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A B S T R A C T

Hypothesis
Previous efforts to formulate smart foams composed of mixtures of PNIPAAm, a thermoresponsive un-

charged polymer, and surfactants have failed because the surfactant displaces the PNIPAAm from the liq-
uid-air interface, removing the thermal responsiveness. We hypothesized that thermoresponsive foams could
be formulated with such a mixture if a charged surfactant were used in order to anchor an oppositely charged
brush-type polyelectrolyte, for which PNIPAAm could be incorporated as side chains, to the interface.
Experiments

A brush-type negatively charged co-polyelectrolyte (Cop-L) with PNIPAAm as side chains was syn-
thetized. Its mixtures with DTAB, a cationic surfactant, in aqueous solution were characterized by dynamic
light scattering, surface tension and surface compression viscoelasticity measurements, as a function of both
surfactant concentration and temperature. The foam stability and its responsiveness to temperature changes
were studied with a homemade apparatus.
Findings

The Cop-L/DTAB mixtures were capable of producing thermoresponsive foams but only in a very narrow
surfactant concentration (cs) range, 0.3 < cs< 1.6 mM. The responsiveness is due to a modification of the inter-
facial compression elasticity induced by conformational changes of the Polyeletrolyte/surfactant aggregates
at the interface. This is possible only for cs < 1.6 because higher surfactant concentrations induce the polymer
collapse at all temperatures, eliminating the thermal responsiveness.

© 2017.

1. Introduction

Liquid foams, which are formed by the dispersion of a gas in
a liquid matrix [1–3], are ubiquitous systems both in nature and in
human everyday life and industry [4]. They are metastable systems
that persist a certain time because the three main processes that drive
the dispersion to its true thermodynamic equilibrium state, which is
complete phase separation, are kinetically arrested by the presence of
surface-active agents, the foam stabilizers. The three processes men-
tioned are drainage [5], the flow of liquid thorough the liquid chan-
nels between bubbles due to gravity and capillarity; coarsening [5],
the gas flow between adjacent bubbles driven by differences in cap-
illary pressures; and coalescence [6], which is due to the rupture of
the liquid films. The most commonly used foam stabilizers are sur-
factants, however polymers, proteins, and particles, among others, can

⁎ Corresponding author at: Instituto de Física del Sur (IFISUR-CONICET), Av. Alem
1253, Bahía Blanca 8000, Argentina.
Email address: hernan.ritacco@uns.edu.ar (H.A. Ritacco)

also be used. Among these, mixtures of polyelectrolytes and oppo-
sitely charged surfactants [7] present some advantages as foam stabi-
lizers, such as the low surfactant and polymer concentrations needed
to produce and stabilize the foams.

Responsive or “smart” foams are liquid foams whose stability
changes when the foam is subject to an external stimuli such as mag-
netic or electric fields, temperature and light, among others [8–10].
The responsiveness of the foams is attained via the chemical sys-
tems used as foam stabilizers, which can respond to the external stim-
uli in different ways. A very nice example of this kind of system
is that formulated with a photoswitchable surfactant. Chevalier et al.
[11] formulated foams stabilized with AzoTab, a surfactant with an
azobenzene group, that changes from cis to trans-isomer when illu-
minated with UV or blue light. Through quite a complex mechanism,
the changes suffered by the surfactant molecules produce a dramatic
modification of the stability of the foam. Other examples of these kind
of system are those formulated with 12-hydroxystearic acid (12-HSA)
mixed with hexanolamine [12] for which the foam responsive

https://doi.org/10.1016/j.jcis.2017.10.090
0021-9797/© 2017.
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ness is due to a structural transition of the self-assembled aggregates
of 12-HSA, triggered when the temperature goes over 60°C.

As mentioned, macromolecules can be used as foam stabilizers in
the formulation of responsive foams; however, in this case, the switch
of foam stability generally involves invasive methods such as chang-
ing the pH or ionic strength by adding chemicals [13,14]. PNIPAAm,
a polymer, undergoes a conformational transition at a critical temper-
ature (LCST) of about 35°C, being in a coil conformation below this
temperature and collapsing to form globules above it. Additionally, it
was shown that PNIPAAm can adsorb at interfaces and transit from
a fluid-like to a solid-like surface layer when the transition tempera-
ture is crossed [15,16]. Because the transition is reversible both in bulk
and at the interfaces, PNIPAAm aqueous solutions were considered as
candidates for the formulation of “smart” foams whose stability could
be switched on/off by changing the temperature. Unfortunately, the
foaming properties of PNIPAAm aqueous solutions are quite poor and
the foams produced from them were found to be unstable [17], pre-
cluding its use as a stabilizing agent in foam formulations. Guillermic
et al. [17] tried to overcome this problem by mixing the PNIPAAm
with surfactant sodium dodecyl sulfate (SDS) in order to improve the
foaming properties of the solutions. The foamability and foam stabil-
ity were indeed improved, however, the thermal responsiveness of the
interfacial layer was lost.

With the intention of producing a foaming system capable of re-
sponding to changes in temperature, we synthetized a copolymer
based on PNIPAAm and alginate, which is a negatively charged poly-
saccharide (see supplementary material, SM), giving place to a neg-
atively charged polyelectrolyte with a brush-type structure, capable
of forming complexes with oppositely charged surfactants. Because
the PNIPAAm are incorporated as side chains, we speculated that,
when mixed with an oppositely charged surfactant molecule, the re-
sponsiveness of the system to temperature changes would be main-
tained and that, at the same time, the foamability properties and sta-
bility of the foams would improve. The underlying idea is that the op-
positely charged surfactant should anchor the charged groups of the
copolymer to the interface, maintaining the thermoresponsive PNI-
PAAm side chains in the interfacial region.

