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We describe a new methodology to prepare loaded polyelectrolyte/surfactant films at the air/water
interface by exploiting Marangoni spreading resulting from the dynamic dissociation of hydrophobic
neutral aggregates dispensed from an aqueous dispersion. The system studied is mixtures of poly(sodium
styrene sulfonate) with dodecyl trimethylammonium bromide. Our approach results in the interfacial
confinement of more than one third of the macromolecules in the system even though they are not even
surface-active without the surfactant. The interfacial stoichiometry of the films was resolved during
measurements of surface pressure isotherms in situ for the first time using a new implementation of
neutron reflectometry. The interfacial coverage is determined by the minimum surface area reached when
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Introduction

Oppositely charged polyelectrolyte/surfactant (P/S) mixtures have
generated interest for more than one hundred years, primarily
because of the huge commercial value of the formulations we
use in our everyday lives." Their properties at the air/water
interface have been the focus of several substantial bodies of
work over the last decades, the results of which were typically
set in the context of P/S co-adsorption or complex adsorption at
equilibrium.*"® The equilibrium bulk phase behavior of these
systems has been thoroughly investigated as well, and can
comprise a two phase region where complexes with low charge
lack colloidal stability and aggregate, precipitate and either
sediment or cream.”

Recent work on non-equilibrium effects in the bulk has shown
that aggregates produced in the two phase region that are then
diluted to the one phase region, e.g., due to concentration
gradients present during mixing, can persist over extended time
scales as a result of their kinetic charge stability."®™" It has also
been shown that aggregate production can have important effects
at the air/water interface. Either there can be depletion of the
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amount of material due to a reduction in the concentration of
surface-active material in the bulk'>'* or enhancement by a
range of different direct non-equilibrium interactions.*>*®

The key roles that P/S aggregates can play in determining the
properties of the air/water interface have been recently high-
lighted. In one study on poly(ethylene imine)/sodium dodecyl
sulfate (PEI/SDS) mixtures, it was shown using the expanding
liquid surface of an overflowing cylinder that the dissociation
of aggregates on a sub-second time scale results in the forma-
tion of transient monolayer patches by Marangoni spreading.'”
It was inferred that under dynamic conditions relevant to proces-
sing and applications even more polyelectrolyte can be delivered
to the interface by the spreading of material from aggregates than
by the adsorption of molecular components. In another study on
poly(amido amine) dendrimer/SDS mixtures, it was demonstrated
that only aggregates with sufficient charge became embedded
intact in the interfacial layer.'® It was inferred that the aggregates
closer to charge neutrality, more abundant in the two phase region
yet not detected intact at the interface, must dissociate and spread
material upon contact with the surface layer. As the equilibrium
state in the two phase region is complete precipitation,”” with
coagulation of the aggregates taking up to several weeks or even
longer,''* their fast, spontaneous dissociation at the air/water
interface highlights the important role of surface forces in the
dynamic spreading process.

The spreading process is thermodynamically favorable as
the self-assembly of amphiphilic material at the air/water inter-
face lowers its free energy. Equally, thermodynamics predicts
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that that in equilibrium the bulk chemical potential of the P/S
complexes in solution is finite, hence some of the polymers should
dissolve in the solution. Nevertheless, kinetic barriers to the dis-
solution can result in the trapping of material at the interface in the
form of loaded surface films. Exploitation of non-equilibrium effects
to create loaded films of macromolecules dates back to almost one
century with work on spread protein films.">* In the following
decades, studies of spread films of amphiphilic macromolecules
became an important field of interface science.*'** More recently,
some groups have studied the dynamic properties of adsorbed P/S
layers with Jain et al. noting the possibility of compressing them.*®
Bergeron et al. later commented on their gel-like behavior* and
Noskov et al. described their surface heterogeneities.> Edler et al.
went on to work extensively on film formation in mixtures of PEI
with surfactants of the same charge.*

Approaches to control the interfacial properties of P/S mixtures
by tuning the experimental pathway have been recently employed.
For example, Dhar et al. described the preparation of films from
refined P/S nanoparticles,””*® while Tong et al. reported the
interfacial disassembly of positively charged P/S nanoparticles
triggered by particle-particle interactions.>® Also, Lee et al. formed
stable films of poly(sodium styrene sulfonate) and alkyltrimethyl-
ammonium bromides of different chain lengths by spreading a
small aliquot of mixed solution in an organic solvent.** In that
work, the interfacial stoichiometry of the films was resolved
following their transfer to a mica substrate. Even so, quantitative
information on the interfacial stoichiometry in situ at the air/water
interface during dynamic measurements has been limited by the
accuracy and kinetic resolution of measurements using the avail-
able experimental techniques.

