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Summary: Based on specific interactions taking place between poly(N,N-dimethyl-
acrylamide) [PDMA] and silica nanoparticles, two strategies were used to improve the
viscoelastic properties of aqueous formulations. First, PDMA oligomers were grafted
onto a non-adsorbing poly(acrylamide-co-sodium acrylate) backbone. With this
architecture, the binding process of PDMA side-chains with silica nanoparticles was
shown to proceed very similarly to free PDMA chains and to promote the formation of
hybrid physical networks. The viscoelastic properties of these systems are controlled by
the concentration of inorganic cross-links and the fraction of adsorbing grafts involved
in the formation of bridges between particles. An optimum weight ratio between silica
and grafts was found for the viscoelastic properties, in agreement with the saturation
of silica beads by the PDMA precursor. While the homogeneous formation of such
hybrid assemblies remains limited to mixtures involving low polymer concentrations
(< 2wt%), we show that homogeneous hybrid networks can be readily prepared by
direct polymerization of DMA monomer (> 5wt%), with or without chemical cross-
linker, in a suspension of silica nanoparticles. In this case, the specific interactions
taking place between the silica filler and the whole polymer network give rise to a very
unusual combination of properties where elasticity, dissipation, strength and strain at
failure are enhanced simultaneously. While the intrinsic structure of the network can
be controlled by the level of chemical cross-linking, physical interactions dominate the
dissipation process with a dramatic time dependence of the mechanical properties.
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Introduction

Aqueous-based polymer formulations with
high viscoelastic and self-healing properties
at moderate concentrations find important
applications in a wide range of domains
like cosmetics, paints and drilling fluids.”'~
In most cases, enhanced properties are
obtained through the formation of transient
networks in complex systems involving
macromolecular self-assemblies. In water,
hydrophobic interactions play a major
role and alkyl, perfluoroalkyl, aromatic or
polyacrylate stickers have been widely used
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to develop water-soluble associating poly-
mers.[*'7I The synthesis of hydrophobically
modified graft or telechelic architectures,
together with their self-assembling proper-
ties in semi-dilute aqueous solutions, have
been extensively studied on both theoreti-
cal and experimental points of view and
some of these polymers have known
successful developments like Hydrophobic
Ethoxylated URethane (HEUR) and
Hydrophobically modified Alkali Swellable
Emulsions (HASE). In aqueous media,
the spectrum of interactions is very broad
and electrostatic complexation or hydrogen
bonding can also be considered as driving
forces for self-association. Such assemblies
can involve macromolecular species (like
polymer complexes), polymer and small
molecules or ions (like poly(vinyl alcohol)/

wileyonlinelibrary.com



Macromol. Symp. 2014, 337, 58-73

borax or calcium alginates), or polymer and
colloids.!"®2!l For instance, taking advan-
tage of the adsorption of some polymers
with silica surfaces in aqueous environment,
we have shown that homogeneous physical
networks could be obtained by simply
mixing silica nanoparticles with a non-
interacting polymer grafted with adsorbing
grafts.?22*1 A schematic picture of such
hybrid assembly is given in Figure 1 in
the case of poly(V,N-dimethylacrylamide)
[PDMA].

While self-assembly has been widely
studied in liquid formulations during at
least the last 3 decades, it is only during the
last 10 years that this knowledge has been
transposed to covalent hydrogels. Indeed,
while these soft materials are used in many
bio-applications[zs’zsl such as superabsor-
bants, contact lenses, bio-sensors for en-
capsulation and drug delivery systems,
scaffolds for tissue engineering, they are
intrinsically brittle and the reinforcement of
their mechanical behavior remains a critical
issue. For that purpose, several strategies
have been considered using improved
architectures like double networks,[29]
slide-ring gels,[30] topological gelsml but a
very versatile method consists in introduc-
ing dissipation process in the covalent
network playing with the same physical
interactions as reported with associating
polymers. This is the case for instance with
hydrophobically modified hydrogels which
show a steep increase of dissipation pro-
cesses, due to the deformation of hydro-
phobic associations under stress, with a
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Figure 1.
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large increase of their limit extensibility
and resistance to crack propagation.*?=*
There are other examples of successful
development of tough hydrogels, coupling
covalent bonds and weak interactions, but
one cannot miss the work of Haraguchi
and co-workers®>% who developed highly
extensible nano-composite gels (NC gels)
by polymerizing N-alkylacrylamide mono-
mers in the presence of exfoliated clay
platelets. These NC gels showed very high
stiffness and deformability (until 1000%)
that can be tuned with their formulation.

In a similar way, we have modified our
initial strategy based on the formulation
of hybrid assemblies by polymerizing the
adsorbing monomer (DMA) directly in the
silica suspension®”! (see Figure 1). A small
amount of chemical cross-linker can be
added in order to fix the 3D topology and
the mechanical properties of the material,
tuning the system from a viscoelastic liquid
to a viscoelastic solid.**]

In the present paper, we aim at review-
ing and comparing the two strategies that
we developed to design hybrid assemblies
based on PDMA/silica interactions. Using
the same silica nanoparticles, we will show
that the mixing procedure that involves
putting together the graft copolymer and
the particles is an efficient strategy as long
as we work at low polymer concentration.
The viscoelastic properties of hybrid for-
mulations dramatically increase with the
amount of inorganic crosslinkers and opti-
mal properties are reached around the
plateau value of the adsorption isotherm.

