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Stimuli-responsive polyelectrolyte surfactant
complexes for the reversible control of solution
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Ingo Hoffmann € *°

Interactions of polyelectrolytes with oppositely charged surfactants can give rise to a large variety of
self-assembled structures. Some of these systems cause a drastic increase in solution viscosity, which is
related to the surfactant forming aggregates interconnecting several polyelectrolyte chains. For these
aggregates to form, the surfactant needs to be sufficiently hydrophobic. Here, we present a system
consisting of the anionic surfactant sodium monododecyl phosphate and the cationic cellulose-based
polyelectrolyte JR 400. The hydrophobicity of the surfactant can be controlled by the solution's pH. At
pH > 12, the surfactant headgroup bears two charges. As a consequence, the solution viscosity
decreases drastically by up to two orders of magnitude, while it can be as high as 10 Pa s at lower pH.
In this paper, we investigate the changes of the mesoscopic structure of the system which lead to such
drastic changes in viscosity using small angle neutron scattering and neutron spin-echo spectroscopy.
Such systems are potentially interesting as they allow for a modular design where stimuli responsiveness

rsc.li/soft-matter-journal

1 Introduction

Aqueous solutions containing polyelectrolytes (PE) and oppo-
sitely charged ionic surfactants have attracted much interest
over the last two decades due to their relevance in fundamental
polymer- and biophysics but also with regard to their potential
applications in pharmaceutics, engineering, and food
sciences."™ The self-assembly of PE-surfactant-complexes
(PESCs) starts occurring at the critical aggregation concen-
tration (cac), which is generally lower than the critical micellar
concentration (cmc) of the surfactants alone.>®” The assembly
process is controlled by several parameters such as PE charge
density®® and stiffness'® or the surfactant alkyl tail length,""
among others.

Stoichiometric PESCs with zero net charge are water-
insoluble,'®"* while non-stoichiometric ones with a significant
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is introduced by relatively small amounts of surfactant reusing the same simple polyelectrolyte.

positive or negative net charge are usually soluble. Depending
on their mesoscopic structures, PESCs can be used to tune the
rheological properties of aqueous solutions in which they are
present. In a recent study on the interaction of the cationic
cellulose-based polyelectrolyte JR 400 with anionic alkyl sul-
phate surfactants of variable alkyl tail length, a dramatic
difference in the solution viscosity by 3 orders of magnitude
has been demonstrated to originate from the different PE-
surfactant mesoscopic organisation.'* In particular, it was
found that high viscosity coincides with the presence of rod-
like mixed aggregates that are only formed when the surfac-
tants have long-enough alkyl tails (C12 or C14) and are thus
sufficiently hydrophobic, in line with earlier reports on C12
surfactants.”'®'*'® These mixed rod-like aggregates act as
cross-links connecting different PE chains, imparting visco-
elastic properties to the solution with a characteristic increase of
viscosity close to the phase boundary on the PE-rich side.”*'* In
contrast, no such aggregates and consequently no significant
increase in viscosity are observed when alkyl sulphates with shorter
tails (C8) are added to aqueous PE solutions."

Like PESC solutions, also worm-like micelle (WLMs) can
exhibit viscoelastic behaviour.’®>' Under certain conditions,
WLMs can form an entangled network leading to increased
zero-shear viscosity and shear thinning behaviour.>>”>* These
supramolecular structures have earned the name smart WLMs
since they are able to change their properties in response to
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external stimuli, such as UV/visible light, temperature changes,
or pH variations.>>*® Similarly, smart polymeric materials
have gained enormous interest due to their potential in
micro-electromechanical or optical applications, as coatings,
or for drug delivery and biosensing.”””® A wide range of
different stimuli responsive polymers can be synthesised,>**°
among them the thermoresponsive poly(N-isopropylacrylamide)
(PNIPAAM)*'* which has a lower critical solution temperature
(LCST) close to body temperature®®***® making it particularly
interesting for drug delivery.