Complementary to the methodologies employed to date, in the
present work we exploit explicitly the rapid dissociation of hydro-
phobic neutral P/S aggregates present in an aqueous dispersion to
create loaded films by Marangoni spreading. The loaded films are
more efficient than layers formed by bulk adsorption in terms of
the ratio of the surface excess to the amount of material used. This
may have certain economic and environmental advantages, and
the preparation of such films using only aqueous media include
reduced cost and toxicity as well as potential for biocompatibility.
The system studied is poly(sodium styrene sulfonate)/dodecyl
trimethylammonium bromide (NaPSS/DTAB). It was chosen to
emphasize the significance of spreading from neutral aggregates,
which are produced at bulk compositions far from stoichiometric
charge mixing. A powerful new implementation of neutron
reflectometry with superior kinetic resolution and accuracy in
the interfacial stoichiometry than has been previously achieved is
applied in situ during dynamic measurements for the first time to
reveal the high robustness of the films created.

Experimental section
Materials

Pure H,O was made by passing deionized water through a
Milli-Q purification system (total organic content = 4 ppb;
resistivity = 18 mQ cm). Dodecyltrimethylammonium bromide
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(DTAB; Sigma; >98%) was recrystallized twice in a 4 : 1 mixture of
acetone to ethanol, and each time the solutions were cooled over a
few hours to maximize the purity. D,O (Aldrich, > 99.9 atom% D),
deuterated DTAB (dDTAB; CDN Isotopes; 98.7 atom% D) and poly-
(sodium styrene sulfonate) (NaPSS; Sigma Aldrich; My = 17 kDa;
Mw/My =~ 1.1) were all used without further purification.

Sample preparation

Spread films were formed by dispensing droplets of a concentrated
aliquot containing a dispersion of NaPSS/DTAB aggregates at
various positions above a pure water surface using an Eppendorf
pipette angled at ~45° with a dropping height of ~5 mm. The
aliquots comprised 100 ppm NaPSS freshly mixed with 6 mM
DTAB in pure water. The mixing procedure was performed accord-
ing to the ‘standard mixing’ protocol of Tonigold et al.*' where
equal volumes of polyelectrolyte and surfactant solutions at double
their final concentrations, i.e., 200 ppm NaPSS with 12 mM DTAB,
were poured together simultaneously into a freshly cleaned vessel.
The mixture was always dispensed within 1 min after mixing. The
surfactant used was DTAB in all experiments except for neutron
reflectometry (NR) where either dDTAB or contrast matched DTAB
(cmDTAB) was used, the latter comprising 4.4% by volume dDTAB
in DTAB. The pure water used was H,O in all experiments except
for NR where air contrast matched water (ACMW) was used,
comprising 8.1% by volume D,O in H,O. Experiments performed
in a static dish involved 100 pL of the NaPSS/DTAB solution
dispensed on 25 mL of pure water; the circular dish had a
diameter of 6.9 cm. Those performed in a Langmuir trough
(NIMA, Coventry, UK) involved 500 pL of NaPSS/DTAB solution
dispensed on 125 mL of pure water; the trough had an area of
10 cm x 13.3-28.3 cm depending on the barrier positions. The
surface pressure was measured using a Wilhelmy plate made of
filter paper over 5 compression/expansion cycles. The barrier
speed was 6.2 mm min~ " resulting in a cycle time of 24 min.

Adsorbed layers were formed in a static trough by mixing
equivalent amounts of materials in a different way. First, 100 pL
of 200 ppm NaPSS was diluted in 25 mL of pure water to make
0.8 ppm solution, and 100 puL of 12 mM DTAB was diluted in
25 mL of pure water to make 48 uM solution. These solutions
were then poured together simultaneously into a freshly cleaned
vessel. Then 30 mL was poured into the dish, and around 5 mL
was aspirated using a suction pump, which was essential to
remove any kinetically-trapped material.">'®*" All the measure-
ments were carried out at 25 °C.

Electrophoretic mobility

The electrophoretic mobility of the complexes in freshly-mixed
NaPSS/DTAB solutions was measured to characterize their
charge and determine the point of charge neutrality. A Malvern
Zetasizer NanoZ instrument was used on the basis of the
M3-PALS technique. The standard error in the values of the
electrophoretic mobility was around 10%.

