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Abstract

Hypothesis: Soft microgel colloids can be densely packed since particle networks can
compress and interpenetrate. This evolution of the particle’s internal structure
associated with packing is expected to determine the linear viscoelastic properties and
the yielding behavior of dense suspensions of microgel colloids.

Experiments: We investigated the volume fraction-dependent linear and non-linear
rheological response of suspensions of soft core-shell particles formed by a poly(N-
isopropylacrylamide) (PNIPAM) microgel core and a thin poly(ethylene glycol) (PEG)
shell.

Findings: The linear viscoelasticity of suspensions reveals a transition from a fluid to a
jammed glass state. Increasing volume fraction within the jammed state, the linear
storage modulus and the vyield stress show distinct regimes associated with the
evolution of particle contacts, which involve progressive compression and
interpenetration of the shell and core. The yielding of jammed suspensions occurs in
two-steps: At small strains jammed cages are rearranged, while full disentanglement
of interpenetrating networks only occurs at large deformations and results in
fluidization. Yield strains and stresses increase with increasing shear rate or frequency,
suggesting a progressive dominance of the timescale associated with shear over that
associated with the internal dynamics of the system.



1. Introduction

The rheology of colloidal suspensions is of primary importance for the processing of
food, solid inks, building materials such as cement, ceramic pastes, among others [1],
[2]. The use of model colloidal particles has provided the opportunity to investigate
the microscopic origin of the rheological response of suspensions and how this can be
tailored by manipulating particle microstructure and interactions. For hard sphere-like
colloids, a large degree of fundamental understanding has been achieved through a
microscopic description of the effects of shear on structure [3 — 8], Brownian diffusion
[9 —13], hydrodynamics [13, 14], also for non-equilibrium states [15]. The response of
soft colloids, which include emulsions and nanoemulsions, micelles, liposomes,
dendrimers, star polymers, core-shell particles, microgels and others, is even richer
due to the complex internal structure of these systems [16].

Among soft colloids microgel particles, in particular based on poly(N-
isopropylacrylamide) (PNIPAM), have recently attracted considerable interest
because of the broad range of technological applications [17], and because of their
use as a versatile model system for fundamental studies [18]. Microgel particles have
a complex internal architecture consisting of a cross-linked hydrogel network which is
swollen in good solvents, making them deformable and highly compressible [18 — 20].
The cross-linking density plays an important role in determining the degree of allowed
deformation and compression [21, 22]. Depending on the synthesis method and the
solvent used, they may also present dangling ends which form a polymer or brush-like
shell [23, 24], which is in turn compressible and penetrable [25]. The rheological
response of suspensions of microgel particles has been investigated in detail in
experiments [26 — 33] and models connecting the single particle properties to the
suspension response have been proposed, including linear viscoelastic properties [24,
34] and flow behavior [35]. These models describe the effects of particle compression
and interpenetration on the suspension rheology. Only recently the structural
evolution of particles as a function of concentration has been investigated by means
of zero-average contrast Small Angle Neutron Scattering (SANS) [25] or microscopy
[36 — 39] and directly linked to the linear viscoelasticity [37]. In particular different
regimes of the dependence of the linear storage modulus G’ on concentration have
been associated with the corresponding evolution of particle contacts. Such evolution
also reflects the variations of the inter-particle interactions in the overlapping regime
[40]. Much less is known about the effects of such structural evolution on the non-
linear response and yielding [41].

More complex soft core-shell architectures have been also developed [42] to fulfill
application requirements. For instance, in biomedical applications additional shells
with specific ligands have been added to stimulate cell targeting [43], or to improve in
general the biocompatibility of the particles [44]. The rheological behavior of
suspensions of such microgel core-fuzzy shell particles is largely unexplored. In



particular, the contribution of an additional soft corona with different viscoelastic
properties needs to be determined, especially for large packing fractions where
particle interpenetration and deformation plays a major role. For this purpose, in this
work the linear and non-linear rheological response of soft core-shell particles was
investigated, where a lightly cross-linked PNIPAM microgel sphere forms the core, and
pending long poly(ethylene glycol) (PEG) chains form the corona. Results on linear
viscoelasticity and steady state stress during flow show the presence of three different
regimes of the response as a function of particle concentration, evidencing thus the
presence of an additional regime compared to the behavior commonly reported for
PNIPAM microgel particles. These regimes are interpreted as being associated with
the progressive compression and interpenetration of the corona and core of the
particles with increasing particle concentration, with the third regime corresponding
to core compression. The complex vyielding of dense suspensions evidences
contributions from entropic caging, typical of colloidal systems, but also from the
overlapping polymeric coronas.