~°

From left to right, schematic representation in aqueous media of 1) PDMA chain adsorbed on a silica
nanoparticle, 2) formation of hybrid assemblies between silica particles and PDMA side-chains grafted onto
a non-adsorbing copolymer backbone, and 3) hybrid hydrogel with silica beads embedded into a covalently
cross-linked PDMA network.
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By comparison, the formation of hybrid
hydrogels by copolymerizing DMA within
the particle suspension is more suitable to
prepare homogeneous formulations in a
wide range of composition. In this case,
we will show that the elastic properties,
together with the dissipation process, can
be tuned independently playing with the
amount of chemical cross-linker and silica
particles, respectively.

Experimental Part

Materials

N,N-dimethylacrylamide (DMA, 99%,
Aldrich), potassium persulfate (KPS, Acros
Organics), N,N,N',N'-tetramethylethylene-
diamine (TEMED, 99.5%, Sigma Aldrich)
and N,N'-methylenebisacrylamide (MBA,
Fluka) were used as received without further
purification. The graft copolymer poly(acryl-
amide-co-sodium  acrylate)-g-poly(N,N-di-
methylacrylamide) [PAMH-g-PDMA] has
been obtained by coupling amino-PDMA
telomer with carboxylic groups of the PAMH
backbone as already reported in a previous
paper.[24] The copolymer backbone, contain-
ing 70 mol% of acrylamide and 30 mol% of
sodium acrylate, is characterised by a number
average degree of polymerization DP, =840
(B =2.4). The weight percentage of PDMA
grafts (DP, =113 and D = 2) in the whole
copolymer is 70 wt%, corresponding to an
average number of 14 grafts per copolymer
chain (1.6 graft/100 monomer units).

Two different batches of silica nano-
particles (Ludox TM50 from Dupont) were
used in this work. In the case of hybrid
formulations prepared by mixing graft
copolymers and inorganic material, the
silica suspension was purified by continuous
ultrafiltration with water at pH=_8 (mem-
brane cut-off =10 kD). Fresh and stable
suspensions of negatively charged particles
were obtained at concentrations between
25 and 160 g/L (pH =38). The characteriza-
tion of silica particles by small angle
neutron scattering (SANS), gave a mean
radius Ry =150 A with low polydispersity.
The corresponding specific area was taken
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as Sype = (3/psiR) =87 mz.g_l considering a
specific weight pg; =2.3 g.mL . In the case
of hybrid hydrogels, prepared by radical
polymerization of DMA in the presence of
silica suspension, the latter was used as
received (52wt% and pH=9) without
further purification in order to reach higher
amounts of particles in the final formula-
tion. The characterization of this silica
suspension by SANS and SEM gives,
respectively, a mean radius Ry = 135-140 A.

Preparation of Hybrid Assemblies

Hybrid formulations were prepared by
mixing silica suspension with the copolymer
solution initially equilibrated at pH=S_.
Due to the strong interactions taking place
between copolymer chains and silica par-
ticles, the mixtures were kept under gentle
stirring for 10 days and then at rest during
3 additional days before experiments. In
these conditions, the viscoelastic properties
were reproducible for all the mixtures
studied up to C,=20 gL C; varying
between 0 and 90 g-L™".

Preparation of Hydrogels

Hydrogels were prepared in a glove box at
25°C by free-radical polymerization (under
nitrogen atmosphere) of DMA and MBA
in an aqueous suspension of silica nano-
particles using KPS and TEMED as redox
initiatiors.®”) The gelation process takes
place into home-made moulds consisting
of two covered glass plates (Ly=690 mm,
wo=40mm) spaced by a stainless steel
spacer of 2mm thick (zy). After 24 hours,
hydrogels were removed from the mould
and immediately characterized, or stored
into paraffine oil to prevent samples from
drying before analysis. For all the syntheses,
the molar ratio (DMA)/(KPS)/(TEMED)
was set equal to 100/1/1 while the relative
amounts of DMA, MBA, silica and water
were varied keeping constant the weight
ratio Polymer/Water (PW). The nomencla-
ture of hydrogels is SPx_PWy_Rz; with
S for Silica, P for Polymer, W for Water
and R for the level of crosslinking. x is the
weight ratio between silica and polymer
(varying between 0 and 5), y is the weight
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ratio between polymer and water (equal
to 0.14) and z is the MBA/DMA molar
percentage with z=0, 0.1 and 1 mol%.

Adsorption Measurements

Different series of polymer/silica mixtures
(pH =8) were prepared in centrifuge vials
by introducing increasing amounts of
PDMA into a silica suspension of fixed
concentration (Cs;=5g'L™"). The samples
were stored under gentle stirring during
72 hours and the silica material was settled
down by centrifugation at 25000g during
12 hours at T=20°C. The supernatant was
recovered and submitted once again to the
same centrifugation procedure. The total
concentration of free polymer chains in the
supernatant (C}) was determined by titra-
tion of the Total Organic Carbon using a
TOC Carbon Analyser DC-80 (Tekmar
Dohrmann). The same experimental pro-
cedure was used for each polymer concen-
tration and two measurements were made
each time.

Swelling Measurements

For each sample, small pieces of hydrogel
in the preparation state were initially cut,
weighted and then placed at room tempera-
ture into a glass container with a large excess
of solvent (lithium nitrate 0.5 mol-L™"). The
solution was changed every day during
10 days and the gels swollen at equilibrium
were finally weighted. The equilibrium
swelling ratio (Q,) of the hydrogels in
salted environment were calculated as the
volume ratio between the hydrated polymer
(polymer + solvent) and the dried polymer;
the silica being not considered in the
calculation.

