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We explore how different types of solvent influence the rheological properties of non-agueous
Carbopol dispersions from the dilute to the jammed state. In novel non-aqueous formulations, polar
solvents are used more and more frequently, because they can form Carbopol microgels without the
need of any neutralizing agents. However, the swelling behaviour of Carbopol molecules in the absence
of water, when ionic forces are weak, is still poorly understood. To this end, we study the swelling
behaviour of Carbopol 974P NF in different polar solvents, i.e. glycerol, PEG400 and mixtures of the two
solvents, by mapping the rheological behaviour of Carbopol suspensions from very dilute to highly
concentrated conditions. The rheological study reveals that the onset of the jamming transition occurs
at different critical polymer concentrations depending on the solvents used. Nevertheless, once the
jammed state is reached, both elastic and yielding behaviours are scalable with the particle volume
fraction. These results suggest that the type of solvent influences the final volume of the single Carbopol
particles but does not alter the interactions between the particles. The final radius of the swollen
particles is estimated from shear rheology measurements in dilute conditions, showing a decrease of the
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final swelling ratio of Carbopol molecules of almost 50% for PEG4o solutions, a result that confirms
the shift to higher values of the critical jamming concentration obtained from linear viscoelasticity for
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1 Introduction

In the past decades, the scientific and technological relevance
of microgel suspensions has motivated extensive experimental
and theoretical research."” These systems are formed by cross-
linked polymeric molecules, usually of colloidal dimension,
which swell when dispersed in an appropriate solvent, creating
a suspension of soft elastic particles. As a result of this polymer-
colloid duality, microgel suspensions present a unique pheno-
menology that unifies the rheological behaviour of hard colloidal
spheres and polymeric macrogels,®* a characteristic that makes
them extremely valuable in a wide range of industrial and
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scientific applications. In the study of these suspensions, there
has been great interest in particle-particle interactions®®
and in the properties of the individual polymer particles®™*
(i.e., chemistry and crosslinking structure), because both influ-
ence the macroscopic behaviour of microgel suspensions
and can potentially provide a path towards the design of novel
formulations.

Microgels that have received special attention owing to their
wide industrial use are carbomers, also known with the com-
mercial name of Carbopol. These molecules are high molecular
weight polymers of polyacrylic acid crosslinked with polyalk-
enyl ethers or divinyl glycol."> Because of their nontoxicity,
stability, high thickening properties and transparency, these
polymers have been widely employed in cosmetics and
pharmaceutical applications'*'> as well as model yield stress
fluids in academia.*®™’

In the vast majority of applications, Carbopol preparations
are water-based. In water, the molecule swelling is induced by
the dissociation of acrylic acid, which constitutes the mono-
meric unit of Carbopol. Typically, a base is added during the
preparation to neutralise the acidic groups, a process that
causes the ionization of the carboxylate groups. Similar to most
polyelectrolytes, the final swollen configuration depends on the
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internal density of uncompensated ions on the polymer backbone:
the larger the density of these ions, the higher the difference in
osmotic pressure between the internal crosslinked network and the
external environment. This imbalance promotes the diffusion of
solvent molecules inside the coiled Carbopol molecule, a process
that makes the particles swell.>* The final system results in a clear
suspension of soft elastic particles, whose final dimensions are
controlled by the pH of the solution.** 2

The rheological properties of water-based Carbopol microgels
in the concentrated regime have been investigated extensively for
many types of Carbopol molecules,"”***** showing a typical soft
glass behaviour, which can be described macroscopically by the
Herschel-Bulkley constitutive equation.'”**?® Nonetheless, some
discrepancies, mainly in the form of thixotropic behaviour,>”°
were observed for systems that experienced different preparations,
showing that the yielding behaviour of these systems is strongly
influenced by changes in the internal microstructure,'®>"°
changes that can be induced by different preparation protocols
or by the presence of additives."**"*> This aspect becomes
particularly relevant in the development of novel non-aqueous
formulations, where the combined effect of different solvents is
difficult to predict.

Specifically, the use of organic solvents, instead of water,
is important for various pharmaceutical applications that
require addition of water-insoluble drugs or of active compo-
nents which require in situ activation via water.>® The swelling
behaviour of Carbopol molecules in the absence of water, when
ionic forces are wealk, is still poorly understood. It is known that
some polar solvents, such as glycerol and poly(ethylene glycols)
of low molecular weight, can initiate the swelling without the
use of neutralising agents.>**> This suggests that (i) polar
solvents dissociate part of the carboxyl groups constituting
the Carbopol backbone, thus unbalancing the osmotic pressure
between the inside and the outside of the macromolecule
and initiating the swelling process; (ii) compared to water,
the organic nature of the solvents ensures a greater affinity with
the Carbopol network, which promotes the internal diffusion
of the solvent molecules even at low degree of dissociation. In
these cases, the dimensions of the solvent molecules and their
affinity with the carbomer structure can affect the final swollen
conformation and alter the strength of colloidal interactions
between microgel particles. The effect of co-solvents on the final
properties of Carbopol dispersions has been investigated by
some authors,">***® showing differences in the viscoelastic
response of the material, yet no coherent analysis has been
made in terms of how different solvents affect the swelling
of Carbopol molecules and their interactions and how the
rheological properties can be scaled accordingly.

In this work we seek to investigate the effect of polar solvents
on the swelling and mutual interaction of Carbopol molecules
and understand how these phenomena might impact the
rheological design of novel non-aqueous formulations employing
co-solvents. To this end, we study the rheology of dispersions
of Carbopol 974P NF (C974P NF) in three different media,
(i) poly(ethylene glycol) My, = 400, (ii) glycerol and (iii) a 50/50 wt%
mixture of the two solvents, by mapping the behaviour from dilute to
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highly concentrated conditions. Thanks to the high crosslinking
density of C974P NF, the molecules are expected to maintain a
well defined particle identity even when they are swollen, an
attribute that allows rationalizing the rheological properties of
the dispersions in the framework of soft particle suspensions.
For all solvents, we conducted small-amplitude oscillatory tests
to characterise the onset of the jamming transition in the three
different media. These were followed by large-amplitude sweeps
and steady shear tests to investigate the changes in the particle-
particle interactions that different solvents might induce on the
yielding of the suspensions. Studying the yielding behaviour
of microgel systems has proven to be extremely valuable
for identifying the driving mechanism of their liquid-to-solid
transition, distinguishing between a purely cage-driven process,
typical of repulsive glasses,*”*® and a bond-driven process,
triggered by particle-particle attractions.**™*! In the absence of
free ionic charges and polymer additives, the solvent type
can affect the interparticle interactions in different ways, e.g.,
altering the repulsion between electric double layers, through a
change of the dielectric constant of the solvent or affecting the
steric stabilisation of the particles through the strength of
solvation.*” In the case of commercial molecules such as Carbo-
pols, predicting or characterizing rigorously how different solvents
affect the interparticle interactions is arduous. Hence, we limited
our study to finding evidence of changes in the interparticle
interactions which could significantly alter the liquid-to-solid
transition of C974P NF molecules dispersed in different solvents.
Finally, the dimensions of swollen Carbopol particles in each
medium were estimated from viscosity measurements conducted
in dilute conditions and compared with direct observations of
swollen unconfined Carbopol molecules through fluorescence
confocal imaging.

The paper is structured as follows: in Section 2 materials
and descriptions of samples preparation are first presented,
followed by details of the experimental methods. In Section 3
all the rheological results are shown and discussed. Conclusions
are given in Section 4.

2 Experimental methods

2.1 Materials and samples preparation

Carbopol 974P NF (C974P NF, Lubrizol Limited), the compound
used in this study, is generally classified as a polymer of acrylic
acid highly crosslinked with allyl pentaerythritol."* Carbopol
dispersions in the range of polymer mass fractions between
0.15% and 8% were prepared in each of the three solvents
mentioned: (i) poly(ethylene glycol) (PEG My = 400 Da, Sigma-
Aldrich, UK), (ii) glycerol (purity > 99%, Sigma-Aldrich, UK)
and (iii) a 50/50 wt% mixture of the two solvents.

