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ABSTRACT

Hypothesis: Interpenetrating networks consisting of a polymer network with dynamic cross-links and a
supramolecular network allow obtaining hydrogels with significantly enhanced mechanical properties.
Experiments: Binary hydrogels composed of a dynamically cross-linked poly(vinyl alcohol) (PVA) net-
work and a transient network of entangled highly charged mixed wormlike micelles (WLMs) of surfac-
tants (potassium oleate and n-octyltrimethylammonium bromide) were prepared and studied by
rheometry, SANS, USANS, cryo-TEM, and NMR spectroscopy.

Findings: Binary hydrogels show significantly enhanced rheological properties (a 3400-fold higher vis-
cosity and 27-fold higher plateau modulus) as compared to their components taken separately. This is
due to the microphase separation leading to local concentrating of PVA and WLMs providing larger num-
ber of polymer-polymer contacts for cross-linking and longer WLMs with more entanglements. Such
materials are very promising for the application in many areas, ranging from enhanced oil recovery to
biomedical uses.
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1. Introduction

Surfactants can form very long wormlike micelles (WLMs),
which can entangle with each other thereby imparting viscoelastic
properties to solutions [1-5]. Since the micellar chains are formed
by non-covalent interactions between surfactant molecules, they
represent dynamic systems, which constantly break and reassem-
ble [1-5]. In particular, they demonstrate low viscosity at pumping
and fast and complete recovery of viscoelastic properties at rest,
which is highly required, for instance, in oil industry. Also, such
dynamic systems possess self-healing ability and excellent respon-
siveness to external triggers such as temperature, pH, various addi-
tives like salt or hydrocarbons [5-11]. However, for many
applications they require enhancement of viscoelasticity.

A promising way to increase the viscoelastic properties of
wormlike surfactant micelles consists in their combination with
polymeric chains [12-21]. Previously, for this aim mainly macro-
molecules interacting with WLMs were used including macro-
molecules oppositely charged with respect to micelles [15,19,20]
or macromolecules bearing hydrophobic side [12,13] or end
[16,17] groups that penetrate the micellar interior. To provide a
significant increase of viscoelasticity the fraction of polymer
groups interacting with the micelles should not be too high in
order to ensure only the bridging between WLMs, while keeping
a significant part of polymer chains in water. Otherwise, polymers
strongly interacting with WLMs can wrap around cylindrical
micelles and destroy them [18,22].

Recently a new approach for the enhancement of viscoelastic
properties of WLMs was proposed [23,24]. It consists in the use
of polymer non-interacting (or weakly interacting) with micellar
chains, which can form its own network in the whole volume of
the solution independently of the micellar network. The proof of
concept was made on an example of highly charged mixed WLMs
of potassium oleate and n-octyltrimethylammonium bromide
CsTAB (at the excess of potassium oleate) and uncharged polymer
- poly(vinyl alcohol) (PVA). In this system, highly charged WLMs
were used to maintain the phase compatibility with the polymer,
since demixing is highly unfavorable for their counterions, which
need to move in a large total volume of the solution in order to gain
in the translational entropy. It was demonstrated that addition of
polymer can induce a 100-fold viscosity increase of the WLM solu-
tion [23,24]. Note that this effect was achieved even for uncross-
linked polymer.

One can expect that the cross-linking of polymer will further
enhance the viscoelasticity. However, it could reduce the respon-
sive properties of the system and its ability to recover from suf-
fered damage. This problem could be avoided by using dynamic
(reversible) [25] rather than irreversible chemical cross-links.
Dynamic covalent cross-links of PVA chains can be formed by
borate ions (Scheme 1) [26-29]. The activation energy for breaking
the four boronic ester bonds composing individual PVA-borate
cross-link is of ca. 25 kJ/mol [26]. Such weak cross-links are rever-
sible, they continuously break and reform. At room temperature,
the PVA-borate network has a relaxation time of only 0.1-0.3 s
[26,28]. The short relaxation time and low energy required to break
the cross-links impart dynamic character to the whole polymer
network. The dynamic-covalent nature of the boronic ester cross-
links allows the system to reconfigure its covalent structure in
response to external stimuli being otherwise stable. The reversibil-
ity of boronic ester linkages has been used to design self-healing
polymers [30,31], sensors [32], flexible supercapacitors [33] and
so forth. So, as compared to WLMs being essentially supramolecu-
lar assemblies, the PVA network will behave as covalent structure,
while keeping dynamic and reversible character.

In the present paper, we report, for the first time to our knowl-
edge, the preparation of hydrogel consisting of a transient network
of entangled WLMs of surfactant and a polymer network with
dynamic-covalent cross-links. The surfactant network was formed
by highly charged mixed WLMs of potassium oleate and CgTAB, the
polymer network was composed of PVA cross-linked by borate
ions. These networks were studied by a combination of rheology
to explore macroscopic properties (viscosity, elasticity etc.),
small-angle neutron scattering (SANS), ultrasmall-angle neutron
scattering (USANS) and cryogenic transmission electron micro-
scopy (cryo-TEM) to follow the structural changes occurring at
the microscopic level, 'TH NMR spectroscopy to characterize the
polymer/surfactant interactions, and !'B NMR spectroscopy to
study the dynamic boronic ester cross-links in the PVA-borate net-
work. We demonstrate that the polymer can induce a 3400-fold
increase of the viscosity and 27-fold increase of plateau modulus
of wormlike micellar solution without altering its macroscopic
phase stability. The rheological properties can be effectively con-
trolled by varying the factors (concentrations of cross-linking
agent, polymer, and surfactants) influencing the chain entangle-
ments, polymer cross-linking and the microphase separation
between polymer and surfactant components. Such hydrogels with
enhanced rheological properties are very promising for various
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Scheme 1. Schematic representation of the interaction of polymer diol groups of PVA with borate ions, which proceeds in two steps: formation of monodiol links (I) and

formation of didiol links (II).



applications, ranging from enhanced oil recovery to biomedical
uses.

2. Materials and methods
2.1. Materials

Polymer PVA Mowiol 4-98 with 1.6 % residual vinyl acetate
units and a molar mass of 27000 g/mol (degree of polymerization
N ~ 600) was used as received from Aldrich. Its overlap concentra-
tion C* in water was estimated as 3.2 wt% (0.7 monomol/L) from
the inverse value of the intrinsic viscosity [23]. Anionic surfactant
potassium oleate (purity > 98%) from TCI and cationic surfactant
CgTAB (purity > 98%) from ABCR were used without further purifi-
cation. Cross-linking agent - potassium borate - was prepared by
adding equimolar amount of potassium hydroxide (Acros, pur-
ity > 99.9%) to boric acid (Acros, purity > 99.8%). Distilled water
was purified by the Millipore Milli-Q system, D,O of 99.9% or
99.96% isotopic purity was supplied by Deutero GmbH or Sigma-
Aldrich, respectively.