2. Materials and Methods:

Samples

The particles used in this work consist of a thermosensitive core, made by a crosslinked
network of PNIPAM, and a shell of PEG. A schematic representation of the microgels
is shown in Fig. 1a. In the reaction stage, due to their hydrophilic character, the PEG
chains stabilize the emulsion and form a shell around the PNIPAM core. It has been
seen that the addition of PEG to a crosslinked NIPAM microgel improves colloidal
stability and hydrophilicity in particular at high temperatures, reduces the particle size,
increases polydispersity and shifts the volumetric phase transition temperature (VPTT)
to high temperatures [44, 45]. The synthesis details are summarized below.

All the reagents used are from Sigma Aldrich. N-isopropylacrylamide (M, 113.16
g/mol) was purified by recrystallization in petroleum ether at 35°C. The crosslinker
ethylene glycol dimethacrylate (EGDMA), the initiator ammonium persulfate (APS)
(Mn 228.18 g/mol) and poly(ethylene glycol) methyl ether methacrylate (PEGMA) (Mn
950 g/mol) were used as purchased.

The core shell microgels were synthesized with a soap-free emulsion polymerization
method [44] using a 1L jacketed glass reactor (Syrris, model Atlas Potassium, Royston,
U.K.) to improve temperature and stirring control. The particles were synthesized with
a weigh proportion of 30% of PEG and 70% PNIPAM. First, 3.5g of PNIPAM were
dissolved in 40ml of water and mixed with the crosslinker (1 mol% vs PNIPAM). The
solution was bubbled with nitrogen for 30 minutes to remove any dissolved oxygen
while stirred at 350 rpm in a cold bath at 15°C.
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Figure 1. a) Schematic representation of a PNIPAM-PEG colloid. The non-uniform crosslinked network
of PNIPAM is represented as black lines while the PEG chains are showed as green lines located on the
surface of the particle. In the swollen state, the particle is filled with water, represented by blue color.
b) Temperature dependence of the hydrodynamic radius of PNIPAM-PEG particles in water obtained
by DLS (symbols). The solid red line represents a fit of the data with a logistic function.

After 20 minutes, 1.5g of PEG pre-dissolved in 10ml of water were added and the
bubbling was maintained for 10 additional minutes. The so-obtained mixture was
added to 438 ml of pre-heated water (85°C) and stirred at 350 rpm for 30 minutes.
APS (2 wt% vs PNIPAM) previously dissolved in 12 ml of water was added to initiate
the reaction. The polymerization was carried on for 45 minutes, after which the
solution was placed in a cold bath to stop the polymerization process. The dispersion
was purified via dialysis for 7 days and the colloidal particles were recovered by freeze
drying. The effective weight fractions of PNIPAM and PEG in the resulting particles was
confirmed by Nuclear Magnetic Resonance (NMR) measurements. Transmission
Electron Microscopy (TEM) and NMR measurements performed in previous work on



samples obtained with the same synthetic procedure confirmed the core-shell
structure of the particles [44,45]. The PEG corona increases the stability of the
particles against aggregation even at high temperatures [45].

The microgels were redispersed in water at 0.2 wt/wt% and characterized via Dynamic
Light Scattering (DLS) using a NanoBrook 90Plus Particle Size Analyzer (Brookhaven
Instruments Corporation). The temperature dependent hydrodynamic radius (Ry) was
determined in the range 20 °C< T < 47.5 °C after equilibrating the sample for 6 minutes
at each temperature and is shown in Fig. 1b. The polydispersity of the system was
estimated from the DLS measurements as p = 0.19. By assuming an ideal brush
configuration (good solvent conditions) for the PEG chains formed by n =
21 monomers, and using the PEG monomer length [ = 0.35 nm, the thickness of the
PEG shell (dilute conditions) can be estimated as L = n - [ = 7.35 nm. Calculating the
PNIPAM core surface as Apypay = 4TRENpam With Rpnipay = Ry — L = 158.65
nm and estimating the area occupied by a PEG chain on the core through the Flory

6/512, where R = n3/[ is the Flory radius of the polymer in

area Ap = mRZ = n
solution [46], one can estimate that approximately 2.1 x 10* PEG chains are grafted
onto the PNIPAM core.