UV-vis spectroscopy

The turbidity of freshly mixed NaPSS/DTAB solutions was measured
to characterize the extent to which macroscopic aggregates
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were suspended in the bulk solution. A Perkin-Elmer Lambda 2
UV-vis spectrophotometer with a semi-micro quartz cell having
a 1 cm path length was used. In each case the optical density of
the samples was determined at 400 nm (O.D.,y). Measure-
ments were carried out 5 min after mixing. Since neither the
polyelectrolyte nor the surfactant has an adsorption band above
350 nm, the increasing O.D. 400 values indicate the presence of
the aggregates.

Dynamic light scattering (DLS)

DLS measurements were performed using a Brookhaven 200SM
goniometer, a BI-9000AT high speed correlator and a 1 W Argon
ion laser operating at 488 nm. The measured correlation function
was evaluated by cumulant analysis and the CONTIN method.
The apparent hydrodynamic diameters were calculated from the
determined diffusion coefficient using the Stokes-Einstein equa-
tion. The results from the two methods were consistently in good
agreement indicating the reliability of the measurements.

It should be noted that due to the large scattering cross-
section of the formed aggregates, the freshly mixed samples
exhibited multiple scattering and we could not measure them
directly. To overcome this problem, we took samples at regular
intervals and diluted them tenfold to reduce multiple scattering.
This was possible because the samples contained neutral aggre-
gates where the amount of surfactant bound to the polyelectrolyte
is equal to the monomer concentration of the polyelectrolyte,
and therefore the equilibrium free surfactant concentration
was precisely determined (5.5 mM DTAB). Practically, this
meant that the dilution of the samples with 5.5 mM DTAB
did not affect the surfactant chemical potential or the extent
of surfactant binding, and therefore the physical state of the
aggregates was preserved.

Ellipsometry

Ellipsometry measurements were made on NaPSS/DTAB films
spread from aggregates on pure water and layers of NaPSS/
DTAB adsorbed from solution each contained in a static trough.
They are based on the change in polarization of light reflected
at an interface in the 1 mm? area illuminated by the laser beam.
The p- and s-components of the reflectivity change by different
amounts according to the dielectric properties of the interface.
The sensitivity of the phase shift (4) is much greater than the
amplitude change to the amount of interfacial material for
thin, non-absorbing layers at the air/water interface, so only the
former variable was analysed.

There are various different approaches in the literature to
calculate the surface excess (I') from the measured values of 4.
An optical matrix model can be used to derive either a linear
relation for an oil-like layer (i.e. constant density with changing
thickness) or a quadratic relation for a particle-like layer
(i.e. constant thickness with changing density). However, it is
often considered better to calibrate the relation with reference
to a direct measure of the surface excess from a technique such
as neutron reflectometry.*>* We opted for the latter approach,
given that the interfacial stoichiometry of a spread film was
measured directly using this technique, and hence we had
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already a direct measure of the total surface excess. This scaling
for sample A, a spread film of equimolar interfacial stoichio-
metry where counterions are assumed not to be present at the
interface, was then also applied to samples B-E. The presence of
any counterions at the interface in those samples would mean
that the actual surface excesses are in fact slightly lower than the
values reported, but this does not affect our interpretations of
the data. A Beaglehole Picometer Light ellipsometer was used
with a wavelength of 4 = 632.8 nm, an angle of incidence of
0 = 50°, and a data acquisition rate of 0.2 Hz.

Neutron reflectometry (NR)

NR measurements were made on NaPSS/DTAB films spread
from neutral aggregates on pure water prior to and during
dynamic compression/expansion cycles on a Langmuir trough.
They are based on the scattering excess of neutrons reflected
off a layer at the surface of ACMW. The scattering excess is
determined by a convolution of the amount of material at the
interface and its scattering properties, the latter of which can
be tuned by changing the isotopic composition. The measure-
ments are of the specular reflection of neutrons with respect to
the wave vector transfer normal to the interface, Q., given by
_ 4m-sin0

0. =" (1
Measurements were performed on the horizontal time-of-flight
reflectometer FIGARO at the Institut Laue-Langevin (Grenoble,
France).>* A high flux instrument configuration was used with
0 = 0.62° and de-phased choppers giving pulses with a wave-
length resolution of 9.0-9.6% d/// in the range /. = 2-16 A. Only
data in the range 4.5-14 A were used in the analysis, which
corresponds to a Q, range of 0.01-0.03 A~*. Background was not
subtracted from the data, and the analysis was carried out
using the batch fitting feature of Motofit.**