2.2. Sample preparation

Stock solution of PVA (9.2 wt%) was prepared as follows. Poly-
mer powder and water were mixed in a round-bottom flask and
slowly heated to 90 °C under reflux condenser, and after that the
dissolution was carried out for 1 h while stirring. Then the solution
was cooled down to room temperature. pH of PVA stock solution
after preparation was equal to ~ 6. Then, 5 M KOH was added to
adjust pH to 10.8, and the solution was left overnight to allow full
hydrolysis of PVA acetate units to proceed. Polymer/surfactant
samples were prepared by mixing stock solutions of PVA, cross-
linker and surfactants at the required concentrations using a mag-
netic stirrer and left to equilibrate at room temperature for several
days before measurements to remove air bubbles. Before mixing,
pH of each of the stock solutions was adjusted to 10.8 with KOH.
The concentration of surfactants was varied from 0 to 7.9 wt%. In
all samples, the surfactant blend molar ratio [CgTAB]/[potassium
oleate] was set to 0.4. The concentration of PVA ranged from
1 wt% (dilute regime) to 7 wt% (semidilute unentangled regime).
The molar fraction of potassium borate with respect to PVA repeat
units p was varied from O to 0.1.

2.3. Phase behavior

The phase behavior of PVA/surfactant systems before and after
cross-linking by borate was studied by visual inspection of the
samples. The mixtures are considered as homogeneous if they do
not show any sign of phase separation 14 days after preparation.
No further evolution was observed at times as long as 60 days.

2.4. NMR spectroscopy

'H NMR measurements were performed with a Bruker AV-600
spectrometer at 30 °C in D,0 as a solvent. The samples were pre-

pared at pD = 11.2 [34] and put into standard 5-mm quartz tubes
(Norell). 'H chemical shifts were referenced to the HOD signal. The
data were processed using ACD Labs software, including phase,
baseline and reference correction.

1B NMR spectra were recorded with Agilent 400 MR spectrom-
eter operating at 128.32 MHz using quartz tubes and an external
boron trifluoride etherate reference (25 % BF3-O(C;Hs), in CDCls)
in a sealed capillary tube. Samples were prepared at pH = 10.8 in
H,0/D,0 mixture containing 20 wt% of D,0. Concentrations of dif-
ferent types of borate ions were determined by integrating the cor-

responding NMR signals. For unresolved lines, peak areas were
determined by fitting with generalized Lorentzian functions with
the software MestRenova.

2.5. Small-angle neutron scattering

SANS experiments were conducted on the YuMO spectrometer
of the high-flux pulsed reactor IBR-2 [35] at the Frank Laboratory
of Neutron Physics, Joint Institute for Nuclear Research (JINR),
Dubna, Russia and at the instrument D11 [36] of the Institute
Laue-Langevin (ILL) in Grenoble, France. The measurements were
performed at room temperature. The samples in D,0O were pre-
pared at pD 11.2. The low viscous samples were studied in 2 mm
quartz cells (Hellma, Germany). Viscous samples were measured
in sandwich-type dismountable cells consisting of two round
quartz windows separated by teflon spacers of 1.45- or 2-mm
thickness. The data are presented as the intensity I versus the scat-
tering vector q, where q = (4m/A)sin(6/2) (A and 6 are wavelength
and scattering angle, respectively).

At JINR, the data were recorded in the range of scattering vec-
tors q of 0.005-0.7 A~! using a two-detector system. The details
of the experiments are described elsewhere [37,38]. The raw spec-
tra were corrected for background from the solvent, sample cell,
and electronic noise by conventional procedures [39]. The scat-
tered intensities were then converted to absolute scale using a cal-
ibration of primary beam detector with vanadium standard.

At the ILL, the sample-to-detector distances of 1.7 m, 16 m and
38 m were used to cover a q range from 7.63x10 to 0.65 A~!. The
wavelengths used were 4.6 A at 1.7 m and 16 m and 13 A at 38 m,
with a full width-half maximum (FWHM) wavelength spread of 9%.
Scattered neutrons were detected on a multitube >He gas detector
with a pixel size of 4x8 mm?. Calibration to absolute scale was per-
formed using light water (H,0) scattering intensity. Raw data were
saved in the .nxs (NeXuS) format [40] and corrected for transmis-
sion and background scattering prior to further analysis.

The scattering curves of the #PVA/surfactant mixtures and sur-
factants without polymer were fitted by a form-factor of a cylinder
using the program SasView. Other models (sphere, lamellae) were
also employed, but the best fits were obtained with a cylindrical
model. For fitting, only a part of the curve at intermediate and high
q > 0.06-0.07 A~ (higher than the structure peak position q*) was
used, and then the fit was reconstructed in the whole g-range. Two
fitting parameters were used: radius and length of the cylinder.
However, in all cases, the length of the cylinder obtained from
the fit was much larger than the accessible g-range (in the order
of 2000-3000 A). The scattering curve of the #PVA gel was fitted
by a generalized Ornstein-Zernike model [41]

_ 1(0)
{1+ 5]}

where ¢ is the correlation length of the polymer network, q - scat-
tering vector, D - fractal dimension of the network.

(1)

2.6. Cryogenic transmission electron microscopy

Cryo-TEM studies were carried out in bright field TEM on a
Titan Krios 60-300 TEM/STEM (FEI, Oregon, USA) operating at
300 kV. The micrographs were obtained in low dose mode with
total electron dose of less than 15 e/A2. Digital Micrograph (Gatan,
USA) and TIA (FEI, USA) softwares were used for the image process-
ing. The specimens were applied directly onto the Lacey carbon-
coated side of the 300-mesh copper grid manually via the side port
of the Vitrobot (FEI, USA) using a pipette. Then the grid was blotted
to remove excess solution and immediately plunged into a reser-
voir with liquid ethane cooled by liquid nitrogen.



2.7. Rheometry

Rheological measurements were performed with a stress-
controlled rotational rheometer Anton Paar Physica MCR 301 with
cone-plate geometry (diameter 50 mm, cone angle 1°) at
20.00 # 0.05 °C. The details of the measurements are described
elsewhere [42-44]. A specially constructed solvent trap was used
to minimize water evaporation from the sample in the measuring
cell.

In oscillatory shear experiments, a small-amplitude sinusoidal
shear that do not disturb the structure was applied to measure
the dependences of the storage G’ (») and loss G” (®) moduli on
the angular frequency o of the sinusoidal deformation. The mea-
surements were conducted in the linear viscoelastic regime, which
was preliminarily determined from amplitude sweep tests at ® =
10 rad/s, so that the G’ and G” values were independent of the
deformation amplitude. The frequency ® of the deformation was
varied in the range of 107! to 10? rad/s. In steady shear experi-
ments, the shear rate dependences of the viscosity (flow curves)
were measured, the shear rate being varied from 102 to 10% s~
The zero-shear viscosity (1) was determined by extrapolating
the viscosity to zero shear rate.

