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Impact of polyelectrolyte adsorption on the rheology
of concentrated Poly(N-Isopropylacrylamide) microgel
suspensions†

Rajam Elancheliyan,∗a Edouard Chauveau,a and Domenico Truzzolillo∗a

We explore the impact of three water-soluble polyelectrolytes (PEs) on the flow of concentrated sus-
pensions of poly(N-isopropylacrylamide) (PNIPAm) microgels with thermoresponsive anionic charge
density. By progressively adding the PEs to a jammed suspension of swollen microgels, we show
that the rheology of the mixtures is remarkably influenced by the sign of the PE charge, PE con-
centration and hydrophobicity only when the temperature is raised above the microgel volume phase
transition temperature Tc, namely when microgels collapse, they are partially hydrophobic and form
a volume-spanning colloidal gel. We find that the original gel is strengthened close to the isoelectric
point, attained when microgels are mixed with cationic PEs, while PE hydrophobicity rules the gel
strengthening at very high PE concentrations. Surprisingly, we find that polyelectrolyte adsorption
or partial embedding of PE chains inside the microgel periphery occurs also when anionic polymers
of polystyrene sulfonate with high degree of sulfonation are added. This gives rise to colloidal sta-
bilization and to the melting of the original gel network above Tc. Contrastingly, the presence of
polyelectrolytes in suspensions of swollen, jammed microgels results in a weak softening of the orig-
inal repulsive glass, even when an apparent isoelectric condition is met. Our study puts forward the
crucial role of electrostatics in thermosensitive microgels, unveiling an exciting new way to tailor
the flow of these soft colloids and highlighting a largely unexplored path to engineer soft colloidal
mixtures.

1 Introduction
Colloid-polymer mixtures represent an ever-present paradigm for
manipulation of the microscopic dynamics and the flow proper-
ties of soft matter. They offer unique opportunities for addressing
challenges of central interest in the field of the glass transition
and the gelation of colloids. Mixtures of neutral sub-micrometer
particles and non-adsorbing linear polymers have been investi-
gated in the last 20 years1–3 showing that the rheology of col-
loidal suspensions can be drastically changed by depletion in-
teractions of purely entropic nature4. By contrast the effect of
adsorbing polymers on the flow properties of colloids is much
less explored. One emblematic case is the one of mixtures of
charged colloids and polyelectrolytes, two types of macroions that
are ubiquitus in nature. Polyelectrolytes (PEs) are charged poly-
mers whose monomer segments bear an electrolyte group that
dissociate in polar solvents. For this reason PEs are very sensi-
tive to any electrostatic field and to the presence of other ionic
species. They are widely employed to modify the properties of
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colloidal particle suspensions, membranes and solid surfaces5,6,
and they are used in industry for many purposes ranging from
water remediation to mineral separation and to control the rhe-
ology of particle slurries and pastes7–10. PEs are also often em-
ployed to create protective and/or functional coatings11,12, op-
positely charged multilayers13,14 or brushes by grafting or by ad-
sorption of block copolymers15,16. These coatings are employed,
for example, to regulate surface properties, including wetting, lu-
brication and adhesion17,18. The properties of colloid surfaces
can be therefore remarkably changed by PEs addition and the un-
derstanding of the relationship between PE adsorption, particle
interactions, and the stability of the resulting mixtures is crucial
for the future development of both polyelectrolyte additives and
novel, soft and tunable materials.
The latter have attracted the attention of a large part of the sci-
entific community working in materials science, and soft colloids
have proved to be excellent constituents for their conception and
designing. Soft colloids like star polymers, microgels, micelles
and vesicles, whose structure can be tailored at the molecular
level3, are indeed model building blocks for materials with ad-
justable rheology and microscopic dynamics. Among them mi-
crogels made of poly(N-isopropylacrylamide) (PNIPAm) are par-
ticularly interesting and intensely investigated because they un-
dergo a volume phase transition (VPT) at ambient temperature:
below Tc ≈ 32◦C these microscopic crosslinked networks are fully
hydrated and swollen, while above Tc they collapse due to their
increased hydrophobicity. PNIPAm microgels can be synthesized
using standard emulsion polymerization in aqueous media19, and
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since their first synthesis20 they showed intriguing electrostatic
properties due to the presence of the ionic initiator used to pro-
mote chain polymerization. A drastic increase of microgel elec-
trophoretic mobility has been reported for T > Tc as a conse-
quence of the large increase of their charge density driven by
the particle collapse. This has raised many questions on the ad-
sorbing power of PNIPAm microgels, especially when they are co-
suspended with other charged species. In this respect, some of
the authors21 have recently pointed out the "double-faced" elec-
trostatic behavior of PNIPAm microgels in aqueous media. On the
one hand, when microgels are swollen and oppositely charged
polyelectrolytes or nanoparticles (Np) are progressively added,
cluster formation does not occur in a wide range of PE or Np
concentrations until when eventually salting out or other non-
electrostatic effects destabilize the suspensions. On the other
hand when microgels are in their collapsed state, they strongly
interact with oppositely charged PEs or NPs, a large and sharp
mobility inversion occurs and large clusters form close to the
isoelectric point, i.e., where the mobility of PE- or NP-microgel
complexes is zero. This two-fold nature of PNIPAm microgels
paves the way towards a temperature-sensitive complexation with
charged polymers that might impact many potential applications
including the controlled formation of micro-capsules22,23 and
membranes24, gene delivery25 and water treatment protocols7,
and that might also change drastically the rheology of fluid-fluid
interfaces26. However, while the effect of polyelectrolytes21,27–31

and simple ions32,33 on PNIAPm-based microgels has been very
well detailed in literature, and both the rheology and the micro-
scopic dynamics of concentrated bare microgel suspensions has
been thoroughly investigated34–36, the effect of soluble PE addi-
tion in dense microgel systems and the role played by electrostatic
and non-electrostatic adsorption still remain unknown. Only very
recently mixtures of concentrated PNIAPm microgels and non-
ionic surfactants have been investigated, unveiling a very rich
phase diagram37 and leaving open the question whether elec-
trostatics has an important impact on the dynamics of the mix-
tures, especially at high temperatures where these colloids be-
come densely charged. In this work we want to elucidate this
aspect by studying the effect of three types of known polyelec-
trolytes on the rheology of concentrated microgel suspensions,
both below and above their critical temperature. We added sepa-
rately two cationic and one anionic PEs with comparable molecu-
lar weights to suspensions of anionic PNIPAm microgels and study
their linear rheology. The PEs have been chosen to vary both the
sign of their charge and their hydrophobicity. We show that, while
jammed suspensions of swollen microgels are weakly affected by
the presence of PEs even when an apparent charge neutralization
occurs, the rheology of collapsed and hydrophobic microgels is
dramatically affected by PE addition and that both PE charge and
hydrophobicity are important for the rheology of the mixtures.
Electrophoresis and transmittance measurements allowed us to
relate a large enhancement of the gel elasticity to the presence of
concomitant charge inversion and reentrant condensation of mi-
crogels occurring in diluted suspensions. The rest of the work is
organized as follows. In Section 2 we present the materials em-
ployed, we detail microgel synthesis and the techniques used to

investigate PE-microgel mixtures. In Section 3 we first present
the result of a preliminary characterization of the pure polymers
(microgels and PEs) via electrophoresis, light scattering, trans-
mittance and rheology experiments. We then discuss the rheol-
ogy of the mixtures and the complementary electrophoretic and
transmittance experiments that allowed to rationalize our results.
Finally, in Section 4 we make some concluding remarks, we sum-
marize the key results and we put forward the perspectives of our
work.

