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Abstract

Polymer microgels exhibit intriguing macroscopic flow properties arising from their
unique microscopic structure. Microgel colloids comprise a crosslinked polymer network
with a radially decaying density profile, resulting in a dense core surrounded by a fuzzy
corona. Notably, microgels synthesized from poly(N-isopropyl acrylamide) (PNIPAM) are
thermoresponsive, capable of adjusting their size and density profile based on temperature,
above the lower critical solution temperature (I cst ~ 33 °C), the microgel’s polymer
network collapses, expulsing water through a reversible process. Conversely, below 33 °C,
the microgel’s network swells, becoming highly compressible and allowing overpacking to
effective volume fractions exceeding one. Under conditions of dense packing, microgels
undergo deformation in distinct stages: corona compression and faceting, interpenetration,
and finally, isotropic compression. Each stage exhibits a characteristic signature in the
dense microgel suspensions’ yield stress and elastic modulus. Here, we introduce a model
for the linear elastic shear modulus by minimizing a quasi-equilibrium free energy, en-
compassing all relevant energetic contributions. We validate our model by comparing its
predictions to experimental results from oscillatory shear rheology tests on microgel sus-
pensions at different densities and temperatures. Our findings demonstrate that combining
macroscopic rheological measurements with the model allows for temperature-dependent
characterization of polymer interaction parameters.



In the last few decades, the polymer-colloid duality of microgels has captured the interest of sci-
entists from various fields (7, 2). Microgels are cross-linked polymer networks that are typically
suspended in water and exhibit properties that lie between those of macroscopic polymer gels
and colloids. When the monomer N-isopropylacrylamide (NIPAM) is used, microgels become
thermoresponsive, with the network structure changing dramatically when the temperature ex-
ceeds the lower critical solution temperature (LCST) of approximately 33 °C (3-6). Below the
LCST, microgels are soft and deformable, while above the LCST, the network expels water,
leading to a denser polymer structure and repulsive or attractive hard sphere-like properties.
Due to their tunability at biologically relevant temperatures and ease of synthesis, microgels
have become popular in many areas of research. They act as drug carriers (7), viscosity mod-
ifiers (8), tunable colloidal deplentants (9), scaffolds in tissue engineering (/0, /1), and are
useful for studying glass transition and jamming phenomena (/2, 13). However, quantifying
their mechanical properties remains challenging due to the combination of polymer physics and
colloidal phenomena occurring.

At low concentrations, the colloidal nature of microgels dominates, and the suspension vis-
cosity follows hard-sphere approximations such as the Einstein-Batchelor equation for the sus-
pension’s viscosity (/4, 15). However, microgels are soft and flexible and can be overpacked
“beyond” space-filling at higher concentrations, considering the volume fraction occupied by
the unperturbed microgel size (16—18). As the concentration increases, the microgels come in
contact and respond to the increased osmotic pressure exerted by their neighbors. Recent super-
resolution microscopy studies revealed the different steps of the interaction (/9). First, the mi-
crogels’ corona compress, then they weakly interpenetrate, followed by deformation (faceting)
of the core, and finally, isotropic compression. This results in a transition from the elastic behav-
ior dominated by colloidal interactions towards properties of homogeneous polymer gels (20).

Previous rheological studies have identified the different interpenetration, deformation, and



isotropic compression stages (19, 2/-24). The modulus G/, shows a sharp increase during the
onset of elasticity, associated with corona compression and interpenetration, followed by a lin-
ear increase for effective filling fractions above one where density fluctuations vanish. Several
models have been proposed to describe the evolution of (], of microgel suspensions in a spe-
cific regime. Still, few have attempted to model the microgel’s elasticity over the entire range of
concentrations (75, 22,23, 25). Here, we present a framework that explicitly considers microgel
jamming, deformation, and compression. Furthermore, our model spans the entire concentra-

tion range and globally has only one adjustable parameter.