3. Results and discussion
3.1. Phase behavior

The system under study consists of PVA chains cross-linked by
borate (#PVA) and mixed WLMs of two oppositely charged surfac-
tants potassium oleate/CgTAB (the length of micelles reaches few
micrometers [23,45]). To reveal possible attractive interactions
between the #PVA and the WLMs, "H NMR spectroscopy was used.
This technique permits to detect the shift of the peaks of the
groups involved in the interactions like it was shown for WLMs
forming complexes with neutral [46] and oppositely [20] charged
polymers. However, in the present case, the chemical shifts in
the #PVA/surfactant system do not differ from those of its compo-
nents (#PVA and surfactants) taken separately (Figure S1) indicat-
ing that the #PVA and the WLMs do not exhibit any attractive
interactions or close contact with each other. Similar to the mix-
ture of two slightly incompatible polymers [47], this system should
have a tendency to segregative phase separation, when each phase
is enriched in one of the components. Moreover, for PVA water is
nearly theta-solvent (polymer-solvent interaction parameter
x = 0.494 at 30 °C [48]), which enhances the tendency for demixing
in this solvent. To avoid demixing we used highly charged WLMs
containing large excess of anionic surfactant with respect to
CgTAB (the molar ratio [CgTAB]/[potassium oleate] was fixed at
0.4) without added salt. In this case, only counterions of the surfac-
tants and of the cross-linker contribute to the ionic strength, which
can be estimated [49] as 55 mM at 3.3 wt% of surfactants (for the
details of the estimation see Supplementary Materials). At this low
ionic strength, the highly charged micelles prevent macrophase
separation, because it would lead to accumulation of almost all
WLMs together with their counterions in only one phase, which
is unfavorable, since it significantly reduces the translational
entropy of counterions. The obtained phase diagram (Figure S2)
shows that at these conditions the #PVA/surfactant system is
macroscopically homogeneous in a wide range of concentrations
of polymer and surfactants.

The study of the phase behavior permitted to select the condi-
tions corresponding to the compatibility of the components, fur-
ther experiments were performed only with macroscopically
homogeneous samples.

3.2. Polymer cross-linking

Borate ions link to PVA 1,3-diol groups via two successive reac-
tions [27] represented in Scheme 1. The first stage (formation of
monodiol links) results in the incorporation of charged groups in
the neutral polymer chain, the second stage leads to the cross-
linking of polymer chains. The cross-links are mainly intramolecu-
lar in dilute solutions and both intra- and intermolecular in semi-
dilute regime [50].

Therefore, in PVA-borate system, three types of borate ions can
be present: free ions (B), ions linked to one cis-diol group (B-P),
ions linked to two cis-diol groups (P-B-P). ''B NMR spectroscopy
permits to directly determine the concentration of each of these
types of borate ions [27,51], since they have different chemical
shifts. Fig. 1a shows the typical ''B NMR spectrum of PVA - borate
system. Three peaks can be identified. The downfield peak
(5.7 ppm) corresponds to free boron species which are not linked
to polymer chains. The position of this peak depends significantly
on pH determining the relative amount of free boric acid B(OH)3
(8g = 19.3 ppm) and free borate ions B(OH)3 (85. = 1.6 ppm) which
exchange fast with each other (on the ''B NMR timescale) yielding
a single average signal with the position & depending on the rela-
tive amount of B(OH)3; and B(OH); species [27]:

B(OH), + OH " ,B(OH),

From this peak position &; one can estimate pH in the system as
[52]:

pH = log X + pK,

where X = (3¢ - 3g)/(8p. - 8¢). The estimation using the chemical
shift of the peak of free boron species (8¢ = 5.7 ppm) and pKa of
potassium borate in the presence of 2 wt% PVA (pKa = 9.7 [52])
gives pH value of 10.2, which is not too far from the experimental
one (pH = 10.8). At these conditions, the fraction of borate anions B
(OH)z in the total amount of free boron species (B(OH); + B(OH)3) is
equal to 0.77.

The other two peaks at 1.67 and 1.16 ppm correspond to borate
ions linked to polymer: to one (B-P) and two diol groups (P-B-P) of
PVA, respectively [27].

Figures S3a and 1c demonstrate the effect of the concentration
of PVA on ''B NMR spectra of #PVA/surfactant system and on the
fraction of various boron species, respectively. The fraction of var-
ious boron species was determined by decomposition of the spec-
tra into individual peaks and their integration. One can see (Fig. 1¢)
that when the concentration of polymer increases (at keeping con-
stant borate/polymer ratio and surfactant concentration), the frac-
tion of free borate ions diminishes and becomes as small as 0.04
already at 2 wt% PVA. Simultaneously the fractions of bound
borates (P-B and P-B-P) rise to 0.96 imparting pronounced degree
of charging to polymer chains. Among two types of bound species
the B-P ones are always predominant, but at higher polymer con-
centration (6 wt%) they start to diminish, since a larger number
of P-B-P cross-links is formed. It may be explained by increased
number of polymer-polymer contacts, which can participate in
cross-linking.

1B NMR data can be used for quantitative evaluation of the
number of borate cross-links. For instance, at 4 wt% PVA B-P-B
bound boron producing the cross-links accounts for 27% of total
boron. Note that B-P-B cross-links can be either intra- or inter-
molecular [50]. Since PVA is a flexible polymer, even when it forms
a gel the fraction of intramolecular cross-links may be largely pre-
dominant. For instance, theoretical estimation [50] shows that at
PVA concentration equal to 2C* the ratio of inter- to intramolecular
cross-links should be only 18%.

Figure S3b demonstrates that with increasing molar fraction of
cross-linker (at constant polymer and surfactant concentrations)
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determined from ''B NMR spectra as a function of PVA concentration for #PVA/potassium oleate/CsTAB system containing 2.5 wt% potassium oleate, 0.8 wt% CsTAB, and
molar fraction of borate with respect to PVA repeat units p = 0.02. (d) Fractions of three types of borate squares ions: free ions (B, red squares circles), ions linked to one diol
group (B-P, black circles), ions triangles linked to two diol groups (P-B-P, blue triangles) determined from ''B NMR spectra as a function of total concentration of surfactants
for #PVA/potassium oleate/CgTAB system containing 4 wt% PVA at molar fraction of borate with respect to PVA repeat units p = 0.02 and molar ratio [CgsTAB]/[potassium

oleate] = 0.4.

the fraction of free borate ions becomes higher, whereas the frac-
tion of borates linked to polymer diminishes, which is in accor-
dance with the literature data [48,50] for #PVA (without
surfactant). This behavior is attributed to the fact that the binding
of large amount of borate ions to PVA makes polymer chains highly
charged, which hinders further attachment of borate ions due to
electrostatic repulsion [50]. Such effect is more pronounced at
low ionic strength [51], like in the system under study.