NR has been used extensively to resolve the interfacial stoichio-
metry of binary mixtures at the air/water interface by fitting a
common physical model to experimental data recorded in different
isotopic contrasts of the surface material and solvent.%'*'*3¢-4
However, even at leading instruments today, the measurements
take typically up to a couple of hours in total as data are required in
multiple isotopic contrasts across a broad range of Q, values where
the reflectivity values descend to ppm levels. As such, resolution of
the interfacial stoichiometry of a mixture at the air/water interface
during surface area cycles has not been achieved to date. A further
limitation of this approach is that the layer roughness values used
in the model have an impact on the derived polyelectrolyte surface
excess values, yet they are a priori unknown, limiting the accuracy
of the measurement.

In the present work, we resolve directly the interfacial stoichio-
metry much faster and more accurately than in previous studies
(in the absence of deuterated polyelectrolyte) using a recent
approach*! that has been applied to a dynamic system for the
first time. The approach is based on the sequential acquisition
of data recorded only at low Q, values in two isotopic contrasts:
(1) NaPSS with dDTAB in ACMW, where the strong scattering is
dominated by the deuterated surfactant, and (2) NaPSS with

This journal is © The Royal Society of Chemistry 2016


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c6sm00637j

Open Access Article. Published on 12 May 2016. Downloaded on 1/14/2026 2:47:57 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

-2.0+

-2.5=

-3.0

=3.5=

log,e(R)

4.0

4.5

5.0

-5.5+

| 1 | L] |
0.010 0.015 0.020 0.025 0.030
QA"

Fig. 1 Examples of neutron reflectivity profiles of spread NaPSS/DTAB films
on a Langmuir trough prior to compression with (red) dDTAB recorded
for 1 min, (blue) cnDTAB recorded for 2 min; (green) bare ACMW recorded
for 2 min.

c¢cmDTAB in ACMW, where the very weak scattering is determined
only by the amount of polyelectrolyte. The approach exploits the
high flux at low Q, values accessible on the FIGARO instrument.
The data were binned to 1 min slices for contrast 1 and 2 min
slices for contrast 2, as a result of the difference in magnitudes
of the measured reflectivities. These two scattering excesses are
then resolved using linear equations into both the polyelectrolyte
and surfactant surface excesses. Examples of the experimental
data and model fits are shown (Fig. 1).

The physical basis of the approach is described below. The
surface excess of a single-component monolayer at the air/ACMW
interface may be determined using*?

r—9% d

b,‘ - N A

(2)

where ¢-d is the product of the scattering length density and
layer thickness of a uniform layer at the air/water interface, b; is
the scattering length of the molecule i (which is related to the
sum of coherent scattering cross sections for all the atoms
present in the molecule), and N, is Avogadro’s number. Here
the values of b; = 47.6 fm for NaPSS and 242.2 fm for DTAB were
used; note that the data indicate stoichiometric binding at the
interface so contributions from the counterions were neglected
from this calculation. If one combines additively the contribu-
tions of the two components of the layer (i = 1, 2) in the product
o-d, eqn (2) takes the form

0-d = No-(Ty-biy + Tyby ) 3)

Here NaPSS/DTAB mixtures in the two isotopic contrasts stated
above result in the following two linear equations:

(G'd)l = NA’(Fsurf‘biyd—surf + Fpoly'bi,poly) (4)

(U'd)z = NA'rpoly'bi,poly (5)
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These linear equations may then be solved to determine Iy
and g, It is not important which one of ¢ and d is fixed
and which one is fitted: in this case we fitted d having fixed
o = 3.0 x 107° A~? with layer roughness values of 4 A. Two
factors, however, are critical for the success of this approach.
First, the data must be fitted only at low Q, values so that the
model is made insensitive to the actual structure present at the
interface. For example, if ¢ is halved or doubled in the fitting
of contrast 1 to the (red) data in Fig. 1, the fitted product ¢-d
changes only by ~1%; note that these extra fits all overlap
visually and so for clarity are not displayed. Furthermore,
changing the layer roughness values in the range 3-5 A, which
would have had a large impact on I, using the traditional NR
approach, changes the product ¢-d by <0.3%. Second, accurate
quantification of I, relies on the correct determination of
the background for inclusion in the model. Here, a series of
measurements of a bare air/ACMW interface were made over
the same acquisition time that was used for the analysis of the
NaPSS/DTAB data. The minimum value of the background that
allowed convergence to zero surface excess of fitting a fictitious
layer of an arbitrary finite scattering length density on its
surface was determined to 3 significant figures. The average
values of 15 measurements of 1 min were used for contrast 1
(background = 2.30 x 10~°) and 7 measurements of 2 min were
used for contrast 2 (background = 1.71 x 10~°). The interfacial
material in the NaPSS/DTAB measurements was then deter-
mined precisely from the scattering excess measured above the
calibrated background.