The densities and viscosities of the solvents at ambient
temperature (T = 25 °C) are reported in Table 1 together with
the apparent density p, and the hydrodynamic diameter Ryy of
the unswollen Carbopol particles. p, was detrmined by picno-
metry in hexane (Reagent grade > 99%, Honeywell) to preserve
the internal dry state of the unswollen particles,®® whilst Ry

This journal is © The Royal Society of Chemistry 2020
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Table 1 Raw materials properties at ambient temperature (T = 25 °C)

pgem™) 1 (Pas) pp(gem™) Ry (nm)
G 12559 0.815
P 11218 0.0935  C974PNF  1.24 + 0.004° 137 + 37°
PG 1.1889 0.353

“ The error is the standard deviation calculated on three different
measurements. ” The error is the standard deviation of the distribution
evaluated through DLS.

was determined through dynamic light scattering (DLS)
measurements, performed using a DelsaMax-Pro DLS analyzer
(Beckman Coulter, Brea, CA, USA) at 25 °C. For these tests,
Carbopol was dispersed in isopropanol (Certified AR for analysis,
Fischer Chemical) to prevent particle aggregation and conse-
quent settling for the duration of the test and at the same time
prevent any swelling. In fact, alcohols can swell Carbopol mole-
cules only in the presence of a neutralising agent.** Tests
repeated on the same sample after one week confirmed the
particle dimensions obtained in the first instance, corroborating
the absence of any swelling.

Carbopol molecules can swell in the absence of a neutralizing
agent in all three solvents chosen; therefore, to ensure samples
were reproducible, it was crucial to disperse the polymer homo-
geneously into the liquid phase before significant swelling
occurred. Since Carbopol swells more slowly in PEG,q,,>> the
polymer powder was first dispersed in PEG,o, at a controlled
temperature of 20 °C, using a high-shear mixer (Silverson, L5
Series) working at 7000 rpm for approximately five minutes;
then, the concentrated dispersions were diluted with PEG4,, or
PEGyo/glycerol mixtures to reach the final concentrations
required. After dilution, the solutions were gently mixed with a
magnetic stirrer in small batches of 20 g until they fully homo-
genized (~10 s). The vials were then left overnight in an ultra-
sonic bath (SciQuip Ultrasonic bath, heated, 150 W) at 50 °C.
Given the quick swelling response of Carbopol in glycerol, a
different approach was required to prepare the samples in pure
glycerol. First the glycerol was heated up with a stirred hot plate to
reduce its viscosity and form a central vortex; at this point, the
required amount of Carbopol was poured gradually to avoid
lumps. Once all the Carbopol had been added, the magnetic
stirrer was switched off and the solution was stirred with a
mechanical stirrer at 800 rpm for 15 minutes and then left
overnight at 150 rpm. At the end of the process the samples were
perfectly clear and uniform. For the most diluted samples, a stock
solution at 0.7 wt% of Carbopol in glycerol was prepared, as
explained above, and then further diluted with glycerol to obtain
the final samples with the correct Carbopol content. All samples
were usually left at rest for a minimum of three days before
conducting any rheological tests. For brevity from here on we refer
to the final Carbopol dispersions in the three different solvents as
P (PEG), G (glycerol) and PG (50/50 wt% PEG/glycerol) dispersions.

2.2 Rheological measurements

All rheological measurements were performed with an Anton Paar
MCR302 stress-controlled rotational rheometer. The instrument
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was equipped with a Peltier plate to precisely control the
operating temperature and a parallel plate geometry (OD: 40 mm)
with sand blasted surfaces (surface roughness of 2 um) to avoid slip
effects. All tests were carried out with a gap of 900 pm at a constant
temperature of 25 °C. To avoid solvent evaporation, sample menisci
were sealed with silicon oil, which enabled reliable measurements
on the same sample for more than 10 hours. We performed three
different rheological tests: (i) small-amplitude oscillatory shear
(SAOS) tests, (ii) large-amplitude oscillatory shear (LAOS) tests and
(iii) steady shear tests. Before all tests, samples were pre-sheared at a
constant shear rate of 100 1/s for 60 s and left to rest for 900 s, which
we verified to be sufficient to remove any mechanical history and
obtain reproducible data for all tests (see S1, ESIt).

SAOS experiments were carried out to obtain insights into
the changes of the sample microstructure induced by different
Carbopol concentrations and to find the characteristic concen-
tration at which the liquid-to-solid transition takes place for the
different solvents used. To this end, the viscoelastic response of
the samples to a sinusoidal deformation with fixed amplitude
in the linear regime (i.e., y = 0.6%) was recorded in the range
of angular frequencies w = 0.01-100 rad s~ and the corres-
ponding values of the storage (G’) and loss (G”) moduli were
measured. All samples showing a readable elastic response
were then tested through oscillatory amplitude sweeps experi-
ments to investigate their yielding behaviour. LAOS tests were
performed with fresh samples at a constant angular frequency
of 1 rad s' in the range of amplitudes y = 0.001-1000%.
To complete the analysis of the rheological properties in the
limit of non-linear deformations, we performed steady shear
experiments, applying constant shear rates j from 0.001 to
1000 1/s and recording the shear stress ¢ once steady state
was reached. Data gathered from the most diluted samples
were used to estimate the dimensions of the swollen particles
in the three media. Note that, since we used a parallel-plate
geometry, all the steady shear rheological data presented in the
following sections represent the true values of stress and
viscosity obtained by applying the Weissenberg-Rabinowitsch
correction to the raw experimental data.

2.3 Confocal fluorescence microscopy

Confocal fluorescence microscopy was implemented to obtain
direct images of swollen Carbopol particles in unconfined
conditions and compare the results with the rheological findings.
To this end, diluted dispersions at 0.1 wt% of labelled Carbopol
were prepared following the same procedure described in
Section 2.1. Carbopol particles were chemically labelled with
rhodamine-123 (R123 mitochondrial specific fluorescent dye,
Sigma Aldrich, UK). The labelling reaction is based on the method
described by Laguecir et al.** for uncrosslinked polyacrylic acid
molecules. The method involves attaching two intermediaries,
n-hydroxysulfisuccinimide sodium salt (Sigma Aldrich, UK) and
1-[3-(dimethylamino)-propyl]-3-ethylcarbodiimide (Sigma Aldrich,
UK), to the C974P NF monomeric units. The intermediaries are
then substituted by R123. The solution is then purified via dialysis
and freeze dried.** The final labelled powder was provided by the
group of Prof. Paul Bartlett (School of Chemistry, University of

Soft Matter, 2020, 16, 9799-9815 | 9801
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Fig.1 Sample image obtained through confocal microscopy of 0.1 wt%
labelled Carbopol swollen in glycerol. The scale bar indicates a dimension
of 10 um. The inset shows how single particles are identified manually.
Particle radius is calculated as the radius of the equivalent circle covering
the same pixel area.

Bristol, UK). The use of labelled Carbopol particles as opposed
to the addition of a fluorescent dye in solution™*?**** allows
distinguishing single particles and therefore measuring the
average particle diameter of the swollen molecules. The diluted
solutions were placed on a glass bottom dish (X20, Fischer
Scientific, UK) and examined with a LSM 710 (Zeiss) confocal
microscope equipped with an oil immersion objective (Plan-
Apochromat 63x/1.4 Oil DIC M27, Zeiss). Samples were
illuminated with an Argon laser (1 = 512 nm) with collected
fluorescence bandwidth set to [519-682 nm]. A sample image
obtained from Confocal microscopy is shown in Fig. 1. For all
samples at 0.1 wt% of Carbopol, we observed a sparse particle
phase where individual particles can be distinguished. Particles
appear aggregated in small clusters, well dispersed in solution,
showing an acceptable efficiency of the dispersion step (further
images are shown in S2, ESIt). Confocal images reported by
other authors at similar Carbopol concentrations in water with
adjusted pH'*?*?® are generally denser and in some cases
present large connected areas. Besides the different protocol
we used to tag the Carbopol molecules, as explained above, the
dissimilar results may be due to a difference in the effective
volume fraction of Carbopol in our samples, which is signifi-
cantly lower than those reported in the literature. This is related
to the smaller swelling degree obtained when Carbopol is not
completely neutralised, as it is in our case, as opposed to the
cases reported above, where an optimal amount of neutralising
agent was always added in solution to reach the maximum
swollen dimension attainable by the specific Carbopol molecule.

The images were analysed with Fiji-Image] software. Particles
were identified manually, the areas (ie., the number of pixels
occupied by each particle) were collected, and the radii, calculated
as the radius of the equivalent circle that occupies the same area
(Fig. 1), were used to create particle size distributions for different
solutions. Particle sizes are at the limit commonly associated
with colloidal particles (~1 pum)*® and close to what is typically
indicated by the manufacturer® or by other authors for C974P
NF."? The average particle radii, estimated on a sample of
100 particles per solvent type, is of 660 + 39 nm and 654 +
26 nm for G and PG solutions, respectively. Within their standard
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deviations, the values are equal. A lower particle radius is found
for P solutions (around 563 + 15 nm). This result is based on a
lower number of particles (around 20), given the higher difficulty
to individuate single particles in this sample. These results
suggest a reduction of the swollen particle dimension when only
PEG,, is used, even though final conclusions cannot be drawn
simply from this difference, which is too close to the limits of
resolution of the images.