A series of samples with concentrations equal to 7.09, 10.43, 14.83, 17.54, 21.05, 24.5,
28.03, 31.5 and 35 wt/wt% was prepared. In all cases particles were dispersed in a
0.233 mM NaCl aqueous solution to screen electrostatic charges [28]. The correct
mass of particles and solvent (water) was weighed and mixed with a small magnetic
stirrer until complete homogenization was obtained. The effective volume fractions

(perf) of the samples at 20°C were determined according to ¢eff(T) =
G [D(T)/Dinl? [47], with T the temperature, ¢, = ——<°L the colloid weight

Meop + Mooty

fraction being m.,; and mg,;,, the mass of the colloids and solvent, respectively, and
Dpin the minimum diameter of the particles in the collapsed state at high
temperature. The diameter at T =20 °C and in the collapsed state was determined by
modeling the temperature dependence of the particle’s diameter with a logistic
function (Fig. 1b). The effective volume fractions for the samples at T = 20 °C are
¢err(T = 20°C) =0.49,0.73,0.97,1.22,1.46, 1.71, 1.95, 2.20, 2.44. In what follows
we will indicate for simplicity ¢ (T = 20 °C) as ¢ .

Rheology

All measurements were carried out with a DHR-3 (TA Instrument) stress-controlled
rheometer using a cone-plate geometry with a 40 mm diameter and a cone angle of
0.5081°. The absence of significant wall slip effects for samples with ¢ > 0.49 was
confirmed by measuring the gap dependent viscosity of the samples using a 20 mm
smooth plate-plate geometry. For ¢.rr = 0.49 instead indications of wall slip effects
were present and a cross-hatched plate-plate geometry with diameter 40 mm was
used. For the sample with ¢, = 0.73 a 20 mm diameter plate-plate geometry was
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used. Temperature was controlled using a Peltier lower plate and the temperature
was fixed to 20°C. To avoid evaporation, a solvent trap which isolates the sample from
the surroundings was used. It consists of an enclosure with a solvent seal at the top
and a permanent seal al the bottom which creates a saturated atmosphere.

In case of the two lowest concentrations, instead of using a solvent trap evaporation
was avoided by filling the gap surrounding the geometry with mineral oil. A
rejuvenation protocol was implemented before each measurement to minimize the
effects of sample loading and aging. First, oscillatory shear in the form of a dynamic
time sweep with a large strain amplitude (100% < y, < 700%, depending on sample)
was applied for 180s. At the end of this test all samples showed a liquid-like behavior.
Subsequently, the samples were subjected again to oscillatory shear in the form of a
dynamic time sweep with a low strain amplitude (0.05% < y, < 0.2%, depending on
sample) until a steady state in the viscoelastic moduli was reached. For all samples we
found that 180s were sufficient to reach the steady state. In both dynamic time
sweeps corresponding to the two steps of the rejuvenation procedure the frequency
used was w = 10 rad/s.

3. Results
A. Linear Viscoelasticity

Linear viscoelastic moduli obtained from frequency sweeps (Fig. 2a, data for ¢.r =
1.22,1.71 and 2.20 were omitted for clarity) show a solid-like response for ¢ r > 0.7
, indicated by a storage modulus G’ larger than the loss modulus G” for all measured
frequencies, while a fluid-like response (G” > G’) is observed for smaller effective
volume fractions. The fluid-like samples exhibit at low frequencies a weak dependence
on w of both moduli, which differs from that expected for simple Newtonian fluids
(G'~w? and G"” ~w). In the solid-like samples the gap between G’ and G” increases
with decreasing frequency but no clear minimum of G” is observed in the measured
frequency range, suggesting a long relaxation time for the system. The gap also
increases with increasing particle volume fraction, consistent with a slower relaxation
and a longer-lived solid state. The plot of the storage modulus extracted for two fixed
frequencies w = 1 and 10 rad/s (G’1 and G’10, respectively) as a function of the
effective volume fraction ¢, (Fig. 2b) indicates the presence of distinct regimes: For
¢err < 0.7 we observe a smooth increase of the modulus, which can be associated
with the approach to the fluid-solid transition already discussed for Fig. 2a.

For 0.7 < ¢.rs < 2.0 the modulus shows a sharper increase, which can be described
with a linear dependence G'~A(¢.rr — @), with A = 32 and 60 Pa for w = 1 and
10 rad/s, respectively, and ¢, = 0.684 in both cases. Finally, for ¢, > 2.0 the
increase of G’ is more pronounced and can be described with a power-law G’~(¢eff)/”
with § = 8.4.
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Figure 2: a) Dynamic frequency sweeps at different values of ¢, as indicated. Solid symbols represent
the elastic moduli, G’, and open symbols the viscous moduli, G”. b) Storage modulus at w = 10 rad/s
(G'10) and w =1 rad/s (G"1) as a function of ¢.¢r . The solid lines for ¢, < 2.0 represent linear
dependencies G'~A(p.rr — P.). The dashed blue line represents the dependence of G’ on ¢.¢f
predicted by the model of [37]. The solid lines for ¢, > 2.0 show power-law dependencies with the
indicated exponent 8.4. Bottom: Schematic representation of the interaction regimes between two
colloidal particles. The dense crosslinked PNIPAM core is represented in black color, while the fuzzy
PNIPAM shell, characterized by a smaller density and crosslinking degree, is represented in blue color.
Finally, the PEG external corona is represented in green color. For 0.64 < ¢.sf < 1.2, the PEG coronas
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and external PNIPAM layers are in contact and deform. For 1.2 < ¢, < 2.0 interpenetration of the
internal PNIPAM cores takes place. For ¢.sf > 2.0, core interpenetration reaches a limit and core
compression occurs.