In this article we study a mixture of the copolymer Alg-g-PNI-
PAAm, hereafter called Cop-L, with the cationic surfactant dode-
cyltrimethylammonium bromide (DTAB). Because the responsive-
ness of the foam is linked to the responsiveness of the stabilizer
either in bulk or at the solution-air interface, we characterized the
Cop-L/DTAB mixtures at the interfaces by surface tension and sur-
face compression viscoelasticity, and in bulk by dynamic light scat-
tering (DLS), as a function of surfactant concentration and tempera-
ture. We found that Cop-L/DTAB mixtures are capable of producing
foams whose stability can be modulated by changing the temperature,
however, this can be done only for a certain surfactant concentration
range. In this range, the responsiveness in the foam stability seems to
be mediated by changes in surface compression elasticity when a crit-
ical temperature is crossed. The change observed in surface elasticity
could be at the origin of the observed transition in the coalescence dy-
namics from a continuous (T < LCST) to a cooperative (avalanches)
process (T > LCST). Contrary to what happens with emulsions [18],
to our knowledge there has been no report in the literature of a smart
foam capable of responding to changes in temperature based on PNI-
PAAM or its derivatives.

2. Materials and methods

2.1. Materials

The cationic surfactant, dodecyltrimethylammonium bromide
(DTAB) was obtained from Sigma-Aldrich (99%) and used as re-
ceived.

Sodium alginate (Mw = 198, repetitive units) is the sodium salt of
alginic acid, a linear polysaccharide obtained from brown algae, it
is constituted by two uronic acids, 1,4 b-D-mannuronic acid (M) and
1,4 a-L-guluronic acid (G), which constitute repetitive units forming
homopolymeric (MM- or GG-blocks) and heteropolymeric sequences
(MG- or GM-blocks). A low viscosity sodium alginate was purchased
from Alfa Aesar with a mannuronic/guluronic ratio (M/G) estimated
to be 2.2 by 1H NMR according to the literature [19–21]. Poly(N-iso-
propylacrylamide, PNIPAAm, is a synthetic polymer that presents a
low critical solution temperature (LCST) undergoing a volume phase
transition when heated. At low temperatures, intermolecular hydrogen
bonds between water and polar groups of PNIPAAm solubilise the
polymer. Above the LCST the hydrogen bonds break and hydropho-
bic associations between polymer chains take place, resulting in a col-
lapsed state. The LCST for high molar mass PNIPAAm is around
32°C, but this critical transition temperature is a function of the molar
mass and polymer concentration, among other parameters [16,22–25].

The alginate-g-PNIPAAm graft copolymer (Cop-L) was obtained
by a coupling reaction between the carboxyl groups of sodium algi-
nate and the terminal amine groups of PNIPAAm-NH2 chains, using
1-ethyl-3-(3′-(dimethylamino) propyl) carbodiimide hydrochloride
(EDC) as the coupling agent. Thus, a brush-type anionic polyelec-
trolyte was synthesized with Mn = 4200g/mol PNIPAAm side chains.
The synthesis and further characterization were extensively described
in reference [19]. The mean molecular weight of the co-polymer was
determined by static light scattering giving a value of Mw = 89.5KDa.
The number of alginate monomers, and charges, per co-polymer mol-
ecule was found to be about 300, giving a contour length of about
400nm (We did not measure the “real” size of the polymer chains, in
order to give the reader an estimate of it we performed a simple calcu-
lation: the polymer chain has about 300 monomers of alginate, each of
about 1–1.5nm in length, giving a contour length of roughly 400nm).

Polyelectrolyte solutions were prepared by dissolution in ultrapure
water (Milli-Q water purification system). Due to the limited amount
of polymer available, a fixed polymer concentration (cp) of 400mg L−1

was used in the preparation of all samples.

2.2. Sample preparation protocols and measurements

Polyelectrolyte-surfactant complexes often remain trapped in
non-equilibrium metastable states [26] whose characteristics depend
on the history of the systems, for instance on the protocols of mix-
ing or on the time elapsed since preparation [27–31]. Two different
protocols of sample preparation were used in this work. For surface
tension measurements, a concentration process was employed. First,
the surface tension of a DTAB free aqueous solution of Cop-L at
cp = 400mg L−1 was measured. Subsequently, proper amounts of the
copolymer, DTAB and water were added to the previous solution in
order to increase the surfactant concentration, cs, keeping the poly-
mer concentration, cp constant, until the targeted concentration was
achieved. The surface tension, γ, was then measured after an equili
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bration period of 60 min or more. This process was repeated until the
whole range of DTAB concentration was covered.

For DLS measurements, all samples were obtained by adding equal
volumes of the DTAB solution with double the desired final concen-
tration to 800mg L−1 of the Cop-L solution. Solutions were left to
reach equilibrium for 24h prior to measurement. Some DLS experi-
ments were repeated with samples prepared following the first proto-
col of preparation (by concentration) and we found no significant dif-
ferences in the corresponding results.

2.3. Methods

2.3.1. Surface tension and step-compression surface rheology
experiments

Surface tension (γ) measurements were carried out using the sensor
of a Langmuir balance (KSV NIMA) and a paper Wilhelmy plate. Ex-
periments at room temperature were performed using a Teflon trough
(10 ml of volume) while a jacketed vessel was employed for tempera-
ture-dependent measurements.

Pure water surface tension measurements were used to verify opti-
mal paper probe quality before each experimental iteration. After the
solutions were poured into the corresponding vessel, surface tension
was continuously measured until a stable value was achieved. The re-
producibility was ±0.2mN m−1.

Temperature dependent experiments were performed in the range
of 20–55°C, with measurements being taken every 5°C. An approxi-
mated heating rate of 1°C/min was used between steps. Once the re-
quired temperature was reached, samples were left to reach equilib-
rium for 30–60 min before surface tension determination. Tempera-
ture was controlled using an external circulating water bath (Lauda Al-
pha) and its value was monitored by means of a thermocouple.

Stress relaxation experiments were performed following the time
evolution of the surface pressure, Π, after a sudden uniaxial in-plane
compression of the interface using the KSV NIMA Langmuir Balance.
Surface pressure is defined as Π(t) = (γ0 - γ), being γ0 and γ the surface
tension of pure water and solutions respectively. The solutions were
placed in the Langmuir trough and allowed to stabilize at the temper-
ature of measurement for one hour. The experiments were performed
with a relative area (A) change of 10% (ΔA/A0 = 0.1) and a compres-
sion rate of 500mm/min. The surface stress, Π(t)-Πeq, being Πeq the
surface pressure at equilibrium, acts as a restoring force which tends
to restore the system to its equilibrium state, the relaxation dynamic is,
in general, well described by the sum of exponentials (or just a single
exponential) [32]. We treated the Π(t) data after compression by per-
forming an inverse Laplace transformation in order to obtain the com-
plex surface compression modulus. Details are given in the supporting
information (SM). These experiments were performed at 25 and 45°C.