The swollen particle sizes obtained from the confocal
images can be taken as a first particle size reference and used
to evaluate the apparent particle volume fractions of the
samples investigated. A table summarising all mass fractions
implemented in the rheological investigations and corres-
ponding apparent volume fractions can be found in the ESIt (S2).
Given the uncertainties related to the particle dimensions and
the great sensitivity to volume fraction of the rheological
response of these systems, especially in the denser regimes,
all data will be presented as a function of mass fractions and
values of the corresponding apparent volume fractions ¢ will
be given only as a gross indication of the extent of particle
confinement.

3 Results and discussion
3.1 Linear viscoelastic properties - SAOS

Oscillatory tests at small amplitudes show a clear transition in
the structural behaviour of the solutions upon increasing the
amount of Carbopol (Fig. 2). For polymer mass fractions lower
than 0.2 wt%, all suspensions present a purely viscous beha-
viour, with the loss modulus linearly proportional to the solvent
viscosity (i.e., G’ oc wy,) and the storage modulus undetectable
(i.e., G’ = 0) in the entire range of frequencies tested. This
indicates that below 0.2 wt% particle interactions are negligible
and the macroscopic elastic properties of the suspensions are
related solely to the elasticity and the thermal energy of the
single particles.” This contribution is extremely small and can
hardly be measured, resulting in a purely viscous behaviour.
As the polymer concentration increases to mass fractions of
0.4 wt%, while P solutions still present a purely viscous
behaviour, for G and PG solutions, which approximately have
a particle volume fraction of 0.4 (see Table S2.2, ESIf), the
particles contribution becomes more appreciable and the macro-
scopic elastic properties of the suspension can be detected.
In this regime, particle interactions and confinements appear
still negligible and the suspensions display the typical behaviour
observed for a Maxwell fluid in the viscous limit (also referred to
as terminal viscous regime), with G’ o« »® and G” o . This
indicates that the longest relaxation time of the solutions is
far smaller than the reciprocal of the highest frequency tested
(i.e., Demax = Amax®max < 1, where De is the Deborah number).

For a further increase of mass fraction to 0.7 wt% (Fig. 2a),
P solutions present the same terminal viscous regime observed
for G and PG solutions at 0.4 wt%, whilst the G and PG
solutions deviate from it, with the storage and loss moduli
having a similar slope of 1 in the window of frequencies sampled.

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 Frequency dependence of the storage (closed symbols) and loss
(hollow symbols) moduli in the three different solvents for increasing
Carbopol concentrations: (a) 0.7 wt%; (b) 1 wt%; (c) 2 wt%; (d) 3 wt%;
(e) 5 wt%; (f) 8 wt%. Dashed lines indicate the power law trends.

o [rad/s]

The viscous components are still higher than their elastic counter-
parts, but an anomalous power law of the storage modulus
(1 instead of 2) is observed. The same behaviour is shown by
P solutions at 1 wt% (Fig. 2b). The indicative apparent volume
fractions associated with these conditions are between 0.6
and 0.7, indicating significant particle confinement; this
entails a more complex response to linear deformations,
because a local rearrangement of particles can propagate
and cause a second rearrangement elsewhere in the material
and so on. This leads to a distribution of relaxation times
resulting in an anomalous macroscopic rheological response,”’
as seen in Fig. 2a.

At a Carbopol mass fraction of 1 wt%, G and PG solutions
start to show a plateau of G’ at low frequencies followed by
a crossover where G” slightly overtakes G’. This behaviour
suggests that particle confinement is more significant than in
P solutions, the G and PG solutions being closer to a disordered
arrested state where particles are caged by their neighbours.
As the G and PG solutions approach this state, their macro-
scopic elastic response becomes gradually controlled by the
elasticity of the whole network of particles; consequently, the
storage modulus gradually increases and the frequency interval
in which it is constant widens. On the other hand, the viscous
response is controlled by the viscous dissipation in the solvent,
which arises from the superposition of the dissipation induced
in the liquid by the particle motion and the dissipation induced in
the liquid by the deformation applied to the sample externally.

This journal is © The Royal Society of Chemistry 2020
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While the second contribution increases with the frequency
monotonically, independently of the particle concentration, the
first is significant only in a (low) range of frequencies related to
the characteristic distribution of relaxation times H.(4), which, in
turn, is associated with the particles mobility. In particular, the
dissipation induced by the particle motion is important when
Amin® < 1, where Ay, is the lowest value for which H(1) is
significant. As particles are increasingly confined, their move-
ments are more and more restricted and the contribution to the
total viscous dissipation induced by particle motion becomes
more significant. This entails that, in comparison with the purely
viscous case, the total viscous dissipation in the solutions
increases at lower frequencies, as observed by comparing the
trend of G” for G and PG solutions in Fig. 2a and b.

In a generic repulsive system of Brownian particles, by
further increasing particle confinement, the system eventually
reaches the onset of the glass transition, where particles are
trapped in metastable cages formed by their neighbours.
In these conditions, each particle can move in the cage with a
characteristic time related to its Brownian motion, but it will
only be able to escape its position for times exceeding those
experimentally observable." Hence, the viscous response in the
glassy regime is dominated by the “outside the cage” motion
(o-relaxation) at very low frequencies, usually unattainable
in the range of experimental frequencies achievable, by the
“in-cage” motion (B-relaxation) at intermediate frequencies
(Amin®w < 1), and by the viscous dissipation induced in the
solvent by the external deformation at higher frequencies. This
physical picture translates in a specific viscous response, which
is typically characterised by the appearance of a minimum for
G" in the range of frequencies experimentally accessible, asso-
ciated with the characteristic relaxation time of the in-cage
motion, followed by a power law increase with ®, where G”
gradually reaches G'. As the particle concentration is further
increased, the in-cage motion is limited by the increased
confinement of the particles, which are forced to contact,
and the minimum shifts to lower frequencies. Hence, in the
range of experimental frequencies, the profile of G” flattens in
the low-frequency region of the range (as G” approaches the
minimum) and the region dominated by the viscous dissipa-
tion caused by the externally-applied deformations extends.
This marks the onset of the jamming transition, which, from
the data depicted in Fig. 2c, appears to happen between
Carbopol mass fractions of 1 and 2 wt% for all solutions.
At 2 wt%, the plateau of G’ extends to higher frequencies,
whilst G” tends to a shallow minimum at low frequencies (the
first derivative of G” is reported in S3.1, ESIt). Moving away
from the minimum as the frequency is increased, G” rises
monotonically following a power law with a slope of 0.5. This
trend, typical of randomly packed emulsions*® and observed
also for microgels close to the jamming transition,'®*>*° is
associated with the presence of regions where slip happens
between loosely packed particles, which increases the viscous
dissipation in the solvent at higher frequencies. This slip also
implies the presence of a distribution of relaxation times,
which, for randomly distributed dispersions,*® yields a power
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Y2 A clear distinction

law dependence of the loss modulus of
between the glass transition and the jamming transition is not
observed from the trends of G’ and G” versus frequency in the
range of concentrations investigated. This is likely to occur,
because a clear distinction between the two phenomena can be
attained only if the characteristic time of the test (which for
SAOS experiments corresponds to the reciprocal of the frequency
of oscillation, ie. 1/w) is longer than the characteristic time of
Brownian motion,”" which can be evaluated as:

_ (3mna?)
=G T (1)

where a is the average particle diameter (i.e. 2Rsw, where Rgy is
the radius of the swollen Carbopol particle), kg is the Boltzmann
constant and T is the operating temperature. Using the rough
particle diameter obtained from confocal microscopy, we obtain
values of 71 equal to 4.3 x 107 5, 1.8 x 10" 5, 3 x 10™ s for G,
PG and P solutions, respectively. Hence, to sample the thermal
contribution of the particles, experimental oscillations lower than
102 Hz should be sampled, which are below those reached in the
experiments.

Moving towards more concentrated samples, for all solvents
the viscoelastic properties show the typical features of a densely
packed system of soft particles. The storage modulus is nearly
constant over the range of frequencies sampled, with a mild
increase at high frequencies, and the gap between the P and
G/PG solutions gradually decreases, their respective curves
almost overlapping at the highest concentration considered
(i.e. 8 wt%; Fig. 2f). This behaviour reflects the ability of these
microgel particles to deform when highly compressed. As the
particle density increases, the space occupied by the solvent is
gradually filled with polymer. In these conditions, the elastic
response is controlled by the particle elastic modulus Gp,
which primarily depends on the chemistry of the crosslinked
system,’” thus yielding (in a log scale plot) close values of G’ for
the three solutions. As the interstitial spaces between particles
decrease, G’ and G” increase, the ratio G'/G” increases, and
the power law dependence of G” at higher frequencies reduces
to . The decrease of the power law exponent agrees
with studies on microgels systems above the jamming
transition'>**** and could reflect the ability of soft polymer
particles to deform and partially interpenetrate when com-
pressed, a behaviour that promotes frictional effects between
sliding particles.’>>* Although direct observations of the com-
pressed state of the system are unavailable, for all solutions a
non-monotonic variation of the loss tangent is observed with an
increase of Carbopol concentration at a fixed frequency, a
finding that agrees with what is reported in the work of Conley
et al.”°(see S4, ESIt): the loss tangent motonotically decreases
with an increase of microgel concentration until reaching
a minimum at the onset of the compressed state, after which
it increases moderately approaching a plateau. The authors
observed that the anomalous large losses scaled with the degree
of interpenetration of the microgels, thus possibly associating
the altered scaling behaviour of G” with the presence of
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frictional forces between the compressed dangling ends of
the microgels.