Rheology

Viscoelastic properties of aqueous copoly-
mer solutions, without or with added silica
particles (0-90g-L 1), were carried out at
20°C on a controlled stress rheometer
(Haake RS150) using a cone/plate geome-
try. In order to explore a wide range of
viscoelastic properties, the experimental
conditions were fixed, after a first investiga-
tion within the linear domain, at 0 =1-5Pa
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and constant frequency (freq=1Hz). In
these conditions, storage (G’) and loss (G”)
moduli as well as complex viscosity ()
were determined. Complementary experi-
ments were also performed by scanning the
frequency in the linear domain.

Mechanical Testing

Tensile tests were performed with hybrid
hydrogels on a standard tensile Instron
machine, model 5565. The device used a
10N load cell and a video extensometer
which follows the local displacement up to
120mm. The sample dimensions were
Ly=25-30mm, wy=5mm and ¢y =2mm.
Gel samples were placed in home-made
screw side action grips and marked by two
white dots for monitoring with the video
extensometer. Strain was obtained from
the optical extensometer and defined as the
ratio (I-ly)/lp, where [ and [, are respectively
the length during stretching and the initial
distance between dots. The nominal stress
was calculated from the tensile force
divided by the initial cross section area
(5 x2 mm?®). Monotonic tensile tests and
loading-unloading cycles were carried out
at room temperature at a nominal strain
rate ¢=0.06 s~! (around 100 mm/min) in
order to characterize the modulus and the
dissipated strain energy (hysteresis). Load-
ing-unloading cycles were applied from 0 to
a maximal nominal strain (g=0.1) at a
constant strain rate.

Small Angle Neutron Scattering (SANS)

SANS experiments were performed at
Laboratoire Léon Brillouin (CEA-Saclay,
France) with spectrometer PACE dedicat-
ed to isotropic analyses. Contrast matching
experiments were carried out with hybrid
hydrogels initially prepared with a H,O/
D,0 volume ratio of 0.78/0.21 that matches
the contribution of the organic matrix:
ps = prpma=0.9410"° A~% p, and pppua
being the scattering length densities of the
solvent and PDMA, respectively. From
hydrogel plates in their preparation state,
discs (diameter d=14mm and thickness
t=1 or 2mm) were cut with a cylindrical
punch and placed between two quartz slides
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hermetically sealed for SANS analyses.
Absolute scattering intensities (I(q)
em ' or 1078 A1), obtained from the
standard procedures, were normalized as
follows:

272

Leor(q) = 0 I(q) = P(q)-S(q) 1)
exp

with Q.., = [o~ ¢°1(q)dq the experimental

invariant, P(q) the form factor of the
particles and S(q) their structure factor.
Two experimental configurations were
used, keeping constant the sample-to-de-
tector distance D =4.7m and changing the
wavelength of the incident neutron beam
from A =12 to 4.5 A. The corresponding
values of the scattering vector modulus are
ranging between 0.0034 and 0.098 A~

Results and Discussion

Hybrid Assemblies

Adsorption Behaviour of PDMA Chains with
Silica Surfaces

As previously mentioned, the adsorption
experiments of PDMA on silica beads were
carried out during 3 days in order to let
enough time for adsorption and reorgan-
isation of chains on the particles. The
amount of adsorbed polymer on silica
surfaces (I' in mg'm~?) is plotted against
the equilibrium polymer concentration C5
in Figure 2.

The isotherm clearly evidences that
PDMA chains readily interact with silica,
with a strong adsorption regime at low
coverage of the particles; the adsorbed
amount of polymer increasing sharply for
'<0.7mgm~2. As previously reported,*!
this first regime corresponds to the adsorp-
tion of PDMA chains in a flat conformation
(high proportion of trains compared to loops
and tails) with a maximum of monomer units
interacting directly with the surface. This
regime is followed by a weaker interaction
domain (I"> 0.7 mg:m~?) where the adsorp-
tion of polymer chains involves a decreasing
fraction of trains with the formation of larger
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Figure 2.

Adsorption isotherm of PDMA () on silica particles at
T=120°C. The solid line is the theoretical fit obtained
from the Langmuir isotherm: '™ = I", .\ (1+K'C, "),
with I}yec=1mg-m~ > the maximum amount adsorbed
and K=30Lg ' the Langmuir equilibrium constant.

loops and tails. This regime finally reaches a
plateau value at I},,,,221 mg-m 2 that rough-
ly corresponds to the saturation of particles
with a weight ratio between silica and
PDMA: (SP)y = 11-12. The high adsorption
constant (K=30L-g™'), obtained from
the Langmuir isotherm model applied in
the high coverage regime (Figure 2), can be
correlated to the strong binding energy
of PDMA with silica surfaces. It can be
noticed that contrary to polyacrylamide
that has almost no affinity for silical*’!
(the adsorbed amount being very low), the
strong adsorption of PDMA originates from
the coupling between carbonyl/silanol hy-
drogen bonding and hydrophobic interac-
tions between methyl groups and silica
surface.[*'*?l From a general point of view,
this behaviour that is classically observed
with poly(N-alkylacrylamide) derivatives
is widely used in the field of capillary
electrophoresis to suppress the electro-
osmotic flow in fused silica capillaries.