However, smart materials based on either WLMs or poly-
mers alone suffer from distinct disadvantages. Polymeric mate-
rials require custom synthesis, while for WLMs relatively high
surfactant concentrations, typically in excess of 10 mM,’
30 mM,**%° 40 mM***! or even 60 mM** are used to signifi-
cantly increase the solution viscosity. While this does not pose
a problem as long as standard surfactants, such as hexadecyl-
trimethylammonium bromide (CTAB), but can become proble-
matic if large quantities of a rather exotic stimuli responsive
surfactant are needed. In contrast, PESCs with stimuli-
responsive surfactants should offer a possibility to avoid these
shortcomings. Viscous PESCs can use polymers that are com-
mercially available in large quantities such as JR 400 (see
Fig. 1A). And PESCs based on this polymer have previously
been shown to increase the solution viscosity by 2-3 orders of
magnitude by adding as little as 2 mM of surfactant.''*** Finally,
surfactants sensitive to external stimuli such as temperature,***®
light,*”*® or pH**">" are nowadays available. In principle, they allow
to impart their stimuli responsiveness on polymeric systems as
demonstrated for pNIPAM microgels and polyelectrolytes with
photo sensitive azobenzene-containing surfactants.”>>* In the pre-
sent work we use JR 400 (see Fig. 1A) in combination with the pH-
sensitive surfactant sodium mono dodecyl posphate (SDP) (see
Fig. 1B).

SDP’s ionic groups can be protonated or deprotonated by
changing the solution pH, which offers the unique possibility to
tune the self-assembly of PESCs. We investigate the changes of the
mesoscopic structure and dynamics associated to pH variations at
different PE/surfactant charge ratios, Z, using rheology, small angle
neutron scattering (SANS) and neutron spin-echo (NSE) measure-
ments. We find that PESCs with SDP with a single negative charge
form mixed rodlike PE/surfactant aggregates, which interconnect on
average 3 PE chains, thereby increasing the system’s viscosity. These
aggregates are dissolved when increasing the pH enough to obtain
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Fig. 1 (A) Chemical structure of JR 400 (x = 0.27). (B) Chemical structure
of SDP.
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SDP with 2 negative charges and consequently the viscosity is
reduced.

2 Materials and methods
2.1 Materials

JR 400 (Dow Chemical, USA, see Fig. 1A) is a cationically
modified hydroxyethylcellulose with a molecular weight of
about 500000 g mol™* (PDI = 1.85,°* with a partial molar
density in water 1.66 ¢ ml~") and a cationic group on 27% of
the glucose units, resulting in 1000 g of PE per mol of positive
charges.” Its overlap concentration was found to be 0.8 wt%.>°

SDP (98.5%, see Fig. 1B) was purchased from Sigma-Aldrich
and used without further purification. At neutral pH, SDP is
present in its hydrogen phosphate form with a single negative
charge on its headgroup referred to as SDP™. Around pH =9,
a transition from hydrogen phosphate to phosphate with 2
negative charges is observed®”*® (see Fig. S1, ESIf) which is
referred to as SDP®>". Samples either had a pH of 7 where the
surfactant is present in its hydrogen phosphate form with a
single charge (SDP™) or at pH of 12, where the surfactant is
present as a phosphate with two negative charges (SDP*"). The
pH of the solutions was adapted by adding appropriate
amounts of NaOH (>98%, Sigma-Aldrich) and controlled by
Mettler Toledo pH-meter.

It should also be noted that at neutral pH, a small fraction of
the surfactant forms an insoluble salt complex,®® which gives
the solutions a turbid appearance.

Water was taken from a Millipore system while SANS and
NSE samples were prepared in D,O (99.9% isotopic purity,
Sigma-Aldrich). Concentrations were adapted to the higher
density of D,O so as to keep the molar concentrations identical
to the corresponding samples in H,0. Samples were prepared
and characterised at room temperature unless specified other-
wise. PESCs have a JR 400 concentration of 1%, which corre-
sponds to a charge concentration of 10 mM. The surfactant
concentration is either given in mM or as the charge ratio
Z = [PE charges]/[surfactant charges], where surfactant charges
refers to the species with a single charge.