Based on the results discussed so far, the use of PEG,qo, in
contrast to the other two solvents, clearly induces a shift of the
characteristic polymer mass fraction at which the liquid-to-
solid transition occurs (close to 2 wt% for the P solutions and
between 1% and 2% for the G and PG solutions), albeit no
significant differences in the viscoelastic properties are observed
once the dispersions become densely packed. This suggests that
the solvent might influence mainly the final dimension of the
swollen Carbopol particles.

A figure summarising the evolution of G’ and G” with
Carbopol concentration can be found in the ESI} (S3.2).

To obtain a clearer picture of the liquid-to-solid transition
and how it is influenced by solvent type, we considered the
values of G’ at a fixed frequency of 1 rad s™* (G,') and plotted
them against the mass concentration of Carbopol per volume of
suspension. The results are reported in Fig. 3, starting from
Carbopol concentrations equivalent to a mass fraction of
0.4 wt% for G/PG and 0.7 wt% for P solutions (at 0.4 wt% the
signal of G’ for P solutions is significantly scattered at a
frequency of 1 rad s™'); at these low mass fractions, the values
of G’ are very low, in line with the viscous behaviour observed
in Fig. 2. At intermediate concentrations (from 0.7 wt% to
1.5 wt% for G and PG solutions and 1 wt% to 2 wt% for P
solutions), G,’ increases steeply for all solutions (hollow
symbols in Fig. 3). Interestingly, values for PG and G solutions
clearly overlap in the entire window, while the values for P
solutions are shifted to higher Carbopol concentrations.

The rapid increase of the storage modulus is reported for a
variety of colloidal and soft systems, from colloidal suspensions

of hard spheres'®***® and packed emulsions®® to microgel
4,8,10,12,50,57-59

systems, and is typically associated with the
105 A P T T T T T
10¢L @ G i
@® PG A
N ;‘“____,,_,______.»..A-‘-I
10° ¢ --;A&:—; - E
.
—_ 10% & ‘Al 1E+04 S 4
QC: o: 1E+03 a & don "
‘—c‘> 10' OA 1E+02 o- 3
f_'j Qo g 1E+01} ©
10°F © P & 1E+00 §‘ 3
Ao B0t} £
1L A J
10 AN ' 1£02}9 s
o H o
102 : R 4 6 s 10 o
P ol
03 L I I 1 I
0.00 0.02 0.04 0.06 0.08 0.10 0.12

Carbopol concentration, ¢ [g/mL]

Fig. 3 Storage modulus (at @ = 1 rad s%) as a function of Carbopol
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presence of a soft interaction potential between neighbouring
particles, which appears to control the elastic behaviour of
the system as this increasingly concentrates. Scheffold and
co-workers®” showed that soft microgels can be modelled
considering the microgel particles as dense cores decorated
with polymer brushlike coronas. Following this picture, the
origin of the soft interactions can be attributed to brushlike
interactions between close microgels, which strongly depend
on the ratio between the particle diameter and the extension of
the thickness of the coronas. This approach yields a distinct
scaling behaviour for a specific microgel system, which can be
approximated to a power law in a limited range of volume
fractions. Although in this specific case a quantitative assess-
ment is not feasible given the limited number of points in
the range of interest, we notice that the data points in this
intermediate regime can be collapsed for all solutions by
simply using the apparent volume fraction evaluated from the
confocal images. The results can be observed in the inset of
Fig. 3 and show a common scaling which approximates a power
law of 8, thus suggesting that the delay observed in the P
solutions is ascribable to the smaller swollen dimension of the
particles.

As the solutions concentrate further (from 1.5 wt% for G
and PG solutions and from 2 wt% for P solutions), a smooth
transition of G,’ is observed from the steep power law trend to
an asymptotic linear increase with polymer concentration. This
is commonly observed for microgel systems above the jamming
transition and its physical interpretation from dynamic data is
not unique.®® The most common scenario considers the ability
of soft particles to deform and adapt their shape as they are
forced by the steric constraint of the other particles. In these
conditions, particles form a dense, packed system, where the
elastic behaviour is controlled by the physical properties of the
microgel core.*'**° In this regime, the plateau of the storage
modulus is predicted to increase linearly with the particle
volume fraction,”’ Gy’ = G,(¢ — ¢.), Gp being the particle elastic
modulus, ¢ the particle volume fraction and ¢, the characteristic
volume fraction corresponding to close packing. Assuming as a
rough approximation a linear relation between the particle
volume fraction ¢ and the mass concentration ¢ (i.e. ¢ = kyc,
where ky; is a proportionality constant) the equation above
translates into Gy’ = K,(c — c.), where ¢, is the close packing
concentration, which marks the onset of a densely packed
regime (i.e. regime in which particle deformations start to
become significant and the onset of the linear behaviour is
observed®®) and K, is a proportionality constant, independent
of the solvent considered, related to the particle elastic modulus
Gp by the relation K, = kuGp. The estimated values of K, and
c. can be obtained by linear regression of the data at the highest
concentrations (closed symbols in Fig. 3), yielding a value of
38 m? s~ for K, and values of the characteristic concentration c,
of 0.0158 ¢ mL ™" for G and PG solutions and of 0.0214 g mL ™" for
P solutions, corresponding to Carbopol mass fractions of 1.25%,
1.3% and 1.9% for G, PG and P solutions, respectively, in line
with what is shown in Fig. 2. Thus, the use of different solvents
does not alter the interparticle interactions in the limit of small
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deformations, but it clearly influences the swelling behaviour of
the Carbopol molecules, an outcome reflected in a shift in the P
solutions to a higher c..

Note that the critical concentration ¢, does not indicate the
typical onset of the jamming transition, which by definition is
the point at which a suspension of particles reaches the
random packing volume fraction ¢y, but indicates the point
at which significant particle deformation and contacts occur.
The corresponding mass fraction at which the jamming transi-
tion happens cannot be clearly defined from linear viscoelasticity
for a system of soft particles, where the actual volume fraction is
not precisely defined. From the data obtained and based on the
apparent volume fractions reported in the ESIt (S2.2), we can
simply say that we expect the jamming transition to occur at
mass concentrations between 1 wt% and c.. We also point out that,
based on the data obtained so far and on the rough estimates of the
apparent volume fractions, the transition to a solid arrested state
seems to be mainly “cage” driven for all solutions.

3.2 Rheological response to non-linear deformations - LAOS

To further examine the influence of solvent quality on the soft
interactions between Carbopol particles and on the nature of
the transition observed in the linear viscoelastic regime, we
tested the response to non-linear deformations of different
samples through large amplitude oscillatory sweeps (LAOS)
and steady shear rheology. The yielding response of microgel
systems strongly depends on the nature of the interparticle
interactions and on the particle volume fraction; thus, the
results obtained from both tests for samples that are signifi-
cantly beyond the densely packed regime (i.e. all concentrations
clearly belonging to the linear region in Fig. 3, ¢ > 3 wt%) and
below this threshold, will be discussed together to highlight
possible differences induced in the particle-particle interactions
by the solvents used.

3.2.1 Densely packed state. For densely packed systems
(all samples with ¢ > 3 wt%), the response to shear deforma-
tions is controlled by the elastic restoring force of the packed
medium and the frictional forces between particle facets.®?
When the stress is high enough to overcome the restoring
forces, particles can escape their positions at rest and slide
against each other thanks to the presence of thin liquid films
between the facets that allow a fluid-like response of the
material under shear flow. Experimentally, when an increasing
shear strain is applied, this mechanism entails a distinctive
response of the loss and storage moduli as the material yields,
which is characterized by a crossover between the two moduli
and a maximum of G”. The peak of the viscous component is
typically attributed to an increase of the viscous dissipative
energy associated with particle rearrangement.”**® In the flow
regime, after the yielding point, G’ and G” monotonically
decrease with the amplitude of the strain applied following
a power law dependence, ie., G ~ 7 * and G" ~ y", with
ulv = 2. Fig. 4 shows the results from LAOS experiments at
1 rad s~ for all Carbopol dispersions with ¢ > 3 wt%.

