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Qil-in-water (O/W) microemulsion droplets are convenient carriers for hydrophobic molecules in an
aqueous phase and are used for a wide range of applications. We studied weakly charged O/W
microemulsion droplets complexed with oppositely charged polyacrylates that form long linear
arrangements of droplets. All samples showed rather low viscosities, which is in contrast to similar
systems of hydrophobically interconnected droplets. Here, we applied small-angle neutron scattering,
dynamic light scattering and neutron spin-echo spectroscopy to characterise the dynamic properties of

polyacrylate/microemulsion complexes in order to understand the origin of the low-viscous behaviour.
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Introduction

Oppositely charged polyelectrolyte/surfactant complexes have
been studied intensively in the past and are considered to be
very interesting systems for solubilising active agents e.g. in the
context of drug delivery."* However, surfactant micelles are not
intrinsically loaded with an active compound and solubilisation
might be a problem. In contrast, oil-in-water microemulsion (O/
W ME) droplets naturally contain a very high load of hydro-
phobic molecules. Surprisingly, complexes of microemulsion
droplets and oppositely charged polyelectrolytes have received
very little attention so far.

Microemulsions have been known since the 1940s,® they
occur as finely dispersed droplets of water in oil (W/O) or oil in
water (O/W) but also bicontinuous structures are possible.®
Microemulsions uniquely combine a number of properties, like
thermodynamic stability, transparent appearance, low viscosity
and spontaneous formation which makes them very interesting
systems whenever it is necessary to disperse hydrophobic
molecules in a hydrophilic solvent or vice versa as it is needed
for example in drug delivery, nanoparticle synthesis, oil
recovery or cosmetics and detergents.”™ In order to tailor
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microemulsion properties to specific needs for applications
(like enhanced viscosity), it might be necessary to add additives
like polymers.

Complexes formed by microemulsion droplets and poly-
mers,"" including neutral amphiphilic polymers,** block
copolymers'®'” or telechelic polymers'®* have already been
studied by several groups. In most cases a gelling of the sample
due to network formation of the microemulsion droplets with
the polymer was found. In contrast, little research has been
done on complexes formed by ionic microemulsion droplets
and oppositely charged polyelectrolytes, where the interaction
is mainly of electrostatic nature.”® For cationic surfactant/
anionic polymer complexes it was found that the solubilisa-
tion capacity of the micelles increases in presence of the poly-
mer, due to the additional ionic strength.** If charged
microemulsion droplets bind to polymers through electrostatic
and/or hydrogen bonds, a bridging of the droplets would be
possible as well as a decoration of the polymers.

In a recent study we have therefore investigated complexes
formed by cationic O/W microemulsion droplets with poly-
acrylates.” The structurally most interesting complexes were
found in polyelectrolyte excess close to the phase boundary,
where small-angle neutron scattering (SANS) measurements
showed long cylindrical arrangements of droplets on the poly-
acrylate chains with 3 to 23 droplets per aggregate, depending
on the M, of polyelectrolyte. When increasing the poly-
electrolyte content, thus moving further away from the phase
boundary, the complexes become smaller and less extended.
Surprisingly, all of these samples showed rather low viscosities
(see Fig. S17). This is in contrast to previously studied systems of
very similar (but uncharged) microemulsion droplets that

This journal is © The Royal Society of Chemistry 2020
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formed highly viscous networks when interacting with tele-
chelic polymers.*®* The telechelic polymers bind to the drop-
lets via hydrophobic forces with 12-18 kgT per endcap,
depending on the length of the alkyl chain, while the electro-
static interactions due to opposite charges become compara-
tively weak already at moderate salt concentrations.>® However,
previous static measurements were not able to explain the low-
viscous nature of the electrostatically formed polyelectrolyte/
microemulsion aggregates. For this reason we were now
employing a high-resolution dynamic method, namely neutron
spin-echo (NSE), to address this question in thorough detail. In
that context, it might be noted that NSE was already successfully
employed by Yearley et al** to study the relation of cluster
formation and solution viscosity.

Materials and methods
Materials

Positively charged oil-in-water microemulsion droplets were
prepared with a surfactant mixture consisting of 95 mol% of the
neutral tetradecyldimethylamine oxide (TDMAO, received as
a gift from Stepan Company, USA, as a 25 wt% TDMAO solution
in water named Ammonyx M. The solution was freeze dried
before use) and 5 mol% of the cationic tetradecyl-
trimethylammonium bromide (TTAB, 99%, Sigma Aldrich, used
without further purification). 1-Hexanol (>98%, MERCK-
Schuchardt OHG) was added as a cosurfactant to control the
droplet size and the mixture was then saturated with decane
(>98%, Fluka Chemika) as oil. The resulting concentrations are:
100 mM surfactants, 50 mM hexanol and 80 mM decane. The
droplets are about 45 A in radius (obtained from SANS* and
NSE measurements) and their surface charge is controlled by
the TDMAO/TTAB ratio.