2 Materials and methods

2.1 Microgel synthesis

Poly(N-isopropylacrylamide) microgels were synthesized via
emulsion polymerization38. 150 mL of ultra-pure water was in-
troduced in a 250 mL three-necked flask, and degassing was car-
ried out using vacuum/argon cycles. Vacuum was achieved by
a vane pump and the argon/vacuum sequence was repeated 6
times. Finally, argon was bubbled for 15 min. After having com-
pleted degassing, 3 to 4 mL of the (degassed) water was with-
drawn via a syringe to dissolve 29.8 mg of the initiator (potassium
peroxodisulfate, KPS – purchased from Sigma Aldrich and used
without further purification) that was added in a later stage. Once
the bubbling was stopped and the mechanical agitation was set
up (via Teflon rotating anchor), the two side necks were plugged.
At this stage 27.08 mg of Sodium Dodecyl Sulfate (SDS – pur-
chased from Sigma Aldrich and used without further purifica-
tion) was added in the flask right before the solution was heated
up to the desired temperature (Ts = 70± 1 ◦C). Once the target
temperature was attained, 1.25 g of N-isopropylacrylamide (NI-
PAm) (from Sigma Aldrich, used without further purification) and
91.96 mg of N,N-methylene-bis-acrylamide (BIS) (from Sigma
Aldrich, used without further purification) were introduced into
the three-necked flask. During the heating ramp, the initiator
(KPS) was dissolved in 4 mL of deionized and degassed water, and
it was injected by hand slowly once the temperature of the batch
reached Ts. The mixture was left under stirring at Ts for 6 hours.
The polymerization terminated spontaneously. All samples have
been purified via three consecutive centrifugation/supernatant
removal cycles39,40 and 19.5 mg (2 mM) of Sodium Azide have
been added to prevent bacterial growth.

After the purification step, the microgel suspensions were cen-
trifugated to get a final microgel volume fraction ϕ = 1.57. Where
ϕ is the generalized volume fraction measured via rolling-ball vis-
cosimetry (section 2.4). We further diluted an aliquot of this sam-
ple to study the rheological behavior of pure PNIPAm suspensions
at varying ϕ and to prepare successively PE-microgel mixtures at
fixed microgel volume fraction.

2.2 Polyelectrolytes (PEs)

Cationic Poly-(l-lysine hydrobromide) (PLL) (Mw=50 kDa) and
anionic Polystryrene sulfonate sodium salt (PSS) (Mw=43 kDa)
were purchased from Polymer Source, Inc. (Canada). Cationic
polydiallyldimethylammonium chloride (PDADMAC) (Mw<100
kDa) was purchased from Sigma Aldrich (Merck KGaA, USA).
All PEs were used without further purification. They were dis-
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solved in deionized salt-free water at varying concentrations and
successively mixed with the microgel suspensions. The structure
formula for the three repeating units of the PEs are shown in
Figure 1. The three polymers are characterized by different per-
sistence lengths lp (stiffness) and hydrophobicity. In particular
lp =0.3 nm for PSS41, lp =1 nm for PLL42 and lp =2.7 nm for
PDADMAC43. PLL is a weak polyelectrolyte44 and it is the most
hydrophobic polymer among those employed here, since each ly-
sine bear a hydrophobic methylene side-chain that is responsible
for chain association at high concentrations45,46 and a tendency
to penetrate into lipid membranes47. Its degree of protonation
depends on the pH, whose variation however stays very limited
in M-PLL mixtures (see section 2.3). PSS is a strong polyelec-
trolyte whose hydrophobicity depends on its degree of sulfonation
that in our case is high (90 %), but not complete. Therefore we
expect possible residual hydrophobic interactions between PSS
chains and microgels, when the latter are in their collapsed state.
Finally PDADMAC is a strong polyelectrolyte and it is the most
hydrophilic polymer48 among those used in this work to investi-
gate the rheology of PE-microgel mixtures, since it has neither
large hydrophobic side chains as PLL nor neutral hydrophobic
monomers on the backbone as PSS.

O
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HC CH
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Fig. 1 The structure formula of the polyions employed in this study:
(a) α-polylysine hydrobromide (PLL); (b) polydiallyldimethylammonium
chloride (PDADMAC); (c) polystrirene sulfonate sodium salt (PSS)

2.3 PE-Microgel suspensions

Mixtures of polyelectrolytes and microgels, hereafter called PE-
microgel mixtures and coded as M-PLL, M-PSS and M-PDADMAC,
were prepared following the same protocol for both anionic (PSS)
and cationic (PLL, PDADMAC) PEs: 23.33 µL of PE solution at the
required concentration was added to 500 µL of microgel suspen-
sion at T=20 ◦C with generalized volume fraction ϕ = 1.57. This
protocol allows to get mixtures with fixed microgel volume frac-
tion ϕ = 1.5 and different concentrations of PEs. The mixtures
were stirred for about 2 mins using vortex, and the resulting sus-
pensions were then used for rheology measurements at T=20 ◦C
and T=40 ◦C. Figure 2 sketches the protocol, including the mix-
ing and the successive heating of the samples in the rheometer
geometry. We quantify the amount of PE contained in each sus-

T=20 oC T=20 oC T=40 oC

Bare microgels j=1.57 PE-Microgels j=1.50 PE-Microgels j=0.11

PEs

Mixing Heating

Fig. 2 Schematic representation of the adopted protocol, including the
mixing and the successive heating of the samples from T=20 ◦C to T=40
◦C. Because of microgel deswelling the generalized volume fraction (sec-
tion 2.4) decreases from ϕ(20◦C) =1.5 to ϕ(40◦C) =0.11.

pension via the nominal polyelectrolyte to KPS monomolar ratio
ξ , where KPS is considered as fully reacted during the synthesis.
This is supported by the barely measurable weight of the residual
mass (mr <0.1 mg) present after drying the supernatant that has
been extracted after each centrifugation. The monomolar ratio ξ
reads:

ξ =
CPE ·MKPS

w
2 ·CKPS ·MPE

w
(1)

where, CPE , CKPS, MPE
w and MKPS

w are respectively the concentra-
tions (mg/ml) and the molecular weights of PE monomers and
of the initiator. One would expect to find an iso-electric point,
where all the charges due to the anchored KPS are neutralized
by the cationic PEs, to be close to ξ = 1. However, we anticipate
here that this condition will not be fulfilled, since not all the ini-
tiator molecules participate to build up the net charge of micro-
gels49. The pH of the concentrated suspensions has been mon-
itored showing in all cases only a weak dependence on the PE
concentration: 5.5<pH<6.0 for M-PLL mixtures, 5.3<pH<6.0
for M-PDADMAC mixtures and 6.5<pH<6.0 for M-PSS mixtures.
In this range of pH we do not expect any drastic change in PNI-
PAm microgel properties50,51. Most of mixtures have been further
diluted 250 times and then used to measure the electrophoretic
mobility of the diluted complexes and the fraction of the incident
light transmitted through each sample at different temperatures.
A small leftover volume of the the concentrated microgel suspen-
sion (ϕ =1.57) has been further mixed with PEs solutions to per-
form complementary mobility and light transmission experiments
in the same range of ξ explored via rheology.

2.4 Viscosimetry

Rolling-ball viscosimetry measurements were performed to ob-
tain the generalized colloidal volume fraction of microgel suspen-
sions38. The measurements were done at T = 20 ◦C using an
Anton Paar Lovis 2000 ME microviscosimeter in the range 4.68 ·
10−5 < c(wt/wt) < 1.5 · 10−3, where the viscosity η increases
linearly with the mass fraction of microgels c (See Supplemen-
tary Material). The particulate volume fraction is defined as ϕ
= npvp, where np is the particle number density and vp = 4πr3/3
is the volume of a single particle of radius r at infinite dilution.
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Experimentally, only the concentration c (wt/wt) of a (purified)
suspension can be measured directly, by weighting a small volume
of the sample before and after removing the solvent by evapora-
tion. Since the generalized volume fraction ϕ is proportional to
the mass concentration c, it can be replaced by k · c, where k is
a factor for converting the mass concentration to the generalized
volume fraction. We determined the constant k matching the c de-
pendence of the zero shear viscosity η of the purified suspensions
with the values expected from the Einstein equation27:

η
ηs

= 1+
5
2

ϕ = 1+
5
2

kc, (2)

where ηs is the viscosity of the solvent. By fitting η/ηs to a
straight line (see Supplementary Material), we thus obtained k,
which allows extracting the colloidal volume fraction of the sus-
pension. We obtained k = 28.5 ± 0.6. This value embeds the
effect of microgel permeability and that of the primary electrovis-
cous effect as discussed recently49. Finally, we remind that for
microgels with very similar synthesis36 but lower crosslinker con-
tent, the onset of glassy dynamics at T = 20 ◦C occurs at ϕ ≈ 0.8,
that in our case represents an approximate lower bound for the
liquid-to-solid transition. This threshold is compatible with our
rheology data, as shown in sections 3.1.