The exact value of the power-law exponent for ¢, ¢ > 2.0 is only indicative due to the
small number of data points in this regime. Note that trends for different frequencies
are completely consistent, in particular for ¢.rr > 0.8. The linear dependence
observed for intermediate values of ¢.ss agrees with previous results for PNIPAM
microgel suspensions [24, 34, 37, 41, 48] and dense star polymer solutions [49] in the
jammed glass regime corresponding to ¢.sr > 1. On the other hand, the storage
modulus of polystyrene (PS) particles covered with a PNIPAM shell shows a stronger
power law dependence on ¢, [49]. Itis interesting to note that comparing to results
in [48], our data suggest a behavior closer to that of star polymers than to PS-PNIPAM
core-shell colloids and compared to results in [24], our data show agreement with
particles having a smaller degree of crosslinking. These comparisons suggest a
particularly soft, star-like internal structure of the PNIPAM-PEG particles, in particular
the PNIPAM core, which has been confirmed by SANS experiments [50].

In [37] the rheological response of dense suspensions was connected to variations of
the internal structure of the microgels. The microgels studied in [24, 37] present an
internal structure similar to that described for our system: They are composed of a
dense core and a fuzzy, brush-like corona: in the regime 0.64 < ¢, < 1 the fuzzy
shells of the particles are in contact. The increase of the storage modulus was
interpreted in terms of the progressive compression of the shells making use of a
combination of rheology and super-resolution microscopy. A schematic
representation of the corona interaction in this regime for the PNIPAM-PEG particles
of this work is reported in Fig. 2b (bottom). The increase of G’ is described using a
model of brush-like interactions between the particle coronas. The input parameters
of the model are the size ratio between the core radius R, and the total radius R;, a =
R./R¢, and the jamming volume fraction, ¢;, of the suspension: G'~B(t%* — 173/,

where 7 = (1 — a)/[(¢>eff/¢,)_1/3 — a] and B is a prefactor which depends on the
grafting density of the corona and is typically fitted to the data. Fig. 2b reports a model
calculation obtained for our system (dashed blue line), for which we used a = 0.47
according to SANS measurements which indicate R, = 78 nm as obtained by a Guinier
fit of the low Q-range of the particle form factor [50], and R, = 166 nm obtained from
DLS measurements (details in the “Materials and Methods” section). For ¢, the value
of ¢. = 0.684 was used at which the onset of the linear dependence of G’ on ¢ is
observed. Using B = 12 Pa the model is consistent with the data for ¢, < 1.2.
Considering that the studied particles have a degree of cross-linking which is about 5
times smaller than particles in [37], it appears reasonable that the model describes
the experimental data to larger ¢.s; (also in agreement with results in [24]). In the

regime of ¢.sr > 1.2 coronas collapse and the internal cores of the particles
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interpenetrate and deform [36] (Fig. 2b, bottom): The softness of the core dominates
and leads to a linear increase of the modulus with increasing effective volume fraction.
The good agreement between the data obtained in this investigation and results
reported in [24,37] concerning the ¢, dependence of G’ and its modeling indicates
that a structural evolution comparable to that described in [37] can be assumed for
the PNIPAM-PEG system.

Interestingly, these data present an additional response regime at the highest
effective volume fractions, which has not been reported for PNIPAM microgels. In this
additional regime, as observed previously, the increase of the modulus as a function
of ¢z is particularly pronounced. For ¢.rr > 2 microscopy observations in [37]
suggest the saturation of core interpenetration and the onset of isotropic
compression: One might therefore interpret the sharp increase of the modulus in the
final regime as associated to isotropic compression of the cores that have reached
saturation of interpenetration (Fig. 2b, bottom). A multi-Hertzian potential has been
recently introduced to describe the interactions of particles with a core-corona
structure analogous to that of the colloids used in this study [40]. This potential
combines Hertzian interactions of increasing strength to describe corona-corona,
core-corona and core-core interactions and has been used to explain the structural
evolution of binary mixtures of PNIPAM particles. The model of the interactions
proposed in [40] is consistent with the increasingly stronger dependence of G’ on
¢er5 observed in the PNIPAM-PEG system.