2.3.2. Dynamic Light Scattering (DLS)
The hydrodynamic radiuses of the aggregates of Cop-L/DTAB

complexes were measured as a function of temperature and DTAB
concentration by DLS. A Malvern Autosizer 4700 with a Series 7032
Multi-8 correlator and equipped with 20mW laser (OBIS Coherent)
operating at a wavelength (λ) of 514nm was employed, with de-
tection at scattering angles (θ) between 30 and 150°. The intensity
auto-correlation functions were processed by the Autosizer 4700 soft-
ware using either a monomodal distribution analysis (cumulants) or
a non-monomodal, CONTIN, analysis [33] in order to calculate the
apparent translational diffusion coefficients, Dapp, for each scatter-
ing angle. The CONTIN method was employed when the polydis-
persity index (PDI) obtained from cumulants was higher than 0.7.
The mean trans

lational diffusion coefficients, Ds, were then obtained by extrapolating
Dapp to q2 = 0, being q the wave vector (q = 4π n sin(θ/2)/λ, where n is
the solvent refractive index),

Once Ds was obtained, the hydrodynamic radius, RH, was deter-
mined from the Stokes-Einstein equation,

Being kB the Boltzmann constant, T the temperature and η the sol-
vent (water) viscosity. The temperature was controlled (±0.1 °C) using
the device’s own system (PCS 8 Temperature Controller) and an ex-
ternal circulating water bath (Lauda Alpha).

Occasionally along the text, we will use the word “size” when re-
ferring to the hydrodynamic radius measured by DLS, however the
reader should understand this in terms of Eq. (2), i.e., the size (radii)
of a compact, smooth sphere with the same translational diffusion co-
efficient of our aggregates and not as referring to their real size.

2.3.3. Experiments on foams
In order to evaluate the properties of foams formulated with the

Cop-L/DTAB mixtures, we produced foams by means of two syringes
connected through a tube of very small internal diameter (Tygon in-
ternal diameter = 1/16 in., length 10cm) as explained in the literature
[34,35]. One of the syringes was filled with the desired volumes of
air, Vg, and foaming solution, Vl, in order to fix the initial liquid frac-
tion of the foam, ϕl,0 = Vl/Vfoam = Vl/(Vl + Vg). The liquid and air were
then transferred from one syringe to the other through the constriction
given by the small cross section tube, in a series of 10 cycles. In all
the experiments presented in this article ϕl,0 was fixed to 0.25. Bub-
bles produced by this device had a mean radius of 70µm. The foam
so produced was then transferred to a rectangular glass cell (Hellma,
OS) with a light path of 1cm, which was placed into a homemade
holder adapted to a UV–vis spectrometer of fiber–optic (Ocean optics
USB2000+) as shown in Fig. 1. Solutions and cells were thermalized
prior to foam production. A CCD camera (Basler, acA1300-30um)
was placed in front of the cell. The light emitted by a Xenon lamp
(Ocean Optics PX-2) was sent through the foam sample via a fiber-op-
tic placed at half of the cell’s height and the transmitted light in-
tensity was collected by a second fiber-optic and measured with the
UV–vis spectrometer (by integrating the whole spectrum) as a func-
tion of time (every second one spectrum was taken and saved in a
computer for analysis). With this setup we simultaneously followed
the foam height, the volume of liquid drained and the transmitted light
intensity as a function of time (see Fig. 1).

3. Results

3.1. Equilibrium surface tension isotherms

Surface tension measurements were carried out on several aque-
ous solutions with increasing DTAB concentration (cs) and a fixed
Cop-L concentration, cp = 400mg L−1. Measurements were performed
at two temperatures, 25°C and 45°C. The results are shown in Fig.
2. First, it is important to note the significant drop in surface tension
caused by the addition of alginate-g-PNIPAAm copolymer (cs = 0),

(1)

(2)
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Fig. 1. Scheme of the device used to study the foams formulated with Cop_L/DTAB mixtures.

Fig. 2. Surface tension of Cop-L/surfactant mixtures as a function of DTAB concentra-
tion at 25°C (squares) and 45°C (circles). The surface tension isotherm for pure DTAB
solutions at 25°C are also shown (triangles). The critical micelles concentration, cmc,
of DTAB is indicated in the figure (cmc∼15mM at 25°C. The cmc at T = 45°C is
∼16mM).

clearly evidencing surface activity. The surface pressure, Π = γ0 - γ,
was found to be 26.6mN·m−1 and 30.2mN·m−1, at 25°C and 45°C, re-
spectively.

Regarding the effect of DTAB on surface tension, Fig. 2 shows the
presence of two plateaus. For the measurements at T = 25°C, the first
plateau begins at a surfactant concentration of about cs∼0.7mM (T1
in the figure) and ends at about cs∼7mM (T2 in the figure). Then,
as cs increases, the surface tension drops until the second plateau be-
gins at T3, which is about cs∼16mM, close to the critical micelle con-
centration, cmc, of the surfactant (cmc∼15mM at T = 25°C). From
then on, the surface tension remains constant up to the highest sur-
factant concentration used, cs∼80mM. A similar behavior is observed
for T = 45°C, in this case T1 is about 0.5mM while T2 and T3 take
place at the about same concentrations.

3.2. Surface tension as a function of temperature

Fig. 3 presents the behavior of surface tension as a function of tem-
perature for different DTAB concentrations. Surface tension values
for a fixed temperature decreased with increasing DTAB concentra-
tion, as expected. For constant cs, all solutions studied showed a linear
decrease with temperature, interrupted by a notable change in slope.
The intersections between lines of different slopes were found to be
around 39–43°C in all cases. These results are likely related to the
presence of the low critical solution temperature (LCST) of the PNI-
PAAm side chains, which is LCST∼37°C (see Fig. SM-4a).