All samples exhibit the main features described above,
independently of the solvent used, thus confirming the results
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Fig. 4 Strain amplitude dependence of the storage (closed symbols) and
loss (hollow symbols) moduli at @ = 1 rad s~* for highly concentrated
samples (c > 3 wt%) for the three different solvents obtained from LAOS
experiments: (a) glycerol; (b) PEG/glycerol; (c) PEG.

obtained in the linear regime. Specifically, we found a mean
value of the ratio/equal to 2.3 &+ 0.2, a result that agrees with the
value expected for soft glassy materials.*”*" The values of the
characteristic yield strain amplitude y, can be found from
the analysis of stress (amplitude) vs. strain (amplitude) curves
as the values at which the stress deviates from the linear elastic
regime (¢ = Gy) to a sublinear regime of the type ¢ ~ 7™ with
0 < m < 1 (see S5 ESIt). The data obtained for all samples are
collected in Table 2 together with the estimated values of
the yield stress g, = Go'y), and the characteristic power law
exponents u,v and m.

The values of yield strain and consequently of yield stress
obtained from the LAOS tests should not be considered as
absolute thresholds between flow and no-flow conditions.
As highlighted in the literature,”>%*%* the yielding process of
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soft materials is not discontinuous, but a smooth transition
from a completely structured to a completely unstructured
state. As a consequence, various ways have been proposed to
calculate the yield point from LAOS (at least five>®®), which
give yield stress values that can differ significantly, thus high-
lighting the challenge of defining unambiguously the yield
point from these tests.

As expected for a jammed glass, the exponent m remains
constant with an average value of 0.45 £ 0.02 and the yield
strain increases mildly with the polymer concentration, main-
taining values between 10-30%, which is in the range found
for various soft jammed systems in the densely packed
regime.*®*"%° Note that the high values observed at the highest
mass fractions (5 wt% and 8 wt%) might highlight that the
yielding behaviour in this regime is dominated by the elastic
forces exerted at the particle facets, rather than by the elasticity
of the particle cages.’® By plotting the values found for 7, as a
function of the apparent volume fraction (Fig. 5a), we can also
observe qualitatively a unique trend for all solutions where 7,
increases almost linearly with the volume fraction, an outcome
consistent with the predictions for jammed Hertzian elastic
particles.®

The typical yielding behaviour of jammed glasses is also
recovered through steady shear measurements, as can be observed
from Fig. 6, where stress vs. shear rate curves are presented for the
same samples discussed above. All flow curves can be modelled
with the Herschel-Bulkley (HB) constitutive equation:

o =op+ k)™ 2)

where o3, k, and ng are the fitting parameters of the model.
Values of the parameters for all samples in the fully packed
regime are collected in Table 2. An interesting result is given
by the values found for the power law coefficient ng, which
are all close to 0.5 (the average value considering all samples
is 0.485 =+ 0.04), this being the value commonly found
experimentally”®® and predicted theoretically for soft particle
glasses above the jamming transition.®” We note that the yield
stress values found through the fitting of the steady shear
measurements, og, are always lower than the values found
through LAOS experiments. The discrepancy reduces as the
system moves away from the densely packed regime, until it
reaches very close values at concentrations closer to c.. This is
depicted in Fig. 5b, where oy and g, are reported as a function
of Carbopol concentration for PG solutions (the same beha-
viour is observed for the other two solvents, S6, ESIt). Although
small differences between the two quantities have been
observed in the literature in similar systems®® and might be
in part related to the ambiguity of the yield stress definition
from the LAOS experiments, the trend observed in Fig. 5b
suggests that the discrepancy might be related to interactions
between squeezed dangling ends of the microgels, which, in
extremely dense regimes, can interpenetrate, thus locally creating
stronger interconnections between particles that enhance the
threshold required to yield the sample when a finite deformation
is applied (as in the case of LAOS). The morphology of Carbopol
particles is in fact highly irregular,'® allowing the particles to
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Table 2 Experimental parameters evaluated from the LAOS tests and values of the HB parameters obtained from fitting of the experimental flow curves
in the densely packed state. Values of y, are extrapolated from the analysis of stress vs. strain curves as depicted in Fig. S5.1 (ESI). Go' values represent the
plateau of G’ in the linear viscoelastic region (Fig. 4) and the yield stress o, is calculated as o, = Go'y,

we (%) B0 o) m) w0 v G P) owa)  k(Pas)  m(o)
G 38 903 0.48 1.16 0.44 2834 259 1102 0.46
8 PG 23 699 0.42 0.93 0.46 2332 223 916 0.54
P 31 624 0.42 1.08 0.55 2279 197 671 0.44
G 30 527 0.46 1.13 0.47 1732 131 544 0.47
5 PG 22 346 0.42 1.04 0.49 1503 127 496 0.44
P 18 202 0.43 1.13 0.51 1087 87 158 0.51
G 22 155 0.45 1.25 0.53 696 55 166 0.51
3 PG 13 85 0.46 1.15 0.49 648 39 163 0.48
P 12 44 0.46 1.22 0.52 351 29 61 0.51
= G g the different solvents on the liquid-to-solid transition of
a) o b) . .
w0y 9 £O < [ O Carbopol dispersions.
. By 10 °
T 2 ° o 3.2.2 Below the densely packed state. When the Carbopol
(] N . . . .
%10 ° © concentration is reduced to values closer to the jamming
I transition, the effective particle volume fraction in solution
> decreases, approaching the typical value for random packing
th a m 10 0™ oms 005007 000 o (0.64-0.75 depending on the polydispersity of the powder).
¢ ¢ [g/mL] At these volume fractions, the interstitial spaces between the

Fig. 5 (a) Yield strain as a function of the apparent volume fraction ¢ for
G, PG and P solutions in the densely packed regime (the values corres-
ponding to 2 wt% of Carbopol in G and PG solutions are also added). The
dotted line is a guide for the eye and indicates a slope of 1 in the log-log
plot. (b) Discrepancy between o, and gg as a function of Carbopol
concentration for PG solutions in the densely packed regime.
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Fig. 6 Flow curves of the samples in the densely packed regime for the

three different solvents: (a) glycerol; (b) PEG/glycerol; (c) PEG. The dashed

lines represent the fitting of the experimental data with the Herschel-

Bulkley model.

strongly deform, squeeze and interpenetrate when forced at high
compression levels.

Hence, from all the results above, it can be concluded that
the use of different solvents does not influence the qualitative
behaviour of the flow properties of the suspensions when these
are densely packed, thus confirming that, in this regime,
particle interactions are mainly elastic and flow results from
an interplay between the elastic interaction between particles
in direct contact and structural rearrangements. In these
conditions, any mild attractive force induced by a specific
solvent is overwhelmed by the elastic interaction. Therefore,
it is necessary to analyse the nonlinear response of less con-
centrated samples before drawing conclusions on the effect of

This journal is © The Royal Society of Chemistry 2020

particles increase and the nature of the interparticle inter-
actions begins to play a crucial role in the flow behaviour of
the dispersions and the way particles escape their positions at
rest to rearrange when large deformations are applied. Fig. 7
reports the responses of G’ and G” from LAOS tests as the
concentration approaches the critical condition ¢, and is
further reduced below this threshold for the three different
solvents. At the highest concentration plotted (2 wt%), the
trends of both moduli for PG and G solutions present the
same behaviour observed in the previous section for higher
concentrations; this is expected since the concentration is still
higher than the critical value c., indicating that particles are
still significantly confined and possibly deformed. However,
the peak of G” appears less pronounced and wider compared to
the more concentrated cases. The crossover between G” and G’
is slightly delayed towards higher strains, roughly in the middle
of the flat region of the peak of G”. These observations hint at
the formation of a second peak in the loss modulus, which is
usually observed for colloidal systems close to the jamming
transition presenting attractive interactions (attractive glasses).**'
The typical physical picture of the yielding behaviour of these
systems is described as a cascade of events: at increasing oscilla-
tory strain, first particle-particle interactions are disrupted; this
implicates a peak of G” at a value y = y; (with y; &~ 10%), which is
linked to the energy dissipated by bond breaking, and an initial
decrease of G’, due to local particle rearrangement. Then,
for a further increase of the strain applied, particle cages break
(y = a1 ~ 100%) and particles are free to escape their
positions*"®® giving rise to a second peak of G” and to the
terminal power law decrease of G’. As particle volume fraction
is decreased below the jamming point, at fixed interparticle
interactions, the position of the second peak moves to higher
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Fig. 7 Strain amplitude dependence of the storage (closed symbols) and
loss (hollow symbols) moduli at @ = 1 rad s~ below the fully packed
regime for the three different solvents obtained from LAOS experiments:
(a) glycerol; (b) PEG/glycerol; (c) PEG.

strains and the shear-thinning behaviour of G’ and G” in the
region between the two peaks enlarges and becomes more
pronounced.®® This behaviour is typically associated with
destructuring of disordered particle networks or particle cluster
networks induced by the attractive interactions, which allow at
low strain levels to maintain a yield stress behaviour down to
low volume fractions***>*°(e.g. ¢ ~ 0.2; however, this value
strongly depends on the strength of the attraction”).