Brewster angle microscopy (BAM)

BAM measurements were made on a film of NaPSS/DTAB spread
from neutral aggregates on pure water during the first dynamic
compression/expansion cycle on a Langmuir trough. The measure-
ments provide a representation of lateral heterogeneities in the
interfacial structure on the micrometer scale. They were made
at the Brewster angle for the air/water interface of 53.1° using a
Nanofilm EP3 machine equipped with an NdYAG laser and
a 10x objective. Automatic focusing was disabled due to the
dynamic nature of the film. Gamma correction was applied
equally to all images to emphasize the faint features observed.

Results and discussion

Prior to a description of our work on spread P/S films formed
by exploiting the dissociation of neutral aggregates, first it is
necessary for us to understand the bulk binding, phase behavior
and size distributions in the aggregate dispersions that will be
used. Electrophoretic mobility and optical density data are pre-
sented for samples with a fixed NaPSS concentration of 100 ppm
and different DTAB concentrations (Fig. 2). Even though the
bulk composition of stoichiometric mixing of polyelectrolyte
and surfactant charges involves just 0.48 mM DTAB, 6 mM is
required to produce neutral aggregates, as indicated by the vertical
black arrow. This excess may be related to factors such as the
strength of electrostatic interactions and the polyelectrolyte

Soft Matter, 2016, 12, 5304-5312 | 5307
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Fig. 2 Electrophoretic mobility data of freshly mixed NaPSS/DTAB samples,
and optical density data measured at 400 nm. Lines joining the data are only
to guide the eye.

chain flexibility.** The maximum of the turbidity data indicates
that the formation of aggregates is optimal at the same bulk
composition.

DLS data are presented for samples with 100 ppm NaPSS
and 6 mM DTAB with respect to the sample age (Fig. 3). It can
be seen that the size of the aggregates is already ~500 nm
immediately after mixing. The size then increases continuously
with further aggregation and after 10 min it reaches 1000 nm.
We determined the evolution of the particle size distribution
during this early aggregation state using the CONTIN method.
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Fig. 3 Dynamic light scattering data of the average hydrodynamic diameter
(size) of NaPSS/DTAB aggregates with respect to the sample age (time); the
inset shows the size distributions of 4 samples as labelled in the main panel.
The line joining the data is only to guide the eye. Note that the mixtures
were diluted with 5.5 mM DTAB solution to reduce multiple scattering,
a procedure that did not change the physical state of the aggregates
(see Experimental section).
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We found narrow unimodal particle size distributions in all cases.
In the experiments that follow we dispense P/S aggregates on a
clean water surface within the first minute after mixing the com-
ponents; hence we may infer that the samples contained aggre-
gates with a well-defined size distribution of 500 + 50 nm. As such,
the samples used comprised a dispersion of aggregates that had
not precipitated nor were separated from the supernatant. Note
that while the internal structure of the NaPSS/DTAB aggregates
was not investigated in the present work, Sitar et al. presented data
on the phase diagram of the PSSDTA/water system and found that
above 43% water content coexisting hexagonal (‘precipitate’) and
micellar (‘dilute’) phases form.**

We begin our focus on the interfacial properties by examining
how the dissociation of neutral P/S aggregates can be used to
create spread films. Thus, we spread a small aliquot (100 pL) of a
freshly prepared mixture containing neutral aggregates (100 ppm
NaPSS and 6 mM DTAB) on 25 mL of pure water using a pipette.
Ellipsometry was used to measure the surface excess for 1 h. Even
though the final concentrations were just 0.4 ppm NaPSS and
24 yM DTAB, a substantial spread film is immediately formed
with its surface excess remaining practically constant throughout
the measurement (Fig. 4; sample A). While there is excess
surfactant present in the aliquot, adsorption from an equivalent
amount in the absence of NaPSS results in only a minimal adsorbed
layer (Fig. 4; sample E). These results highlight the key role of NaPSS
in the spread film.