Sodium polyacrylate (NaPA) was employed as polyelectrolyte.
It was either purchased directly or prepared by adding a stoi-
chiometric amount of NaOH to the poly(acrylic acid) (PAA). Four
different molecular weights (M,,) were used in this work: 5.1 kg
mol " (sodium salt, used as received from Sigma Aldrich), 15 kg
mol ™' (sodium salt solution from Sigma Aldrich, freeze dried
before use), 60 kg mol " (sodium salt, used as received from
Fluka Chemika) and 240 kg mol ™" (PAA; solution from Acros
Organics, prepared by adding a stoichiometric amount of NaOH
(=98%, p.a., ISO, Carl ROTH) to the solution and freeze dried
before use, which results in an average molecular weight of 315
kg mol™'). These molecular weights correspond to contour
lengths (lengths of the stretched polyelectrolyte) of 140, 400,
1600, and 8500 A respectively, the corresponding overlap
concentrations for these polymers (assuming fully stretched
chains) are 32, 3.9, 0.25, and 0.007 mM (in monomeric units).

Samples were prepared at a microemulsion concentration of
100 mM surfactant (with 95 mol% TDMAO and 5 mol% TTAB)
with 12 mM of added NaPA (monomeric units) to obtain
a charge ratio of z = []/([+] + [-]) = 0.7, where [+] and [—] are
the nominal number of charges of employed TTAB molecules
and NaPA monomer units respectively. A charge ratio of z = 0.7
corresponds to samples at polyelectrolyte charge excess but
close to the phase boundary where long-time stable samples
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containing elongated aggregates were found in previous
studies.”* The respective concentrations of surfactant and NaPA
can be used to calculate the number of droplets and total length
of PE chain. The ratio of both numbers results in an average
length of 140 A PE per ME droplet of R = 45 A, so the space
between droplets would be a bit smaller than one droplet
diameter. Samples for NSE and SANS measurements were
prepared in D,O (>99.5% D, Eurisotop), while samples for DLS
were prepared in H,O from a Millipore system.

Methods

Dynamic light scattering (DLS) measurements were performed
on an ALV/CGS-3 instrument, with a HeNe laser with a wave-
length of A = 632.8 nm. Correlation functions were recorded for
detector angles between 40° and 130° and were fitted for each
angle with a stretched exponential function to obtain the decay
time 7. The collective diffusion coefficient D was calculated from
t with the modulus of the scattering vector g, defined as: ¢ =
(4mn, x sin(6/2))/A where n, is the refractive index of the solu-
tion and 6 the scattering angle.

Neutron spin-echo (NSE) measurements were performed on
the instrument IN15>>2° at Institut Laue Langevin (ILL, Gre-
noble, France) using wavelengths of 6, 10 and 14 A reaching
Fourier times of 42, 194 and 531 ns and covering a g range from
0.019 to 0.14 A~'. Standard methods were applied for data
reduction.

Small-angle neutron scattering (SANS) experiments were
carried out on PAXY at Laboratoire Léon Brillouin (LLB, Saclay,
France) and on V4 at Helmholtz-Zentrum Berlin (HZB, Ger-
many). Data reduction was done using the software package
BerSANS.””

All measurements were carried out at 25 °C. See ESI for more
details.}

Results and discussion

In this work we employed TDMAO/TTAB/hexanol/decane O/W
microemulsion droplets at a constant surfactant concentra-
tion of 100 mM (95% neutral TDMAO, 5% cationic TTAB). The
microemulsion droplets were mixed with sodium polyacrylates
of different M,, in a charge ratio z = 0.7, which is close to the
phase boundary at the polyelectrolyte charge excess side of the
phase diagram. As shown before* the static structure of the
formed complexes was obtained by small-angle neutron scat-
tering (SANS). The intensity increase in SANS shows that the
microemulsion droplets are aggregating to large clusters of
separate droplets upon the addition of an oppositely charged
polyelectrolyte. Long-time stable samples were obtained in
polyelectrolyte excess and especially close to the phase
boundary large cylindrically shaped aggregates were observed.
This elongation becomes more pronounced the higher the M,,
(=the longer the chain) of the employed polyelectrolytes is (see
Fig. 1). Previously, the SANS data of these complexes was
described reasonably well by a linear arrangement of droplets.>®
Such large linear aggregates as they were observed here, would
normally be expected to strongly influence the viscosity of the
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Fig. 1 SANS curves for microemulsion droplets with polyacrylates of
different M,y at z = 0.7. Solid lines are best fits of a model of coexisting
spheres and wormlike chains, see the ESI for details.t The model was
chosen after analysis of the NSE data. Pink areas indicate q regions of
DLS and NSE measurements.

sample. But in this case of polyelectrolyte/microemulsion
complexes, no increase in viscosity could be observed (see
Fig. S17).