B. Steady state stresses

Fig. 3a shows stresses measured in flow curves for various values of ¢.r. Samples
with the lowest volume fractions, ¢. s =0.49 and 0.73, show a fluid-like response with
the stress increasing approximately linearly with the shear rate y. Instead for ¢.sf =
0.97 all curves show the typical behavior of a yield stress fluid, with a sub-linear
increase of the stress as a function of applied shear rate and the presence of a finite
yield stress for y — 0. Flow curves were measured starting from the largest value and
decreasing the shear rate: The asymptotic value at small rates can be thus interpreted
as a dynamic yield stress. This is consistent with the solid-like nature of the dispersions
also evidenced by the Dynamic Frequency Sweeps. The curves move to higher values
of the stress with increasing ¢, , except for samples with ¢, ¢ = 1.46, 1.71 and 1.95,
which show values similar with each other. These values correspond to the regime for
which G'~ .. Flow curves for ¢, = 0.97 were modeled using a Herschel-Bulkley
(HB) type relation, 0 = g, + k(y)Y, obtaining values of the yield stress g, and of the
high rate power-law exponent v. The dependence of the fitted values of g, on ¢
will be discussed in section 3.D together with results obtained from transient tests.
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Figure 3: a) Stress o as a function of shear rate ¥, measured in flow curves for samples corresponding
to different values of ¢, as indicated. Lines are fits to a Herschel-Bulkley (HB) type relation. b) Scaled
stress g/0, as a function of scaled shear rate ky/o, obtained from flow curves of samples
corresponding to different values of ¢,¢, same symbols as in a). Values of ¢, and k where obtained
from the fits in a). The solid line is a generalized Herschel-Bulkley fit of the form o/0, =1+

A(ky /o))"

The exponents v present values in the range 0.4 < v < 0.5 which are in agreement
with previous results on soft spheres [41, 52]. It has been proposed that a value of v =
0.5 is characteristic of the flow of soft particles exhibiting inter-particle slippage in
dense dispersions under shear [35, 52, 53].

It was tested whether the flow curve data for samples showing a solid-like response
can be interpreted in terms of a micromechanical model proposed to describe the
rheological behavior of jammed soft glasses [35]. The model describes the behavior of
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a dispersion of elastic spheres with contact modulus E* being compressed and forming
facets with several different neighbors. According to the model, the flow curves of
different samples should follow a master curve if plotted in terms of a scaled stress,
o/a, ,versus a scaled shear rate k)//ay, where k and g,, are obtained from the HB fits
presented in Fig. 3a. The scaled stress vs. scaled rate curves are reported in Fig. 3b.
The scaling works relatively well for samples with the largest effective volume fraction
¢err = 1.95, 2.20 and 2.44, while significant deviations are observed for the lower
values ¢.rr = 0.97,1.22,1.46,1.71. The line in Fig. 3b is a prediction g /0, = 1 +

A(k)'//cfy)l/2 for a value A = 1.19, which describes relatively well the data with larger
¢err- The ¢.rr dependence of G’ indicates that isotropic core compression effects
might take place for ¢.fr > 2: since compression and deformation effects are the
basic assumption of the model described in [35], this could explain the better
agreement between experimental data and the model in the regime of large ¢.s.
Instead, for the lower values of ¢, interpenetration of the corona and core, effects
which are not considered in the model, should play an important role.

C. Transient Response

The yielding transition of samples with ¢, = 0.97, i.e. samples which respond as
viscoelastic solids at rest, was investigated through different rheological
measurements: step rate tests, oscillatory amplitude sweeps and creep tests. Yielding
is typically associated with a rearrangement of the microstructure of the samples
induced by shear. Fig. 4a shows stress (o) versus strain (y) curves obtained from step
rate experiments for samples with different ¢, and one shear rate y = 0.1 s’*. Data
for additional shear rates for selected samples are reported in the Supporting
Material, Fig. S1. For all samples, the qualitative behavior is similar: The stress o
initially increases with increasing y, until a first inflection is observed in the range
20% < y < 40%, depending on ¢,rs. After the inflection, g increases again and a
stress overshoot for strains 300% < y < 2000% (depending on ¢,ff) is observed.
While a steady state value of the stress is not clearly attained in most cases, values at
the largest strains are in good agreement with results of flow curves. Moreover, it was
not observed any indication of a sudden stress decay from the plateau value, which is
a signature of shear induced layering or crystallization in dense suspensions of
microgel particles [51]. The inflection and the overshoot are indicative of yielding
processes. A stress overshoot is characteristic of the yielding of many different
materials and in particular of dense colloidal suspensions formed by hard and soft
spheres as well as star polymers [4, 5, 8, 11, 49, 54-60]. For such systems it has been
associated with cage deformation, leading to accumulation of stress, followed by cage
breaking and stress release.