2.5 Light scattering

Dynamic and static light scattering experiments have been per-
formed to characterize the microgels at the single particle level.
For this purpose an Amtec goniometer and a laser source (λ =
532 nm) were used to collect the light at scattering angles in the
range 16◦ ≤ θ ≤ 150◦, corresponding to scattering wave vectors
in the range 4.4 µm−1 ≤ q ≤ 30.3 µm−1. All scattering experi-
ments have been performed in dilute samples: an aliquot of the
purified mother batch was diluted in deionized water, to get a
final generalized microgel volume fraction ϕ =0.006.

The hydrodynamic radius, RH , and the polydispersity of the
microgels were measured by means of dynamic light scattering.
The scattered light intensity was collected at a fixed scattering
angle (θ = 70◦) correspondent to a scattering vector qDLS = 18
µm−1 and analyzed using a digital autocorrelator. The time de-
cay of the autocorrelation function Fs(~q, t)2 was then fitted by a
second-order cumulant expansion (see Supplementary Material)
to extract the diffusion coefficient D as shown below52:

Fs(~qDLS, t)2 ∝ exp
(
−2q2

DLSDt
)[

1+
µ2t2

2!
+o(t3)

]2

(3)

where µ2 is related to the second moment of the distribution of
the diffusion coefficients of the suspended particles. The average
diffusion coefficient is then used to obtain the hydrodynamic ra-
dius using the Stokes-Einstein relation: D = KBT/6πηsRH , where
KB is the Boltzmann constant, T is the bath temperature and
ηs is the zero shear viscosity of the solvent. The corresponding
size dispersion and polydispersity index are respectively σRH =√µ2RH/(Dq2

DLS) and γ = µ2/D2q4
DLS. The polydispersity index

here never exceeded 0.20. For commercial PEs solutions, char-
acterized by larger polydispersities indexes (PDI>0.2) autocorre-

lation functions have been analyzed by means of the CONTIN al-
gorithm53 trough which we extracted the number-weighted size
distributions.

The gyration radius, Rg, was measured by collecting the inten-
sity of the light I(q) scattered by the microgel samples at different
scattering angles. The scattered light was subsequently fitted (see
Supplementary Material) to the Guinier equation54 to extract Rg:

I(q) = I(0)exp

[
− (qRg)

2

3

]
, (4)

where I(0) is a constant depending on the number of particles
in the scattering volume and on the scattering factor of a single
particle. The Guinier regime for all samples was attained in the
range 0.5≤ qRg ≤ 2.5, coherently with previously reported micro-
gel syntheses55,56. The uncertainty on Rg is given by the fit error,
the latter being less than 1.5% of the best-fit value.

2.6 Electrophoresis and Transmittance measurements

The electrophoretic mobility and the transmittance of the suspen-
sions were simultaneously measured using a Litesizer 500 (Anton
Paar). The apparatus uses the new cmPASLS method, which is
a recently developed PALS technology57. The absolute transmit-
tance TA, is computed as the ratio between the intensity of the
light transmitted through the sample (I) and that of the incident
beam (I0):

TA = I/I0, (5)

To filter out any effect due to solvent and the cell we computed
the relative transmittance

TR = TA/T H2O
A , (6)

that is the ratio between the absolute transmittance of the sus-
pension and that of the pure solvent (water here). This has been
done for each set temperature.

The electrophoretic mobility and transmittance were measured
between 20 ◦C to 50 ◦C after a proper thermalization to monitor
the effect of polyelectrolytes addition onto the mobility of swollen
and collapsed microgels. The volume fraction of all the samples
was fixed at ϕ = 0.006.

2.7 Rheology

Rheological tests were performed on freshly prepared PE-
microgel mixtures using a stress-controlled MCR501 rheometer
(Anton Paar, Germany). Standard stainless-steel sandblasted
cone-plate geometry (25 mm diameter, 0.998◦ cone angle) has
been used for all the tests. Temperature control has been ensured
by means of a Peltier element (PTD- 200). The measuring tem-
peratures were fixed at T=20 ◦C and T=40 ◦C. To ensure thermal
equilibrium the sample has been kept at the desired temperature
for 10 mins prior to each measurement. The outer rim of the
samples has been covered with a low viscosity silicon oil (0.1 Pa
s) to minimize evaporation. Dynamic strain sweep (DSS) tests
were carried out before each dynamic frequency sweep (DFS)
test to evaluate the extent of the linear regime, namely where
the first-harmonic viscoelastic moduli G′(γ0) and G”(γ0) do not

4 | 1–14Journal Name, [year], [vol.],



appreciably change upon varying the strain amplitude. The lack
of important ageing and the absence of evaporation were fur-
ther tested for about the same duration of one experiment (∼
2500 s) at 20 ◦C and 40 ◦C via a time sweep experiment on
one PE-free microgel suspension (Supplementary Material). This
excluded that the variation of the moduli observed for the mix-
tures results from different ages of the pure microgel system. All
frequency sweeps were done at strain amplitudes within the lin-
ear viscoelastic regime were the two moduli do not appreciably
change for increasing γ0. DSS and DFS tests at 20 ◦C started on
freshly loaded samples after 10 mins of thermalization. The sam-
ples have been successively heated up to 40 ◦C and, after other 10
mins of thermalization, a DFS test has been carried out. Our rhe-
ological measurements therefore probe only the rapid formation,
strengthening or melting of the original glassy or gel phases and
they do not take into consideration possible coarsening processes
that might occur over time scales much longer (several hours)
than our experiment duration (∼ 2500 s). For liquid-like samples
responding with torques well below the lower limits imposed by
rheometer under oscillatory shear we performed steady rate ex-
periments in the range 42 s−1 ≤ γ̇ ≤ 1000 s−1 to measure their
flow curves σ(γ̇), to probe their Newtonian behavior and to ex-
tract possibly their zero-shear viscosity.

3 Results and discussion

3.1 Bare microgels and PEs

Prior to mixture preparation we characterized the bare microgels
and the PEs to confirm the sign of their charge in water, to mea-
sure their size and to identify rheologically the PE-free sample
(ξ =0). The bare microgels were characterized using DLS and
SLS in the dilute regime to measure their hydrodynamic radius
(RH), gyration radius (Rg) and mobility µ as a function of tem-
perature. As shown in fig 3 (left panel) the microgels undergo
a volume phase transition (VPT) when the temperature is raised
above the LCST temperature of pNIPAM20. The critical temper-
ature (Tc) at which the microgels undergo the volume transition
are estimated by fitting both Rg and RH to an auxiliary function40:

RH,g(T ) = [R0−∆RH,g tanh(s(T −T H,g
c ))]+A(T −T H,g

c ) (7)

where, R0 is the radius of the microgel at the VPT, ∆RH,g is the
amplitude of the VPT and the parameter s quantifies its sharp-
ness. We obtained T H

c = 32.9 ± 0.2 ◦C and T g
c = 31.8 ± 0.3

◦C for for RH and Rg respectively. The lower Tc for Rg compared
to RH can be attributed to uneven distribution of the charges be-
tween the core and periphery27,29,49. Despite of that, given the
dispersion of the data, we do not detect a clear onset of a mini-
mum of Rg/RH that is strictly related to the two-step deswelling of
PNIAPm microgels40,49, with the core collapsing at temperatures
always lower than those marking the transition of the peripheral
corona. In this respect we have already reported49 for a synthesis
of microgels with the same crosslinker-to-monomer molar ratio
(5.3 %) as the present one, the existence of a barely detectable
minimum in Rg/RH crossing the VPT. Such a feature has to be as-
cribed to the higher crosslinker density of the microgels employed
here with respect to other syntheses where the minimum was