Hybrid Assemblies between

PAMH-g-PDMA and Silica Nanoparticles

The viscoelastic properties of ternary
hybrid mixtures “PAMH-g-PDMA /silica/
H,O” were studied at T=20°C for a
large range of silica and copolymer con-
centrations. Starting initially with binary
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systems of very low viscosity, either co-
polymer solutions or silica suspensions, a
huge increase of viscoelasticity is observed
when organic and inorganic materials are
mixed together. By comparison, the addi-
tion of silica particles into a solution of
the polymer backbone (PAMH) does not
show any significant modification of the
rheological behaviour. From SANS experi-
ments, it was shown that the structure
factor of silica particles remains practically
unchanged in the presence of copolymer,
indicating that the particles remain stable
and well dispersed even when hybrid
assemblies are formed. For a set of
formulations, prepared at a fixed copolymer
concentration (Cp:20g.L71), the visco-
elastic behaviour shown in Figure 3 clearly
highlights the formation of a percolating
network with silica particles interconnect-
ing graft copolymer chains.

At low concentration of added silica
particles (Cs;<20g.L™"), the number of
inorganic junctions between polymer chains
remains too low to reach the percolation
threshold and the solution behaves mainly

as a viscous liquid with isolated clusters. In
the range Cg;=18-20g-L™", where G’ and
G" cross each other, the hybrid formulation
reaches the gel point (C$Y).

This conclusion is also supported by
the fact that in these conditions G’ and G”
also follow the same frequency depen-
dence.?**1 At higher silica concentrations,
the hybrid mixtures mainly behave as
chemical gels with very weak frequency
dependence of dynamic moduli and no
relaxation process in the range of observa-
tion (t=1072 to 10s). This result is consis-
tent with the high binding energy between
PDMA side-chains and silica surfaces; the
life time of physical associations being
out of scale in our experiments. In these
conditions, hybrid assemblies can be con-
sidered as frozen, as in the case of covalent
networks, and the elastic modulus (G’) can
be used to determine the concentration of
elastically active chains (v) from G'=RTv
assuming that the contribution of chain
entanglements remains negligible at this
polymer concentration. Then taking into
account the number of silica particles (n) in
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Figure 3.

Influence of silica concentration on viscoelastic properties {G' (@) and G” (O)} of PAMH-g-PDMA aqueous
solutions (C,=20g-L™", freqq=1Hz and T=20°C). The weight ratio between silica and PDMA (SP) is also

given on top x-axis.
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the mixture, the average elastic functionali-
ty of particles (f=2wn) can be calculated
considering that the formation of one elastic
bridge involves two particles (Table 1). In
these conditions, where all the formulations
were prepared with an excess of PDMA
side-chains with respect to silica (SP < 12),
the average functionality of particles always
increases with silica concentration.

As shown in previous papers,*>?*! the
formation of hybrid assemblies follows
fairly well the percolation theory and their
formation can be seen as the percolation of
macromolecular chains through inorganic
cross-linkers or, conversely, as the percola-
tion of inorganic clusters through macro-
molecular connectors. Taking into account
the concentration of inorganic cross-linkers
as the main variable, we can see in Table 2,
that the silica concentration threshold (C%)
decreases with decreasing copolymer con-
centration. Nevertheless, if we consider that
the formation of an elastic chain requires
that two PDMA side-chains, belonging to
the same backbone, have to bridge two
different particles, there is obviously a
critical silica concentration below which
the system cannot percolate: the extended
polyelectrolyte chain being too small to

Table 1.

Elastic modulus (G') and average elastic
functionality of particles (f) as a function of silica
concentration (C,=20g:L7").

Csi (gL Sp G (pa) f
30 21 9 5
40 2.9 36 14
50 3.6 68 22
70 5 152 34
90 6.4 291 52
Table 2.

Silica concentration threshold (C2) for the sol/gel
transition in ternary hybrid mixtures: PAMH-g-
PDMA/silica/H,0.

G (L) & (&L
20 18

10 12,5

75 10

5 8
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connect the particles. From a simple
calculation based on the dimension of the
copolymer chain, this critical silica concen-
tration is expected at (C§*) . ~6g-L ">

Using the whole series of viscoelastic
data, obtained from various concentrations
of copolymer and silica nanoparticles, the
variation of the elastic modulus versus the
copolymer concentration has been plotted
in Figure 4a. Interestingly, one can notice
that 1) for a fixed silica concentration the
elastic modulus reaches a maximum at a
given copolymer concentration and 2) this
maximum is shifted towards lower copoly-
mer concentration for lower silica content.
At first, these results could appear quite
confusing as working at a fixed silica
concentration, let’s take 15 g.L’1 for in-
stance, the elastic modulus decreases
50 times when the polymer concentration
increases 10 times! Nevertheless, taking
into account the driving force of the self-
assembling process, i.e. the adsorption of
PDMA chains on silica particles, it appears
that the weight ratio SP between these two
components (the level of particle coverage),
is really the key parameter to consider. As a
matter of fact, when the elastic modulus
is plotted versus the weight ratio SP
(Figure 4b), all the maxima of the curves
gather around the same value (SP=210) that
roughly corresponds to the saturation of
silica surfaces with PDMA chains.

Below this “stoichiometric ratio”, there
are less silica beads able to bridge copoly-
mer chains through PDMA stickers and
the viscoelastic properties progressively fall
down. In the middle range (SP = (SP)o),
close to the saturation of silica surfaces by
PDMA stickers, all the conditions are put
together to get the maximum number of
connections between silica surfaces and
PDMA stickers. On the other hand, with an
excess of silica particles (SP > (SP)) there
will be less polymer chains available to
percolate the inorganic beads and the
hydrogel will progressively become weaker,
eventually with the formation of isolated
aggregates. This feature is somewhere
similar to the case of hydrophobically
modified polymer solutions prepared with
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Variation of the elastic modulus (G') versus a) the copolymer concentration (C,) and b) the weight ratio
silica/PDMA (SP) for various series of silica concentrations: 15 (@), 20 (O), 30 (H), 50 ((J) and 90g-L™" (A).

added surfactant,[44] where the role of silica
beads is played by the surfactant micelles
which are able to bind hydrophobic stickers
from different copolymer chains.

