.*” The
solution foamability is deduced by comparing the rate of gas
injection and foam production, indicating how efficient is the
gas incorporation in the foam. The subsequent stability of the
foam is monitored by the electrical measurements and by
taking close-up pictures. The pnipam-based solutions are
introduced at the desired temperature inside the column, and
the bubbling starts immediately.
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Il Results for pure pnipam solutions
A Interfacial properties

We first report how the equilibrium surface tension evolves with
temperature. Results of surface tension and temperature as a
function of time, during a ramp is shown in Fig. 1 (concentra-
tion of pnipam ¢, = 10 g L™'). The surface tension first
decreases as T increases, but at T; = 34 °C, two features occur
simultaneously: the surface tension saturates becoming almost
independent of T, and the pendant drop becomes opaque. This
is fully reversible: decreasing the temperature, the drop gets
transparent and the surface tension increases again once below
the same threshold T;. Getting rid of time, the results of such
measurements as a function of the temperature are shown in
the inset of Fig. 1, evidencing a clear kink and change of regime
at this well defined T,. Quantitatively, the range of interfacial
tensions measured is around 40 mN m ™" this is significantly
below the value of pure water, meaning that a large amount of
matter is actually adsorbed.

To investigate the dilational viscoelasticity, the pendant drop
is put under sinusoidal oscillations of its area. A first way of
showing a temperature dependent viscoelasticity is shown in
Fig. 2. Here, a similar temperature ramp is performed as in
Fig. 1, together with small oscillations of the drop area
(amplitude of 1%, frequency = 0.2 Hz). When T passes over a
critical value, we observe strong surface tension variations, in
phase with the area solicitations. In this high temperature
range, the surface tension becomes dependent on the interfa-
cial area: y decreases under compression, and inversely. For
each temperature, we performed such oscillatory measure-
ments, from which the interfacial elastic and viscous part are
derived. It turns out that — when surface tension variations are
observed - the elastic part remains always the dominant
contribution. In the following, we only consider the amplitude
of E;, as E; = E; > E/i/. In Fig. 3, we show how this dilatational
modulus evolves with temperature: there is nothing measurable
up to T, = 34 £ 0.5 °C, and a clear increase above. Note that E;
reaches values of 50-60 mN m ™, corresponding to the range of
high values when compared to the literature and meaning
highly elastic interfaces. Note also that E; tends to saturate with
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Fig. 1 Interfacial tension of a pnipam solution (c, = 10 g L "y as a function of
time, during a temperature ramp. Inset: interfacial tension vs. temperature T.
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Fig. 2 Interfacial tension of a pnipam solution (c, = 10 g L") as a function of

time, during a temperature ramp, together with volumetric oscillations of the
pendant drop.
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Fig. 3 Interfacial compression modulus as a function of temperature T, for two
pnipam concentrations.

temperature. Fig. 3 also shows the effect of the pnipam
concentration: for 1 g L™, the same features are observed, with
a same critical temperature, but with smaller elasticity values.
We also investigated the response to different frequencies and
amplitudes of oscillations: no significant variations have been
found within the range which can be investigated by our device
(frequencies limited to the range 0.05 Hz to 0.5 Hz).

Another important aspect to investigate is the effect of the
experimental heating protocol (meaning various rates of change
of temperature). First, the temperature is increased step by step,
but with various step sizes and waiting times at each step. It
turns out that these different heating sequences provide the
same results. Secondly, by heating the solution first and
creating the interface at any given temperature, we have
measured the same qualitative features as in Fig. 2, but with
elasticity values typically lowered by 10 to 30%.

Together with dilational measurements, we performed shear
viscoelasticity measurements, more precisely amplitude
sweeps, at different T. In such experiments the frequency is
fixed at f = 0.2 Hz, the amplitude 7 is varied from 0.2% to 10%
and we measure the interfacial shear elastic and viscous
moduli. Results are shown in Fig. 4. For T below a transition
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Fig.4 (a) Interfacial shear moduli, G; and G/, as a function of amplitude strain t

for different temperatures. (b) Behavior in the high temperature range, illustrated
by the results for T = 41 °C. At all temperatures, open symbols are for G; and
closed symbols for G