Next we compared the efficiency of aggregate spreading with
the adsorption of P/S complexes from the bulk. We prepared a
mixture directly in the one-phase region with 0.4 ppm NaPSS and
24 pM DTAB (free of aggregates) by mixing previously-diluted
components in a stoichiometric charge ratio. The adsorbed layer

T
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Fig. 4 Ellipsometry measurements of the total surface excess of NaPSS
and DTAB where the values are scaled to that of sample A measured directly
using NR; the presence of any counterions in samples B—E would mean that
the surface excesses are slightly overestimated. Samples A and C are spread
films while samples B and D are the respective adsorbed layers with
equivalent amounts of the components; the spread films were prepared
using 100 plL aliquots of 100 ppm, 17k NaPSS with (A) 6 mM and (C) 0.4 mM
DTAB dispensed on 25 mL of pure water in a static trough; sample E is the
average of 3 repeats of A in the absence of NaPSS.
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only slowly forms, approaching a lower steady state surface
excess (Fig. 4; sample B). Although the mixtures in samples A
and B each contain the same total concentrations of NaPSS and
DTAB, the initial surface excess is four times higher in the case
of the film spread from neutral aggregates. This result high-
lights the non-equilibrium nature of the spreading process by
exploiting aggregate dissociation.

Lastly, we carried out experiments on spread and adsorbed
layers where aggregates were absent in both cases: the DTAB
concentration in the aliquot was decreased to 0.4 mM (Fig. 4;
samples C and D). It may be noted that this bulk composition
is close to that of stoichiometric mixing of the polyelectrolyte
and surfactant charges, which is a common reference point in
literature studies of P/S systems.”*’ In this case, the resulting
surface excess is much smaller than for the film spread from
neutral aggregates, which emphasizes the importance of aggre-
gate dissociation in the kinetic-trapping of material at the
interface.

We go on now to examine the dynamic properties of the spread
films during 5 compression/expansion cycles on a Langmuir
trough (Fig. 5). Following an increase in surface pressure
during the 1st cycle, the values reach a plateau, which corre-
sponds to the minimum surface tension of 44 mN m™" for the
NaPSS/DTAB system.>®

There is a large hysteresis upon expansion only during the first
cycle, after which lower surface pressures are achieved during
expansion, possibly due to squeezing out of material from the
interface. The system approaches a limit cycle with minimal hyster-
esis in subsequent cycles, which may suggest that the material is
trapped at the interface in an insoluble membrane. Quantification
of the amounts of the components at the interface, however, would
be required to qualify such statements. Therefore we applied
our new NR approach to resolve the interfacial stroichiometry
of binary mixtures (described above) to dynamic P/S films in situ
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Fig. 5 Langmuir isotherms of 5 cycles of NaPSS/DTAB films spread from
neutral aggregates as described in the main text where each cycle is
displayed progressively darker in shading; the progression of the data with
time is indicated generally by the black arrow and specifically during the
first compression by the red arrows.
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Fig. 6 Interfacial stoichiometry of NaPSS/DTAB films spread from neutral
aggregates resolved using NR where the maxima mark full compression and
minima mark full expansion corresponding to the surface area cycles in
Fig. 5; the deviation of the interfacial stoichiometry from unity prior to and
during the first compression is attributed to differences in the spreading
dynamics of NaPSS/DTAB aggregates of different isotopic contrasts, which
is reset when the films are compressed beyond a complete surface layer.

for the first time. Data from the 5 compression/expansion cycles
are presented (Fig. 6).

A striking observation is the consistent stoichiometric charge
binding at the interface after the first compression. Such a
stoichiometry could be expected for this system since it repre-
sents the lowest surface energy state while keeping the material at
the interface charge neutral. The adsorption of excess surfactant
resulting in electric double layer formation and the accumulation
of polyelectrolyte loops are both energetically unfavorable given
the very low bulk surfactant concentration and ionic strength.
In fact this interfacial picture was inherent in the equilibrium
co-adsorption model for oppositely charged flexible P/S mixtures
proposed by Asnacios et al. two decades ago.” Such an interfacial
stoichiometry was also previously resolved by Lee et al. using
X-ray photoelectron spectroscopy on NaPSS/alkyltrimethyl-
ammonium bromide films that were first spread on water from
a dispersion in an organic solvent and then deposited onto a
mica substrate.”® However, the present work marks the first
time that stoichiometric binding has been convincingly demon-
strated in situ at the air/water interface both for static P/S
films and for films subjected to dynamic perturbations of the
surface area.