Fig. 1b shows that in the presence of WLMs the spectra do not
change significantly. The integration of the appropriate peaks in
the "B NMR spectra evidences that at fixed amount of polymer
and potassium borate the surfactant concentration does not influ-
ence appreciably the fraction of different boron species (Fig. 1d)
and the position and the half-width of the individual peaks (Fig-
ures S3¢,d). It may be related to small number of contacts between
PVA and WLMs because of their microsegregation in the #PVA/sur-
factant system. This assumption is in accordance with SANS data
and cryo-TEM reported below. The absence of influence of surfac-
tant concentration to the ''B NMR spectrum indicates also that
there is no interaction between borate ions and WLMs.

3.3. Structure revealed by SANS

3.3.1. General behavior
To reveal the structure of the system SANS studies were per-
formed. In these experiments, D,0 (with pD adjusted to 11.2 by

adding KOH) was used as a solvent. The scattering length densities
of the components of the system are shown in Figure S4a. It is seen
that among all components, the alkyl tails of the surfactants have
the highest contrast in D,0. In addition, WLMs are much bigger
and thicker objects than PVA macromolecules. As a result, the sur-
factant micelles mainly contribute to the scattering when they are
mixed with PVA, as is evident from Fig. 2a.

Fig. 2a presents the scattering curve of cross-linked #PVA/sur-
factant system in comparison with its components: surfactant
solution and #PVA. It is seen that the cross-linked polymer affects
mainly the low-q region (q less than 0.055 A~1), whereas at higher
q the scattering of #PVA/surfactant system remains the same as for
pure surfactant. The higher-q part of the scattering curves can be
well fitted by a form-factor of cylinder (solid line, Fig. 2a) with a
radius of 18.6 A, which is close to the length of oleate tail (19 A
[9,42]). Therefore, the addition of #PVA does not affect the local
cylindrical structure of micellar aggregates.

The scattering curve of #PVA in the absence of surfactants is
well fitted by the generalized Ornstein-Zernike model which
describes scattering from polymer gels and was previously applied
for PVA/borate gels [41]. Fractal dimension D = 2.06 derived from
the model, as well as the slope of the scattering curve equal to
—1.9 indicate that PVA chains in the cross-linked gel are in 6-
conditions. In PVA gels with significant hydrogen bonding, the val-
ues of D were reported to be somewhat larger — 2.6-2.8 [41]. This
allows one to suggest that in the present system, mostly borate
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cross-links, and not hydrogen bonds, determine the structure of
the #PVA network.

The curves of #PVA/surfactant system and surfactant alone
demonstrate a peak at a characteristic q* value, which is clearly
seen (Fig. 2b) when the scattering data are presented as I-q versus
q (Holtzer plot [54]), since the multiplication of [ by q allows elim-
inating the impact of the form factor of cylinder, which scales as
I ~q' (at qR <« 1) [55]. The scattering peak may be assigned to
positional correlations arising from electrostatic repulsion
between similarly charged micelles [56,57]. The average distance
between the micelles can be estimated as d = 2t/q*. From Fig. 2b
one can see that in the presence of #PVA the peak shifts to higher
q indicating that the micelles come closer to each other (although
the concentration of surfactant does not change). It may occur if
the micelles are expelled from the area occupied by the polymer,
indicating the microsegregation with the formation of surfactant-
enriched areas. So, in the systems with fixed concentration of sur-
factants, the shift of the q* value can be considered as an indicator
of microphase separation.

3.3.2. Effect of polymer concentration

Fig. 3 demonstrates the effect of PVA concentration (at constant
amount of surfactants and molar fraction of cross-linker) on the
scattering curves. One can see that upon gradual addition of poly-
mer the interaction peak arising from the mutual ordering of sur-
factant molecules shifts to higher q values (Fig. 3a). From the
positions of the peak q* (Fig. 3a, inset) one can estimate that when
PVA concentration rises from 0 to 6 wt%, the average distance d
between the micelles diminishes from 166 to 106 A. It results from
increased volume occupied by polymer microphase in the micro-
phase separated system.

The local surfactants concentration in #PVA/surfactants system
was estimated under the assumption that it is equal to the concen-
tration of surfactants solution (without polymer) having the same
peak position q* characterizing the distance between the micelles.
Fig. 3b shows how the effective surfactant concentration increases
upon addition of polymer. For instance, in the presence of 4 wt%
PVA the effective concentration of the surfactants equals to 8 wt
%, which is 2.4-fold higher than in the absence of PVA (3.3 wt%).
It may indicate that the surfactant microphase occupies ca. 42%
of the system, whereas the PVA microphase resides in the remain-
ing ca. 58% of the volume (Fig. 3c) if we assume a complete segre-
gation between the components.

From the amount of added polymer and the volume of polymer-
rich microphase the effective concentration of PVA in polymer

microphase was estimated. It was shown (Fig. 3b) that the effective
concentration of PVA is almost two-fold higher than the average
concentration of polymer calculated with respect to the whole vol-
ume of the system.

To get more information about the structure of the microphase
separated system at large scale the USANS studies covering quite
low scattering vectors from 0.00076 A~! were performed [58].
The results are presented in Fig. 3d. It is seen that the USANS
curves for #PVA/potassium oleate/CsTAB systems demonstrate a
strong upturn at low q. It may be taken as a farther indication of
the formation of microphase separated domains, possibly co-
continuous. With increasing polymer concentration, the scattering
at low q increases. Strong upturn of the scattered intensity at low q
(slope > 3) has been reported for micro-heterogeneous systems as,
for instance, polymer melts [59], percolated nanoemulsion col-
loidal gels [60] and bicontinuous nanoparticle gels obtained by sol-
vent segregation [61,62]. In the later system, only the nanoparticle-
rich phase is expected to contribute to the viscoelastic behavior.

In our system, the observed microphase separation can result
from the competition between the short-range segregation of poly-
mer and surfactant components and long-range stabilization
related to the presence of a large number of counterions neutraliz-
ing the charge of micellar chains. The microdomain structure prop-
agating through the whole system does not impede counterions to
travel in most of the volume of the solution thus ensuring the gain
in their translational entropy. At the same time, it does not hinder
the local segregation of incompatible polymer and surfactant com-
ponents resulting in the gain in energy. The microphase separation
was considered as a universal feature of polyelectrolyte systems
that occurs in all cases when there are trends to component segre-
gation at smaller scales and stabilization by the long-range factor
preventing total demixing [63]. The microphase separation has
been studied in many systems including mixtures of charged and
neutral polymers [64], mixtures of two likely charged polyelec-
trolytes with different amount of charge [63], stoichiometric
blends of oppositely and weakly charged polyelectrolytes, which
would be immiscible in the absence of charged units [65,66],
copolymer networks [67,68] and interpenetrating polymer net-
works [69]. It was shown theoretically that the size of the micro-
phase separated domains in polyelectrolyte systems is
determined mainly electrostatically [66]. For instance, increasing
charge density of polymer chains reduces the size of microdo-
mains, whereas added salt favors their growth [65]. As to the mor-
phology of the microphases, increasing incompatibility between
polyelectrolytes and less asymmetrical composition of the blend
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Fig. 3. (a) Scattering curves in I-q vs q representation for cross-linked #PVA/potassium oleate/CsTAB system in D0 in the presence of increasing amounts of PVA: 0 wt%
(squares), 1.5 wt% (triangles), 2.5 wt% (diamonds), 4 wt% (red diamonds), 5 wt% (circles) at 20 °C. In the inset: Position of the correlation peak q* as a function of polymer
concentration for the same system. (b,c) The effective surfactant and polymer concentrations (b) in the corresponding microphases and volume fraction of each microphase
(c) calculated from the effective surfactant concentration values as a function of polymer concentration for the same system. The effective surfactant concentration in #PVA/
potassium oleate/CsTAB system was estimated as the concentration of potassium oleate/CgTAB (without polymer) having the same peak position q*. The effective polymer
concentration was estimated from the amount of added polymer and the volume of polymer-rich microphase. (d) USANS curves for cross-linked #PVA/potassium oleate/
CsTAB system in D,0 in the presence of increasing amounts of PVA: 0 wt% (squares), 3 wt% (circles), 4 wt% (diamonds) at 20 °C. Concentrations: 2.5 wt% potassium oleate,
0.8 wt% CgTAB, molar fraction of potassium borate with respect to PVA repeat units — 0.02.