value T3, only a viscous contribution is measured, correspond-
ing to fluid-like interfaces, and at the limit of resolution of the
apparatus. With T, both G'i and G1 increase, with G; eventually
becoming dominant. In Fig. 4a, one can see the results for T =
37 °C, corresponding to G; = G;. While Fig. 4a shows the
changes of orders of magnitude with T, Fig. 4b is a close-up in
the range of high 7. A plateau of G; is observed at low strain
where G/i > G;/, whereas G’i/ > G; above a yield strain 7. of 2-4%.
From these data, we can plot in Fig. 5 G; and G; for a given
frequency and strain (f = 0.2 Hz, t = 1%) as a function of
temperature. We recover trends similar to those for dilational
measurements, with almost no response at low temperature,
and strong increase of the moduli above a critical temperature
T, = 33.5 + 1 °C.

¢ ——G (10g/L)

F ——G" (10g/L)
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N
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Fig.5 Evolution of G{ and G| as a function of T, for two polymer concentrations.
Data are collected for a given frequency and strain: f= 0.2 Hz and © = 1%.
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Concerning the role of the protocol, similar trends to what is
found for dilational rheology are obtained: we observe no effect
of the heating protocol, except in the case where the interface is
produced directly from an already hot solution at T'> T5 which
leads to smaller values of the moduli (typically 20-30%). As
well, for the effect of the concentration of polymer, we also
plotted the results obtained for ¢, = 1 g L™ " in Fig. 5. A change
above T; is also observed, but here the increase of the moduli is
smaller than for ¢, = 10 g L™" and the elastic part never
dominates.

The yielding features, with a critical strain 7., seen in the
regime of high temperature deserved more investigation. We
also performed a specific type of oscillatory measurements,
done at constant shear rate 7 : strain and frequency are
simultaneously and inversely varied so that their product 7 =
7 x fremains constant. Recent results showed that performing
sweeps of frequencies at constant shear rates reveals charac-
teristics, which are hidden in usual oscillatory tests.***° Fig. 6
shows the results for a fixed shear rate of 107> s™': a crossover
frequency F. is revealed under this oscillatory protocol, sepa-
rating viscous and elastic dominated regimes. For this shear
rate, if the interface is oscillated slowly enough (f < F.), the
stress is always relaxed so that the interface responds
viscously. Inversely for f > F. stresses can be stored which
mean that the interface has an elastic behavior. The same
types of curves are then recovered at all constant shear rate
measurements, with always a characteristic frequency F.. In
the inset of Fig. 6, we have plotted the evolution of F. as a
function of the shear rate. The data can be adjusted by a
functional form:**-*°

F.= Fy + aif M

with « =3 and = 0.8 + 0.1, and F., = 0.09 £ 0.04 Hz being the
constant in the limit of low shear rates. We will come back to the
meaning of these data, in terms of soft glassy disordered
materials in Section V.
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Fig.6 Results of oscillatory measurements at a constant shear rate ¢ = 10725,
for T=41°C Atall 1, a crossover frequency f. can be extracted and the evolution
of F. with 1 is reported in the inset.

1348 | Soft Matter, 2013, 9, 1344-1353

View Article Online

B Bulk, foaming and stability

Concerning the bulk properties, the first result is that the bulk
viscosity is basically independent of T'and of the shear rate: only
a small increase up to 1.7 & 0.3 mPa s close to the temperature
T, = 34 °C whereas the viscosity is equal to 1.25 £ 0.12 mPa s in
the rest of the temperature range.

The data are collected for a gas injection through a frit of
porosity 3 (i.e. 40-60 microns pore size), experimentally leading
to bubbles of mean diameter diy,., = 400-500 microns for
solutions having a maximal foamability (such as a surfactant
solution above the cmc). Fig. 7 illustrates the typical results on
this foaming and the subsequent foam stability of a solution of
pnipam at 10 g L™ '. We have plotted the local liquid fraction, at
a fixed height in the column, corresponding to 20 cm above the
top of the liquid solution. In parallel, we have added pictures of
the foam at this location.