NSE measurements were performed to gain information
about the dynamics of the system at nanometre length scales
and nanosecond timescales. At first, the measured intermediate
scattering functions were fitted with a simple exponential S(q,t)/
5(g,0) = exp(—Dappg°t), (magnitude of the scattering vector g,
Fourier time ¢, see Fig. S9 to S121) to obtain the apparent
diffusion coefficients D,p,, shown in Fig. 2. The peak at 0.1 Alis
due to undulation motions of the microemulsion membranes,
which are mostly visible at the form factor minimum, located at

¢

Pure ME

ME with NaPA (5 kg/mol)
ME with NaPA (15 kg/mol)
ME with NaPA (60 kg/mol)
ME with NaPA (315 kg/mol)

5]

(=)
1
4pooo
<]

A

W
!
BE!

=EeE S B SCPR [BlE =0 B)E
A

v

Is@=<1 o

# B8
el

—
172}
£
o
o< ol
=
o
o
(@)

KB 1=
I<PEHPIEH
1o

L= 3S1=1

]

BG®n ¢
|
%

e ©
$®

®
348

v 4
By ®
O S e

£ #ma

&
7.8
o ek §
B¥

0.02

T
0.00

| T | | T T
0.04 006 008 010 0.12 0.14

q[1/A]

Fig. 2 Apparent diffusion coefficients D,ppnse for z = 0.7 samples,
obtained from NSE measurements as a function of g, addition of NaPA
leads to a decrease in D, (best seen in the encircled region, where
free diffusion is observed) while the values for different NaPA chain
lengths are quite similar. The peak at 0.1 A~! is due to the undulation
motion of the ME droplets (dotted line).
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GminR = tan(gmin X R), R = 4.5/¢min for spheres. This means
that the microemulsion droplets are about 45 A in radius. This
peak is in good agreement with the measured SANS data which
shows a form factor minimum at the same g (see Fig. 1). The
diffusion coefficient corresponding to a sphere with a radius of
45 A in a non-interacting sample at our experimental conditions

B

kT . e
would be D = R 14 &’ ns™', which is significantly more
™)

than we observe at ¢ < 0.1 A" for the pure microemulsion
meaning that there are relevant effects from interparticle
interactions resulting in a static structure factor S(g) with a peak

at about 0.04 A" (see Fig. S131). The g dependence of D, is
given by D,pp, = Do x H(q)/S(g), where the hydrodynamic func-
tion H(g) = 1 in our concentration range,” and the strong
increase of Dy, at the lowest g values is due to S(g) < 1.

The characteristic behaviour of microemulsion droplets with
a peak in Dypp, at the form factor minimum is also observed for
the polyelectrolyte/microemulsion complexes but their Dy, at
lower g is significantly lower than for the pure microemulsion,
showing that the dynamics are slower for the complexes (see
encircled region in Fig. 2). The D,p;, of the different complexes is
rather similar regardless of the molecular weight of the NaPA,
despite the different structures that are observed using SANS. A
closer inspection of the intermediate scattering functions at g
values where only diffusion should be visible reveals that S(g,t)
is not single exponential for the complexes as opposed to the
pure microemulsion (see Fig. S2t). This is in contrast to our
findings from DLS where the data of the complexes can be
described well as a monomodal decay (see Fig. 3 and S3 to S57).

Such a bimodal diffusion process as a function of length and
timescale can be observed if particles are entrapped within
a transient network (and one sees fast movement within the
mesh size and slower one across the network) or if some of the
droplets are bound within the complex while others are freely

ME with NaPA, 60 kg/mol
o DLS, g=0.0019 1/A
A NSE, g=0.038 1/A

0.1
T 1 T T T |
0.0 0.2 0.4 0.6 0.8 1.0
tq [ns/A’]

Fig. 3 Normalised intermediate scattering function for the complex
using NaPA with M,, = 60 kg mol™?, measured by DLS and NSE. While
the DLS data can be described with a single exponential, the NSE data
clearly shows deviations from single exponential behaviour, indicating
the presence of a second slower mode, lines are a guide to the eye.