more evident40. As a matter of fact, increasing crosslinker den-
sity reduces the extent of the minimum of Rg/RH since it homog-
enizes the local deswelling within the microgel volume: the core
and the corona deswell to the same extent for high crosslinker-to-
monomer molar ratios and increasing temperatures, suppressing
the decoupling between the transitions in Rg and RH of the mi-
crogels. This has been carefully investigated and established via
simulations40. The ratio Rg/RH stays within the range 0.61-0.63
for T ≤ T H

c and increases sharply at T ' T H
c consistently with the

microgel shrinking above the VPT40.
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Fig. 3 Gyration and hydrodynamic radius (left) and mobility (right) of
bare PniPam microgels as a function of temperature. Here ϕ = 0.006.
The inset (left panel) shows the ratio Rg/RH(T ). The relative error on RH
and Rg obtained from the fit of the intensity correlation function and the
q-dependent scattered intensity (Equations 3 and 4) (See Supplementary
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RH , Rg and RH/Rg are smaller than or equal to the symbol size. The
error on the mobilities obtained from the full width at the half maximum
of the mobility distribution never exceeded the 7% of each mean value.
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are the highest ones (highest ξ ) characterizing PE-microgel mixtures dis-
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Error bars are the full widths at half maximum of mobility distributions.
The inset (Panel b)) shows the normalized relative transmittance mea-
sured for the three concentrated PE samples as a function of temperature.

The electrophoretic mobility of the same microgels are shown
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in Figure 3 (right panel). The negative mobility is due to the an-
ionic initiator used for the microgels synthesis. Microgel mobility
is remarkably affected by the VPT20: it drastically decreases (al-
gebraically) above about T H

c due to the increase of the microgel
charge density. We extracted the electrokinetic transition (EKT)
temperature (Tcµ ) using the same auxiliary function as in equa-
tion 7, namely

µ(T ) = [µ0−∆µ tanh(sµ (T −Tcµ ))]+Aµ (T −Tcµ ) (8)

where, µ0 is the mobility of the microgel at the EKT, ∆µ is the am-
plitude of the EKT and the parameter sµ quantifies its sharpness.
We obtain Tcµ =35.8 ± 0.1 ◦C. The discrepancy between the crit-
ical temperatures marking the VPT and EKT is ∆=Tcµ -T H

c ' 2.9
◦C. Such a significant difference between the transition tempera-
ture has been reported by Pelton et al.20, Daly et al.58 and more
recently by Truzzolillo et al.27, and it is attributed to a further
charge restructuring (densification) well above T H

c
58.

To determine preliminarily the viscoelastic properties of the PE-
free microgel suspensions, the rheology of bare microgels disper-
sions was also investigated as a function of ϕ at T=20 ◦C. This
allowed us to determine precisely the rheological state of the sus-
pension in which PEs are progressively added: At the microgel
concentration (ϕ = 1.5) that will characterize all the PE-microgel
mixtures, microgels are in a jammed glassy state at T=20 ◦C. (see
Supplementary Material for more details).

Prior to mixture preparation we have further investigated the
temperature dependence of PE mobility and, since PLL and PSS
bear also hydrophobic segments, we also inspected the PE sta-
bility via light transmission experiments at high concentration.
Figure 4-a shows the electrophoretic mobility of the three PEs at
the highest concentrations of the range explored in rheology ex-
periments. As expected the 2 cationic PEs (PLL and PDADMAC)
show positive mobility while PSS chains are characterized by neg-
ative mobilities at all temperatures. For the three PEs we observe
a smooth increase of the mobility modulus with increasing tem-
perature. Such an increase is mainly due to the decrease of the
solvent viscosity (see Supplementary Material). Figure 4-b shows
the mobility and the normalized transmittance of solutions that
are more concentrated in PE chains. We used these samples to test
the stability of all the PEs in water, reduce the uncertainties on the
mobility measurements and test the effect of PE concentration on
the mobility itself. By increasing PE concentration we observe a
clear decrease in mobility for all the polymers, that is consistent
with an increased fraction of condensed counterions59 and possi-
bly an augmented friction due to more frequent collisions among
different chains, while the observed temperature dependence can
be still filtered out by taking into account the viscosity variation
of the solvent (see Supplementary Material). Most importantly,
the normalized transmittance of the same samples, namely the
transmittance measured at temperature T divided by its value at
20◦C (inset of Figure 4), does not vary remarkably when tempera-
ture increases and the non-normalized relative transmittance was
TR(20◦C)= 1.00±0.01 for the three PE solutions. The polyions
employed here stay therefore well dissolved in water and any pos-
sible conformational change, local chain association, or variation

of the fraction of free counterions60–62 do not cause any mas-
sive condensation or chain swelling. This is an important starting
point since transmittance will allow us to discern whether col-
loidal condensation occurs or not in the mixtures. To establish
whether polyions can penetrate microgels we have finally mea-
sured or estimated the size of the PEs and the average mesh size
of the microgels, the latter being equal to the average distance be-
tween two crosslinker molecules thought as uniformly distributed
within the microgel volume. The hydrodynamic size distribution
of PSS and PDADMAC chains has been obtained via the CONTIN
analysis of the intensity autocorrelation functions53. DLS experi-
ments have been performed using dilute PE suspensions, namely
for CPE�C∗PE = Mw

4/3πNaRH
, where C∗PE is the overlap concentration

and NA is the Avogadro number. We obtained number-weighted
size distributions with a main peak at hydrodynamic diameters
Dpeak

H = 4.5 nm for PSS and Dpeak
H = 184 nm for PDADMAC. We

attribute this large difference in size between these two PEs to
both a different average molecular weight and a known large dif-
ference in backbone stiffness (see section 2.2). PLL chains did
not give enough scattering signal for their hydrodynamic size to
be measured reliably in the dilute regime. We have however esti-
mated their average end-to-end distance by considering a worm-
like chain model for semiflexible chains63,64 and the known per-
sistence length of PLL, lp = 1.0 nm42. We obtained an end-to-
end distance Ree = 28 nm. The overlap concentration for PLL
chains has been then estimated by replacing the hydrodynamic
radius with half of the end-to-end distance. The average mesh
size dm of PNIPAm microgels has been computed by knowing the
amount BIS molecules and the number of microgels contained in
the mother batch. The former is known from the synthesis, while
the latter can be computed knowing the value of the generalized
volume fraction obtained by viscosimetry at T=20 ◦C, the hydro-
dynamic size of microgels at the same temperature and the total
volume V of the suspension. We obtained dm = RH [4π/(3Nc)]

1/3 =

4.9 nm, where Nc is the number of crosslinkers per microgel.
Since dm is always comparable to or lower than the measured or
estimated size of the PEs the penetration of PE chains is limited
to the outer shell of the microgels where a lower than average
crosslinker density characterizes PNIPAm microgels synthesized
via free radical polymerization65,66. We further expect therefore
that the PE penetration is maximum for the small PSS chains and
nearly absent for the large PDADMAC polymers. Finally, PE dif-
fusion within the microgel volume is supposed to be additionally
reduced at 40 ◦C, where microgels collapse and their mesh size
consequently decreases.