At a continuous low gas flow rate (0.1 L min "), extremely dry
foams are produced (¢ < 0.1%) with larger bubbles than expec-
ted for good foaming, and only a final amount of foam is
produced (of the order of 10 cm): because of its dryness, the
foam collapses at a rate similar to its production rate. In
contrast, at the highest flow rates (1 L min~' and higher), any
required foam volume can be made, but still with bubbles at
least two times bigger than dy,., and always corresponding to
liquid fractions ¢ = 0.3. The initial bubble size and the liquid
fraction cannot be controlled, meaning that the foam already
evolves and collapses even during the fastest production
process.

Once the production is stopped, t = ¢,, a total foam collapse
occurs within the first minutes: the bubble diameter grows
everywhere and large holes are created, as shown by the pictures
in Fig. 7. As a direct consequence, the local liquid fraction drops
within tens of seconds; this decay is at least ten times faster
than for a foam with no bubble coalescence (for a same initial

Local liquid fraction

1 1
0 50 100 150 200 250

Foam age, t-t0 (s)

Fig. 7 Results of the foaming of pure pnipam solution and of the stability of the
foams. The liquid fraction is given as a function of the foam age t — to, where tg
corresponds to the end of foam production. Foam pictures are added at various
aging times, illustrating the rapid collapse of the foam. The two curves correspond
to two temperatures (open symbols: 22 °C and closed symbols: 38 °C).
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bubble diameter and liquid fraction). As for a given pair of
electrodes one determines the local amount of liquid, the
results for a given height depends on the amount of coalescence
and of the occurrence of holes at this height. Nevertheless, the
most important features — large holes occurring rapidly and
randomly within the foam, leading to sharp decrease of the
liquid fraction - are recovered for all samples, and these qual-
itative trends are monitored at all heights. Experiments can also
be done with solutions pre-heated at any given 7. We have found
these same features at all temperatures (Fig. 7): the foam
stability remains poor and it is impossible to detect significant
variations with temperature. Differences as in Fig. 7 are not
relevant and only reflect that, at this given foam height, more
coalescence occurred in the experiment done at 7= 22 °C than
at T =38 °C.

We can then summarized that - whatever the pure-pnipam
solution temperature - this solution has first a medium foam-
ability because some foams can be produced, but only under
strong energy input and with high liquid fractions (¢ > 0.25), and
secondly the foams have then low stability against film ruptures
and coalescence. A consequence of this low stability at all
temperatures is that it is impossible to stabilize the foam long
enough to change its overall temperature, and to test if
macroscopic changes could be ignited by interfacial changes.

IV Results for pnipam solutions with added
surfactants

A Interfacial properties

We have added various amounts of SDS in the pnipam solu-
tions, and focus on concentrations of SDS, ¢yqs, ranging from
cmc/300 to cmc/5, where cmc is the critical micelle concentra-
tion of SDS, and equal to 8 x 10~ % M.

We then performed experiments similar to those described
previously without SDS. The interfacial tension at equilibrium is
slightly modified by the surfactants: only smaller values of 2-
3 mN m " at low temperatures for the highest ¢y, (7.e. cmc/5 to
cmc/20). At high temperature, we obtain values almost the same
as without SDS.

In contrast, it turns out that the addition of SDS has a strong
impact on the dynamical properties. For the dilational visco-
elasticity and for csqs higher than cmc/50, all the thermores-
ponsive features are removed. For ¢;4s = cmc/50 and cgqs = cmc/
100, slight dependence on the temperature is found. Fig. 8
shows the results for cmc/50: only a small increase of E; is
recovered close to T,. It is then only for cggs = cme/200 and
below that the interface is found unaffected, and the pure
pnipam behavior is recovered. For comparisons, at 7 = 39 °C,
the elastic moduli are E; = 21 mN m * and 35.3 mN m !
respectively for cggs = cmc/100 and cggs = cmc/200. Also, note
that adding a small amount of SDS at a concentration cmc/
100 has typically the same effect as dividing the polymer
concentration ¢, by 10 (¢, =1 gL ™).