2.2 Small angle neutron scattering (SANS)

SANS measurements were performed on the time-of-flight
instrument V16 at Helmholtz-Zentrum Berlin (HZB, Berlin,
Germany).®® To cover a range of the magnitude of the scattering
vector Q = 4n//. sin (6/2) from 0.02 to 5 nm ™", two configurations
were used. For the first configuration, a wavelength band 1.78 A
< J < 3.75 A and a sample-to-detector distance of 1.7 m were
used while for the second configuration a wavelength band
1.56 A < . < 9.22 A and a sample-to-detector distance of 11 m
were used. Data reduction was performed with the software
package MantidPlot.*" For an ensemble of monodisperse,
randomly oriented, non interacting particles the coherent
scattering intensity is given by I(Q) = ¢/V,P(Q), where ¢ is the
volume fraction of particles, V,, is the volume of an individual
particle and P(Q) is the particle form factor. P(Q) determines

This journal is © The Royal Society of Chemistry 2022
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the shape of the curve and P(Q = 0) = V,ASLD?, with the
difference in scattering length density between the particles
and the solvent ASLD. This means that an increase in volume
fraction at a given particle size and shape results in an increase
in intensity without affecting the shape of the curve, while an
increase of the particle size at a given volume fraction increases
the intensity and changes the shape of the curve. See the ESI}
for details on the data analysis.

2.3 Neutron spin-echo spectroscopy (NSE)

62:63 measurements were

Neutron spin-echo spectroscopy (NSE)
performed with the instrument IN15%*
Langevin (ILL, Grenoble, France) using 4 different configura-
tions with detector angles 0 of 7, 4.5, 7.5 and 3.5° using
neutrons with wavelengths (longest Fourier time ¢ in parenthe-
ses) of 6 A (42 ns), 10 A (190 ns), 10 and 13.5 A (477 ns) covering
a Q-range from 0.21 to 1.46 nm™'. See the ESI{ for details on

the data analysis.

at the Institut Laue-

2.4 Rheology

Viscosity measurements were performed using an Anton-Paar
MCR 501 Rheometer in cone/plate geometry with a 50 mm cone
diameter and 1° cone angle. During the measurements, a
solvent trap was used to prevent water evaporation and sub-
sequent changes in the solutions structure. To determine the
shear rate dependence, the shear rate was increased from
0.01 s~' to 1000 s~ and the duration per point was 10 s.
Oscillatory shear measurements were performed in the fre-
quency range of 0.01-100 rad s . The strain amplitude was
chosen so as to remain in the linear viscoelastic regime. All
measurements were carried out at 25 °C.

3 Results and discussion
3.1 Rheological behaviour

As already demonstrated for the effect of surfactant chain
length,'" also the charge of the head group plays a crucial role
for the macroscopic flow behaviour of PESCs. In alkaline
solution where the surfactant is double-charged, samples exhib-
it simple Newtonian behaviour with a viscosity comparable to
that of the pure JR 400 solution, while PESCs with SDP~ show a
remarkable increase in viscosity. As seen in the flow curves of
PE/SDP" (see Fig. S3, ESIT), solutions are shear-thinning. Shear-
thinning starts at a critical shear rate 7., which decreases with
decreasing Z (increasing the SDP™ concentration), similar to
what was observed in PESCs with JR 400 and SDS or sodium
dodecyl benzenesulphonate (SDBS)”"'* which both have a single
negative charge. For JR 400/SDS, it was found that the shear-
thinning is related to a slight alignment of mixed PE/surfactant
aggregates.®® The zero-shear viscosity (7o) of the system (see
Fig. S2, ESIt), increases by 3 orders of magnitude relative to the
pure JR 400 solution when adding 5 mM SDP™ (Z = 2) and the
structural relaxation time 7.5 Seen by oscillatory measure-
ments (see Fig. S4, ESIT) increases by 2 orders of magnitude
when increasing the surfactant concentration from 1.4 mM to

This journal is © The Royal Society of Chemistry 2022
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Fig. 2 Zero shear viscosity no of SDP as function of the solution pH.
Adding either HCl or NaOH the solution pH was changed between 7 and
12 for a certain number of cycles, N.

5 mM (decreasing Z from 7 to 2), as found in previous
Works.6,15,56,66

Fig. 2 shows the zero shear viscosity of a sample at Z = 3
where the solution pH was changed back and forth multiple
time between 7 and 12 by adding concentrated NaOH or HCI. It
is possible to switch between high and low viscosity almost
instantaneously (see the video in the ESIf). The switching
process can be repeated about 5 times before the viscosity at
low pH decreases by a factor 10 relative to the initial solution.
This decay is presumably due to a combination of gradual
chemical decomposition of the compounds under harsh basic
conditions, an increase of ionic strength through the addition
of almost 100 mM NaCl (NaOH and HCI) and an increase in
aqueous volume by 10%.