3.2 Rheology of PE-microgel mixtures

Fig 5 shows selected dynamic frequency sweeps for the three sets
of mixtures and different charge ratio ξ at 20 ◦C (a,c,e) and 40
◦C (b,d,f), namely below and above the microgel VPT. The lim-
ited range of frequency at 40 ◦C is due to inertia problems, that
are routinely encountered at high frequencies (& 10 rad/s) and
standard shear geometries like the one given by the cone-and-
plate fixture used in this work, producing a non-physical drop
of the moduli for ultra soft solids (Gp . 10 Pa). At 20 ◦C the
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addition of PEs has only a weak effect on the rheology of the sus-
pensions: we observe a weakining of the original jammed glass
for M-PLL (a) and M-PSS (b) mixtures for increasing ξ , while
the linear viscoelastic spectra of the mixtures stay basically unal-
tered when PDADMAC is added (c). We attribute this to 3 syn-
ergistic effects: i) microgel deswelling due to an increased ionic
strength67 and osmotic pressure exerted possibly by unadsorbed
chains68; ii) depletion interactions that may act in presence of
free chains, especially in the case of anionic PSS polymers69; iii) a
reduction of the net repulsions between microgels due to a partial
adsorption of the cationic polymers that lowers the electrostatic
repulsion between microgel coronas bearing most of the micro-
gel charge40. As said, however, the effect PDADMAC chains on
swollen microgel glasses does not emerge. In this respect it is
worth recalling that PDADMAC chains showed a lower mobility
at all temperatures (Figure 4-a,b) compared to PLL pointing to a
lower charge density on the polymer backbone. We thus expect
a lower adsorption energy and a weaker impact on the swollen
microgels with low charge density. Finally, further effects might
be produced by the PE polydispersity that we expect to be larger
for PDADMAC as indicated by the supplier and by the different
microgel-to-PE size ratio, since they both affect residual deple-
tion effects. In particular, since at T=20 ◦C the hydrodynamic
PDADMAC/microgel size ratio is ' 1.08, while the (estimated)
hydrodynamic PLL/microgel size ratio is ' 0.082 and the adsorp-
tion is limited by the low charge density and high hydrophilicity
of the microgels, a more prominent depletion (short-ranged) at-
traction might characterize their mutual interaction in presence
of PLL rather than of PDADMAC chains, the latter being almost
equally sized with respect to the PNIPAm microgels. In addition
to that, depletion effects in M-PDADMAC mixtures are further re-
duced due to the presumable higher polydispersity of the deple-
tants (the PEs here), whose impact on entropy driven interactions
have been discussed in detail70. This said, despite these ef-
fects are difficult to quantify or decouple, they all point towards
a softening of the colloidal glasses due to a reduction of the re-
pulsive forces between the microgels. At 40 ◦C by contrast, the
emerging scenario is very different and the rheology of micro-
gel suspensions become very sensitive to both PE concentration
and sign of the PE charge (Figure 5-b,d,f). First of all, we point
out that at this temperature PE-free microgel suspensions (ξ = 0)
are still viscoelastic solids characterized by a nearly frequency-
independent storage modulus Gp = 0.47± 0.05 Pa. The gener-
alized microgel volume fraction in this case is much lower than
its value at 20 ◦C, since microgels are in their collapsed state. By
rescaling ϕ using the the hydrodynamic radii measured at the two
temperatures we obtain ϕ|40◦C = ϕ|20◦C

RH (40◦C)3

RH (20◦C)3 = 0.11. At this
volume fraction the suspensions cannot be considered any more
as jammed glasses but they are rather in a gel phase, consistently
with other rheological studies on concentrated PNIPAm suspen-
sions34. Microgels aggregate and form percolating networks due
to hydrophobic forces acting between the particles for T > T H

c .
It’s worth remarking that this occurs despite of the temperature-
induced increase of the charge density of the microgels, that sta-
bilizes the suspensions at lower volume fractions, and it is caused
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Fig. 5 Storage modulus G’ (solid symbols) and loss modulus G" (open
symbols) as a function of the oscillatory frequency ω at T=20◦C (a,c,e)
and T=40◦C (b,d,f) for M-PLL mixtures (a,b), M-PSS mixtures (c,d)
and M-PDADMAC mixtures (e,f). The inset in panel (d) shows the flow
curves σ(γ̇) of liquid samples for which LVE moduli were not measurable.
The straight line is a linear fit of the data at ξ =0.309.

by both the high number density of counterions, that screen mi-
crogel charges, and the large number density of microgels, that
enhances the collision probability between two of these colloids,
increasing the rate of cluster formation. The impact of the micro-
gel charge and the counterion concentration on microgel gelation
has been investigated only very recently71, confirming that the
suppression of electrostatic repulsions gives rise to a net increase
of gel elasticity. As PE concentration is progressively increased we
observe three interesting phenomena: i) the presence of a large
gel strenghtening followed by a sharp softening for both the sets
of mixtures containing cationic PEs (M-PLL, M-PDADMAC); ii) a
complete melting of the gel in wide range of PE concentrations
as the anionic PSS chains are progressively added; iii) a clear gel
strengthening or re-gelification at the largest PE concentrations
in M-PLL and M-PSS mixtures. For liquid-like M-PSS mixtures,
since the linear viscoelastic moduli were not measurable, we per-
formed continuous steady-rate tests and we extracted their flow
curves (Inset Figure 5-d). They all showed a Newtonian behavior
σ(γ̇) = η0γ̇, from which we obtained the zero shear viscosity η0.

Figure 6 summarizes our results for all the samples investigated
via rheology and serves to detail more clearly the effect of PEs.
We report both the storage and the loss modulus of the solid-
like suspensions at ω = 0.07 rad/s and the zero shear viscosity
for the liquid-like samples. Panel (a) shows the moduli of all
the mixtures as a function of ξ at T=20 ◦C: Increasing ξ does
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not affect remarkably the rheology of the mixtures and produces
only a weak decrease of both the moduli in M-PLL and M-PSS
mixtures, while the effect of PDADMAC addition is not even de-
tectable. Panels (b) and (c) by contrast show the relevant impact
that PEs have on microgel networks. On the one hand both M-PLL
and M-PDADMAc mixtures (b) are characterized by moduli that
increase by almost two order of magnitudes with respect to the
original gel (ξ = 0) at ξ ' 0.04−0.05. The same moduli decrease
again sharply at ξ ' 0.1. At higher PE concentration (ξ > 0.1)
the two cationic PEs act differently on the network dynamics: the
gel moduli increase again in M-PLL mixtures while this does not
occur in M-PDADMAC suspensions. On the other hand, in stark
contrast with the phenomenology encountered by adding oppo-
sitely charged PEs, the gel network is melted by PSS chains even
at the lowest ξ , with the mixtures becoming Newtonian liquids
with low viscosities (η0 '3 mPa s). Also in this case, however,
a large PE content destabilize the suspensions and a gel-phase
is observed again. The rheology of the binary PE-microgel mix-
tures therefore point to the existence of an emergent reentrant
behavior of the gel at high temperature when cationic PEs are
added, suggesting that PEs may first screen completely the entire
microgel charge and then overcompesate for it, producing glob-
ally an overcharge of the PE-microgel complexes so formed. This
is in line with the findings that some of the authors21 obtained in
dilute suspensions of similar M-PLL mixtures and it will be con-
firmed by mobility and light transmittance experiments discussed
later (section 3.3). The further gel strengthening occurring at

high PLL content (ξ >0.1) and its absence for PDADMAC points
to a key role played by PE hydrophobicity. PLL chains are more
hydrophobic than PDADMAC, they tend to aggregate at high con-
centrations as mentioned in section 2.2 and they can thus par-
ticipate actively to the enhanced elasticity of the gel. In this re-
spect we point out that for M-PLL mixtures the PE concentration
reaches values above the overlap concentration C∗PLL, spanning
the range 0 ≤ CPLL ≤ 4.1C∗PLL. Our results thus suggest that, for
high PE content, gels are at least partially PE-mediated: the gela-
tion is driven also by the PE-PE interaction rather than only the
PE-microgel one. We recall also that both the cationic polymers
progressively adsorb on the microgels at 40 ◦C (see also section
3.3) and depletion effects should be considered of secondary im-
portance.
The completely different behavior observed in M-PSS mixtures
points quite surprisingly to a strong influence of polystyrene sul-
fonate on the state of the microgel suspensions, since PSS has
been considered as a non adsorbing polymer for anionic PNIPAm
microgels67. We stress once again the PSS chains used in this
work consist of 90 % sulfonated polystyrene monomers, that is to
say, polymer backbones having 1 hydrophobic styrene monomer
over 10. This puts forward that PE adsorption might occur also
in this case. In addition to this, since the mixtures have been
prepared at T=20 ◦C, i.e. at ϕ = 1.5, PSS chains might par-
tially penetrate microgels for entropic reasons, and after micro-
gel collapse part of them can be still confined within the mi-
crogel volume. PSS adsorption or inclusion would explain the
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gel melting, since sulfonated chains are globally hydrophilic and
their layer on microgels increase the negative charge of the M-PSS
complexes hampering gelation. As for partially hydrophobic PLL
chains, PSS causes a re-condensation of microgels at high con-
centrations (ξ >0.31). Enhanced clustering in this case is only
driven by hydrophobic interactions since there cannot be charge
patch attraction72 characterizing M-PLL and M-PDADMAC sys-
tems. In more detail, we attribute this microgel aggregation to
i) concomitant energetic bridging due to the residual hydropho-
bic interactions between non-sulfonated styrene monomers and
those between hydrophobic PNIPAm segments, ii) a simple salt-
ing out effect and iii) possibly depletion attractions due to non-
adsorbed chains at high concentrations. Although our mobility
measurements, that we discuss hereafter, confirm the (at least
partial) inclusion of PSS chains within the microgel volume, a
more systematic study involving other complementary techniques
and simulations, that goes beyond the scope of this work, is in or-
der to decouple all these effects. In what follows, we report on
detailed electrophoretic and light transmission experiments in di-
luted mixtures, through which we have unravelled the role of the
sign of the PE charge, and investigated the presence of an iso-
electric point and colloidal overcharging causing a reentrant con-
densation of PE-microgel complexes in the same range of charge
ratios probed by rheology experiments.