trigger the usual cascade of transitions body-centered cubic lattice
of spheres — hexagonally packed cylinders — gyroids — lamellae
[63-65]. The peculiarity of the present system in comparison with
the polymer blends or interpenetrating networks studied previ-
ously is that one of the components is composed of non-covalent
chains.

3.3.3. Effect of cross-linker concentration

The effect of cross-linker concentration on the scattering data
(at fixed content of polymer and surfactants) is illustrated in
Fig. 4a and S4c. It is seen that an increased amount of cross-
linker leads to the shift of the correlation peak to higher q values
indicating that the WLMs come closer to each other. It may be
due to the charging of polymer chains as a result of linking of
the borate ions which leads to the expansion of macromolecules
and swelling of polymer microphase at the expense of the surfac-
tant microphase. Note that in the presence of cross-linker the scat-
tering intensity in 0.005-0.03 A~! q region decreases. Such
behavior can be attributed [70,71] to the enhanced repulsive inter-
actions between the WLMs, which are forced to come closer to
each other in a smaller volume of the surfactant microphase.

3.3.4. Effect of surfactant concentration
Fig. 4b shows the effect of surfactant concentration on the scat-
tering curves (at constant amount of polymer and cross-linker). It

is seen that with increasing surfactant concentration, the correla-
tion peak becomes higher and shifts to larger q values. The increase
of the peak intensity indicates enhanced ordering of the micelles,
whereas the shift to higher q values denotes shortening of the
average distance between the micelles. Such behavior was previ-
ously observed for WLMs of many ionic surfactants [14,56]. For
cylindrical aggregates in semidilute regime the peak position fol-
lows q* ~ C%3 scaling law [4,54,72,73] which reflects an ordered
packing of rod-like scatterers. In the presence of uncross-linked
PVA q* scales as C%:38 [23], which is rather close to the expected
dependence. Surprisingly, in the presence of cross-linked polymer
the peak position q* is only slightly dependent of the surfactant
concentration (Figure S4d): q* ~ C%}2. It means that with decreas-
ing concentration of surfactants in #PVA/surfactants system the
average distance between WLMs d (d = 21t/q*) increases much less
than it can be expected for WLMs in the presence of uncross-linked
polymer. It may be explained as follows. In contrast to uncross-
linked PVA, the cross-linked #PVA is charged due to bound borate
ions. These charges together with the counterions lead to the swel-
ling of the polymer microphase. When the amount of surfactants
(together with their counterions) diminishes, it reduces the osmo-
tic pressure in the surfactant-rich phase thereby allowing further
expansion of the polymer microphase. As a result, the decrease
of the surfactant concentration is accompanied by the contraction
of surfactant microphase, which restricts the increase of the inter-
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Fig. 4. (a) The scattering curves in I.q vs q coordinates for cross-linked #PVA/potassium oleate/CsTAB systems in D,0 at 4 wt% PVA, 2.5 wt% potassium oleate, 0.8 wt% CgTAB,
and different molar fractions of borate with respect to PVA repeat units: 0 (triangles), 0.02 (diamonds), and 0.05 (squares). (b) The scattering curves in I-q vs q coordinates for
cross-linked #PVA/potassium oleate/CsTAB systems at 4 wt% PVA, 0.018 M potassium borate (molar fraction of borate with respect to PVA repeat units — 0.02) and different

concentrations of the surfactants in D,0 indicated in the Figure.

micellar distances upon dilution. Note that borate ions are not
expected to penetrate in the surfactant microphase, since ''B
NMR data show that 96% of these ions are linked to polymer both
in the presence and in the absence of surfactants (Fig. 1d), whereas
penetration in the surfactant microphase should lead to an
increased fraction of free borate. It is important to emphasize that
at high surfactant concentration exceeding 5 wt%, the cross-linked
system starts to follow the behavior of uncross-linked system (Fig-
ure S4d), which may be due to enhanced screening effect of surfac-
tant counterions.

Thus, SANS data show that added polymer network does not
destroy the cylindrical structure of surfactant micelles but induces

the microphase separation with the formation of polymer-rich and
surfactant-rich microdomains.

3.4. Visualization of microstructure

The microstructure of #PVA/surfactants systems was visualized
by cryo-TEM. From the obtained micrographs (Fig. 5) one can see a
long curved microdomain of densely packed WLMs, which are

mostly arranged parallel to each other. Therefore, the WLMs are
preserved in the presence of polymer. Similarly arranged micellar
chains were previously visualized in many WLM solutions
[74,75], where they occupied the whole cryo-TEM image. By con-
trast, in the present system, one can observe just a large fragment
of such structure representing a surfactant-rich microphase. As to
polymer-rich microphase, it is suggested to cover the remaining
area in the micrograph. But the PVA chains are not seen because
of their very low contrast.

From Fig. 5 one can see that the average thickness of WLM
microphase is ca. 80 nm. These values are of the same order as pre-
dicted theoretically for a blend of two weakly charged polyelec-
trolytes dissolved in the same solvent [63,64|. Within surfactant-
rich microphase, one can estimate the characteristic periodicity
in the packing of micellar chains as 9 nm, which is somewhat smal-
ler than the value of the intermicellar distance d estimated from
SANS correlation peak (d = 2mt/q*= 12.5 nm).

The WLMs in the surfactant-rich microphase are very long
(>1 pm). At the same time, few short micelles are also observed
in polymer-rich microphase. This is a clear indication of the differ-

Fig. 5. Cryo-TEM pictures of cross-linked #PVA/potassium oleate/CgTAB systems with 4 wt% PVA, molar fraction of potassium borate with respect to PVA repeat units — 0.02,
1.25 wt% oleate, 0.4 wt% CsTAB. The boundaries of some surfactant-rich microdomains are marked by white lines, short rods are indicated by arrows.



ence of surfactant concentration in the polymer-rich and
surfactant-rich microphases because the length of WLMs increases
with surfactant concentration [3,5]. Thus, upon microphase sepa-
ration the long micellar chains are located in surfactant-rich micro-
phase, whereas few short micelles reside in polymer-rich
microphase indicating that surfactant concentration in this micro-
phase is very small.