Fig. 3. Surface tension as a function of temperature for several Cop-L/DTAB mix-
tures with a constant polymer concentration, cp = 400mg L−1. Surfactant concentrations
are: cs = 0 (squares); cs = 0.056mM (circles); cs = 0.3mM (triangles); cs = 1.6mM (open
squares); cs = 2.8mM (open circles); cs = 26.2mM (open triangles).
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3.3. Phase behavior

The phase behavior of mixed Cop-L/DTAB solutions was ob-
served as a function of temperature and surfactant concentration. At
20°C and for all surfactant concentrations from 0 to 30mM the sus-
pensions were stable and no phase separation was observed. As the
temperature was increased from 20 to 55°C, phase separation was ob-
served for surfactant concentrations between 8 and 15mM when the
LCST was crossed. Below and above this concentration range the sys-
tems remained stable (no precipitate) at all temperatures.

3.4. Dynamic Light Scattering(DLS): Hydrodynamic radius of
aggregates

In order to obtain information on the change in the size of the ag-
gregates when adding the surfactant or changing the temperature, we
performed DLS experiments. We measured the hydrodynamic radius,
RH, at four scattering angles, θ = 30, 60, 90 and 120°. First, values of
RH, as a function of temperature, for the polyelectrolyte alone were
obtained. A sharp transition temperature, LCST, of 38± 2°C, with RH
going from about 1000nm, below the LCST, to 350nm, above it, was
found (see Fig. SM-4a). In these samples the correlation functions
were well fitted with cumulants (at least in the time range explored,
see Fig. SM-3) and the characteristic diffusion times were found to de-
pend linearly with q2. Fig. 4 presents the hydrodynamic radius, RH as
a function of DTAB concentration, for two temperatures, above and
below the transition temperature.

In the figure we observe that RH decreases by a factor of about 4
as T becomes higher than the LSCT for all mixtures with cs < 0.5mM.
For 0.5< cs < 2.8mM the change in RH when T crosses the transi-
tion temperature, diminishes continuously, and becomes very small
at a surfactant concentration of 2.8mM. For concentrations higher or
equal to 2.8mM, the opposite is true, RH increases as the temperature
goes from 25 to 45°C. We also observe that the collapse produced by
the addition of surfactants at concentrations over 1.6mM, at the lower
temperature, is equivalent to the collapse produced on the free surfac-
tant polymer solution at temperatures above the LCST. The polymer
collapse at cs∼1mM is also observed by viscosity measurements (see
Fig. SM-5).

Fig. 4. Hydrodynamic radius of Cop-L/surfactant complexes in aqueous solution,
cp = 400 mg L−1, as a function of DTAB concentration at 25°C (closed circles) and at
45 °C (open circles). The points corresponding to Cop-L 400mg L−1 without surfactant
are included out of scale (cs = 0).

The polydispersity index (PDI) obtained from cumulants analysis
of the intensity auto-correlation functions, are between 0.05 and 0.3
for all samples with cs ≥ 1.6mM. For free DTAB Cop-L solutions and
mixtures with cs < 1.6mM at T = 25°C, the obtained PDI were between
0.5 and 1, in those cases we used CONTIN analysis. For the same so-
lutions but at T > LCST, the PDI were below 0.3.

For each surfactant concentration, the hydrodynamic radius as a
function of temperature was also measured by DLS. In Fig. SM-4 in
the supplementary material, we show the change in RH as the temper-
ature increases for the Cop-L solution with cp = 400mg L−1 and for the
mixed system with 2.8mM of DTAB. In the first case (Fig. SM-4a)
RH diminishes abruptly from about 1300 to 300nm when the transition
temperature is crossed. This was the system with the maximum change
in size, being the relative change in size of around −77% (size decre-
ment). The minimum variation of RH was found for the system with
2.8mM of DTAB (Fig. SM-4b), which presented a relative change
in size of +20% (size increase). We recall that for all systems with
cs > 2.8mM, the hydrodynamic radius increases as T becomes higher
than the transition temperature (see Fig. 4).

3.5. Surface compression viscoelasticity

It is generally accepted that the dynamics and stability of emul-
sions and foams depend strongly on the surface compression sur-
face elasticity [36,37]. In Fig. 5 we present the results for the sur-
face compression viscoelasticity corresponding to the mixture Cop-L
(cp = 400mg L−1) + DTAB (cs = 1.6mM) measured at 25 and 45°C.
The real, E′, and imaginary, E″, parts of the complex surface compres-
sion modulus are shown in the same figure and for both temperatures.
We recall here that E′ is the storage modulus which describes the elas-
tic response of the system, and E″ is the loss modulus, which is equal
to the product of surface compression viscosity and the angular fre-
quency.

The results corresponding to the mixtures with 0.3 and 2.8mM
of DTAB are shown in the supplementary material (Figs. SM-6 and
SM-7). We note that, for cs < 2.8mM, up to three relaxation times are
present (see Fig. SM-8) while for the mixture with cs = 2.8mM, only
one relaxation time was found. The origin of these relaxations is un-
clear, it could be related to the adsorption/desorption dynamics of sol-
uble species or to the 2D dynamics of complexes irreversible adsorbed
to the interface.

Fig. 5. Storage (elastic) and loss (viscous) compression modulus obtained from
step-compression experiments (see SM). Results correspond to Cop-L
400mg L−1 + DTAB 1.6mM. More results on supporting information. The inset shows
the high frequency limit of the elasticity, E0, as a function of DTAB concentration.
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In all cases, the elastic modulus, E′ is larger for the lower temper-
ature and lower surfactant concentration. The surface loss (viscosity)
modulus displayed a similar behavior.

In the inset of Fig. 5 the values for the high frequency limit of the
elasticity are plotted as a function of the surfactant concentration for
both temperatures. Note that the change in the high frequency limit of
the elasticity, ΔE0 in the figure, diminishes with cs as T goes from 25
to 45°C.