11
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Figure 4: Non-linear rheological tests for samples with different values of ¢, as indicated. (a) Stress
versus strain curves measured in Step Rate experiments for ¥ = 0.1 s%. (b) Storage (G’) and Loss (G”)
moduli measured in Amplitude Sweeps, as a function of strain amplitude y,, for an oscillation frequency
w = 1rad/s.

The characteristic strains associated with the overshoot are in those cases of the order
of the relative cage deformation, i.e. 10% < y < 100%. Such values correspond to the
first inflection of the stress vs strain curves in Fig.4a, while the stress overshoot is
observed at significantly larger values of y. This suggests that the first inflection of the
stress, rather than the overshoot, corresponds to initial cage deformation. The fact
that we observe an inflection rather than a maximum suggests that cages are not
entirely broken at this stage. This might be the result of temporary entanglements
associated with the contacts between coronas and cores of the particles, which do not
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allow particles to escape cage confinement. Entanglement effects in interpenetrating
brushes and how their lifetime is affected by shear have been described in the
literature [61]. Due to the entanglements, the cage can deform further without
breaking, until the strain is sufficiently large to fully disentangle the chains of
neighboring particles and release them from cages. It can be speculated that this
occurs at the second yield point, where an overshoot is observed. As an alternative
picture, stress release at large deformations might be associated with the relaxation
of polymer deformation at the interface between two jammed particles. Strong
deformation of loosely cross-linked microgel particles at a solid interface, leading to a
strong increase in the monomer density at the interface and polymer elongated
deformation, have been reported recently [62]. Formation of a similar interface might
occur when two microgel particles are jammed together: Shear advection could then
lead to a relaxation of the local polymer elongation and recoiling, resulting in stress
release.

Data in Fig. 4a additionally show a qualitative difference between samples with
¢err = 1.95 and samples with lower effective volume fractions: While the overshoot
is relatively sharp for the higher ¢.rr samples, it is particularly broad for the low
values. This seems to be associated with the different regimes of the interaction
evidenced in the values of the storage modulus and yield stress presented in the
previous sections (Fig.2). In particular one might speculate that for intermediate
values of ¢.sr the degree of corona overlap still allows a certain dynamic of the
polymer chains, and disentanglement might be partially opposed by re-formation of
temporary crosslinks. On the other hand, for the higher ¢.rr samples particles are
strongly compressed and interpenetrated, and coronas fully collapsed, therefore
polymer dynamics become less important and a more sudden disentanglement is
observed. Note that star-like micelles show a qualitative behavior with a certain
similarity, i.e. the presence of particularly broad overshoots [49]. It was also observed
that the broad overshoots are mainly present at low and intermediate shear rates (see
Supporting Material, Fig. S1). This is coherent with the interpretation of the ¢.sf
dependence: when the timescale associated with shear, 1/y, becomes sufficiently
short compared to relaxation processes in the overlapping coronas, the overshoot
becomes sharper.

Oscillatory Amplitude Sweeps confirm the presence of a two-step yielding behavior.
In these tests it was only determined the frequency dependent storage and loss
moduli in first harmonic approximation, which provides a qualitative information on
the dependence of the yielding process on the control parameters, in particular the
relative volume fraction ¢.rr and the oscillation frequency w. More detailed
information on the contribution of higher harmonics and in-cycle processes can be
obtained by LAOS analyses [63, 64], which will be the subject of a separate study. Fig.
4b shows the storage (G’) and loss (G"’) moduli obtained from measurements at w =
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1 rad/s, as a function of the strain amplitude y,. For all samples the moduli are
approximately constant up to strain amplitudes of a few percent, while for larger
values of y, the storage modulus G’ starts to decrease and the loss modulus G”
increases, until a crossing point of the moduli for amplitudes 20 % < V¢ross < 50%
is observed. This crossing point indicates a partial fluidization of the system and thus
a first yield point. For larger deformations both moduli decrease as a function of y,,
up to strain amplitudes in the range 500% < y, < 2000%, where an inflection
(samples with ¢.rr = 0.97,1.95, 2.20, 2.44) or a second crossing followed by a sharp
increase of G’ (samples with ¢,rr = 1.22,1.46,1.71) is observed. The inflection or
crossing point is indicating a second yield point, in agreement with the findings of step
rate experiments. The response of samples with ¢, =1.22 and 1.46 (and to a minor
extent ¢, ¢ = 1.71) is particularly interesting due to the second crossing of the moduli
and the following sharp increase of G’, which suggest the onset of shear thickening. In
these samples with intermediate values of the colloid volume fraction it is speculated
that particle cores might interpenetrate and form temporary entanglements. The
incomplete release and stretching of entanglements might lead to a thickening
phenomenon at sufficiently large oscillatory amplitudes.