3.2 Mesoscopic structure and dynamics

Having shown that PESCs with SDP can be used as stimuli
responsive materials changing the solution viscosity with pH
we proceed to elucidate the mesoscopic structure and dynamics
of these systems at both high and low pH using small angle neutron
scattering (SANS) and neutron spin-echo spectroscopy (NSE).

SANS and NSE measurements on samples with 1% of JR 400
and various surfactant concentrations were performed in order
to elucidate the changes in the mesoscopic structure that occur
upon pH variation. As in our previous studies"""***” we describe
the scattering curve of JR 400 with the form factor of small rods
with a radius, Rpg, of 0.8 nm and a length, Lpg, of 6 nm. Fig. 3
shows a comparison between the SANS curves of solutions of JR
400/SDP at the same surfactant concentration, namely 5 mM
(Z = 2) at different pH and the scattering curve of the pure JR
400 solution. It can be seen that at high Q (Q > 0.5 nm™') the
scattering curves for pure JR 400 and the PESC at pH 12 where
SDP bares 2 negative charges are almost identical while the
PESC at pH 7 (SDP ) shows a significant increase in scattering
intensity, which indicates the formation of structures on a
nanometre length scale. The curve shows a slope approximately
proportional to Q~', indicating that the newly formed
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Fig. 3 Comparison of the SANS curves of 1 wt% JR 400 with SDP™ and
SDP?~, both at charge ratio Z = 2 and pure JR 400. While the increase in
intensity and the Q! slope for the curve of SDP~/JR 400 show the
formation of rodlike aggregates, hardly any structural changes compared
to the pure PE can be seen for SDP?~/JR 400.

aggregates are cylindrical. At Q < 0.5 nm™ ' both PESCs show
an increase in scattering intensity relative to the pure JR 400
solution, partly because of some insoluble surfactant dimers
and partly because of larger clusters.” Fig. 4 and Fig. S6 (ESIt)
show a gradual increase of the high Q scattering intensity with
surfactant concentration without much effect on the shape of
the curve, which implies that the extra scattering intensity is
due to surfactant aggregates that form at pH 7 but do not
significantly change their shape with concentration. At pH 12,
the high Q scattering intensity remains almost unchanged and
only at low Q an increase of the scattering intensity due to the
presence of some insoluble surfactant dimers is observed (see
Fig. S7, ESIT). The fact that there is no change in scattering
intensity at high Q for samples with SDP>~ means that the
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Fig. 4 Comparison of the SANS curves of 1 wt% JR 400 with SDP™ at
different Z values and pure JR 400. Raising the surfactant concentration
(i.e., reducing 2), an increase of the scattering intensity without a change of
the shape of the curve is observed at high Q, because of the formation of
mixed aggregates.
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Fig. 5 Top: Apparent diffusion coefficient obtained from fitting egn (S16)
(ESIT) to the NSE intermediate scattering functions of pure JR 400 and
PESCs with SDP?~ (closed symbols) and SDP~ (open symbols) at different
surfactant concentrations; bottom: apparent diffusion coefficient of the
same samples at Q = 0.93 nm™% while SDP?>~ has only rather little
influence on Dgpp,, addition of SDP™ results in the formation of a slower
diffusive mode due to the formation of aggregates.

double-charged surfactant does not form aggregates and if it
absorbs on the PE it only does so in the form of single
molecules. The apparent diffusion coefficient Dy, (see Fig. 5)
of the pure JR 400 solution determined from NSE shows a linear
increase with Q as expected for a polymer in solution. Addition
of SDP*~ has hardly any effect on D,,, while addition of SDP~
results in the emergence of a slow diffusive component at
Q < 1nm ', due to the surfactant aggregates already observed
in SANS. The observations made by SANS and NSE are qualita-
tively similar to our recent findings for PESCs with JR 400 and
either the relatively hydrophobic surfactant sodium tetradecyl
sulphate (STS) or the less hydrophobic sodium octyl sulphate
(SOS)."* Therefore, for the PESCs with SDP~ which form
aggregates, we adopt the fitting procedure that was used there.
The kink in the scattering curves at about 2 nm " (see the arrow
in Fig. 4) indicates a radius of the cylindrical aggregates of
R.ee ~ 1.6 nm, which is similar to that of JR 400/SDS
complexes.'***%” All the curves show a strong increase in
intensity at Q < 0.1 nm™ " due to the presence of both a small

This journal is © The Royal Society of Chemistry 2022
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Fig. 6 Schematic description of the pH effect on the SDP/JR 400 solution
viscosity. At pH 12 (A) the surfactant bears 2 charges, adsorbing on the PE
chains as single molecules. At pH 7 (B) SDP has only a single charge,
leading to the formation of mixed, rodlike PE/SDP~ aggregates which
interconnect multiple PE chains.

quantity of non-dissolved material and large scale clusters.”
The data can be modelled as a superposition of free PE (Ipg),
aggregates (I,g,) and a power law (Ipower) to take into account
the intensity increase at low Q.