3.5.1. Foam stability and dynamics
Our original interest in this complex polymer/surfactant system

was because of the possibility of using it to produce thermorespon-
sive foams. In light of Fig. 4 we chose to study foams stabilized with
solutions at a fixed polymer concentration of 400mg L−1 and mixed
with DTAB at surfactant concentrations of 0.3; 1.6; 2.8 and 20mM, in
an attempt to find a correlation between foam stability and structural
changes. Recall that at 0.3 and 1.6mM there is a reduction in the size
of the aggregates (see Fig. 4) when T goes over the transition tempera-
ture, while for cs = 2.8mM and cs = 20mM there is an increment in the
aggregate’s sizes (see Fig. 4 and SM-4) when T crosses the LCST. In
the experiments that follow the initial liquid fraction for all foams was
fixed to ϕl = 0.25 and the mean initial bubble radius, RB, was about
70µm.

In Fig. 6a an example of a plot of the relative light intensity trans-
mitted through the foam sample as a function of time is shown. The
relative intensity is defined as: I-I0/Ifinal, being I, I0 and Ifinal the in-
stantaneous, I(t), initial, I(t = 0) and final (without foam) transmitted
light intensities respectively. Because the optical fiber is placed at the
middle of the foam container, the time at which the relative inten-
sity reaches a value of 1 indicates the moment when the foam sample
(foam + liquid drained) has half its initial height, and the correspond-
ing time, t1/2, indicated by arrows in Fig. 6a, is a measure of foam sta-
bility. In Table 1 we present all results for t1/2 at both temperatures,

Fig. 6. Light intensity (a) and liquid fraction (b) as a function of time for a Cop-L/DTAB
mixture: Cop-L 400mg L−1 + DTAB 1.6mM.

Table 1
Foam stability measured by the time needed to reach half the initial foam height, t1/2. 20*

indicates the free polymer surfactant solutions. The polymer concentration for all mea-
surements was cp = 400mg L−1. The time is given in seconds. All results are the mean
values of several experiments on the same systems.

[DTAB] (mM) t1/2 (20°C) (s) t1/2 (45°C) (s) t1/2 (20°C)/t1/2 (45 °C)

20* 500 195 ∼2.6
20 1850 100 ∼18
2.8 1000 180 ∼5
1.6 2000 200 ∼10
0.3 3250 300 ∼11

including the results obtained for free polymer DTAB solutions of
cs = 20mM (labelled as 20∗) that we use for comparison.

From Table 1, we note that for all the mixtures, the foams are more
stable at T = 20°C than at T = 45°C, even more, for the mixed sys-
tems with DTAB concentrations of cs = 1.6, cs = 0.3 and cs = 20mM, the
foam stability at the lower temperature is between 10 and 18 times
higher. The most stable foam was obtained for cs = 0.3mM for which
t1/2 turned to be about 54 min (average value over 10 independent mea-
surements). For all foams at T > LCST, we observed that bubble col-
lapse produces large holes inside the foam volume, this can be seen in
Fig. 6a in the oscillations of the light intensity for the measurement at
T = 45°C (see also images in supporting information). Once the bub-
bles start to collapse, all the foam is destroyed rapidly in a cooperative
process (cascades of bubble ruptures is what we observe in Fig. 6a for
100< t < 200 at T = 45°C, red squares).

In Fig. 6a we also note that the transmitted light intensity varies,
in the log-log plot, linearly with time, in the region 10< t < 100s, at
both temperatures. The linear fits give I∼ t(0.93±0.2) and I∼ t(0.53±0.1) for
T = 20 and 45°C respectively. We also observe a change in the slope
at about t = 300s for the system at T = 20°C, in this case the fit gives
I∼ t(0.3±0.1) (for 300< t < 3000s). At t > 300s we observed on the wall
of the foam container, that some bubbles rupture but the process does
not produce cascades of events as occurs at T = 45°C.

In Fig. 6b, results of free drainage experiments on the same sam-
ple are presented. The volume of the liquid drained was followed by
direct observation with a CCD camera as a function of time. Note
that the drainage is faster for T = 45°C than for T = 20°C, being the
drainage characteristic time (arrows in Fig. 6b) about 6 times larger
for T = 20°C than for T = 45°C. For other surfactant concentrations the
drainage velocity is 3–10 times larger at 45 than at 20°C, the smaller
difference corresponding to cs = 2.8mM.

4. Discussion

4.1. Phase behavior, dynamic light scattering and equilibrium
surface tension

The behavior of aqueous solutions of polyelectrolyte-oppo-
sitely-charged surfactant mixtures depends on the specific chemical
system [38]. Their bulk phase behavior as well as its relation with
the properties at the solution-air interface are often complicated by
non-equilibrium effects, particularly, we can observe the appearance
of peaks in the surface tension isotherms when the system enters the
equilibrium two-phase region, which occurs close to charge neutral-
ization [26,38,39]. Far from this region, the polyelectrolyte-surfactant
complexes form an equilibrium one-phase solution or remain trapped
in non-equilibrium kinetically arrested states forming a stable col-
loidal dispersion, which is possible only because the complexes retain
enough charge to maintain colloidal stability. For our mixtures, from
the absence of surface tension peaks, from the ζ-potential results (see
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SM) and keeping in mind that two protocols of mixing were em-
ployed without observing any difference in the obtained results (see
methods), it seems that the Cop-l/DTAB mixtures are not complicated
by non-equilibrium effects, at least for the concentrations used and
in the time scale of our experiments and particularly for T = 25°C.
Thus, in order to interpret the equilibrium surface tension results, let
us use the following oversimplified picture [40–43]: When an oppo-
sitely charged surfactant is added to a polyelectrolyte solution it first
progressively replaces the polyelectrolyte counterions in the vicinity
of the macromolecular main chain. Generally, this process does not
conduct to observable changes in the bulk properties of the system
which could be followed with commonly used techniques such as con-
ductivity or light scattering, however they can be detected by more
sensitive, and less common techniques such as Electric birefringence
[44]. This situation changes when a certain surfactant concentration,
the critical aggregation concentration (cac), is reached. At this con-
centration, surfactant molecules begin to cooperatively bind onto the
macromolecule chain. The cac, in general, occurs at concentrations
1–3 orders of magnitude lower than the cmc of pure surfactant solu-
tions, and can be determined by surface tension [38] measurements,
as shown in Fig. 2. From said figure we identified three characteris-
tic surfactant concentrations: T1, T2 and T3. The concentration T1,
which corresponds to the beginning of the first plateau, is generally
associated to the cac [45] and corresponds to the onset of binding of
DTAB to alginate-g-PNIPAAm in bulk. Upon further increase of the
amount of surfactant, the polymer saturation point (T2) is reached. At
this point, it is assumed that surfactant molecules occupy all of the
binding sites of the polymer and that any excess causes a decrease in
surface tension until the cmc is reached. Note that the concentration T2
(∼7 mM) is below the concentration at which the electrophoretic mo-
bility approaches zero (∼15mM at 25°C, see results on Fig. SM-9),
which is close to T3. Above T3, any DTAB addition would lead to the
formation of micelles probably decorated with polymer chains, with
no effect on surface tension [46]. Besides the overall decrease in sur-
face tension previously mentioned, the temperature increment seems
to cause a slight shift of T1, probably due to an increased hydropho-
bicity interaction between polymer and surfactant. Also, in contrast to
the behavior observed at 25°C, at 45°C the polymer precipitated in a
concentration region between 8 and 15mM, i.e. between T2 and T3,
this is also attributed to the increased hydrophobicity of the aggregates
at the higher temperature. At concentrations above T3, the precipitates
are redissolved, leading to stable dispersions. This last concentration
coincides with the cmc of the surfactant (cmc∼15mM at T = 25°C and
cmc∼16 at T = 45°C respectively [47]) and also with the surfactant
concentration region where a size increment is observed as T increases
over the transition temperature (see DLS data), thus we interpret this
as indication of a change in the structure of the aggregates in bulk.