This journal is © The Royal Society of Chemistry 2020
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moving. Assuming the later scenario to be more likely in our
case, this leaves two possible explanations for the mono-
modality of the DLS data. Either the complexes show much
stronger scattering than the free microemulsion droplets at the
low g values of the DLS due to their larger size, rendering the
latter virtually invisible. In this case, the diffusion coefficient
measured in DLS would be at least as low as the slow diffusion
coefficient measured in NSE unless there were strong repulsive
interactions between the complexes to which the SANS data do
not give any evidence. Alternatively, the complexes could be
highly dynamic with a lifetime longer than the nanosecond
scale of NSE but shorter than the micro- to millisecond time-
scale of DLS. For a system where particles change between two
different diffusion coefficients D; , (D; < D,), on a timescale 7 in
the limit of fast exchange (r < 1/(Dg%), a single averaged
relaxation rate is observed:

S(q.t) = exp(—(xDy + (1 — x)D2)q’t) (1)

while in the limit of slow exchange (t >> 1/(Dg?)) the relaxation
is bi-exponential:*®

S(q.t) = x exp(—D1q°t) + (1 — x)exp(—D1g’t), (2)

where x is the weight of population 1 and in the limit of fast
exchange the averaged diffusion coefficient is higher than D,.

To address this question in more detail, we proceeded to fit
the NSE data from the complexes with a combination of the
Milner-Safran model**** to account for the membrane undu-
lations at high g and the translational diffusion of the free
microemulsion droplets and a second slow diffusive mode with
g independent diffusion coefficient Dy, and g dependent
amplitude xgow, see eqn (S14).7 The contribution from the free
microemulsion droplets (membrane undulations and trans-
lational diffusion) was fixed for all samples according to fits to
the data from the pure microemulsion (see Fig. S6t), where we
obtained a value for the bending rigidity « of 4.5 kgT, which is in
good agreement with previous results on similar systems.*
Different approaches to describe the interactions in this system
were tried by employing different approximations for the
structure factor but it turned out, that different treatments had
a rather small effect on the outcome (see Fig. S7 and S87 for
a comparison). Thus we decided to fit our data treating the
NaPA as simple electrolyte and leaving the volume fraction at its
nominal value. The fitting procedure is described in detail in
the ESI and fits are shown in Fig. S9 to S12.7

Fit results for xg, are shown in Fig. 4 in a g range where the
influence from the membrane undulations is weak. Even
though x4, is an intensity weight and does not directly corre-
spond to the fraction of microemulsion droplets bound to the
complexes, the intensity ratio between a single microemulsion
droplet and a single complex using the same droplets as
building blocks should be roughly proportional to the volume
ratio of the structures in the NSE g range, as the respective form
factors show similar intensity. Therefore, x50, should be
areasonably good approximation for the fraction of the droplets
bound in complexes, which is about 20 to 30% of the

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 Xsow Obtained from fitting NSE curves with egn (S14) and (S15).1
No significant differences between samples can be seen, while a slight
increase with decreasing g can be observed.

microemulsion droplets for all complexes. The results are quite
similar for all samples and do not show a pronounced trend
with g. The small increase of xg,w at low g can be explained by
the intensity of the complexes increasing relative to the inten-
sity of the pure microemulsion droplets towards lower g.

The diffusion coefficients obtained from DLS are systemati-
cally higher than Dy, obtained from NSE (see Fig. 5). At low g,
the relative intensity of the complexes compared to the free
microemulsion droplets, increases drastically which affects the
comparison between DLS and NSE (compare Fig. 1). The fact
that the single diffusion coefficient seen in DLS is faster than
the slow diffusion coefficient seen in NSE indicates that the
result obtained from DLS is an average of complexes and free
microemulsion droplets as described by eqn (1). This means
that the monomodality of the DLS curves is due to the averaged

3 N
Fol
a L 1000
o3
5 ot o NSE
— o DLS =
£ 8 © SANS <
< )
= o 5
1 —
[} g a
< o]
0 : , 100
1 10 100 1000
Mw NaPA [kg/mol]

Fig.5 Dgow Obtained from fitting NSE curves with eqgn (S14),} diffusion
coefficients obtained from DLS and /(0) values obtained from SANS as
a function of the molecular weight of the PE. While the observed
diffusion coefficient is constant for NSE, it decreases with increasing
M,, for DLS where at high M,, the scattering signal is dominated by the
complexes and the relative contribution of free ME droplets becomes
negligible.
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Dslow
-