Thus, cryo-TEM visualization confirms the formation of
surfactant-rich and polymer-reach microphases in #PVA/surfac-
tant system as was suggested from the analysis of SANS data.

3.5. Rheological behavior

3.5.1. General behavior

Fig. 6 shows typical results of rheological measurements for
cross-linked #PVA/surfactant system and its components. It is seen
that the flow curves of #PVA/surfactant system and surfactant
alone demonstrate shear-thinning, which can be due to the align-
ment of polymer and micellar chains along the direction of flow
[76]. At the same time, on the flow curve of #PVA a small region
of shear-thickening is observed followed by shear-thinning. Such
behavior was previously found in #PVA at polymer concentrations
close to C* [51]. It was attributed to a shift from intrachain to inter-
chain P-B-P complexes as the macromolecules elongate under
shear. Note that in the presence of surfactant, the shear-
thickening disappears. It suggests that the flow behavior of #PVA/-
surfactant system at high shear rates (above 0.5 s™!) is governed
mainly by the surfactant-rich microphase which seems to be con-
tinuous and exhibits lower resistance to flow (i.e. lower viscosity).
The flow curves obtained at increasing and at decreasing shear rate
coincide with each other (Figure S5).

At low shear, all flow curves exhibit a Newtonian behavior,
where the viscosity does not depend on the shear rate (the zero-
shear viscosity Mo) and characterizes the system unperturbed by
the shear. From Fig. 6 one can see that the zero-shear viscosity
No as well as G’ and G” values for #PVA/surfactant system are
much higher than for its components. At the same time, the critical
shear rate (7,) corresponding to the onset of non-Newtonian thin-
ning behavior (Fig. 6a) and the cross-over point of G'(®) and G"(®)
dependencies (Fig. 6b) for #PVA/surfactant system are smaller
than for its components indicating higher longest time of the stress
relaxation.

Thus, the #PVA/surfactant system has much higher viscosity,
plateau modulus and longest relaxation time than its components.
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3.5.2. Effect of polymer concentration

To reveal the effect of the content of polymer on the rheological
properties of the #PVA/surfactant system, we fixed the concentra-
tions of the surfactants (2.5 wt% potassium oleate and 0.8 wt%
CgTAB) and the molar fraction of cross-linker with respect to poly-
mer repeat units (p = 0.02). From Fig. 7a,b and S6a one can see that
the viscosity, the plateau modulus, and the longest relaxation time
of the #PVA/surfactant system increase with PVA concentration
indicating to the formation of denser network.

At low PVA concentrations the 1ng and Go values of #PVA/surfac-
tant system are determined mainly by WLMs, whereas at high PVA
concentrations they are determined by the polymer network. At
the same time, at the intermediate polymer content (2-4.5 wt¥%)
a synergistic effect is observed: the mixed system has much higher
No, Go and longest relaxation time t than the sum of its compo-
nents. For instance, at 3 wt% PVA the #PVA/surfactant system
has a viscosity 6200 Pa-s, whereas cross-linked polymer and sur-
factants alone have the mno of 0.4 and 1.8 Pa-s, respectively
(Fig. 7a). As to the plateau modulus, at 3 wt% PVA it equals to
300 Pa for the mixed system and only to 11 Pa for surfactants
(Fig. 7b), whereas for polymer it even cannot be measured, since
PVA does not form continuous network in the whole volume of
the system in the absence of surfactants at this concentration. At
these conditions, the longest relaxation time t for the mixed sys-
tem amounts to 24.4 s (Figure S6a), which is almost 500 times
higher than for the surfactants (t = 0.05 s).

Such behavior may be related to the microsegregation of poly-
mer and micellar chains in PVA/surfactant system leading to the
formation of polymer-rich and surfactant-rich domains. The local
increase of the concentration of polymer chains promotes PVA
cross-linking. If the cross-linked microphase separated regions
are connected to each other by polymer chains, it leads to the for-
mation of a network in the entire volume of the system. At the
same time, the local increase of the concentration of micellar
chains in surfactant-rich regions should induce their elongation,
since the length of micelles L is known [3,5] to increase with sur-
factant concentration. Longer WLMs produce more entanglements.
Both these effects (larger number of cross-links in the polymer-
reach microdomains and larger number of entanglements in the
surfactant-reach microdomains) as well as the elongation of WLMs
seem to contribute to the rise of the viscosity, the plateau modulus,
and the longest relaxation time.

The synergistic enhancement of N, Go and t values is observed
at the conditions when the volumes of both microphases are rather
close to each other (Fig. 3¢). Most probably, such conditions pro-
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Fig. 7. (a,b) Zero-shear viscosity no (a) and plateau modulus Gy (in the absence of polymer the value of G’ at ® = 120 rad/s was taken) (b) as a function of PVA concentration
for cross-linked #PVA/potassium oleate/CgTAB system (black circles) and its components: #PVA network (grey circles) and potassium oleate/CsTAB solution (dashed line) at
20 °C. Concentrations: 2.5 wt% potassium oleate, 0.8 wt% CsTAB, molar fraction of borate with respect to PVA repeat units p = 0.02. (c,d) Zero-shear viscosity N (c) and plateau
modulus Go (d) as a function of the total surfactant concentration for cross-linked #PVA/potassium oleate/CsTAB system (black circles) and its components: #PVA network
(dashed line) and potassium oleate/CgTAB solution (red circles) at 20 °C. Concentrations: 4 wt% PVA, molar fraction of borate with respect to PVA repeat units p = 0.02, molar

ratio [CgTAB]/[potassium oleate] = 0.4.

vide the formation of bicontinuous microphase separated struc-
ture, so that each of the components can spread in the whole vol-
ume of the system. When the amount of one of the components
becomes predominant, the synergistic effect vanishes (Fig. 7).
Note that the cross-linker represents a low-molecular-weight
salt, which can enhance the viscosity by inducing the growth of
WLM s in length. To estimate this effect, we compared the rheolog-
ical data for potassium oleate/CgTAB surfactant solution in the
absence and in the presence of 0.72 mM sodium borate, which cor-
responds to the concentration of free borate (according to ''B NMR
data) in 4 wt% PVA with molar fraction of cross-linker equal to
0.02. It was shown that this amount of sodium borate only slightly
affects the rheological curves. For instance, the zero-shear viscosity
increases by 1.5-fold, whereas #PVA cross-linked with borate
induces an increase of the viscosity by more than three orders of
magnitude (Fig. 6a). Therefore, the effect of borate alone is very
small in comparison with the effect of #PVA cross-linked by borate.
A pronounced increase of the viscosity, the plateau modulus
and the longest relaxation time is observed even at the addition
of rather low amount of PVA (2 wt%) when the mean PVA concen-
tration in the system is below C*pya (C*pya = 3.2 Wt%). This is one

more indication of the local concentrating of PVA as a result of
microphase separation that promotes PVA cross-linking. Indeed,
according to SANS data in #PVA/surfactants systems with 2 wt%
PVA the effective local concentration of polymer is equal to
4.8 wt% that is higher than the gelation concentration reported
for pure PVA (4 wt% [53]).