The effect of DTAB and temperature at the interface is clearly seen
in Fig.3. For pure liquids, the slopes of the surface tension vs. temper-
ature curves are related to the surface entropy, , and there-
fore, the changes in the slopes, m ( , from Fig. 3) can be related
to changes in the surface entropy. The relative changes in the slopes,
mr when the transition temperature is crossed are shown in Fig. 7 as a
function of DTAB concentration. The relative slope change, mr is de-
fined as,

where mT<>LCST stands for the slopes below (<) and above (>) the

Fig. 7. Relative change of slopes of surface tension vs. T curves when crossing the tran-
sition temperature at each surfactant concentration as obtained from Fig. 3.

LCST. For free surfactant polyelectrolyte solutions, the reduction of
the slope is about 75%, suggesting an entropy reduction as T be-
comes higher than the transition temperature. This can be rational-
ized in terms of the conformational changes occurring on the polymer
chains, which go from coil to globule, at the interface. As the DTAB
concentration increases, it induces a progressive collapse of the poly-
electrolyte at temperatures below the LCST (see Fig. 3) then, the con-
formational changes observed when crossing the transition tempera-
ture are less and less pronounced. This is what we observe from the
relative changes in the slopes shown in Fig. 7. Note that this behav-
ior is consistent with the reduction in sizes observed in bulk, the en-
tropy change seems to correlate well with the relative change in sizes
measured by DLS (see Section 3.4). This also correlate well with the
decrement on foam responsiveness as cs increases.

The results of DLS are similar to those found for DTAB/Car-
boxyMC (sodium corboxymethylcellulose) [48]. The addition of an
oppositely charged surfactant to a flexible polyelectrolyte produces,
at certain concentrations, the polymer collapse. The polydispersity in-
dexes measured (PDI < 0.3) indicate the formation of quite monodis-
perse aggregates both when cs > 1.6mM at low temperature, and for
T > LCST at all surfactant concentrations. As stated in reference [48]
the monodispersity of the aggregates is quite surprising if ones takes
into account the rather broad size distribution of the polyelectrolyte
chain.

Fig. 4 clearly shows that the addition of DTAB produces, at
cs = 2.8mM, a hydrophobic collapse of the polymer chain in a way
similar to that produced by increasing T above the LCST for Cop-L
solutions without DTAB. This collapse of the polymer chain as the
DTAB concentration increases is also observed by viscosity measure-
ments (Fig. SM-5).

The increase in aggregate size after the collapse, as DTAB concen-
tration increases, was also observed in the DTAB/carboxilMC system.
This suggests a change in the structure of the aggregates as cs increases
above T2 (Fig. 4), probably because of the presence of surfactant mi-
celles.

4.2. Surface compression viscoelasticity and foam stability

When studying foams stabilized by mixtures of polyelectrolytes
and surfactants a very complex picture emerges. At first glance it
seems that no straightforward connection between composition and
structure of aggregates in bulk, surface properties (such as surface
elasticity), foams films features (thicknesses, disjoining pressure) and

(5)
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macroscopic foam stability exists [7,39,49–57]. However, regarding
the tunability of foam stability in general, and in order to formulate
responsive foams, two approaches can be found in the literature, each
using a different mechanism of foam destabilization. In one, external
stimuli are used to modify the bulk properties (e.g. viscosity) within
the liquid films and channels between adjacent bubbles, in order to
tune the foam stability (see Ref. [8] and references therein). In the sec-
ond approach to tune foam stability by means of external stimuli, the
mechanism of foam destabilization involves a direct modification of
the interfacial layer adsorbed at the gas-liquid interface of bubbles.
An example of this are foams stabilized by AzoTaB, a photorespon-
sive surfactant, whose stability changes when illuminated with differ-
ent light intensities and wavelengths [11,58].