The same trends are actually observed for the shear visco-
elasticity (Fig. 9). The addition of SDS at concentrations higher
than cmc/50 annihilates all the thermal reactivity. As for dila-
tional results, only a small reminiscence of the temperature
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Fig. 9 Effect of the addition of SDS, with concentrations of cmc/50 and cmc/
100, on the interfacial shear moduli. Data are collected for a given frequency and
strain: f= 0.2 Hz and 7 = 1%.

dependence, close to T3, is detected for SDS concentrations of
cmc/50, while it is only slightly higher for cmc/100 (and never
with an elastic response) (Fig. 9). It requires a concentration of
emc/200 to reach viscoelastic moduli higher than for¢, =1 g
L' (Fig. 5), and approaching those at ¢, =10 g L™".

Note that, for all the rheological measurements, the effect of
the surfactant is smooth: the shift from the regime where SDS
has no impact to the one where SDS has removed all the thermal
responsivity corresponds to c¢sqs varying between cme/200 and
cmce/50; for further comparisons, we select an intermediate
threshold value, ¢, ~ cmc/100, to describe this concentration
range.

Lastly, adding a surfactant, as tetradecyl-
trimethylamonium bromide (TTAB), leads to the precipitation
of a macroscopic gel-like blob floating in the solution, pre-
venting any further experiments. Experiments with either non-
ionic surfactants or nanoparticles are under progress.

cationic

B Bulk, foaming and stability

Quantitatively, as it could be expected, adding surfactants helps
both in foaming the mixed solution, and in stabilizing the
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foams produced, but this depends strongly on the amount of
added SDS. Our results show that for cgqs < cmc/50, there is no
impact on the foaming and foam stability, which remain as for
the ones of pure pnipam solution in Fig. 7, with large holes
occurring all through the foam (whatever the solution temper-
ature). As the SDS concentration is further increased, the films
between bubbles become more stable, and less macroscopic
holes are formed. Consequently, the typical timescales for the
decrease of the liquid fraction are of the order of hundreds of
seconds. Finally, a good foaming and a subsequent stability of
foams actually require a minimal concentration of SDS of cmc/
10. On the most stable foams, with large amount of added SDS,
various tests do not show any reaction to temperature.

V Discussion

In this section, we come back to some of the results presented
above, and compare them to previous works on pnipam solu-
tions and on the pnipam interfacial microstructure and
rheology.

The first remark is that all the critical temperatures found
in these new experiments are equal: Ty = T, = T3 = T, within
typically 1 °C, and can also be identified to the known reported
values of the transition in the bulk 7..*”"**?* Thus, whatever the
interfacial or bulk properties, dynamical or static, one can
ascribe a same single critical temperature to pnipam. For the
interfacial rheology of pure solutions, our results show that it
is possible to widely tune the viscoelastic moduli with T: this
allows to shift from “fluid-like” interfaces (with basically no
viscoelasticity) below T., to “solid-like” interfaces above T..
Note though that the transition is not too sharp in tempera-
ture, so that any viscoelastic values can be found by fine tuning
of T or cp,.

These results are consistent with previous works on inter-
facial rheology, in particular with recent interfacial shear
results®” obtained with a different method (a magnetic needle
device?”’). Quantitative agreements are actually found, as well as
on the effect of the heating protocol. Other previous works on
pnipam interfaces mostly dealt with the determination of the
static interfacial structures. The understanding obtained from
these microscopic structural studies is indeed consistent with
the dynamical macroscopic properties measured here. The
highly viscoelastic regime found here at high temperature fits
well with the highly entangled thick layer of polymer, deduced
from scattering methods.** An important point of our study is
that it shows, for the first time, that not only the shear rheology,
but also the dilational rheology has a drastic change at T¢. This
implements the previous works, and finally provides a more
complete description of pnipam-covered interfaces.