Our accurate approach to resolve the dynamic interfacial
stoichiometry of binary mixtures is clearly much faster than was
previously possible, and is suitable for application in a range of
systems where the interfacial stoichiometry is totally unknown.
Indeed work is underway already to determine the properties of
films created by aggregates with a range of compositions and
ionic strengths. The latter variable is particularly important
given that this is a key parameter to tune to balance between
equilibrium and non-equilibrium behavior.***” As one looks
to future advances in neutron instrumentation, such as the
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RAINBOWS*® upgrade planned for the FIGARO instrument
where at least another order of magnitude in flux is anticipated
from the use of a dispersive beam, resolution of the dynamic
insertion of macromolecules in biological interfacial films on
time scales relevant to respiration seems soon to be a realistic
prospect.*®>°

During the first compression, the plateau in the surface
pressure is accompanied by one in the surfactant surface excess
(see green circle in Fig. 6). We can conclude therefore that
material is indeed expelled from the film as the complete surface
film is compressed further. Interestingly, Brewster angle micro-
scopy images indicate a change in the morphology of the film
only during the squeezing out process (Fig. 7). In contrast to
images prior to the surface pressure plateau (A) and during
expansion (C), which are black due to the low optical contrast of
the film, the image during the squeezing out process (B) has
faint linear white features indicating ripples with a length scale
on the order of hundreds of micrometers. This effect cannot be
connected with the propagation of longitudinal surface waves
because the corresponding dispersion relation leads to wave-
lengths much longer than the trough length at low frequencies
<0.01 Hz.>" It is more probable that the ripples are due to the
film buckling like in the case of layers of polystyrene micro-
particles at the air/water interface close to the collapse state.>?
It is likely that the lower regularity of the ripples in the present
work is connected with the distortion related to buckling of
the film when the material is squeezed out of the interface.
Interestingly, the surface excess values after each expansion are
constant but lower than the starting value. As such, we may
conclude that the surface excess is effectively reset after the first
compression when any material in excess of a complete surface
layer is eliminated from the interface.

Following the first compression, the interfacial excess and
stoichiometry are highly reproducible during the cycles. Since
no decrease in the surface excess is observed over the course of
the repeated cycles, we may infer that the spread films are
effectively insoluble on the investigated time scales and their
behavior is similar to that of the monolayers of insoluble
surfactants.>® This result has an important implication. While
the polyelectrolyte at 100 ppm is not even surface active alone,>*
36% of the total amount in the system is confined in the spread
films using our approach; we note that this efficiency may be
increased further by optimization of the spreading process.
In comparison with techniques like electrospray deposition,>”

B

Fig. 7 Brewster angle microscopy images of NaPSS/DTAB films spread
from neutral aggregates recorded during compression at surface areas of
(A) 260 cm? and (B) 160 cm?, and (C) during expansion at a surface area of
210 cm?. The scale bar represents 100 micrometers in each case.
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such a method could be a more efficient and cheaper way to
generate thin amphiphilic films for transfer, and there is scope
for encapsulation of hydrophobic additives, such as drugs or
dyes, in the films.’® This way to produce loaded amphiphilic
films could also result in reduced environmental impact in
certain applications.” As the basis of our approach was built on
recent studies of a number of different systems,"*™*? it follows
that there is capacity for its general exploitation with the choice
of macromolecule tailored to the spreading characteristics of
the target molecule to be released.