I(Q) = Iagg(Q) + IPE(Q) + Ipower(Q) (1)

The free PE is modelled as thin cylinder with the same size as
found for the pure PE. The macroscopic volume fraction of
surfactant in solution, ¢y, is not sufficient to account for the
volume fraction of the aggregates ¢,,,, meaning that these
aggregates consist of both surfactant and PE so that:

d)agg = Qsurt + PprXpr (2)

where xpr represents the fraction of PE incorporated in the
aggregates and ¢pg is the macroscopic PE volume fraction in
solution. Accordingly, the volume fraction of free PE reduces to

free - ¢pr(1 — xpg), see ESIT for details. From the fits it can be
deduced that the aggregates have a radius of R,z & 1.6 nm
independent of the surfactant concentration. With increasing
surfactant concentration more PE is incorporated in the PE/
SDP~ complexes, see Fig. S8 (ESIT). Assuming a homogeneous
composition along the long axis of the rodlike aggregates,
eqn (S15) (ESIf) can be used to calculate the number of PE
chains in an aggregate (see Fig. S8, right axis, ESIT) and it can
be seen that the aggregates contain roughly 3 PE chains, so that
the aggregates interconnect PE chains and are responsible for
the macroscopically observed increase in viscosity, similar to
what was found for SDS/JR 400" and STS/JR 400."" The length
of the aggregates cannot be determined from SANS as the
power law scattering at low Q covers the low Q part of the
aggregates from which the length could be deduced. However,
this information can be obtained from NSE by identifying the
diffusive mode that was observed in samples with SDP™ as the
diffusion of the rodlike aggregates. Modelling of the intermedi-
ate scattering function is done as a superposition of rodlike
aggregates, free PE and an elastic contribution (see eqn (S26)
and Fig. S9-S11, ESIt). The length of the aggregates and the
elastic contribution S are the only free parameters and the
lengths obtained for the aggregates are on the order of 15 nm
(see Fig. S12, ESIf). In summary, our investigation of the

This journal is © The Royal Society of Chemistry 2022
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mesoscopic structure of SDP/JR 400 PESCs has shown that at
PH 12 no aggregates are formed and only a rather small fraction
of SDP>~ is adsorbed on the PE chains as individual molecules
(see Fig. 6A) while at pH 7 mixed, rodlike aggregates with radius
and length of about 1.6 nm and 15 nm emerge, which cause an
increase in viscosity by binding together multiple PE chains as
depicted in Fig. 6B.

4 Conclusions

In this paper, we have shown that by combining the pH-
sensitive surfactant SDP and the polyelectrolyte JR 400 it is
possible to control the solution viscosity by adjusting its pH.
While hardly any increase in viscosity upon surfactant addition
is observed at pH 12, where SDP bares 2 charges, an increase by
up to 3 orders of magnitude relative to the pure JR 400 solution
is observed at pH 7 where SDP has only a single charge. Using
SANS and NSE it is found that the increase in viscosity at pH 7
is due to the formation of mixed, rodlike PE/surfactant aggre-
gates which interconnect approximately 3 PE chains on aver-
age. These aggregates are dissolved at pH 12, where the
surfactant is less prone to aggregate due to the second head-
group charge (see Fig. 6). While the system SDP/JR 400 is of
limited practical use due to the relatively small number of
times it can be switched back and forth, it nicely demonstrates
the feasibility of a modular approach to stimuli responsiveness.
The bulk of the system consists of the commercially available
PE JR 400, which is not pH-responsive but has a tendency to
increase the viscosity of solutions when mixed with small
amounts of negatively charged surfactant. The responsiveness
comes from a small amount of surfactant which can in princi-
ple be exchanged for another surfactant which reacts to another
stimulus such as light or temperature, so that it becomes easy
to create tailor-made stimuli-responsive solutions.
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