We replotted the data in Fig. 7 by normalizing G’ and G”
with their corresponding plateau values at y — 0 to better
reveal the presence of the peaks; the results are shown in
Fig. 8. For all different solvents, the same qualitative beha-
viour is observed. As the mass fraction of Carbopol decreases
to the limit of the critical concentration c., i.e. 2 wt% for P
solutions and 1.5 wt% for G and PG solutions, the normalized
storage modulus maintains the same shape and monotoni-
cally decreases following a smooth sigmoidal trend, whilst the
magnitude of the peaks of G” decreases, and the initial peak
observed for densely packed regimes is replaced by a first
peak occurring at y = y,; & 10% and by a second peak at
Y = 7Yez & 100%, which appears more or less pronounced in the
three different solvents.
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Fig. 8 Normalised G’ (upper row graphs) and G” (lower row graphs) as
function of the strain amplitude for the three different solvents.

Nonetheless, as the Carbopol concentration is reduced to
1 wt%, at the frequency tested the elastic contribution becomes
lower than the viscous one in the entire range of strains. For G
and PG solutions, G” shows a local depression just after y & y.;
followed by a temporary recovery at y X 7y.,, readily followed
by a mild shear thinning decrease. On the other hand, G’
decreases almost linearly up to a characteristic strain, slightly
lower than y.,, at which a peak shows, before reaching the
viscous terminal behaviour. A similar behaviour is observed for
P solutions, although the gap between the magnitude of G” and
G' is more significant and the normalised peaks are more
pronounced, as can be observed from Fig. 8.

Steady shear tests applied to the same sample concentra-
tions reveal the presence of a yield stress for all G and PG
solutions with Carbopol concentration equal or above 1 wt%,
whilst for P solutions the stress plateau has already dis-
appeared for solutions at 1 wt% (Fig. 9). Just above the critical
concentration c. (i.e. G and PG solutions at 2 wt%), all samples
present a yield stress and the shear stress can be fitted with the
HB model, giving a shear-thinning index ny still close to 0.5.
As the samples move away from a densely packed condition,
ng further increases and the flow curves are better fitted with a
modified version of the HB model,*”* which includes a second
power law regime at lower shear rates:

0 = on+ k™ + k™ ()

Fitting parameters for all solutions are reported in Table 3. The
coefficient n;, increases as the samples move away from the
jamming transition, as observed in previous works."”*

As the Carbopol concentration is further decreased, the yield
stress disappears and a Newtonian behaviour is observed for
7 — 0, Le., the stress curves reach an asymptotic slope equal to
1 (Fig. 9), marking the transition from a glassy arrested state
to a viscous solution. The transition happens in the range of
Carbopol concentrations 1-0.8 wt% for G and PG solutions and
1.5-1 wt% for P solutions, which is consistent with the linear
viscoelastic behaviour described in Section 3.1. Note that
these ranges of concentrations correspond to apparent volume
fractions not lower than 0.62 (which is the value for P solutions
at 1 wt%, see Table S2.2 in the ESIf). The flow curves in this

This journal is © The Royal Society of Chemistry 2020
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Table 3 Values of the HB parameters obtained from fitting of the
experimental flow curves below the densely packed regime

we (%) og (Pa) k,(Pas™) ng(-) Kk, (Pas™) n,(-)
G 19.3 70 0.57 — —
2 PG 12.5 66 0.54 — —
P 4.9 3.7 0.76 20 0.52
G 2.4 37.3 0.68 16.7 0.25
1.5 PG 2.3 29.8 0.67 8.4 0.28
P 0.19 5.7 0.71 3.5 0.37
G 0.43 19.7 0.68 5 0.3
1 PG 0.16 5.7 0.81 7.9 0.49

P J— J— J— J— J—

regime can be fitted with the Carreau-Yasuda model (see S7
ESIt for fitting parameters). All solutions behave as shear-
thinning fluids, with shear-thinning indexes that increase with
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decreasing Carbopol concentration until the Newtonian beha-
viour is reached in the complete range of shear rates tested.

Overall, the results obtained from LAOS and steady shear
measurements indicate that for all solutions a loss of solid-like
behaviour is observed as soon as the particle confinement is
lost, which is typically observed in soft repulsive systems under-
going a glass transition.*®" However, close to the jamming
transition, the yielding behaviour is not characterised by a single
peak but instead the loss modulus shows two peaks, indicating a
more complex particle escaping mechanism. This behaviour
suggests the presence of short-range interparticle attractions
(e.g- van der Waals interactions), which can form disordered
particle clusters only when particles are in close contact.
At higher particle concentrations, these contacts can extend
between clusters, forming larger aggregates that are usually
sensitive to the specific shear protocol applied.

To verify this picture, we further investigated the reversibility
of the yielding behaviour of samples close to and just below c. by
performing consecutive ascending and descending amplitude
sweeps at a fixed frequency of 1 rad s . Before each ramp,
samples were conditioned by applying a pre-shear at 100 s~ * for
60 s, followed by a rest period of 900 s.

In the presence of repulsive particle interactions, the response
to nonlinear deformations is expected to be perfectly reversible
because there is no significant interconnection between particles
and the suspension yields simply by a ’cage’ escape mechanism,
meaning that, as the deformation is reduced, the initial micro-
structure is recovered as particles are confined again in the cages,
thus showing the same plateau values of G’ and G”. By contrast,
for attractive particle interactions, the yielding behaviour is
extremely sensitive to the shear history that the sample has
experienced because of the significant de-structuring that the
initial microstructure, characterized by connectivity between
single particles, undergoes under flow.*" In fact, in an ascending
amplitude sweep the initial particle network will be progressively
broken into smaller clusters until ideally reaching a dispersion
of single particles, whilst in a descending ramp, the original
strongly interconnected structure will be unable to reform in the
time of the experimental ramp, thus causing a reduction of
the linear elastic plateau, which can be of one or more orders
of magnitude.

For brevity, we report only the results obtained for P solu-
tions at 2 wt% (i.e., close to c.) and 1.5 wt% (i.e., just below c.) of
Carbopol in Fig. 10, which better highlight the effect of mild
particle-particle attractions on the reversibility of the yielding
behaviour at the tested frequency. The response to nonlinear
deformations is perfectly reversible for both samples only
for high strain amplitudes (i.e., y > 7.,), where the sample is
completely yielded and the initial structure has been broken.
At lower strains, the linear plateaus of G’ and G’ obtained with
the descending sweeps for the sample close to the jamming
transition (i.e., 2 wt% in Fig. 10) remain in the same order
of magnitude, reducing only by a factor of 1.1 and 1.5,
respectively. The same results were found for all samples close
to the jamming transition, independently of the solvent used
(see S8 ESIf).
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Fig. 10 Ascending (A) and descending (D) amplitude sweeps for P
solution close (2 wt%) and below (1.5 wt%) the critical concentration c..
As usual, closed symbols indicate the storage modulus, whilst hollow
symbols the loss modulus.

This modest decrease reveals that, although the initial
microstructure is mainly maintained by the topological con-
finement of the particles, as happens for repulsive systems,
there is a small component related to particle-particle interactions,
which alters the structure reorganisation in the descending ramp.
This is better highlighted at lower particles concentrations, just
below the jamming transition (ie. 1.5 wt% in Fig. 10), for which
the descending sweep displays a clear loss of the original structure,
which is partially recovered at lower strains. These observations
resemble what has been already reported by other authors for
similar systems.>" In this previous study, the loss of reversibility
was attributed to an increase of the characteristic size of the
smallest clusters achievable, which entailed a reduction of the
cluster-cluster contacts and therefore of the network strength,
resulting in a drop of the elastic plateau of one order of magnitude.
In the present case, the results obtained from LAOS experiments
indicate a similar mechanism, showing that once the sample has
been destructed, it cannot fully recover its initial configuration
within the experimental time.