3.3 Mobility and light transmission experiments for diluted
mixtures

Most of the suspensions studied via rheology have been diluted
in deionized water so to obtain PE-microgels mixtures with gen-
eralized microgel volume fraction ϕ = 0.006 at T= 20 ◦C. Fig-
ure 7 shows the elctrophoretic mobility for the three systems as
a function of temperature. The behavior of µ(T ) changes dras-
tically depending on whether the cationic PLL and PDADMAC
polymers (Panels a,c) or anionic PSS (Panel b) are progressively
added, staying qualitatively unaltered when the effect of the tem-
perature dependence of the viscosity and the permittivity of the
solvent is filtered out (Supplementary Material). For both the
cationic PEs we observe a pronounced overcharging starting at
ξ ' 0.1 that increase radically at T > Tcµ . Such overcharging has
been already observed21,27 and it is driven by the microgel EKT,
with the largest increase of mobility occurring close to the na-
tive electrokinetic transition of PNIPAm microgels. This will be
briefly discussed below. The mobility behavior for the M-PSS re-
veals by contrast an unexpected behavior: after a first algebraic
increase, presumably due to an increase of the ionic strength
and a scarce PE adsorption, the mobility increases in modulus
at all temperatures almost doubling its magnitude at T=50 ◦C.
This strongly indicates that PSS chains adsorb onto microgels or
stay confined within their peripheral volume. We must conclude
that part of the PSS chains adsorb, potentially penetrating inside
the microgel periphery, and that the hydrophobic interactions be-
tween PSS chains and microgels, due to the not fully sulfona-
tion of polystyrene chains, might favor PE coating despite of the
anoinic nature of the PE.

Such mobility change does explain why microgels are stabi-

lized by PSS chains in concentrated suspensions and hamper the
formation of gels (Figure 6-c): when this like-charged polymers
coat the collapsed microgels, they both enhance electrostatic re-
pulsion between the so-formed decorated objects and screen out
the hydrophobic interactions originally driving the gel formation
of bare microgels.

With this in mind, we can also speculate, now more pertinently,
that the (reentrant) gelation observed at ξ = 0.645, can be as-
cribed to PE-mediated hydrophobic interactions, to the screening
of the residual charge due to the increased counterion concen-
tration and, since the mobility of the complexes does not varies
remarkably for ξ >0.21, to depletion interactions due to unad-
sorbed chains.

The encountered phenomenology is therefore at odds with the
assumption that highly sulfonated PSS is strictly a non-adsorbing
polymer in the presence of PNIPAm microgels. Such an assump-
tion has been adopted in the past67,69 to justify the observed floc-
culation of PNIPAm microgels induced by PSS for T . Tc. If this
was the case, the presence of PSS chains could only give rise to
an enhanced depletion mechanism between the microgels driven
by the unbalanced osmotic pressure exerted by the free chains. In
concentrated suspensions such scenario would consequently re-
sult in a progressive gel strenghtening that is not observed, while
by contrast the gel melting and the increase of the mobility mod-
ulus in dilute suspensions represent a robust indication that small
PSS polymers adsorb on and partially interpenetrate hydrophobic
microgels. In this respect, the presence of hydrophobic interac-
tion between PNIPAm chains and non-sulfonated polystyrene is
well documented in literature73.

We obtain a further insight on the charge restructuring process
occurring in PE-microgel mixtures when we compare the mobility
of the complexes to those of the pure PEs at the same concentra-
tion CPE , namely the highest ξ in the mixtures, below and above
T H

c (Figure 7-d,e,f). Remarkably, at T=20 ◦C the average mobil-
ity modulus is always lower than the one measured in pure PE
suspensions, signaling the absence of a large charge accumula-
tion with respect to pure PEs. By contrast at 40 ◦C, the mobility is
always algebraically higher with respect to the pure PE solutions
for the M-PLL and M-PDADMAC mxtures and it is comparable to
that of the free PSS chains for M-PSS systems. The contrasting
behavior observed below and above T H

c for cationic PEs confirms
the occurrence of a net increase of the positive charge density in
the presence of microgels for T > T H

c . The latter can be due to
both a compaction of the polyions and/or to an increase of the
fraction of free counterions promoted by PE adsorption74. We
remind also, that a simple local increase of the polyion concen-
tration would give rise to a decrease in mobility due essentially
to an increased amount of condensed counterions in line with the
data shown in figure 4-a,b and other results discussed in litera-
ture59. In the case of PSS chains this is less evident despite the
mobility of the complexes is much larger in modulus compared
to that measured for the pure PNIPAm microgels (Figure 7-b). A
summary of the mobility values is also reported for comparison
in Supplementary Material (Table 1). The charging and neutral-
ization process of the complexes, and their stability at the two
selected temperatures, can be finally rationalized if mobility and
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Fig. 7 Electrophoretic mobility of a) M-PLL, b) and M-PSS and c) M-PDADMAC complexes at varying PE concentrations as a function of temperature.
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transmittance data are combined. This is shown in Figure 8. For
both M-PLL and M-PDADMAC mixtures a mobility reversal occurs
at both 20 ◦C and 40 ◦C, while M-PSS mixtures show a progres-
sive average mobility that becomes more and more negative as
the PE concentration is increased (Figure 8-a,c). Interestingly for
both cationic PEs the mixtures undergo a reentrant condensation
signalled by the large decrease of the relative transmittance (Fig-
ure 8-d) in conjunction with the charge reversal observed at 40
◦C, while the suspensions stays stable at 20 ◦C (Figure 8-b). The
simultaneous occurrence of an isoelectric condition and a large
collodal condensation further confirm that the measured mobility
has to be assigned to the PE-microgel complexes, as also pointed
out by the sistematic unimodal mobility distribution measured for
all the mixtures at any T and by the sigmoidal temperature de-
pendence of the mobility in the presence of PEs.

Our data therefore confirm that the hydrophilic character of
PNIPAm microgels below their VPT (T < T H

c ) hampers micro-
gel condensation though an apparent isolectric condition is at-
tained and chains partially adsorb onto microgels. By contrast
above VPT (T > T H

c ) both hydrophobic interaction and a stronger
charge-patch attraction between decorated microgels drive clus-
ter formation localized at the isoelectric point, where the average
mobility vanishes. We recall that charge patch attraction between
decorated colloids is enhanced when large surface charge den-
sity fluctuations characterize the colloidal surfaces72,75. This is
indeed the case for collapsed microgels, where bare portion of

the microgel surfaces are supposedly densely charged and with
an enhanced hydrophobicity. Therefore, when the destabilization
due to polyelectrolyte adsorption is considered, PNIPAm micro-
gels behave as charged colloids at high temperatures (T > T H

c )
and as nearly neutral colloids below their volume phase transition
temperature (T < T H

c ), confirming previous results obtained in di-
lute suspensions of M-PLL mixtures21. We have now shown that
this has important repercussions on the rheology of concentrated
dispersions whose viscoelasticity at high temperatures is largely
affected by the presence of an isoelectric point. The emerging
general scenario for T > T H

c is sketched in Figure 9.