Concerning these high temperature interfaces, we also bring
new understanding by the oscillations at constant shear rate.
The crossover frequency F. gives a typical timescale of the
relaxation processes in the layer, separating the elastic and
viscous regimes. At high enough shear rates (inset of Fig. 6), we
observed a regime fully driven by the applied shear which is the
origin of the stress relaxation: F. = 1 (see eqn (1)). Interestingly,
as 1 decreases, there is a cutoff, and the relaxation processes
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become independent of the shear rate: F. tends to F.,. The layer
can thus by itself relax stress, and has its own intrinsic
dynamics. Such behavior is typical of an aging system, and all
the features reported in Fig. 6 are encountered in 3D jammed
materials like foams, pastes or emulsions. Therefore, the high
temperature layer can be considered as a 2D soft glassy system,
slowly evolving with time. Our results in Fig. 4 also confirm this
glassy state: the interface can also be unjammed by applying a
shear, and for large enough strains, yielding occurs. Such a
yielding or unjamming both at high strains - or low frequency -
can be described by a Deborah number, defined respectively in
terms of deformation or time scales, and separating fluid-like to
solid-like behavior.*** It is striking to find that all the frame-
works measured and developed for 3D systems remain valid for
such a thin polymeric layer (even in the value of the exponent 3,
being 0.8, and not 1 (ref. 38 and 39)). Microscopically, the
intrinsic dynamics are most likely related to rearrangements of
chains within this out-of-equilibrium layer.

The effect of the addition of surfactant is also surprising: our
results demonstrate that a small molecular weight surfactant
like SDS can drastically affect the interfacial dynamics of the
polymer layer. Though the impact of SDS is gradual with
concentration, we can estimate a concentration threshold, ¢,
which is of the order of cmc/100. The effect of SDS is detected at
high temperature (removing the viscoelastic properties), while
at low temperature, the viscoelastic measurements show that
the interface is always fluid-like, whatever the amount of added
SDS. However, note that finding the same viscoelastic proper-
ties does not necessarily mean that the interfacial organization
is independent of the presence of SDS.

It is then important to compare to previous structural studies
on SDS-pnipam interactions in bulk and at interfaces. It was
found that changes in the interfacial organization require that
the concentration of SDS is higher than a critical aggregation
concentration (CAC), estimated at ¢qs = CAC=9+1 x 107 * M
(ref. 30 and 33) and corresponding to cmc/10. Scattering tech-
niques, scanning the microscopic static organization, showed
that it is only above CAC that the polymer layer is progressively
disrupted by the surfactants, which displaced the chains from
the interface. It turns out that this CAC threshold is also found
in the bulk, and at the same value.'®?® These results, found for
T < T, tend to show that adding SDS can, at the maximum, only
remove the polymer from the interface, thus making this
interface more and more fluid-like. As it is already fluid-like,
without SDS, it is then obvious to detect no effect of SDS.

More interestingly, for T > T, it is not yet clear if the CAC is
also relevant in such a bad solvent situation.?® Indeed, for 7> T,
the influence of SDS in the bulk and at the interface is more
complicated,'®***%"3> and not fully characterized. It is accepted
that the addition of SDS leads to the fragmentation of large
pnipam aggregates, preventing precipitation, and leading to
colloidal particles (or globules) stabilized by the surfactant. But
there is no well-defined amount of surfactant required for this
effect. Beside fixed critical values, it has also been reported that
the mass ratio R (R = surfactant mass/polymer mass) can be a
relevant parameter.”® Quantitatively, in ref. 16, SDS helps to
solubilize globules and to prevent aggregation as soon as its
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concentration c¢sqs > 10 uM, while R needs to be bigger than 0.05
in ref. 29, for this solubilization effect. Despite these uncer-
tainties for the minimal amount of SDS required, the phase
made of SDS-stabilized colloidal particle is expected to remain
the same for a large range of SDS concentrations. It is only when
the amount of SDS typically approaches the CAC that a different
organization is found in the bulk (necklace-like structure,
resulting from further solubilization of pnipam). In terms of the
interfacial structure, it has been proposed that the interfacial
layer is made of adsorbed colloidal particles; but this was
measured only for large quantities of SDS (R > 0.2). In fact, there
are no systematic studies at the interface, as a function of the
SDS, in the bad solvent regime.

In comparison with these previous works, for T > T, the
value ¢, ~ eme/100 = 8 x 10> M found here by the rheological
measurements turns out to be a new feature and a never
reported threshold: it is both well below the reported CAC, well
above 10 puM, and corresponds to R = 2.5 x 107, thus far from
the range R = 0.05 to 0.1. We can then figure out that, when in a
bad solvent and depending on cyqs, there is a different parti-
tioning of the pnipam chains between the interfacial layer and
the colloidal particles. For cggs < ¢, the pnipam chains are still
mainly precipitated and entangled at the interface leading to
the viscoelastic behavior, while for cys > ¢;, the pnipam is
preferentially collapsed within the colloidal globules. In the last
case, the interface must always lose its viscoelasticity, even if the
globules are eventually adsorbed (as this does not correspond to
an entangled structure at the interface). The transition between
the two possible configurations for pnipam in a bad solvent
(adsorption at the interface vs. aggregation in globules in the
bulk) is progressively driven by the amount of SDS: increasing
the concentration of SDS allows stabilization of more and more
globules in the bulk. In that respect, the threshold value ¢ can
be considered as a new CAC, valid in the high temperature (bad
solvent) regime.