Thus, at polymer concentrations from 2 to 4.5 wt% a huge syn-
ergistic enhancement of viscosity, plateau modulus and longest
relaxation time compared to cross-linked polymer and surfactants
alone is observed. It can be attributed to local concentrating of the
components in each of the microphases and the spreading of the
continuous microphases through the whole volume of the system.

3.5.3. Effect of cross-linker concentration

Fig. 8 shows the effect of cross-linking density on the rheologi-
cal data (at constant concentrations of polymer and surfactants). It
is seen that the viscosity and the plateau modulus increase with
increasing content of cross-linker, which is expected. At the same
time, the cross-linker does not appreciably affect the frequency
of the intersection of G’ and G, i.e. the longest relaxation time T.
One can suggest that the longest relaxation time is determined



0.1 e-eeee, a)
10000 4 e, .
0.02 a-aa,, .,
Ay .,
1000 fa, e, 4
» 0 mma fa, %
© . ‘. A\k .,
& 1004 \.\_\. “ o\.\. ]
e "u A\A\ *e
= 104 e A‘\ K 4
. A
h
. A,
14 L, ]
| |
01 T T T T T T
10° 10 10" 10° 10 10> 10°
Frequency o, 1/s
Molar fraction of cross-linker, mol%
0.01 0.1
. #PVA/surfactant C)
o 1074 i
©
o
5—9 0.3
Py
) )
Q
@
2 #PVA
z 4
[4y]
o 3
s 1071 ® B
o
()
N
T x T
10 100

Concentration of cross-linker, mM

Fig. 8. (a,b) Frequency dependencies of the modulus of complex viscosity |n*|

LR FLAE L ] B L BE L AL ] LB 0 L ] 4 ""'OI.1' LB b
b) prs ._.,.,..._...,.4.....
o-®
1000 4 ol 4
go8oo. -0-0 0.02
o i ‘AAAAAAQQ\AAAAAAA
& 1004 Aony, ©-0-0.000
- % NN
= g’ S 0 A
Q ~ X g AR
o 104 ré " .
/ DE,DBDDDDDDDDDDDDDD
-’
14 /" .
| |
T T T T T
10° 107 10" 10° 10’ 10° 10°
Frequency o, 1/s
Molar fraction of cross-linker, mol%
0.01 0.1
T T
d)
1000 4 e
©
o
OD
100 e

10 100
Concentration of cross-linker, mM

(a) and of the storage G’ and loss G” moduli (b) for #PVA [potassium oleate/CgTAB system with

increasing molar fraction of cross-linker (potassium borate) with respect to PVA repeat units: 0 (squares), 0.02 (triangles) and 0.10 (circles) at 20 °C. (c,d) Log-log
dependencies of zero-shear viscosity (c) and plateau modulus (d) on the concentration of cross-linker (potassium borate) and the fraction of borate ions with respect to PVA

repeat units. Concentrations: 2.5 wt% potassium oleate, 0.8 wt% CsTAB, 4 wt% PVA.

mainly by the relaxation of WLMs in the mixed PVA/surfactant sys-
tem and is almost independent of the dynamic cross-links between
polymer chains.

Fig. 8c,d shows the variation of the zero-shear viscosity 1o and
plateau modulus Go with the concentration of added cross-linker
C,: at fixed polymer concentration close to C*pya. At these condi-
tions, no PVA chain entanglements are expected since the entan-
glement concentration C. is usually 5-10 times higher than C*
[77]. From Fig. 8c,d it is seen that at very low molar fraction of
the cross-linker (0.01-0.015) ng ~ C%* and Gy ~ C%2, whereas at
higher molar fraction of the cross-linker (0.015-0.10) the increase
of the zero-shear viscosity and plateau modulus is less pro-
nounced: Mo ~ C%* and Gy ~ C22. Initial strong increase of Mg
and Gy with borate concentration can be due to both cross-
linking and chain expansion of PVA because of repulsive interac-
tions between the bound borate ions. At higher borate concentra-
tion, when the PVA chains become strongly charged, the increase
of 1o and Gy becomes less pronounced. It can be due to the lower-
ing of the fraction of boron species participating in the cross-links,
since cross-link formation requires the interaction of two strongly
charged polyanionic chains, which repel each other. This sugges-
tion is consistent with ''B NMR data (Figure S3b), which show that
the fraction of free boron augments considerably upon increasing
the concentration of potassium borate. Similar two different slopes
are observed (Fig. 8c,d) on the concentration dependences of Mg
and G for #PVA (without surfactants). But in this case, the transi-
tion to low-sloped line is shifted to higher molar fraction of the

cross-linker (from 0.015 to 0.035). Therefore, in the absence of sur-
factant, the strong repulsion is observed at higher charge density
produced by bound borate ions. It may count in favor of our sug-
gestion about microphase separation in the presence of surfac-
tants, which leads to local concentrating of polymer chains, so
that in fact the charge density in polymer-rich domains is higher
than that estimated under assumption that polymer occupies the
whole volume of the system.

Note that at high borate concentration, the plateau modulus
scales as Go ~ C%’-%% both in the absence and in the presence of
the surfactants, whereas according to the theory of elasticity of
polymer networks [78-80], the plateau modulus of the gels should
scale with the concentration of cross-linker as Gy ~ CZ;, since

G ~ VRT )

where v is the concentration of elastically active subchains, R is the
molar gas constant. Smaller exponent could be due to two reasons:
(i) lowering fraction of borate ions participating in cross-links,
which is clearly seen on ''B NMR data (Figure S3b), and (ii) forma-
tion of some loops, which do not contribute to the elasticity.
Figure S7 allows estimating the effect of cross-linking by com-
paring cross-linked and uncross-linked PVA/surfactant systems. It
is seen that in both systems, the viscosity and the plateau modulus
increase with PVA concentration, but in the cross-linked system
the effect of polymer is much more significant. Figure S7d summa-
rizes the influence of polymer cross-linking on different rheological
properties (1o, Go, and the longest relaxation time t). One can see



that the most pronounced effect of cross-linker is observed on the
plateau modulus. As compared to the uncross-linked system, the
cross-linking provides a 74-fold increase of the plateau modulus
Go and a 32-fold increase of the viscosity 1o, but almost does not
affect the longest relaxation time.