Three final comments are in order.
i) The peak of the gel modulus (Figure 6-b) observed for mix-
tures of microgels and cationic PEs occurs at ξ ' 0.04−0.05 and
it is slightly shifted to lower ξ with respect to ξ ' 0.1, where the
isoelectric condition and the reentrant condensation is observed
in diluted samples (Figure 8-c,d). This can be ascribed to the
smaller volume accessible to PEs in concentrated microgel sus-
pensions and therefore to a more effective neutralizing effect of
the chains, that presumably spend much less time in their des-
orbed state. In addition to that, the counterion concentration is
also larger in concentrated samples and this could also reduce the
amount of oppositely charged polymers needed to neutralize the
microgels, since the fraction of counterions condensed on the mi-
crogel is higher.
ii) We note that at highest ξ in dilute suspensions (Figure 8) there
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Fig. 8 Mobility (a,c) and transmittance (b,d) of microgel suspensions (ϕ = 0.006) at varying concentrations of PEs at 20◦C (a,b) and 40◦C (c,d).
Error bars in a) and c) are the full widths at half maximum of mobility distributions. The blue circles in the panels (a,c) mark the isoelectric condition
µ = 0.
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Fig. 9 Schematic representation of the different states encountered when
PEs are progressively added in suspensions of PNIAPm microgels and
temperature is raised up to T > T H

c .

is not evidence for large cluster formation, that would result in a
decrease of the relative transmittance, while gel strengthening is
reported for concentrated M-PSS and M-PLL mixtures. This again
corroborates the hypothesis that these gels are networks stabi-
lized by non-electrostatic interactions between the concentrated
PE chains surrounding the microgels at high ϕ. PE concentra-
tion is much lower in the diluted suspensions used to measure
the mobility and the transmittance of the PE-microgel complexes
(Figure 8). Here, the free volume accessible to PEs is much larger
and their mutual contact is very much reduced.
iii) The charge inversion and re-entrant condensation occur far
(ξ ' 0.1) from the nominal isoelectric condition (ξ = 1). One

possible explanation would be that most of the initiator (≈ 90%)
does not participate to the polymerization, that then would result
in a large residual mass present in the supernatant after the first
post-synthesis centrifugation cycle. This is ruled out: after dry-
ing and removing the solvent from the supernatant we obtain a
solid content equal to only ≈ 1% of the total NIPAm monomers
dissolved in water during the synthesis and that comprises also
the removed SDS. A much larger solid content, containing both
unreacted NIPAm monomers and initiator, would be present if
the ≈ 90% of the initiator had not participated to the microgel
formation. A second possibility is represented by the partial in-
volvement of the ionic initiator in the adsorption process: within
this scenario the very peripheral sulfonic groups anchored to the
microgels are mostly free from condensed counterions and obvi-
ously more available for steric reasons to accomodate PE chains,
while groups located further inside the microgel volume are on
average more screened by confined counterions and they do not
participate to the charge balance. This hypothesis is corroborated
by recent experiments and simulations49 where the addition of
randomly distributed charges barely affects the Rg transition of
PNIPAm-based microgels. Such a scenario, although it gives a
plausible qualitative explanation for the discrepancy between the
nominal and the observed isolectric condition, is certainly not a
conclusive one, and the mechanisms of charge neutralization of
microgels through polyion adsorption remain to be understood in
the future.

Journal Name, [year], [vol.],1–14 | 11



4 Conclusions
We have shown that adding polyelectrolytes bearing different
charge has an important impact on the rheology of concentrated
suspensions of anionic PNIPAm microgels, and that electrostatics
influences crucially gel formation at high temperatures. We have
studied the effect of the PEs on both a jammed glassy system,
where PEs are confined in the interstitial spaces between faceted
microgels or slightly penetrate into their peripheral corona, and
when the concentrated suspension is brought beyond the micro-
gel volume phase transition (T > T H

c ). We have shown that while
jammed glasses are only weakly softened by PE addition, the im-
pact of the PE chains is important at higher temperature, where
PNIAPm microgels are charged hydrophobic colloids with high
charge density. We find that a large and reentrant gel strength-
ening occurs in the presence of cationic PEs around the isoelec-
tric point, where the average measured mobility is zero and large
clustering takes place in diluted suspensions. Strikingly, for PE
chains with residual hydrophobicity and bearing charges with the
same sign as that of the microgels, we observe a melting of the
original gel phase at T > T H

c . Mobility measurements suggested
that also in this case there is at least a partial adsorption and/or
penetration of the PEs into the microgels, increasing their net
charge, screening the hydrophobic attraction between collapsed
microgels and hence hampering the gelation of the system within
the probed experimental time scale. Non-electrostatic interac-
tions are thus also very important, especially when microgels are
in their collapsed state, and at high PE concentrations, far from
the isoelectric point, we also find that the rheology of the mix-
tures is highly influenced by these specific effects: for mixtures
containing partially hydrophobic PLL or PSS chains, gelation is
favoured by the presence of a high PE content, while for the more
hydrophilic PDADMAC polymers this is not observed. Our work
shows that the rheology of thermosensitive ionic microgels can be
tuned by adsorbing polyelectrolytes, and confirms that PNIAPm
microgels must be considered as highly charged hydrophobic col-
loids at high temperatures. Our study paves the way for more sys-
tematic investigations including PEs sharing the same chemistry
but with different molecular weights and degree of hydrophobic-
ity (e.g PSS chains with different Mw and sulfonation degrees)
that are required to discern more in depth the role played by
the chain size and the non-electrostatic effects in these compos-
ite soft materials. In this respect, the use of fluorescent PEs and
molecular dynamic simulations, would surely help to unravel the
role played by residual unadsorbed chains on the overall micro-
gel stability. Finally, whether PE adsorption causes glass melting
at T < T H

c or reentrant gelation at T > T H
c and lower general-

ized volume fractions is still unknown and deserves a thorough
investigation.

Conflicts of interest
There are no conflicts to declare.

Acknowledgements
We acknowledge financial support from the Agence Nationale de
la Recherche (Grant ANR-20-CE06-0030-01; THELECTRA). D.T.

thanks Dr. S. Sennato for fruitful discussions.

References
1 W. C. K. Poon, Journal of Physics: Condensed Matter, 2002,

14, R859–R880.
2 K. N. Pham, A. M. Puertas, J. Bergenholtz, S. U. Egelhaaf,

A. Moussaïd, P. N. Pusey, A. B. Schofield, M. E. Cates,
M. Fuchs and W. C. K. Poon, Science, 2002, 296, 104–106.

3 D. Vlassopoulos and M. Cloitre, Current Opinion in Colloid &
Interface Science, 2014, 19, 561–574.

4 K. Binder, P. Virnau and A. Statt, The Journal of Chemical
Physics, 2014, 141, 140901.

5 I. Szilagyi, G. Trefalt, A. Tiraferri, P. Maroni and M. Borkovec,
Soft Matter, 2014, 10, 2479.

6 F. Bordi, S. Sennato and D. Truzzolillo, Journal of Physics:
Condensed Matter, 2009, 21, 203102.

7 B. Bolto and J. Gregory, Water Research, 2007, 41, 2301–
2324.

8 N. Tobori and T. Amari, Colloids and Surfaces A: Physicochem-
ical and Engineering Aspects, 2003, 215, 163–171.

9 A. M. Howe, R. D. Wesley, M. Bertrand, M. Côte and J. Leroy,
Langmuir, 2006, 22, 4518–4525.

10 I. Pochard, C. Labbez, A. Nonat, H. Vija and B. Jönsson, Ce-
ment and Concrete Research, 2010, 40, 1488–1494.

11 T. Phenrat, N. Saleh, K. Sirk, H.-J. Kim, R. D. Tilton and G. V.
Lowry, Journal of Nanoparticle Research, 2008, 10, 795–814.

12 V. Salgueiriño-Maceira, F. Caruso and L. M. Liz-Marzán, The
Journal of Physical Chemistry B, 2003, 107, 10990–10994.

13 S. Schwarz, J. E. Wong, J. Bornemann, M. Hodenius, U. Him-
melreich, W. Richtering, M. Hoehn, M. Zenke and T. Hierony-
mus, Nanomedicine: Nanotechnology, Biology and Medicine,
2012, 8, 682–691.