We are trying to elucidate the mechanism involved in the switching
of foam stability when T changes and its dependence with surfactant
concentration. Let us discuss first if a bulk mechanism could be at play
in the aging process for the Cop-L/DTAB system. First, changes in the
structure of the aggregates induced by temperature and surfactant con-
centration could modify the bulk viscosity, which in turn could affect
the foam dynamics, for instance it could speed-up or slow down the
drainage velocity, changing the stability of the foam. We performed
measurements of relative viscosity, ηsolution/ηwater, in the Cop-L/surfac-
tant mixtures as a function of DTAB concentration (see Fig. SM-5)
and we observed that the maximum change of bulk viscosity occurred
for free surfactant polymer solutions, for which the viscosity changed
by a factor of 1.2 when the temperature went from 45 to 25°C. The
effect of temperature on the bulk viscosity is small and thus, it seems
that it is not what controls the foam stability. Additionally, and with
respect to drainage dynamics, the process is faster for T > LCST thus,
one could think that the changes in the size of the aggregates which
take place inside the confined media given by liquid channels between
bubbles, when the temperature crosses the LSCT, could explain the
observed changes in drainage times and foam stability. In this respect,
we can estimate the size of the Plateau borders (liquid channels be-
tween adjacent bubbles) [59],

being rPB the Plateau border radius. For our foams, RB = 70µm and
ϕl = 0.25 for the initial stage of the free drainage process, thus, from
Eq. (9), rPB = 35µm, this is 35 times larger than the larger aggregate
size (RH∼1µm). For the final stage of the drainage process ϕl = 0.02,
rPB > 10µm which is ten times the larger aggregate hydrodynamic ra-
dius (note that because of coarsening, RB will be larger than the initial
value of 70µm). Additionally, the final (stationary) liquid fraction is
almost the same at both temperatures (∼2%, see Fig. 6), these results
seem to indicate that some other mechanism is involved in the desta-
bilization of the foams when T crosses the LSCT.

Thus, for foams stabilized with Cop-L/DTAB mixtures, we be-
lieve that the mechanism of destabilization is probably linked to in-
terfacial processes. From Figs. 2, 3 and 7, we saw that temperature
has an effect on the equilibrium surface tension, however said figures
also show that the equilibrium surface tension cannot be responsible
for the change in stability in the high temperature regime. Another
possible explanation of the change in foam stability when T > LCST,
is that there is a modification of surface rheology as T crosses the
LCST. In Fig. 6 (and also in Fig. SM-6) it is evident that the com-
pression elasticity indeed changes, by a factor of about 3, when T
crosses the LCST which could be related to the change in foam sta-
bility. Coalescence, the fusion of two bubbles after the rupture of the
liquid film between them, is commonly thought to be caused by one

of two possible mechanisms of film rupture. The first model considers
the rupture as a consequence of thermal thickness fluctuations [60],
the amplification of such fluctuations conducting to a rupture depend-
ing on parameters such as the surface tension and disjoining pressure
(force per unit area between the two sides of the liquid film [1]. The
second model considers the formation of interfacial regions where the
surfactant is depleted (“holes”) produced by thermal fluctuations. De
Gennes proposed that the nucleation characteristic time for the holes
should vary exponentially with the compression elastic modulus and
he expressed the lifetime of foam films, τc as [6,61],

Being a the area occupied by surfactant molecules at the interface
and E0 the compression elastic modulus in the high frequency limit.
Even though Eq. (10) is valid for thermal fluctuations in isolated sin-
gle liquid films, one would expect the formation of more stable foams
for systems with large surface elastic modulus, as observed in our sys-
tems. Note that the mixtures with cs = 0.3, for which E0 is the largest
(Fig. SM-6), produced the more stable foams (Table 1).

From the surface compression rheology results, it is clear that the
collapse of the polymer chain induced either by the surfactant concen-
tration or the temperature has an effect on the surface elasticity. We
recall that the change in the high frequency limit for the elasticity as
T changes, is larger for the smallest cs (see inset of Fig. 5) and dimin-
ishes as cs increases, being this well correlated with the tuneability of
the foams with temperature (Table 1).

It was also suggested, from theoretical models and numerical cal-
culations, that for insoluble or irreversible adsorbed monolayers,
coarsening dynamic is also influenced by compression elastic modu-
lus [62,63] in the low frequency region [36,37]. In this respect, the
temporal dependence of the light transmitted through the foam sam-
ples, as shown in Fig. 6, could be used, under certain conditions
and for constant liquid fraction, to follow the coarsening dynamics
[64–66]. The transmitted light intensity I(t), is proportional to the pho-
ton transport mean free path, L∗, which is proportional to the mean
bubble diameter, thus I(t) ∼ L∗ ∼ RB(t) [64]. For three-dimensional
foams, it was shown that coarsening dynamics follow power laws,
R∼ tz, being z = 1/3 and z = 1/2 for wet and dry foams respectively
[67]. In Fig. 6a we saw that the time evolution of the light intensity
follows a power laws (lines shown in the log-log plot, Fig. 6) for cer-
tain time ranges. However, in these experiments the temporal evolu-
tion of the light intensity could depend simultaneously on drainage,
coarsening and coalescence dynamics, and thus the observed behav-
ior cannot be assigned exclusively to the coarsening rate. Let us ex-
amine the results of Fig. 6 more closely. First please note that the
drainage process is finished in about 10 s for the foams at T = 45°C
(Fig. 6b). For t between 10 and 100 s the power law, I∼ t0.52, has an
exponent which is very close to 1/2, corresponding to the scaling ex-
pected for coarsening in 3D dry foams. That is why we believe that
the observed time dependence of the light intensity corresponds, in
this case, to the coarsening dynamics. However, because we haven’t
measured the bubble size distribution as a function of time experi-
mentally, in order to verify that the self-similar regime of coarsen-
ing is reached and maintained during the light intensity measurements,
some coalesce could be present. For these foams, and for t > 100 s,
cascades of bubble coalescence and collapse are observed, produc-
ing large holes and destroying the entire foam rapidly. As stated, this
behavior can be observed in the oscillations of the intensity of light

(9)

(10)
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(Fig. 6a, red squares) at t∼200s (see also pictures in the supporting
material).

In the case of foams at 20°C, the drainage process is present up
to t = 80s, the power law being I(t)∼ t0.93 and holding for 10< t < 300.
It is impossible to separate the contributions due to coarsening and
drainage in this case. For times larger than 100 s, the stationary liq-
uid fraction was attained (compare time scales in Fig. 6b and a) but for
about 100 s more, the power law holds with the same exponent. Dur-
ing this period the liquid fraction is constant and no appreciable coa-
lescence was observed on the walls of the foam container. Thus, one
could think that, for 80< t < 300, the variation of I vs t is caused mainly
by coarsening. The time dependence of light intensity changes slope at
t∼300 s and I(t) follows a power law with exponent equal to 0.3. An
exponent of 1/3 is what one would expect for coarsening in wet foams,
however, this cannot be the case because the liquid fraction is about
2% and equal (or even lower) to that of foams at 45°C. At this stage
of the aging process of the foam, we observed coalescence but the dy-
namic observed was not cooperative (cascades), as was observed at
T = 45°C, but continuous.