Note that mixing of PVA and WLMs in the absence of cross-
linker leads to very small (2-fold) increase of plateau modulus (Fig-
ure S7b). Therefore, most of the effect on the plateau modulus is
due to cross-linking of polymer chains. From the difference in Gg
values for cross-linked and uncross-linked systems, it is possible
to estimate the number of new elastically active chains caused
by PVA cross-linking by potassium borate. For example, at 4 wt%
PVA and 0.018 M potassium borate this difference is equal to
530 Pa, which corresponds to 2.2x10™* M elastically active chains
according to eq.(2). At the same time, the amount of added
cross-linker (0.018 M borate) provides 4.9x10> M P-B-P links,
according to ''B NMR data (Fig. 1d). If all of them form intermolec-
ular cross-links, it would correspond to 9.8x10> M elastically
active chains, since 1 cross-link gives 2 elastically active chains.
However, the actual number of new elastically active chains pro-
vided by borate is only 2.2x10* M that is 2.2% of all P-B-P links.
It may be due to small number of interpolymer contacts in unen-
tangled regime. Therefore, ''B NMR data allow estimating the total
number of P-B-P contacts including intra- and intermolecular ones.
But the combination with rheological data gives the possibility to
determine the fraction of intermolecular contacts contributing to
elasticity. Note that in the corresponding system without surfac-
tants the percent of intermolecular cross-links contributing to elas-
ticity (Go = 78 Pa) is much lower — 0.3% . Therefore, at these
conditions the intermolecular cross-linking in #PVA/surfactant is
more efficient than in #PVA alone. As was discussed above, it
may be due to microphase separation leading to local concentrat-
ing of PVA chains trying to escape from the area occupied by
WLMs.

The fact that the cross-linker does not affect the longest relax-
ation time t (Figure S7c¢,d) suggests that this time is governed
mainly by WLMs. However, the t value for #PVA/surfactants sys-
tem is much higher than for pure surfactants (Fig. 6b). Most prob-
ably it is due to larger concentration of surfactants in the
surfactant-rich domains, which makes the WLMs longer and
enhance their interlacing. These long WLM chains being much lar-
ger objects than the PVA macromolecules are responsible for the
longest relaxation time.

As a result, in the #PVA/surfactants system, the cross-linked
polymer seems to give the main input to enhanced elastic proper-
ties providing higher plateau modulus Gy, whereas the WLMs
mainly contribute to large values of the longest relaxation time.

3.5.4. Effect of surfactant concentration

Let us examine the effect of the surfactant concentration on the
rheological data. From Fig. 7c one can see that in potassium oleate/
CsTAB system (without polymer) a pronounced increase of the
zero-shear viscosity occurs abruptly at ca. 2 wt% of surfactants,
which corresponds to the overlap concentration C*ypy of the
WLMs formed by the surfactant mixture under study.

In the presence of polymer, the increase of viscosity N, the pla-
teau modulus Go and the longest relaxation time t is observed
(Fig. 7d and S6b) already at surfactant concentrations well below
C*wim (0.5-1.5 wt%), when the micelles are short rod-like (in the
absence of polymer). Once again it indicates to the microphase sep-
aration leading to local concentrating of PVA and WLMs providing
larger number of polymer-polymer contacts for cross-linking in
the polymer-rich microdomains as well as the increase of the
length of the micelles and the number of entanglements between
them in the surfactant-rich microdomains.

Thus, mixing of #PVA with WLMs of surfactant induces a huge
increase of viscosity, plateau modulus and longest relaxation time
resulting from the local concentrating of the components in contin-
uous microphases spreading though the whole volume of the sys-
tem. Most probably, the cross-linked polymer is mainly
responsible for enhanced elastic properties, whereas the WLMs
mainly contribute to large values of longest relaxation time. At
the same time, both components give their input in the increased
values of zero-shear viscosity.

4. Conclusions

In this work, we prepared and studied a new type of double
dynamic hydrogels based on a combination of highly charged
WLMs and a non-ionic polymer PVA dynamically cross-linked by
borate ions. Very long, entangled WLMs were formed by mixing
CgTAB with excess of potassium oleate at a molar ratio [CgTAB]/
[potassium oleate] = 0.4. Our starting hypothesis was that polymer
and surfactants will form two independent networks interlaced
into a bicontinuous structure as a result of the segregation
between PVA-rich and surfactant-rich microdomains. Such mix-
tures are expected to be macroscopically homogeneous due to
the presence of WLMs counterions which move in the total volume
of the solution in order to gain in the translational entropy. Finally,
the dynamic cross-linking of PVA by borate ions was expected to
enhance considerably the rheological properties of these mixed
systems.

By using NMR spectroscopy, we found that PVA does not impact
the local structure of WLMs ('H NMR) while the surfactant concen-
tration does not influence appreciably the fraction of borate cross-
links in the PVA microdomains (''B NMR). A strong synergistic
enhancement in rheological properties (zero shear viscosity, pla-
teau modulus and longest relaxation time), as compared to cross-
linked polymer and surfactants alone, was observed for PVA con-
centrations between 2 and 4.5%, i.e., close to the C*. The enhance-
ment in rheological properties can be one to two orders of
magnitude higher than in the corresponding uncross-linked PVA/
potassium oleate/CgTAB system [23] without losing a dynamic
character of the networks.

The combination of SANS and USANS allowed the characteriza-
tion of microstructure over 3 orders of magnitude in size (1 nm to
1 um) and confirmed the microphase separation in PVA-rich and
WLMs-rich domains. The microdomains were visualized by cryo-
TEM. The strongest enhancement in rheological properties was
observed when the volumes of both microphases are rather close
to each other providing the conditions for the formation of bicon-
tinuous microphase separated structure, so that each of the com-
ponents can spread in the whole volume of the system. When
the amount of one of the components becomes predominant, the
synergistic effect vanishes.

This new kind of soft hydrogel materials, composed of two
microphase separated networks, one consisting of dynamically
cross-linked polymer chains and the other of entangled wormlike
surfactant micelles, differs significantly from previously reported
interacting polymer/surfactant systems. In the later, the increase
in viscoelastic properties was achieved by association between
the polymer and the WLMs either via electrostatic attraction (op-
positely charged polymer and WLMs [15,19,20]) or via hydropho-
bic interaction (WLMs with polymers bearing hydrophobic side
[12,13] or end groups [16,17]). In both cases the fraction of poly-
mer groups interacting with WLMs has to be finely tuned and
remain low just to ensure bridging between WLMs without induc-
ing their destruction. On the other hand, because of their bicontin-
uous structure, our double dynamic hydrogels can be considered



conceptually similar to bicontinuous nanoparticle gels obtained by
binary solvent segregation [61,62].

Dynamic character of the cross-links in the first network and
non-covalent chains of the second network should provide to the
hydrogel a responsiveness to external triggers and the self-
healing ability. In particular, heating is expected to shorten the
micellar chains and to disrupt partially the borate cross-links,
which will be able to tune the viscoelastic properties when neces-
sary. Further work is being carried out in our groups to explore the
applicability of the double dynamic network concept to other poly-
mer/surfactant systems [81] and evaluate their responsiveness to
external stimuli and the self-healing behavior as well as the factors
controlling them.
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