As particle concentration reduces just below the jamming
threshold, particle caging begins to fade until solutions no
longer present a stress plateau. Nonetheless, since particle
concentration is still significant, random clusters can still form
in the bulk of the solution between particles that are at close
distance, thus explaining the behaviour observed with the LAOS
tests for P solutions at 1 wt%, which do not show a yield stress
in steady shear tests: as a shear deformation is applied, particle
clusters can interact with each other forming bigger aggregates
and deform under shear more freely without breaking up.
At smaller amplitude strains, the movement of these aggregates
will create local pockets of solvent, which cause the local
decrease observed in the loss modulus. As the amplitude of
the strain applied increases, the aggregates deform up to a
certain point at which eventually they break again into smaller
clusters.
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Just before the breaking point, the aggregates have reached
the maximum deformed configuration; in this condition the
system is able to accumulate the stress applied as elastic
energy, hence showing a peak in the storage modulus, which
is then abruptly dissipated after rupture. The interactions
between clusters in this regime happen randomly when
particles are forced to contact under flow and the absence of
a solid-like behaviour at low strains (i.e. absence of a yield
stress) suggests the lack of a strong interconnected structure
spanning the whole bulk of the suspensions.

We conclude that, although the results obtained from
LAOS experiments indicate the presence of some interparticle
attractions, which influences the yielding mechanism near
random packing concentrations, all suspensions undergo a
transition from a viscous solution to a glassy state induced
by a ‘“cage effect”, independently of the solvent used. This
confirms that the use of different solvents mainly influences
the final swollen state of Carbopol particles and therefore the
rheological behaviour of all solutions should be scalable with
the particle volume fraction. We point out that, in the range of
shear rates investigated, we cannot distinguish clearly a glass
transition from the flow curves for the solutions studied; this is
likely because, given the limit in the range of shear rates, the
flow behaviour of the solutions is sampled in the athermal
regime®'(tr > 1/jmin, for all solutions), where any effect related
to the thermal energy of the particles is suppressed.

The nature of the interparticle attractions responsible
for the rheological behaviour observed is unclear and difficult
to predict. Considering their efficacy only at concentrated
regimes, they are probably related to van der Waals potentials
between swollen particles, which dominate over the repulsive
electrostatic and steric interactions only at close particle contact.
The qualitative effect on the bulk rheological properties appears
to be independent of the solvent, although P solutions show
a more noticeable difference in the magnitude of the peaks
compared to the other two solvents, as shown in Fig. 8. This
could indicate stronger attractive forces in the sole presence of
PEG,4, molecules, which are, however, difficult to explain at this
stage. The difference could be related to various aspects, from a
worse degree of solvation of the external polymer chains, which
would reduce the steric repulsion between particles, to a decrease
of the electric double layer due to the worse dielectric properties of
PEG,q, compared to glycerol, which would in turn also partially
affect the van der Waals interactions through the Hamaker
constant.*> Further investigations, which are beyond the scope
of this work, would be of great interest to understand more
deeply the specific interactions responsible for the rheological
observations.

3.2.3 Determination of the particle final swollen radius.
To estimate the final swollen dimensions of the Carbopol
molecules in the three solvents, we first consider the trend of
the zero-shear relative viscosity #, as a function of Carbopol
mass concentration. Data for all solvents are reported in
Fig. 11. Like what is predicted for hard sphere suspensions at
increasing particle volume fraction, the relative viscosity
diverges as the critical jamming concentration is approached.
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Fig. 11 Relative viscosity as a function of Carbopol concentration for G,
PG and P solutions in the semi-dilute regime. The solid lines represent the
fitting with egn (8).

The data for G and PG solutions fall on the same curve, while
the values for P solutions diverge at higher Carbopol concen-
trations. If a linear relation is assumed between the mass
concentration ¢ and the final volume fraction { of the type:

¢ =kmc (4)

the trends in Fig. 11 suggest a shift in the effective volume
fraction of P solutions, which can be directly related to a
reduced swelling of Carbopol molecules in PEG. Note that here
we denote the apparent volume fraction obtained from the
rheological measurements by { to distinguish it from the values
¢ acquired from the confocal images. In the assumption that
Carbopol particles can be modelled as porous spheres, with
initial radius Ryy, apparent dry density p, and final swollen
radius Rgw, eqn (4) can be written as follows:

4 4
11p§TtRSW3 = leipthRlN3pp (5)

where n;, is the particle number density per unit volume of
suspension. By rearranging eqn (5), the final swollen radius is
given by:

Rsw = Rin(ppkar) ' (6)

where ky is the only unknown. Hence, in the limit of validity of
eqn (4), kv can be found by fitting the data reported in Fig. 11
with a theoretical model for the relative viscosity of sphere
suspensions. Both sets of data are fitted with the equation
derived by Mooney for concentrated suspensions of spherical

particles:”?
2.5¢
n=ew () o)

where, / is a fitting parameter related to the maximum packing
factor that the system can achieve, which for polydisperse
systems depends significantly on the particle size distribution.
As an indication, 4 ~ 1/{;,, where (,, is the volume fraction at
maximum packing. The equation derived by Mooney is an
extension of the Einstein equation for infinitely diluted systems,
which considers the crowding effect of neighbouring particles.
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It has been developed for hard spheres but it has been success-
fully applied also to softer systems such as emulsions.”” By
substituting eqn (4) into eqn (7), we obtain the fitting equation:

— ex 2.5/(1\/[(,’
e = P\ T " Jheme

If we assume that the final value of A depends only on the
polydispersity of the Carbopol particles in the dry state, the
same value should be assumed for all solutions and data can be
fitted together to obtain the optimal values of 2, K7 and ki
(for details about the fitting procedure see S9, ESIt). The data in
Fig. 11 can be replotted as a function of the apparent volume
fraction { (following eqn (4)). The outcome is displayed in
Fig. 12, which shows an efficient rescaling of the zero-shear
viscosity up to { ~ 0.5. Note that the majority of the data are
at intermediate volume fractions, where other relations com-
monly used for dilute dispersions do not apply. For reference,
the Batchelor equation” (i.e. 7, = 1 + 2.5 + 6.2(%) is also
reported in Fig. 12, clearly showing a significant deviation from
Mooney’s prediction beyond its limit of validity (i.e. around
{ ~ 0.2) (inset in Fig. 12). The final values of the fitting
parameters are reported in Table 4, with the corresponding
final radii obtained from eqn (6) and the values of the swelling
ratio Qg defined as:

®)

Os

Vew — V. Rsw’
:M:(ﬂ) i ©)

VN Rin

The values of Rgw agree with those found from confocal
microscopy (reported previously in Section 2.3). In pure glycerol,
Carbopol 974NF can swell up to more than 8 times from its initial
size, whilst in PEG the swelling is reduced to 5 times. This
difference can be attributed to the different degree of ionization
that the two solvents induce on Carbopol molecules. For linear
chains of uncrosslinked polyacrylic acid, the final conformation of
the molecules in a solvent is reported to strongly depend on the

G

0.0 0.1 0.2 0.3
Carbopol volume fraction,  [-]

0 N N o s
00 01 02 0. 04 05 0.6

Carbopol volume fraction, ¢ [-]

Fig. 12 Relative viscosity rescaled with Carbopol volume fraction { for G,
PG and P solutions in the semi-dilute regime. The solid line represents the
fitting with Mooney's equation,’? whilst the dashed line is the Batchelor
equation.”® The inset shows the point at which the Batchelor equation
starts to deviate from Mooney's.
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Table 4 Parameters obtained from fitting of the experimental relative
viscosity with egn (8), final swollen radii, swelling ratio, particle elastic
modulus, characteristic time of the thermal fluctuations (recalculated with
the updated particle dimensions) and Carbopol concentration c; and mass
fraction w; corresponding to the apparent volume fraction at the jamming
transition (considered as the volume fraction {3 at which the relative zero-
shear viscosity diverges, ie. {; ~ 1/2 = 0.769) for Carbopol particles
swollen in the three different solvent

ke . Rsw Qs Gy g oW
(=) (mLg™) (nm) (=) (Pa) 1 (s) (gmL™") (%)
G 68.9 603 8.4 554 3.3x107 0.011 0.89
PG 1.3 1.4 x 107 0.94
P 43.7 518 5.3 873 2.4 x 10" 0.0176 1.57

density of the dissociated carboxyl groups distributed along the
backbone of the molecule, which alter the conformation due to
electrostatic repulsions.® In a crosslinked structure, such as that
of Carbopol molecules, although the presence of electrostatic
repulsions might play a role in inducing an initial unravelling
of the collapsed structure, the final swelling degree is controlled
by the osmotic pressure between the internal charged environ-
ment and the external solvent. In the absence of any neutralizing
agent, the effect of each pure solvent is mild but still quite
distinguishable, as highlighted by the rheological measurements.
Thanks to the higher density in OH groups, glycerol molecules
can induce a higher degree of ionization compared to poly-
ethylene glycol thus promoting a more pronounced swelling.
Interestingly, when the two solvents are combined, the outcome
is equal to what is observed in the sole presence of glycerol.