Summarizing, in the time periods where we could think that the
time dependence of the light intensity corresponds to the coarsening
process, the scaling shows that it is faster for T = 20°C (∼t0.9) than for
T = 45°C (∼t0.5). Because the coalescence dynamics are produced in a
continuous manner for T = 20 and in a cooperative process (cascades)
for T = 45 we conclude that the differences in foam stability as T goes
over the LSCT, are due to the different coalescence and collapse dy-
namics. In this respect, if an avalanche of events is produced after the
rupture of a liquid film, it is likely due to the mechanical perturbation
produced by said rupture on adjacent films and bubbles. Since this per-
turbation is mainly dilational in nature, bubbles should be more capa-
ble of resisting rupture when the liquid films have high surface com-
pression elasticities.

From all these results, we are driven to conclude that the stability
of the foams would be controlled by the surface compression elasticity
in the high frequency region. This depends on the conformation of the
co-polyelectrolyte, which in turn depends on surfactant concentration
and the temperature. The ability of switching the stability of the foams
with T would result from the relative change in E0 when T crosses over
the LCST, if E0 falls below a certain threshold a single bubble rupture
can trigger an avalanche of ruptures that destroy the entire foam.

At the same time, surface compression viscosity could play a role
in the process of collapse by dissipating energy and affecting the coop-
erativity of the rupture dynamics, in a manner similar to that observed
for 2D foams with bulk viscosity [68], however, the reader should note
that the effects produced on the surface loss moduli when T goes over
the LCST are not very pronounced (see Fig. 6 and SM-6 and SM-7).

Another possible destabilization mechanism of the foams at
T > LSCT should be considered. When the temperature goes over it’s
critical value, very hydrophobic globules are formed which could act
as antifoaming particles and produce the film rupture via a bridging
mechanism [69]. However, because the foaming behavior at T = 45°C
is not very different from that at T = 20°C (same volumes of foams
produced with the same number of syringes cycles), this mechanism
should not come into play. Finally, although we did not measure shear
surface elasticity and viscosity, they could be involved in the stabiliza-
tion/destabilization of our foams. Surface viscosity surely plays a role
in the differences observed in the drainage dynamics [5,70].

5. Conclusions

Previous efforts to produce thermoresponsive foams using mix-
tures of the uncharged polymer PNIPAAM and surfactants failed be-
cause the surfactant molecules displace the PNIPAAM from the in-
terface [17], removing the thermoresponsiveness. Because of this, we
hypothesized that thermoresponsive foams could be formulated with
aqueous mixtures of a cationic surfactant and a brush-type anionic
polyelectrolyte, incorporating the PNIPAAm as side chains. We hy-
pothesized that the oppositely charged surfactant would act as an an-
chor to the interface for the polyelectrolyte, retaining the thermore-
sponsiveness at the interface and, at the same time, improving the
foamability and stability of the foams. We synthetized a new graft
“co-polyelectrolyte” with a brush-type structure based on alginate, a
negatively charged polyelectrolyte, with PNIPAAm as side chains,
and used it mixed with DTAB, a cationic surfactant, to stabilize foams.
We found that stimulable stable foams could in fact be formulated
but only in a very narrow range of surfactant concentrations, 0.3≤ cs
≤ 1.6mM. At surfactant concentrations below this range, the foams
were not stable enough to be studied and at higher DTAB concentra-
tions the responsiveness was lost and the foam stability diminished. At
temperatures below the LCST the reduction of the thermoresponsive-
ness due to the increment of the surfactant concentration is a conse-
quence of conformational changes produced in the co-polymer chain
as DTAB molecules bind to it. The polyelectrolyte-DTAB aggregates
became more and more hydrophobic promoting the chain collapse at
all temperatures, in this collapsed state the aggregate cannot respond
to temperature changes (see Fig. 8).

The changes in aggregate structures and sizes at the interface pro-
duce modifications on the surface rheology, particularly on surface
compression elasticity. Although more work is needed to clarify the
mechanism of stabilization/destabilization of foams formulated with
polyeletrolyte-surfactant mixtures and no straightforward links be-
tween surface properties and foam stability exist in the literature
[7,39,49–57], all the experimental evidence we have, even though in-
complete, seems to support the idea that changes in the high frequency
compression elasticity, even if small, are the cause of the responsive-
ness of the studied foams via the coalescence dynamics: if modify-
ing the temperature, E0 falls below a certain threshold, a single bub-
ble rupture can trigger an avalanche of ruptures that destroy the en-
tire foam. A clear correlation between surface dilational elasticity (and
film thickness) and foam stability was reported very recently in a poly-
eletrolyte/surfactant system formed by NaPSS and CTAB [49]. How-
ever, because other mechanisms, such as defoaming by bridging [69],
could be at play and in order to clarify the mechanism involved in the
stabilization/destabilization of foams formulated with these systems,
a systematic study correlating conformational changes in bulk and at
surfaces with film thickness, surface shear and dilational viscoelas-
ticity and their relations with coarsening and coalescence dynamics,
as well as with the occurrence of cooperative phenomena, such as
avalanches of bubble ruptures [59,68,71] or topological changes[72],
is needed.

To the best of our knowledge, this is the first system based on de-
rivatives of PNIPAAm successfully used in the formulation of ther-
moresponsive foams. A clear advantage of these systems, as some oth-
ers [73], is that the response can be achieved at a quite low tempera-
ture (∼38°C) compared to other thermoresponsive systems [12].
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Fig. 8. Schematic representation of ideas outlined on the conclusions. The foam responsiveness is lost if the copolymer is in its collapsed state due to surfactant aggregation, this
happens at cs ≥ 1.6mM.
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