Lastly, it should be mentioned that different interpretations
have been proposed in the literature for the behavior of the
NaPSS/DTAB system at the air/water interface. Taylor et al
assumed that the interfacial layer is in dynamic equilibrium with
the aqueous bulk phase following the adsorption of molecular
components hence the interfacial properties are determined by
bulk chemical potentials,*® and thermodynamic models within a
framework of chemical equilibrium were later applied to the
data.”®*® (Note that recent discussions revealed that these
samples were freshly diluted using NaPSS solution shortly before
their measurement so as a result of the high free surfactant
concentration in the two phase region they must have inevitably
contained a dispersion of aggregates far from equilibrium.®°) In
contrast, Lee et al. showed that NaPSS/alkyltrimethylammonium
bromide mixtures spread as molecular dispersions from an
organic solvent form films that are practically insoluble on
experimentally accessible time scales, although we note that
they used a higher molecular weight (70 kDa) polyelectrolyte.*®
In the present work, we have advanced this understanding in a
number of respects. First, we have outlined a methodology to
exploit the dynamic dissociation of hydrophobic neutral aggre-
gates formed in the aqueous bulk to create loaded films at the
air/water interface by Marangoni spreading. This result is
significant in terms of film preparation approaches given that
water is cheaper and less toxic than organic solvents. Second,
we found that even the lower molecular weight (17 kDa) NaPSS
can form insoluble films with DTAB at the air/water interface.
Indeed in spite of fast equilibration of the interface, as the
surface film is formed on a sub-second time scale, there is an
extreme lack of equilibration between the interfacial film and
the bulk, which persists at least for minutes and hours, not only
under static conditions but also under the dynamic conditions
relevant to processing and applications. This result implies that
the application of equilibrium models to experimental data for
oppositely charged P/S systems must be carried out with great
caution, especially given how any aggregates present in the
samples can dissociate and spread material at the interface under
equilibrium conditions. Third, by utilizing a new implementation
of neutron reflectometry, we determined that stoichiometric
charge binding is characteristic of NaPSS/DTAB films on a
dilute aqueous subphase under both static and dynamic con-
ditions. We believe that a comparison of this behavior with
films prepared from aggregates of different charges and using
different ionic strengths of the bulk can lead to the optimized
preparation of films with a range of different properties in
the future.

This journal is © The Royal Society of Chemistry 2016
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The application of our new methodology to other P/S systems
is straightforward: one simply has to determine the point of zero
aggregate charge in the bulk (electrophoretic mobility) and an
aliquot containing a dispersion of fresh hydrophobic neutral
aggregates can then be used. Even so, the factors that affect the
efficiency of the spreading mechanism in different systems (e.g.
polymer size, molecular weight and architecture, ionic strength,
surfactant properties and the aggregate internal structure) are
exciting topics for future investigations.

Conclusions

Oppositely charged P/S mixtures have been studied extensively
over the years with the results often interpreted within a frame-
work of chemical equilibrium. Recent work has revealed the strong
effects that bulk aggregation can have on the interfacial properties
as well as the range of different non-equilibrium processes that
affect the interfacial properties on experimentally accessible time
scales. Various attempts have been made to study the film-like
properties of these mixtures by modifying the experimental path-
way such as spreading complexes in carrier solvents. In the present
work, we have outlined a simple methodology to form loaded
spread films by exploiting explicitly the dissociation of hydro-
phobic neutral aggregates at the air/water interface.

Using the NaPSS/DTAB system as an example, we have shown
that these films can result in the interfacial confinement of more
than one third of the polyelectrolyte in the system. Even though
the surface excess never exceeded that of a complete surface
layer of each component, the value of our methodology is related
to the efficiency of the surface loading, i.e., a substantial surface
excess can be achieved by using only a minimal amount of
material in comparison with a system relying on bulk adsorp-
tion. The dynamic properties of the films were examined using a
new implementation of neutron reflectometry, which enhanced
the accuracy and time resolution of the interfacial stoichiometry
measured in situ during dynamic surface area cycling for the first
time. Consistent stoichiometric charge binding at the interface
was observed, and following the squeezing out of excess material
beyond that of a complete surface layer during the first compres-
sion the material at the interface was conserved during sub-
sequent cycles. The films behave subsequently like perfectly
insoluble membranes. These results revealed the potential to
set the coverage of the films simply by tuning the dynamic surface
area, which has been only inferred indirectly from surface pressure
measurements until now.

It is interesting to consider that P/S aggregates like those
exploited in the present work also exist in the mixed systems
that have been studied for decades in the context of molecular
adsorption and that are widely used in consumer products. We
have shown previously that such aggregates can interact with
interfaces by different mechanisms,'® and that the resulting
effects can dominate the interfacial properties."” In the present
work, the properties of films formed through the explicit exploi-
tation of dissociation and spreading from neutral P/S aggregates
have been characterized under static and dynamic conditions for

This journal is © The Royal Society of Chemistry 2016

View Article Online

Soft Matter

the first time to show that they are robust and insoluble on the
accessed time scales. We conclude that the interfacial properties
of oppositely charged polyelectrolyte/surfactant systems in general
may be highly influenced by direct aggregate interactions: even in
cases where the interfacial properties seem to have reached steady
state the system can be far from equilibrium.
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