14 G. Decher, Science, 1997, 277, 1232–1237.
15 J. Rühe, M. Ballauff, M. Biesalski, P. Dziezok, F. Gröhn,

D. Johannsmann, N. Houbenov, N. Hugenberg, R. Konradi,
S. Minko, M. Motornov, R. R. Netz, M. Schmidt, C. Seidel,
M. Stamm, T. Stephan, D. Usov and H. Zhang, Polyelectrolytes
with Defined Molecular Architecture I, Springer Berlin Heidel-
berg, Berlin, Heidelberg, 2004, vol. 165, pp. 79–150.

16 M. Ballauff and O. Borisov, Polyelectrolyte brushes, 2006,
vol. 11, pp. 316–323.

17 J. L. Dalsin, L. Lin, S. Tosatti, J. Vörös, M. Textor and P. B.
Messersmith, Langmuir, 2005, 21, 640–646.
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Light scattering

We report in figure 1 selected intensity autocorrelation functions (g2(t)−1) and time-averaged

scattered intensity I/I0 as a function of the squared modulus of the scattering vector q2 at

different temperatures. The lag time t (left panel) is normalized by ηs/KBT to filter out

the trivial speeding up of the dynamics due to the temperature dependence of the solvent

viscosity ηs and the thermal energy kBT . I0 is obtained by fitting I(q) to the Guinier equation

(eq. 4 of the main text). The autocorrelation functions and the scattered intensity data have

been fitted by using respectively equation 3 and 4 (section 2.5 of the main manuscript) to

extract the hydrodynamic radius (RH) and gyration radius (Rg) as a function of temperature.
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Figure 1: Autocorrelation functions g2 − 1 (left panel) and normalized scattered intensity
I/I0 vs q2 (right panel) at different temperatures as indicated in the panels. Red solid
(black dashed) lines are cumulant (Guinier) fits according to equations 3 and 4 of the main
manuscript for g2(t)− 1 and I/I0 respectively.

Viscosimetry

Figure 2 shows the viscosity ratio η/ηs for very dilute suspensions of bare microgels in the

range 4.68 · 10−5 < c(wt/wt) < 1.5 · 10−3. The proportionality constant k between the

generalized volume fraction ϕ and the mass fraction c of microgels has been obtained, as

detailed in the main text, via a linear fit of the data to the Einstein equation.

Rheology of bare microgel suspensions

The rheology of bare microgels suspensions was investigated as a function of ϕ at T=20 ◦C

to determine precisely the rheological state of the suspension in which PEs are progressively

added. Figure 3 shows dynamic frequency (a) and strain (b) sweep tests performed in the

2
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Figure 2: Viscosity ratio η/ηs for very dilute suspensions of microgels. The straight line is a
linear fit of the data to the Einstein equation.

range 0.89 ≤ ϕ ≤ 1.57. All samples show a solid-like response and a typical glassy behavior

for ϕ ≥ 1.07, with G′ > G” over about 3 decades in frequency and shallow minimum of

G”.1,2 Between ϕ=1.07 and ϕ=0.89 we observe a large drop of both the moduli, which flags

the proximity to the rheological glass transition. The DSS tests confirm such a scenario with

all the suspensions showing a nearly strain-independent first-harmonic moduli at low strains

before non-linear behavior appears, with G”(γ0) reaching a maximum and then declining for

ϕ ≥ 1.07. The maximum of G”(γ0) is absent for ϕ=0.89 pointing to an important reduction

of dissipative processes involved in the yielding transition. In all the cases a crossover between

the two first harmonic moduli occurs and samples yield under oscillatory strain. The two

insets show the storage modulus Gp=G
′(ω=1 rad/s) (a) and the yield stress σy (b) at which

the crossover G′(γ0) = G”(γ0) occurs as a function of ϕ. The two quantities show an affine

behavior with a drop of their values occurring between ϕ=1.07 and ϕ=0.89. Pellet and

Cloitre3 have attributed such a sharp change to the passage from a thermal to a jammed

glass of microgels, with the former being a solid whose elasticity is dominated by entropic
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Figure 3: Storage modulus G’ (solid symbols) and loss modulus G” (open symbols) as a
function of the oscillatory frequency ω (a) and respective first harmonic moduli as a function
of the strain amplitude γ0 at ω = 1 rad/s (b) of concentrated PniPAm microgel suspensions
at T=20 ◦C and different volume fractions as indicated in the panels. The insets show the
plateau modulus Gp (a) and the yield stress σy (b) as a function of ϕ.
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caging, while the latter is ruled by contact forces between particles and particle deformability.

Therefore the microgel concentration that characterize the PE-microgel mixtures (ϕ = 1.5)

is a jammed glass at T=20 ◦C. We show in the main manuscript (section 3.2) that at this

number density, microgels form a gel when the suspension is heated up to T=40 ◦C.

Ageing of bare microgel suspensions

Prior to mixture preparation we performed a dynamic time sweep experiment to evaluate

the aging of the bare concentrated microgel suspension (ϕ = 1.5, ξ = 0) over a time ap-

proximately equal to the duration of one whole experiment (t≈ 2500 s). Figure 4 shows

the normalized storage and loss modulus (G′/G′t=0, G”/G”t=0) of the sample at ω =2 rad/s.

The moduli did not show any remarkable evolution within this time window. This excludes

that the changes of the moduli observed for the mixtures are due to different age of the pure

microgel system.

Mobility

We report below the normalized mobility µη/ε for both the pure PE suspensions (Figure

5) and the PE-microgel mixtures (Figure 6). The data are the same shown in figures 4

and 7 of the main manuscript. For pure PE suspensions the normalized mobility does not

show a visible trend for increasing temperature, indicating that the observed variation in

absolute mobility is due mainly to the reduction of the solvent viscosity going 20 ◦C to 50

◦C. We recall that in this temperature range the viscosity of water ηs decreases by a factor

≈1.85, while the relative permittivity ε decreases by a factor ≈ 0.86. By contrast the PE-

microgel mixtures maintain the trend showed by the mobility µ (figure 7 of the main text),

hence pointing to an important change of the charge density of the complexes upon varying

temperature.
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Figure 4: Normalized viscoelastic moduli (ω =2 rad/s) of the bare microgel suspension
(ϕ = 1.5, ξ = 0) at T=20◦C and T=40◦C as indicated in the panels.

Table 1: Mobility in µm cm V/s of PEs solutions and PE-microgel mixtures at T=20 ◦C
and T=40 ◦C for the highest PE concentrations. Data are shown in figure 4 and figure 7 of
the main manuscript. Data for pure microgel suspensions are also given for reference.

Sample code µ(T=20 ◦C) µ(T=40 ◦C)

M (No PE) -1.52 ±0.10 -3.20± 0.16
PLL (CPE =1,25 mg/ml) 3.46 ±0.28 4.40± 0.66
M-PLL (CPE =1,25 mg/ml, ξ =0.5691) 2.67± 0.16 5.94±0.19
PSS (CPE = 1.75 mg/ml) -3.17±0.44 -4.62±0.36
M-PSS (CPE = 1.75 mg/ml, ξ =0.645) -1.30±0.18 -4.43±0.19
PDADMAC (CPE = 1.38 mg/ml) 2.42±0.71 3.60±0.40
M-PDADMAC (CPE = 1.38 mg/ml, ξ =0.6625) 1.42±0.12 4.64±0.18
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Figure 5: Normalized electrophoretic mobility of PLL at CPE=1.25 mg/ml (left) and CPE=28
mg/ml (right), PSS at CPE=1.75 (left) and CPE=5.1 (right), PDADMAC at CPE=1.38
mg/ml (left) and CPE=35 mg/ml (right) as a function of temperature.
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Figure 6: Normalized electrophoretic mobility of a) M-PLL, b) M-PSS and c) M-PDADMAC
complexes at varying PE concentrations as a function of temperature. Data contains com-
plementary samples that were not characterized via rheology. The colored arrows are a
guide for the eye and point to the mobility variation from ξ =0 up to the maximum PE
concentration at T > TH

c .
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