D. Yield Strain and Stress

Values of the yield strains and stresses were extracted from step rate and amplitude
sweep experiments. Yield stresses were also extracted from flow curves. For step rates
the strain values were determined corresponding to the first inflection of the stress
(1) and the stress overshoot (y,) for different shear rates. They are reported in Fig.
5a as a function of the relative volume fraction ¢, . The first yield strain y; presents
only moderate variations as a function of ¢, s, mostly observed for the smallest shear
rate, y = 0.01 s, where y;, initially decreases attaining a minimum for ¢,¢¢ = 1.46,
and after increases. For y = 0.1 and 1.0 s the variations are less pronounced and
indicate a slight increase for the larger values of ¢, . The first yield strain increases
for all samples with increasing shear rate. Note that for the highest rate the value of
y;falls out of the measurement window and therefore could not be determined.

In Fig. 5a values are reported of the first yield strain y,,,ss extracted from Amplitude
Sweeps in Fig.4b (w =1 rad/s). As it can be seen the absolute values and the
qualitative dependence on ¢, are consistent with those of y;, indicating that the
same yielding phenomena are observed in the different rheological tests. As discussed
earlier, the first yield process can be interpreted as associated with cage deformation.
The poor volume fraction dependence of y; (¥,-0ss) Might be the result of the fact that
for all investigated volume fractions particles are highly packed, exceeding random
close packing. Therefore, in all samples we have cages of jammed particles: the
amount of strain needed to break a jammed cage should be comparable at fixed shear
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rate and the different values of ¢, are linked to a different degree of particle

compression/deformation within the jammed cage.
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Figure 5: Parameters extracted from step rate and oscillatory Amplitude Sweep experiments, as a
function of ¢, . Data from step rate experiments are reported for different shear rates y, as indicated
in the legend. Data from Amplitude Sweeps are reported for w = 1 rad/s. (a) First yield strain from
step rate tests (y;, full symbols) and yield strain corresponding to the first crossing of G’ and G” from
amplitude sweep tests (V.ross, €Mpty symbols). (b) Second yield strain from step rate tests (y,, full
symbols). The value of the second yield strain obtained in amplitude sweep tests for ¢, = 0.97 is also
reported (empty symbol). (c) Yield stress from HB fits of flow curves (o, open circles), first yield stress
from step rate tests (o, full symbols), stress at which G’ and G”” from amplitude sweep tests first cross
(0cross, €Mpty triangles). (d) Relative height of the stress overshoot (0'2 - apl)/apl , Where g, is the
value of the stress at the overshoot and ay,, is the value of the stress at the longest time, approaching
the steady state value.

The increase of y; with increasing shear rate can be explained as the result of the
increasing dominant contribution of affine deformations imposed by shear at higher
rates, which allow larger cage deformations since particle dynamics cannot contribute
to cage release. Note that also for y,..,ss We observe a similar dependence on
oscillation frequency (not shown).

The second yield strain y, (Fig. 5b) shows larger variations with ¢, for the smallest
shear rate, in particular evidencing a maximum value larger than 1000% for the sample
with ¢.rs = 2.20. Such large fluctuations might be associated with the noise in the
signal at small rates. While a maximum is still present for y = 0.1 s, for larger rates
Y2 is almost constant up to ¢.sr = 2.20. In all cases y, decreases for the largest value
of ¢esr. Also, the rate dependence shows qualitative differences: The value of y,
increases with increasing y for the lower ¢.sf , otherwise it decreases for the larger.
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As discussed previously, we interpret the strain y, in terms of the deformation needed
to finally disentangle neighbor particles and lead to final cage breakup and a transition
to flow. Following this interpretation, one might understand the increase of the yield
strain with increasing ¢.sr (up to 2.20) as the effect of stronger and longer-lived
entanglements due to increasing particle interpenetration with increasing ¢.s.
Additionally, the increase with y might be associated with the fact that at low rates
some disentanglement might be facilitated by the internal dynamics of the particles,
while at high shear rates these dynamics become irrelevant. The final drop might be
associated to the foreseen transition to a regime in which the particle core starts to
be deformed and the system’s response tends to approach that of a hard sphere
suspension.