After the discussion of all the purely interfacial results, we
can consider the macroscopic scale and the observations made
on foams. With pure pnipam solutions, we have found that the
solutions can foam only with high energy input, and only
initially wet foams can be produced. Moreover, all the resulting
foams are always unstable (Fig. 7), and always vanish with large
holes occurring everywhere in the foam. This behavior is typical
of bubble coalescence induced by too low or non-uniform dis-
joining pressures produced by the interfaces of the films sepa-
rating the bubbles."® A previous work using a technique of
suspended films showed that one film can be stable, with only
pnipam adsorbed on each film interfaces.* In this study, for the
low capillary suction investigated (P. = 50 Pa), the equilibrium
thickness was of the order of 100 nm.*" This is consistent with
our results on the foaming of the solution: there are indeed
some repulsive forces to avoid instantaneous coalescence of
bubbles, and to produce wet foams (corresponding to low
capillary suction on the films, such as tens of Pa). But within our
draining foams, the range of capillary suction from the liquid
channels (known as ‘Plateau borders’) on the films rapidly
increases up to hundreds of Pa: this is both due to a liquid
fraction decreasing down to a few percents (Fig. 7), and to
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typical Plateau border radii reaching typically tens of microns
(for the initial bubble size used here).'* The observed collapse
of the foams shows that the repulsion between the interfaces of
the films separating bubbles can only support low capillary
suctions, but cannot counterbalance the high capillary suction
occurring as the foams drain. This is most likely due to the
nature of the repulsive forces providing the disjoining pressure,
and also to their spatial uniformity. In ref. 41, it is proposed that
the main origin of the repulsive interaction is due to steric
effects between loops of pnipam chains floating in the film.
Based on the structural studies,**** it is known that, below T,
the polymer is randomly adsorbed by small chain portions,
while a large part of the chains remain in loops in the bulk.
Though it can lead to a surface tension decrease (Fig. 1), this
configuration might not give uniform and large interfacial
coverage. As well, these dangling chains can rearrange and flow
as confinement occurs while the film thins down. In that
respect, under thinning, there might be parts of the interstitial
film between two bubbles which eventually contain no polymers
and can therefore be very fragile, as the repulsive forces locally
vanish. Thus, we believe that — despite pnipam chains adsorb-
ing rapidly at the interfaces and inducing repulsive forces and
positive disjoining pressures when two bubbles come in contact
- the major limits for a complete stabilization of the interstitial
films are both the spatial uniformity of the repulsive forces, and
the low range of these forces (low disjoining pressures) created
between the two interfaces.

Following this picture, one could expect that at high
temperature, above T, the film stability could be higher as a
dense polymer layer covers the whole surface of the bubbles.
However, one must also consider here the effect of the experi-
mental protocol. A uniform and dense interfacial coverage is
found only if the temperature is gradually increased on a same
already-covered interface. In the case where the interface is
initially created at high T, the smaller values of the viscoelastic
moduli found here, and in ref. 27, imply a more heterogeneous
spatial adsorption, with the presence of confined aggregates,
unfortunately leading both to unstable films and foams.

Adding a surfactant could have been a route to stabilize the
foams: we have shown here that SDS actually helps to stabilize
such foams, as the surfactant creates a uniform distribution of
charges on the interface, leading to efficient repulsive forces
between faces of the bubbles. But our results show that the
amount of SDS required to stabilize the foam (~cmc/10) also
implies that the interfaces have lost their high viscoelasticity (as
S00N as Cggs > ¢¢ ~ cmc/100).