The formation of hybrid assemblies can
be discussed further by using the schematic
picture given in Figure 5. For SP > (SP),,
one can assume that part of PDMA side-
chains self-associate with silica surfaces
forming loops and bridges, while others
still behave as pendant chains. The pro-
portion of these pendant chains increases
with increasing amount of copolymer
above (SP),. From the point of view of

120

100

80

60

f=2v/n

40}

20 +

Figure 5.

Variation of the average elastic functionality of
particles (f) versus the concentration of particles for
hybrid formulations corresponding to SP=(SP), or
Csi= (SP)o-Croma- The dotted part of the copolymer
chain illustrates the formation of an elastic bridge
between two particles.
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viscoelasticic properties, only inter-particle
bridges formed between two adsorbed side-
chains belonging to the same backbone will
contribute to the elasticity of the network
(elastically active chains).

As we can see in Figure 5, the average
elastic functionality of particles is propor-
tional to the amount of added particles
and polymer up to Cs;=50g-L L. In these
conditions the increase of the “elastic
functionality” of silica particles mainly
comes from the transformation of loops
into bridges with increasing silica and
polymer concentrations; SP being fixed
in that case to (SP)y. Interestingly, one
can extrapolate the absence of elastic
properties for silica and polymer concen-
trations below 10 and 1 g-L ™", respectively,
in good agreement with the calculated
value based on geometrical considerations
((ng)min =6g-L™"). The discrepancy ob-
served at Cg; =90 g-L ™! could be attributed
to the increasing difficulty to form homo-
geneous networks in the equilibrium state
at such high particle concentration. More-
over, if we consider that each particle is
able to bind a maximum of 150 PDMA
side-chains (based on I}, = 1 mg/m?), and
that each PDMA sticker can participate to
0, 1 or 2 elastically active chains, we can
see that the average elastic functionality of
particles plotted in Figure 5 are quite high
for Cg; = 50-90 g.Lf1 (f~100); the maximum
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being expected around f,,,, =~ 2x 150 ~
300. According to this simple picture, it is
reasonable to assume that such a high ideal
connectivity cannot be reached easily for
steric and entropic reasons and that the so-
called average functionality of particles
should level off well below f,,4.

Finally, the self-assembling behaviour
of hybrid formulations is summarized in
Figure 6 where the elastic modulus has been
replaced by the dynamic viscosity in order
to cover all the formulations, elastic or not.
Here, the complex viscosity of the ternary
mixtures, normalised by the viscosity of the
copolymer solution without added silica
(n*/ng), has been plotted in a 2D mapping
against copolymer and silica concentra-
tions. This representation clearly shows
the relative influence of organic and
inorganic materials on the self-assembling
behaviour of the ternary mixtures.

By adding a small amount of particles
into the copolymer solutions, the mixtures
rapidly turn from a liquid to a viscoelastic
gel and we can see on the left side of the
diagram that the sol/gel transition line fits

C, (L")

Cg (gL

Figure 6.

Projection of the complex viscosity of the ternary
mixtures, normalised by the viscosity of the
copolymer solution without added silica (n*/n}),
against copolymer and silica concentrations.?# The
white symbols give the limits of the sol/gel transition
reported in Table 2 and the white thick line indicates
the weight ratio of silica/PDMA obtained from the
plateau value of the adsorption isotherm.
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approximately with a 10-times increase
of the complex viscosity. The same holds
when a small amount of copolymer is
added into the silica suspension and the
mixtures rapidly become viscoelastic above
Cp:1g~L71. Moreover, if one compares
the rise of viscosity obtained by mixing the
graft copolymer with the silica nanopar-
ticles, there is a range of optimal formula-
tions that corresponds approximately to the
“stoichiometry” of the complex silica/
PDMA as determined from the adsorption
isotherm: (SP)y=12 (white line in Figure 6).
From this ternary diagram, one can extrap-
olate that hybrid assemblies with very
strong viscoelastic properties could be
obtained at higher polymer concentrations
following the same arguments but the
main problem comes from the difficulty to
prepare homogeneous mixtures.

As previously mentioned, all our experi-
ments were limited to C,, =20 gL' in order
to prepare homogeneous and reproducible
samples within two weeks; going further is
not conceivable using the same procedure. In
order to avoid this problem, it is reasonable
to start from weakly interacting formulations
that can be modified afterwards and two
strategies can be considered: 1) polymerizing
asilica precursor, like tetraethyl orthosilicate
in a solution of PDMA chains or grafted
copolymer or 2) polymerizing DMA mono-
mer, with or without comonomer, in the
presence of silica particles.