The yield stresses obtained from different tests are reported in Fig.5c. While g, and
Ocross Can be considered dynamic yield stresses, g; rather represents a static yield
stress. All yield stresses show comparable trends, they increase with increasing ¢ ¢
and indicate the presence of different regimes similar to those observed for G’. In
particular the yield stress increases faster for the smaller and larger values of ¢,
where compression effects are dominant, and slower for intermediate values, where
corona and core interpenetration occur. This confirms that the evolution of the
particle microstructure as a function of ¢, also affects the non-linear response.
Quantitative differences are expected between different rheological tests [65],
consistent with our findings. Fig. 5d reports the relative height of the stress overshoot,
(02 - apl)/apl, where gy, represents the value of the stress at the maximum strain,
i.e. approaching the steady state. This quantity indicates the amount of stress stored
during the yielding process. One can see that the trend of the relative height of the
overshoot as a function of ¢,¢ is relatively similar to that of y,, with a maximum
around ¢ = 1.97,2.20. It also increases for all samples with increasing y. The two
results seem to be consistent with the interpretation proposed for y,: With increasing
volume fraction larger deformations are needed to release particles, leading to a
larger stress accumulation before yielding.

Since yielding of glassy and jammed suspensions is sensitive to the application of strain
or stress [59, 66], additionally the response of the system in step stress (creep) tests
was investigated. As shown in Figs. S2 and S3 of the Supporting Material, also in creep
tests a complex yielding behavior was observed, which is coherent with that found in
the strain-controlled tests. At intermediate and large applied stresses, after an initial
super-linear increase associated with tool inertia, the strain increases in a sub-linear
fashion at short times, presents an inflection at intermediate times and finally
approaches a linear dependence characteristic of a flowing system at long times,
eventually through a super-linear regime. The inflection at intermediate times
indicates a first yield process, but longer application of the stress is needed to induce
flow in the system. A similar behavior characterized by two yield points has been
observed for systems such as gels and attractive glasses [10, 57, 67].
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4. Conclusions

The experimental investigation of the linear and non-linear rheological responses of
dense suspensions of soft core-shell particles composed of a microgel core and a fuzzy
PEG corona revealed a complex dependence on the suspension effective particle
volume fraction. We observed a fluid-solid transition which can be associated with
jamming and results in a sharp increase of the elastic modulus. In the jammed regime
our data on the storage modulus can be described with a model which determines the
dispersion elasticity on the basis of brush-brush interactions [34, 36, 37] that result in
corona compression and interpenetration. In the case of our system, such brush
interactions involve both the PEG corona and the fuzzy external shell of the PNIPAM
spheres. For larger volume fractions another regime is observed where the modulus
shows an approximately linear increase with increasing ¢.rr, which has been
associated with core interpenetration and deformation [37]. At the largest
investigated packing fractions an additional regime is observed, where the modulus
increases again sharply. We interpret this regime as being associated with saturated
particle interpenetration and the beginning of compression of the PNIPAM cores. Such
compression effects have been observed in PNIPAM microgel particles [36, 37] and
DNA-based colloids [68], but their effects on the rheology have not been reported.
Theyield stress extracted from flow curves of solid-like samples shows similar regimes.
A micromechanical model proposed for PNIPAM homogeneous microgels [35] seems
to describe well the flow properties of samples in which compression effects are
dominant but is less accurate for describing samples in which interpenetration effects
are important. This supports our structural interpretation of the different regimes.
Transient yielding under continuous shear evidences the presence of two yielding
processes, one occurring at strains in the range 10%-100%, which we associate to
entropic cage deformation, and another occurring at large strains of the order of a few
100% or larger. The second yielding process can be interpreted as the deformation
needed to fully disentangle the interpenetrated neighbor particles forming a cage
structure. Contributions of polymer dynamics in the overlapping coronas seem to
influence the speed of stress release after the overshoot. Indications of such two-step
yielding process are also found in oscillatory amplitude sweep and creep tests. In all
cases the yield strains and stresses increase with increasing shear rate, indicating the
increasing dominance of the timescale imposed by shear over the internal dynamics
of the system.

Results from this investigation show that in dense suspensions of soft particles with
complex internal microstructures the flow behavior is also complex and is
characterized by different regimes, which reflect the combination of colloidal and
polymeric behavior and the microstructural evolution of the particle structure with
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increasing packing density. The full understanding of such complex response needs to

be linked in detail to the particle structural evolution through scattering and/or

microscopy.
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