These findings highlight that the kinetic aspect of the
swelling process is critical to the final swollen state achieved.
As reported in a previous work,** the swelling kinetics of these
systems is diffusion-controlled, meaning that smaller mole-
cules with a better affinity with the polymer and a higher
capability of transporting charges will preferentially move
inside the crosslinked structure of Carbopol. Hence, if the
amount of glycerol in solution is enough to swell the majority
of the particles, the final swollen average dimension will be
equal to that obtained in the pure solvent.

The values found through the rheological measurements are
estimated on the assumption that eqn (4) is still valid in the
semi-dilute regime (for 0.25 < { < 0.5) and particles can fully
swell to their final equilibrium dimension. Although a
reduction of the final particle dimensions surely happens for
samples above the jamming transition for steric effects, the
predictions of the critical mass fraction w; at which the jam-
ming transition happens for all solvents (obtained from the
volume fraction (; at which the relative zero-shear viscosity
diverges, ie. (;j & 1/4 = 0.769) are within the ranges expected
from the analysis of the flow curves at higher concentrations, as
previously reported in Section 3.2.2. This suggests that our
assumption is acceptable in the range of concentration used to
fit the Mooney equation. The values of wj are reported in
Table 4 for all solutions.

Determining precisely the particle radius in microgel systems
such as Carbopol above the semi-dilute regime can be quite
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challenging because of their ability to de-swell and deform to
accommodate a higher number of particles, thus altering their
original dimension and the actual particle volume fraction, which
should be used to scale all the rheological properties.

Despite the lack of accuracy of eqn (4) above the semi-dilute
regime, it is possible to use the fitting parameter ky, to estimate
the particle elastic modulus G, (which can be calculated from
the parameter K, found in Section 3.1, i.e. G, = Kp/ky) and the
apparent volume fraction { (i.e., { = kyc) and verify that the flow
behaviour for all solutions follows the same scaling laws
predicted for athermal suspensions of soft elastic particles with
no significant attractive forces in all the regimes investigated.

Close to the jamming point, all flow curves can be collapsed
on two separate branches, one above and the other below the
jamming transition, by scaling the shear stress ¢ and the shear
rate j as /(E|{ — (") and ngj/(E|( — {5|"), respectively.>>>74
In the scaling relations, E represents the elasticity of the
particulate material (i.e.,, G,) and 4 and I' are power law
parameters that for Hertzian particles theoretically have the
values of 2 and 4,%® respectively.

Hence, all data presented in Fig. 9 with concentrations close
to the jamming transitions (i.e. for % mass fractions 0.7% <
w < 2 wt% for G and PG solutions and 1 wt% < w < 2 wt%)
can be replotted by applying the scaling laws above (see Table 4
for a summary of the parameters used for scaling). The out-
come is shown in Fig. 13. Independently of the solvent used, it
is possible to collapse all flow curves close to the jamming
point in two separate branches, one above and the other below
jamming, thus confirming that the nature of the liquid-to-solid
transition is mainly dominated by a jamming dynamics
and that different solvents mainly influence the final swollen
dimensions of the polymer particles.

The scaling above derives from the specific nature of the
jamming transition and does not hold far above or below the
jamming point. Hence the flow curves obtained in a densely
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Fig. 13 Scaled version of Fig. 9 for G (red), PG (blue) and P (black)
solutions, down to concentrations of 0.7 wt% for G and PG solutions
and of 1 wt% for P solutions. All concentrations above the jamming
transition (ie. with % mass fractions w > wj;) are reported in closed
symbols, whilst below the jamming point are reported in hollow symbols.

The dashed line is the theoretical HB fitting with power law exponent equal
to 0.53.
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legend is the same as in Fig. 6. The black line represents the fitting with
egn (10).

packed regime, which are far above this point, should be
collapsed considering a different scaling. At these high volume
fractions, the flow behaviour is controlled by the competition
between the elastic restoring force and the viscous forces
between particle facets.®””> This physical picture is well
captured by a micromechanical model developed by Seth and
co-workers,®” for athermal suspensions of soft elastic particles,
which incorporates the effects of elastic interactions with the
hydrodynamic contributions resulting from particles sliding.
The model predicts a constitutive equation for the flow curve of
a packed dispersion of elastic particles, with particle contact
modulus E*, dispersed in a solvent of viscosity #s, of the

HB type:

1/2 oy 2 1/2
o . MNs E 7B
—=1 ik = (ky 1
o +k(V VBz) =k /UB)( n ) (10)

S

where, op and yp are the yield stress and strain, respectively,
which are linked by the relation for linear elastic solids and % is
the dimensionless consistency index. Therefore, we can replot
the flow curves of Fig. 6 using the dimensionless shear stress
o/oy and the dimensionless shear rate j5,/E*ys%, where yg is
calculated from the HB yield stress (i.e. y5 = 0p/G,') and E* = G,,.
The result of the scaling is shown in Fig. 14. The curves overlap
independently of the solvent used and collapse (within an error
<20%) on the theoretical prediction (black line), thus showing
that all samples behave as suspensions of jammed soft
spherical particles and, independently of the real dimension
and degree of deformation of the Carbopol particles, their flow
behaviour can be scaled with the particle elastic modulus G,
obtained from the estimated parameter k.

4 Conclusions

The effect of non-aqueous solvents on the swelling behaviour
and mutual interactions of Carbopol particles has been inves-
tigated to understand better how these phenomena impact the
rheological design of non-aqueous formulations.

The rheological properties of dispersions of a highly cross-
linked Carbopol polymer (Carbopol 974P NF) in glycerol (G),
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PEG,¢ (P) and a mixture of the two (PG) are mapped from the
dilute to the densely packed regime. At increasing Carbopol
concentration, all solutions display the typical viscoelastic
properties of mildly attractive soft particle suspensions. A clear
shift in the onset of the jamming transition occurs when pure
PEG,0 is used as solvent, whilst the liquid-to-solid transition is
the same for G and PG dispersions. Nevertheless, once the
jammed state is reached, the elastic modulus is simply scalable
with the polymer mass fraction, regardless of the solvent used.
These results suggest that the use of different solvents clearly
influences the swelling behaviour of Carbopol molecules,
which is reflected in a higher characteristic jamming concen-
tration for P solutions, yet without altering the interparticle
interactions in the limit of small deformations.

The typical behaviour of a fully packed suspension of soft
particles is also confirmed by the response to non-linear
deformations from both LAOS and steady shear experiments.
Above the close packing regime, when particles are significantly
deformed against their neighbours, all dispersions behave as a
packed dispersion of elastic deformable particles and the flow
behaviour is mainly regulated by the interplay between the
elastic interaction between particles in direct contact and
hydrodynamic interactions originating from particles sliding.
Below the close packing concentration, LAOS experiments
reveal the presence of short-range attractive forces between
Carbopol particles, which are highlighted by the two-step
yielding mechanism of the loss modulus at increasing shear
deformations. Nonetheless, the loss of a yield stress just below
the jamming transition suggests that the attractions are only
significant when particles are in close contact and the liquid-to-
solid transition for all solvents considered is mainly “cage”
driven. Carbopol particles swell up to more than 8 times their
initial size in G and PG dispersions, whilst in PEG the swelling
is reduced to 5 times. These findings, confirmed also by
confocal microscopy, highlight that, even in the absence of
water, the main driving mechanism that controls the final
swollen conformation is the degree of ionization induced by
the solvent on Carbopol molecules. Furthermore, in the
presence of co-solvents the kinetic aspect of the swelling
process is critical to the final swollen state achieved, as high-
lighted by the equal swelling degree obtained for G and
PG dispersions. The swelling kinetics of these systems are
diffusion-controlled, thus if one of the solvents presents better
permeability in the carbomer network and is present in amount
sufficient to swell the majority of the particles, the final swollen
average dimension of the particle is equal to what is obtained
in the presence of that solvent alone.

Once the average particle dimension is known, the flow
properties above and below jamming can be scaled for all
solvents simply with an apparent particle volume fraction,
showing a flow behaviour consistent with soft particle systems
in the athermal regime, with some anomalies observed
at significantly high particle concentrations. These results
highlight that, even if typically the morphology of Carbopol
molecules is described as quite irregular, thanks to its high
crosslinking degree, Carbopol 974P NF, as opposed to other
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types with a lower crosslinking degree, can be well approxi-
mated to a soft spherical particle until densely packed regimes
are reached. In these regimes, the rheological behaviour
becomes more sensitive to particles irregularities (e.g. presence
of dangling ends, possible uneven distribution of the cross-
linking density or of functional groups), which influences the
interactions between the particles when they are forced to close
contact. These effects are complex to clearly address, given the
commercial nature of the material, and further investigations
would be of great interest to elucidate the anomalies observed
at high particle concentrations.
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