Hybrid Hydrogels

Preparation

In order to keep working in aqueous media
with homogeneous formulations containing
high amounts of organic and inorganic
materials, the polymerization of the organic
network in the silica suspension has been
preferred. For that purpose the polymeri-
zation process of DMA in water has been
studied in details®” and it was shown that
transfer reactions between the radical
initiator and methyl groups of DMA were
responsible for self-crosslinking reactions
giving rise to branched structures and weak
3D hydrogels depending on the polymer
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concentration. In order to get homoge-
neous gels, we systematically worked
well above the critical gelation threshold
(CS"~50g L") and the weight ratio
polymer/water (PW) was fixed at y=0.14
which corresponds to a polymer concentra-
tion C,=125g'L™" or a swelling ratio in
the preparation state Qp=38.5. In order to
investigate the impact of the elastic network
on the mechanical properties of hybrid
hydrogels, different amounts of chemical
cross-linker (Rz) were used for the copoly-
merization: R0, R0.1 and R1, z being
the molar percentage between MBA and
DMA.

Structure

SANS experiments were carried out with
contrast matching of PDMA matrix in
order to investigate the structure of hybrid
hydrogels and more particularly of the
silica particles. As shown in Figure 7, where
the scattering behaviour of hybrid networks
SP2 and silica suspension are compared
at the same filler concentration (¢=0.1),
we get a very good superposition of the

108
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1o (@) [A]

104 L

10°

0,01
Figure 7.

Double logarithmic plot of the reduced scattering
intensity of PDMA/silica hydrogels (SP2_PWo0.14_Rz)
prepared with different amounts of cross-linker: Ro
(O), Ro.1 (A) and R1 (A). By comparison, the
scattered intensity of silica particles without PDMA
but at the same volume fraction (¢ = 0.1) and in the
same solvent conditions is shown (@) with the fit
(solid line) obtained from the model of polydisperse
spheres interacting with hard sphere repulsions.[”]
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curves in the high g-range which is mainly
dominated by the form factor of silica
particles (S(g) = 1).

Conversely, the structure factor prevails
in the low g-range where the scattering
intensity increases with increasing level of
cross-linking. By comparison with the silica
suspension, the polymerization of DMA
without cross-linker (z=0 mol%) or with a
low level of cross-linker (z=0.1 mol%)
only slightly increases the osmotic com-
pressibility of the system which remains
repulsive in nature. At higher level of cross-
linking (z=1 mol%), the potential between
particles becomes less repulsive; the system
becoming more compressible. During po-
lymerization, the adsorption of PDMA
chains at the surface of silica beads is
responsible for the formation of an attrac-
tive potential between particles and we can
reasonably expect that the heterogeneity
of the hybrid network will increase with
parameters such as binding energy or cross-
linking density. Nevertheless, contrary to
the aggregation behaviour reported by
Shibayama and co-workers(*’] during the
polymerization of N-isopropylacrylamide at
low pH (between 3 and 6) in the presence
of silica particles, our hybrid hydrogels
can be considered homogeneous for mod-
erate level of cross-linking (z=0-1 mol%).
Moreover, from additional contrast matching
experiments (not reported here), we did not
observe any concentrated polymer layer at
the silica surface. The conclusion is that,
while PDMA chains formed by polymeriza-
tion readily interact with silica particles as we
will see afterwards, the relative concentration
of the adsorbed layer remains in average
close to the bulk concentration.

Swelling Behaviour

It is important to notice that all the
analyses performed during swelling experi-
ments have shown 1) that the level of
organic extractible (monomer and polymer
studied by GPC) was negligible and 2) that
after reaching the equilibrium, the organic/
inorganic content (SPx) in the gel, deter-
mined by thermogravimetric analysis, was
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unchanged; silica particles remain embed-
ded inside the network after swelling.

The swelling ratio at equilibrium in ionic
environment is plotted in Figure 8 for the
three series of hybrid hydrogels (RO, R0O.1
and R1).

In the absence of inorganic particles, we
qualitatively observe the decrease of Q.. (120,
40 and 14) with the increasing level of cross-
linking (RO, RO.1 and R1, respectively) as it is
expected from the thermodynamic of hydro-
gels. More interestingly we can also notice
that for each series, the swelling ratio at
equilibrium decreases progressively with the
amount of inorganic particles; the amplitude
being more pronounced at low level of cross-
linker. The swelling behaviour at equilibrium
is a classical experiment in filled elastomers
to investigate interactions between the
organic network and the filler. In the case
of attractive interactions between the poly-
mer matrix and the filler, the swelling ability
of the system will be reduced by geometrical
constrains in comparison with the unfilled
system. These situations have been analyti-
cally described by Berriot et all#l using
continuous media mechanics:

2
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(1-9¢)

@

140

[
120 =
~
100 s ]
~
Qe sob o o \""--.__
\\_
~
aof [} =~ 1
o =~
40t "““*-—a._______
t-__“'A“"——L
Ll exrres 7
—— A Y- NERPST, f— N

000 005 010 015 020 025
Silica volume fraction (¢)

Figure 8.

Swelling equilibrium of hybrid hydrogels in LiNO,
o.5mol/L versus the volume fraction of silica
particles: SPx_PW0.14_Ro (Q), SPx_PW0.14_Ro.1 (A)
and SPX_PWo0.14_R1 (/A\). Comparison with the
theoretical model of Berriot!®! (dash line).
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with ¢ the volume fraction of filler particles,
Qs the swelling equilibrium of the organic
matrix (SPO hydrogels) and v=0.5 the
Poisson coefficient of hydrogels.