Lifetime of Complexes

Fig. 6 Schematic illustration of different dynamic processes occurring
simultaneously in microemulsion/polyelectrolyte complexes: diffusion
of free microemulsion droplets (Dwg), diffusion of larger aggregates
(Dsiow) @and exchange of droplets within the aggregates (lifetime).

signal, which arises from the short lifetime of the complexes.
With increasing M, the complexes become larger, resulting in
a higher intensity at low ¢ (Fig. 5, right axis). The relative
intensity of the complexes in the DLS g range increases as well,
causing them to preponderate in the measured average, which
explains the decrease of the DLS diffusion coefficient with
increasing M,,. However, the local binding and the binding
probability are independent of the length of the NaPA (Fig. 4),
confirming that the droplet dynamics in these complexes is
exclusively governed by the local interaction between droplet
and chain fragment.

With this knowledge it was possible to refit the SANS data
using a two-component fit, including homogeneous wormlike
chains and free spheres with the respective intensity fractions
obtained from NSE. The new SANS model is fully consistent
with the dynamic NSE results as opposed to the previous
descriptions, where it was assumed that all material was con-
tained in the complexes (see Fig. S147 for a comparison of the
models). The new SANS model is shown as solid lines in Fig. 1
and describes the experimental data very accurately. See the ESI
for details on the fit and Table SIf for the obtained fit
parameters.

The values obtained for Dy, do not show a strong depen-
dence on M,, (see Fig. 5). One likely explanation for this situa-
tion would be, that due to the soft and flexible nature of the
complexes, the diffusion times Dg,,, measured in NSE belong to
segment motions of the complex, rather than diffusion of large
complexes. With a diffusion coefficient of 1 A% ns™*, this would
correspond to segment lengths of about 200 A, which is in good
agreement with the values of the Kuhn length obtained from the
new SANS model (see Table SIt). The effective segment lengths
are similar for polyelectrolytes of the same nature but different
M,,, consequently D is also similar for all different M,,
measured even though the static picture shows M,, dependent
differences. This explanation could be verified by employing
other polyelectrolytes with significantly different persistence
lengths which should have a pronounced effect on D, and will
be done in a consecutive study.

Conclusion

Combining the static and dynamic measurements we can
conclude, that polyelectrolyte/microemulsion complexes are

4726 | Nanoscale Adv., 2020, 2, 4722-4727
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highly dynamic systems, with average lifetimes between the
nanosecond timescale of NSE and the millisecond timescale of
DLS and only about 30% of the microemulsion droplets are
bound in complexes at a given time. Our measurements do not
allow for a precise determination of the lifetime of the
complexes but we can give a reliable estimate to this important
property hitherto unknown. The timescale of each experiment
is given by 1/(Dg?). Using g values of 0.02 and 0.002 A" as lower
and upper limit for NSE and DLS respectively, and D = 4.4 A?
ns~' as was obtained for free microemulsion droplets, we
obtain timescales of about 600 ns and 60 ps as lower and upper
limit for the lifetime of the complexes. Calculating the mean
square displacement ((R*) = 6Dt) of a microemulsion droplet, it
is seen that it would diffuse a distance of about

V6 x 4.4 A" ns x 600 ns =126 A in the time window of a NSE
measurement, less than twice its diameter. Therefore, it is not
surprising that the lifetime of the complexes is long compared
to the NSE timescale. For comparison, a microemulsion droplet
would diffuse a minimum of 1260 A during the time window of
the DLS measurement. Even though the structures seen in SANS
are significantly different for complexes with polyelectrolytes of
different M,, their dynamic behaviour is remarkably similar,
due to the transient nature of these complexes. Fig. 6 depicts the
situation.

Reverting to the initial question concerning the viscosity of
polyelectrolyte/microemulsion complexes, we can now explain
the low viscosities observed with the very dynamic situation of
these complexes. Even a very high shear modulus Gy, arising
from an interconnection of the droplets cannot compensate
such small relaxation times t, so no viscosity (n) increase can
be observed in this system, as n = t x G,. This conclusion
could only be drawn from the comparison of different
measurement techniques, especially the combination of static
and dynamic methods. One method alone would have given an
incomplete picture. This example shows the importance of
always studying the static as well as the dynamic behaviour of
a system for a thorough characterisation. The observed highly
transient nature of the studied polyelectrolyte/microemulsion
complexes (PEMECs) should not only be relevant for this
particular system, but also be of importance for the under-
standing of related systems of oppositely charged colloids and
polyelectrolytes, systems as they are abundantly occurring in
biology, but also in applied formulations in pharmacy,
cosmetics, etc.
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