Ideally, to obtain a stable pnipam foam without adding
surfactants, each bubble should be prepared independently
below T. and gradually heated above T. to obtain a dense
viscoelastic interface for each of them; then bubbles could be
put in contact and coalescence would then probably be pre-
vented. But this route, based on a parallel preparation and
heating of independent bubbles, remains not feasible. More
realistically, increasing the pnipam concentration above 10 g
L~" has to be tested, as well as reducing the bubble diameters
(towards sub-millimeter diameter) so that the contact film area
and the probability of film rupture are reduced.
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VI Conclusions and perspectives

These new results implement previous ones on pnipam-covered
interfaces on four different aspects. First, we report an original
quantitative study of interfacial dilational rheology as a func-
tion of T. Importantly, these dilational measurements are per-
formed together with interfacial shear rheology and on the
same samples. Therefore, clean comparisons can be made
between dilatation and shear, as well as between dynamical and
structural properties. Without added surfactants, it turns out
that, for dynamical properties and both types of dynamical
solicitations, a critical temperature 7. is well defined, sepa-
rating different viscoelastic regimes, as for the structural
studies. These results have then allowed us to draw some clear
correlation between the scattering techniques, which investi-
gate the microscopic structure of the interfacial layers to the
macroscopic interfacial viscoelasticity.

Secondly, by using an original type of oscillatory shear
solicitation (at constant shear rate), we have evidenced the
glassy nature of the high temperature interfacial layers, which
has its own intrinsic slow relaxation.

Thirdly, we have investigated for the first time the effect of
the addition of a surfactant on this interfacial viscoelasticity.
We have found clear evidence that already minute amounts of
surfactant are sufficient to remove the thermal reactivity of the
interfacial viscoelasticity: the high viscoelasticity measured for
T > T, vanishes as the SDS removes pnipam from the interface
towards colloidal globules in the bulk. Quantitatively, we show
here that the surfactant concentration threshold ¢, ~ cme/100
for removing thermal responsivity and interfacial viscoelasticity
at T > T, is at least 10 times smaller than the already reported
threshold (CAC = cmc/10), which is a criterion finally only valid
for T < T..

Lastly, we report for the first time the results of foaming of
pnipam solutions, with and without surfactant. By comparing
the interfacial and foam studies, we have been able to deter-
mine that the surfactant concentration threshold for removing
the thermal reactivity of the interface is also well below the one
required to stabilize a foam.

From a more general point of view, these results are another
piece of clear evidence that transposing or extrapolating results
obtained at the scale of a single interface to the one of a single
film of liquid (two interacting interfaces) or to the one of a foam
remain tricky. Here we have found that a priori negligible
changes of formulation (like adding traces of surfactant) can
already provide drastic changes, in particular in terms of
interfacial rheological properties. As well, the stability of a
single film*' does not necessarily mean the stability of a foam.
Also, the role of the experimental and heating protocol is also
crucial: the interfacial configuration deduced from measure-
ments on a single interface and the one inside a foam can be
different, as they are not necessarily prepared following the
same paths. In contrast, it is interesting to point out that there
are good correlations existing between the polymer-surfactant
associations in bulk and the interfacial properties. As often
observed, advanced investigations of the interfaces (beyond
simple surface tension measurements) can actually reveal
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changes of configuration or properties in the bulk. For pnipam
without surfactant, structural microscopic studies of the inter-
faces were already consistent with results in the bulk: we
demonstrate here that the macroscopic dynamical properties
are also reflecting the changes of solvent quality for pnipam
with temperature. With surfactant, it turns out that associations
occurring in bulk and competition between the bulk and
interface are also revealed through interfacial rheological
features.

Beside using pnipam in foams, using such a system with a
2D rheology reversibly responsive to temperature is interesting
for many dynamical processes involving free liquid interfaces.
As already stated, dynamical situations leading to out-of-
equilibrium deformation of interfaces could be investigated
with such a responsive solution, presenting the advantages of
having any interfacial viscoelasticity set by the external
conditions. Therefore, a pnipam solution can be seen as a
simple model system allowing us to tune reversibly the inter-
facial dynamical properties, both in shear and dilatation. The
rate of heating, the polymer concentration, and the addition of
surfactant are parameters which control the final state and
viscoelasticity, and can then provide a controlled tailoring of
liquid interfaces.
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