As shown in Figure 8, the resulting fits
based on this model are rather good for
the 3 series of hydrogels, in agreement
with the adhesion behaviour of the PDMA
matrix with the silica particles. The level
of accuracy is less good for the RO series
as 1) the cross-linking reaction occurs only
through uncontrolled transfer reactions and
not by addition of a controlled amount of
cross-linker and 2) the accuracy is rather
weak for the swelling value of the unfilled
hydrogel which swell a lot in aqueous
media. This simple test of swelling confirms
that the attractive interactions between
PDMA and silica particles are effective
within these hybrid hydrogels and we will
investigate in the following part the con-
sequences of this driving force on the
mechanical properties

Mechanical Properties

The large strain behavior of hybrid hydro-
gels was investigated by uniaxial tensile
tests for the 3 series of gels with x varying
from 0 to 5 and z from 0 to 1 mol%. Typical
stress-strain curves obtained at 0.06 s '
are shown in Figure 9a in the case of
SPx_PWO0.14_R1.

Interestingly, we can notice that revers-
ible interactions between PDMA chains
and silica particles greatly enhance the
mechanical properties of hydrogels, not
only increasing the hydrogel stiffness, but
also the nominal strain at failure. For
instance, the initial modulus determined
at low strain increases more than 5 times
from SPO to SP5, while the mean strain at
failure is also improved by a factor 4. This
general behavior of silica/PDMA hydro-
gels,[39] is a remarkable result in the field of
nanocomposite materials and especially in
NC gels as generally stiffness and deform-
ability are antagonistic properties.[*’~*1 A
simple estimation of the work of extension,
given by the area under the tensile curve,
yields W21 and 40 kJ.m > for SP0 and SP5,
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Variation of the tensile mechanical behavior (¢ =0.06s"") of “SPx_PW0.14_R1” hydrogels (a) and their initial
modulus (b) as a function of silica particles. Guth and Gold predictions are represented as a continuous line

with E, = 44 kPa obtained from the SPo sample.

respectively, showing that physical inter-
actions efficiently dissipate energy during
the fracture process.

The role of physical interactions is
emphasized in Figure 9b where the modulus
of hydrogels, determined at low strain, is
plotted versus the silica volume fraction and
compared with the Guth and Gold model:

E=Ey(1+25¢+14.1¢%) (3)

with E, the modulus of the reinforced
material, E,), the modulus of the unfilled
matrix and ¢, the volume fraction of filler.
As we can see, this hydrodynamic model
which considers hard spherical particles
embedded into an incompressible matrix
without any interaction greatly underesti-
mates the experimental results. The differ-
ence between experimental and calculated
values is obviously related to the contribu-
tion of additional interactions between
PDMA chains and silica particles and the
Guth and Gold equation can be modified
to take into account the modulus of the
transient network (Eg;), proportional to the
concentration of physical cross-links:

E = Ey(1+25¢+14.1¢%) + Eg; (4)

Assuming the additivity of the contribu-
tions, this equation highlights the possibility
to tune the hydrogel stiffness playing either
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with the physical interactions (SP ratio) or
with the parameters of the covalent net-
work like the degree of covalent cross-
linking. This has been investigated with
similar hybrid hydrogels prepared with
smaller amount of crosslinker (RO0.1 series)
or without crosslinker (RO series). As we
can see in Figure 10, the self-crosslinked
hybrid hydrogels (RO series) are very soft
and highly deformable as all the samples
of this series can withstand high deforma-
tions (higher than 1000%) without break-
ing (Figure 10a). Nevertheless, it is
noteworthy that while the unfilled sample
SPO_PWO0.14_RO is too soft and sticky to
be properly handled in tensile experiments
(E was estimated at 1 kPa from rheometry),
the hybrid gels of the same series really
behave as viscoelastic materials with rein-
forced mechanical properties (Figure 10b).

On the other hand, the RO0.1 series,
prepared with a low but controlled level of
MBA, display an intermediate behaviour
with a modulus of 100kPa for the SP5
sample and a quite large strain at break that
reaches about 700%. We have to mention
that strain at break determined from simple
tensile tests have to be considered above all
qualitatively as the crack initiation is very
sensitive to the presence of defects in the
sample. Nevertheless, fracture mechanics
experiments performed on notched samples
have not shown large discrepancies with
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Influence of silica particles on elongation at break (a) and Young modulus (b) for hybrid hydrogels prepared
with different degree of cross-linking: Ro ([J), Ro.1 (), and R1 ().

standard tensile experiments. The general
picture highlighted in Figure 10 is that
both stiffness and strain at break are
improved with increasing amount of silica
particles, whatever is the degree of covalent
cross-linking. This confirms the previous
statement concerning the possibility to
independently tune the covalent and the
associating networks. By comparison with
hybrid assemblies studied previously, the
elastic reinforcement is much higher in
the case of hybrid hydrogels, not only
because the polymer concentration is higher
but also because all the monomer segments
of the polymer network are potential
stickers towards the silica beads.

As physical interactions are reversible in
nature, with characteristic time, the adsorp-
tion/desorption process of PDMA chains
on silica surfaces can be studied by applying
cycling tests at different velocities or
stress relaxation experiments on longer
timescales. Typical strain-controlled tensile
loading/unloading cycles performed at in-
termediate velocity (:=0.06s"1) is shown
in Figure 11.

These cycles performed in the low
deformation range (from g,=0 to 0.1)
clearly show the impact of particle/polymer
associations with a strong increase of
dissipated strain energy (area within the
loop) with increasing amount of silica, as
already reported on hybrid gels®®’>% or NC
gels.>*>1 Without particles, the gel SPO is
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only elastic; the dissipation of the matrix is
negligible and the sample immediately
recovers its initial dimension after unload-
ing. Conversely, the hybrid SP5 shows a
high hysteresis in these experimental con-
ditions with some residual strain just after
unloading (2%) but the material is able
to recover its initial shape at rest within
10 seconds. Time is obviously a critical
parameter in associating systems and this
can be analyzed by changing the strain
rate of loading/unloading cycles. In the case
of the hydrogel SP5_PW0.14_R0.1 which
has been recently studied in details,*”! a
decrease of the dissipated energy from 5.4
to 0.2 kJ-m > was observed by changing the
strain rate from very fast (6=0.6 s~') to

Nominal stress (kPa)

Strain

Figure 11.

Effect of silica content on the first loading-unloading
cycle (g, = 0.1 at £§~0.06 s~') for SPx_PW0.14_R1
hydrogels.
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very slow (¢6=3.10"* s7'). Interestingly,
it was shown in that case that the initial
modulus was also a function of the strain
rate (E=170, 93 and 22kPa at £=0.6,
0.06 and 3.107* sfl), the value obtained at
very low strain rate being very close to the
modulus calculated from the Guth and
Gold model (equation {3}). This means
that while the physical interactions, here
reversible adsorption of PDMA on silica
surfaces, efficiently reinforce the mechani-
cal properties of the covalent network
on short timescales, they mainly vanish
on longer times.

By comparison with hybrid assemblies
where we did not really observe relaxation
phenomenon within the experimental con-
ditions, the higher dynamics that seems to
occur in hybrid hydrogels can be correlated
to two main effects.

First of all we have to consider that
hybrid hydrogels, which have been pre-
pared with crude silica suspension around
pH 9.5, are studied in these conditions while
hybrid assemblies were formulated at pH 8
by mixing graft copolymer and ultra-filtered
silica particles. As dissociation of silanol
groups, initially involved in hydrogen
bonding, increases with pH, OH™ can be
regarded as a displacer towards polymer
adsorption. For example, in the case of
poly(ethylene oxide) [PEO] with silica
particles, it was shown that the decrease
of the adsorption energy above pH 8 was
responsible for a decrease of 20% of the
adsorbed amount of PEO between pH 8
and 9.2.°%! pH does not only modify the
binding energy of polymer chains and
adsorption properties at equilibrium but
also the exchange dynamics.

The second point that must be consid-
ered is the local polymer concentration in
the environment of silica particles. Even if
most of the studies have been performed in
excess of polymer chains, and especially in
the case of hybrid hydrogels, it turns out
that the dynamics of adsorption/desorption
is greatly enhanced if more polymer chains
are available in the immediate surroundings
of the particles. Indeed, the adsorption/
desorption  process proceeds mainly
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through self exchange between adsorbed
and free chains.’*! As the polymer concen-
tration in hybrid assemblies is 5 to 50 times
lower than in hybrid hydrogels, it is
reasonable to expect a slower exchange
dynamics for the former system.

Conclusion

Based on specific interactions taking place
between PDMA and silica nanoparticles,
we demonstrate that hybrid formulations
with enhanced viscoelastic properties can
be readily obtained following two main
strategies. A comparison between the two
hybrid systems is summarized in Figure 12
on the basis of simple mechanical ana-
logues. The liquid viscoelastic behaviour of
hybrid assemblies can be summarized by a
Maxwell model involving a spring and a
dashpot in series. These systems are liquid
in nature, as there is no covalent cross-link
between macromolecular chains, but the
dynamics of the adsorption/desorption
process of PDMA chains could be quite
slow within the experimental conditions
of pH and polymer concentration. Follow-
ing this strategy, we show that a good
knowledge of the binary complex “polymer
side-chains/particles” is essential to antici-
pate the viscoelastic properties of the
physical network. The key parameter is
the “stoichiometry” of the complex PDMA/
silica which corresponds to the plateau
value of the adsorption isotherm. As a
matter of fact, the maximum amount of
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Figure 12.

Hybrids formulations together with their mechanical
analogues.
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adsorbed side-chains per surface unitis very
useful to optimize the viscoelastic proper-
ties of hybrid formulations. Below and
above the “stoichiometry”, the concentra-
tion of elastically active chains progressive-
ly decreases and the rheological behaviour
of hybrid mixtures turns from gel-like to
liquid-like when large excess of organic or
inorganic materials are added. Due to the
strong interactions taking place between
organic and inorganic materials, this effi-
cient strategy remains limited at low
polymer concentrations (Cp <20g-L™").

Conversely, hybrid hydrogels, prepared
by polymerization of DMA in silica suspen-
sion, behave as viscoelastic solids since
covalent cross-links are also introduced in
the polymer matrix. Then, the mechanical
behaviour can be schematically described
on the basis of a Zener model coupling a
spring and a Maxwell element in parallel.
The spring holds for the elastic contribution
of the organic cross-linked network, while
the Maxwell element considers the time
dependence of the physical contribution of
PDMA/silica interactions to the Young
modulus (Eg; in equation {4}). While the
properties of the Maxwell element can be
tuned with silica concentration or other
parameters affecting the characteristics of
the physical network (number of physical
connections and/or their lifetime), the
intrinsic elasticity of the covalent network
can be controlled through structural param-
eters like polymer concentration and/or
degree of cross-linking. The experiments
reported in this paper clearly emphasize the
possibility to design hybrid hydrogels with
reinforced mechanical properties by play-
ing with the balance between covalent and
physical interactions. Contrary to former
hybrid assemblies that cannot be easily
prepared above C, =20 g-L ™!, the prepara-
tion of hybrid hydrogels requires a mini-
mum polymer concentration of 50 g-L ™! in
order to get homogeneous cross-linked
networks.
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