Theory and Model

Our research aims to establish a link between the various stages of microgel interactions at
different temperatures and the distinct elasticity regimes displayed by microgel suspensions
and pastes. To achieve this, we consider submicron-sized poly-NIPAM microgels dispersed in
water with an ionic strength of 5 mM KCI to screen residual charges carried by the ionic initia-
tors, which is the most commonly studied microgel system. To quantitatively account for the
different stages of packing, we propose a free energy minimization scheme. Specifically, we
consider the increased number density and the vanishing free volume in stage I, the compression
of the microgel corona in stage II, the faceting and compression of the core in stage III (as de-
picted in Fig.[I)). We exclude the weak interdigitation observed in superresolution microscopy,
which affects viscoelastic losses but is not expected to affect the elastic storage modulus sub-
stantially (/9). Our modeling framework is derived from approach presented by Mason and
Scheffold to model the elasticity of dense emulsions that display interfacial deformation (26).
The model was later expanded to include the double layer repulsion in ionic emulsions by Kim
et al. (27). Although we choose a similar approach, the interaction potential of microgels differs

significantly from that of emulsion droplets (16, 19,22). If Mason and co-workers’ model can be



extended to encompass microgels, it would introduce a relatively straightforward model capable
of explaining the shear modulus in dense microgel suspensions. This would be a groundbreak-
ing development, offering a simple tool applicable to various practical uses.

In our investigation, we aim to assess predictions for the elastic plateau modulus G, by

comparing them to experimental results obtained from rheometry. We begin by examining
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Figure 1: Sketch of microgel interactions and deformations with increasing concentration. a At
low effective volume fractions the sample is in liquid state. Increasing volume fraction leads
to a critical moment where coronae touch, shown in b. Dashed lines indicate the overall size
of the microgel. ¢ Further densification causes the corona to compress. d Once cores touch,
they will deform. Length scales indicated are corona (brush) thickness L, The hydrodynamic
radius Ry ~ R, where R set the effective volume fraction ¢. h denotes the separation distance
between cores, and R, the microgel core radius.

a dilute suspension of microgel particles, characterized by an effective volume fraction ¢ =
SamR®. & denotes the number density, while R is the effective radius of the microgel particle,
which is often assumed to be approximately equal to the hydrodynamic radius R ~ Ry. As

shown in Fig. [T] we also consider the core radius R and the corresponding core volume

fraction ¢ = 37 RY ..

Mason and Scheffold’s model has defined the parameter (; = AV/V
as the additional volume fraction that becomes available due to the deformation of the core
caused by thermal fluctuations and shear strain (26) Considering a perturbative shear strain

amplitude v, the sample plateau shear modulus G/, can be calculated.



We derive the plateau shear modulus by taking the derivative of the total free energy Fi
under the minimization condition (4 = (. We retain all parameters before evaluating the result

aty — 0.
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Entropic contribution to the free energy

We consider amorphous suspensions; consequently, we expect to find a glass transition at an
effective volume fraction of approximately ¢ ~ 0.58 (28, 29). As the system begins to solidify
at the glass transition and beyond, entropic contributions to the free energy dominate due to
(transient) particle caging by neighboring particles, leading to arrested motion and increased
elasticity up to the critical volume fraction for random close packing (or jamming) of hard

spheres where particles touch at approximately 0.646 volume fraction (30).

Table 1: Parameters for Modeling the Elastic Shear Modulus

Label Meaning Determined using
c mass concentration (wt %) drying, weighing
k=¢/c swelling ratio Viscosity 1 (¢ < 1)
o= %%WR? effective volume fraction ¢ = kc
R = (% )g effective radius (nm) Number density %
keore = C/c core swelling ratio ﬁ = %a (E*¢)
¢ = $37R3,. | core volume fraction ¢ = KeoreC

1
Reore = (%¢)? | core radius (nm) Number density £
L corona thickness (nm) L =R — R
E* core contact modulus (N/m?) ﬁ = %a (E*¢)
a, numerical constants, from (27) | a ~ 1,£ ~ 0.15
C Brush elasticity (1/nm) adjustable parameter




Contribution of the corona compression

Once the effective volume fraction surpasses a higher critical value of 0.646, the available free
volume disappears, resulting in direct particle contacts and deformation (/3,30-32). The micro-
gel corona, which have a lower crosslinker content than the microgel cores are compressed. This
corona compression and its impact on elasticity have been extensively studied (19, 22-24, 33).
One of the approaches to model corona repulsive interactions is based on the scaling model for
a polymer brush, originally proposed by Alexander and de Gennes and later refined (34-36).
It describes the repulsive force between two brush-coated surfaces, and it has been previously
used to model the elasticity of the microgel corona in a good solvent (19, 22-24, 37). Here,
we consider the mean field polymer theory treatment of the brush swelling and elasticity as
summarized in reference (38). In this approximation, the polymer brush assumes a parabolic
density profile. Using the Derjaguin approximation, the force between two particles coated with

a polymer brush can be expressed as follows:

e 2
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where N, is the degree of polymerization of the brush polymers, with C'(T') = 47 N2a?/s* x

7 (T'). By integration, we convert the force to energy per particle and obtain:

Fbrush Rcore 6 3
=C(T —1 4u — 301 —4 3
N T C(T) 20 (u® — 10u” + 54u — 301og(u) — 45) (3)

for u = h/2L < 1. The parameter h represents the distance between the surfaces of the
microgel cores, while L stands for the equilibrium thickness of the polymer brush. The average
distance between the polymer chains anchored on the microgel core is represented by s, and
a 1is the typical size of a polymer molecule. Although water is a good solvent for pNIPAM
microgels well below 717 cst, its quality deteriorates as 1" approaches 11 cst (38—40). This effect

is captured by the dimensionless virial coefficient 7 (T") = Ticst/T — 1 ~ 1 — T'/Ti cst where
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Figure 2: Experimental characterization of the system parameters. a Relative viscosity of low-
concentration microgel samples (represented by symbols). Data shown was measured at tem-
peratures 20, 24, and 28 °C with a rolling ball viscometer. The solid lines represent fits to the
Einstein-Batchelor equation. b Full symbols and dashed line: Microgel (effective) particle ra-
dius (R) as a function of temperature obtained from the swelling ratio k£ and the number density
N/V. Open squares indicate the hydrodynamic radius Ry measured through Dynamic Light
Scattering (DLS). ¢ Elastic modulus plateau values (G;) obtained through rheometry (repre-
sented by symbols), along with corresponding fits to the linear regime at the highest concentra-
tions (solid lines).

7(T') o< Ay (T) is proportional to the experimentally accessible second virial coefficient. The
linear decay of A, (T') was revealed experimentally for the single chain phase transition of
pNIPAM by Kubota et al. (47), based on light scattering.

The relationship between h, the core volume fraction ¢, and the deformation volume fraction

(4 was established by Kim et al. (27).

h
RCOI‘C

~ 2. (0.646)"* [¢71/% — (0.646 + ¢y — ar?) 7] *)

where 0.646 is the jamming volume fraction of disordered spheres. In summary, we model
corona interactions by employing a polymer brush model that considers the influence of solvent
quality. Anticipated is a diminishing strength of brush repulsion as we approach the lower

critical solution temperature (7 csr)-



Contribution of the microgel core deformation

When the particle concentration is high, the microgel corona becomes fully compressed onto
the densely crosslinked core. Upon further increase of the microgel particle number density %,
the microgel cores must undergo additional adaptation, as demonstrated in various studies (22,
23,33,40,42—44). This adaptation results in deformation, faceting, and compression of the core,
creating space for additional microgels. As observed in superresolution microscopy and neutron
scattering studies, the microgel size decreases, indicating a volume change due to the softness
of its core (16, 45). Seth, Cloitre, and Bonnecaze showed that the contact elastic modulus
E™ of touching spheres can be related to the Laplace pressure in jammed emulsion droplets
as E* ~ 100/R, where o represents the surface tension of the droplets (46). The contact
modulus E* is further related to the Young’s (bulk) modulus £ and the Poisson’s ratio v through
E* = E/[2(1 — v?])] (46,47). Using the results of ref. (26), we express the leading-order term
in the free energy associated with particle core deformation as follows:

F, E*
core 4 3 2 5
N a0 10 choreCd ( )

where ¢ is a dimensionless geometric parameter considering the entire disordered system. It en-
compasses the variously sized facets and different coordination numbers within the distribution

of all particles.

Total free energy
The total free energy can now be written as:
Eot = Fent + Fbrush + Fcore (6)

where F, denotes the entropic translational free energy Fiy = —3NkgT In(0.646 + (4 — ¢ —
av?) (27). By inserting F,y into (I, we analyze the shear modulus for different concentrations

and various temperatures.



Shear modulus in the high concentration regime

It is helpful and informative to assess the plateau shear modulus under conditions where the
corona term is omitted and kg7’ approaches zero. According to findings in (26), substituting

o/R by E*/10 the corresponding formula for the shear modulus is:

G (Q) = [aF"€ x (¢~ 0.646) ™

This expression is expected to be the prevailing term for ¢ > 0.646. In the following, based on
previous emulsion studies (26, 27), we set a = 1 and £ = 0.15 and consider E* an effective

core contact elasticity parameter.

Results and Discussion

Our model possesses a significant advantage in that we can independently determine all pa-
rameters through experiments, except for the corona elasticity parameter C' (7). To enhance
clarity, we have included Table |1} which provides details on all model parameters along with
information on how each is determined. In the following sections, we will elucidate our step-
by-step approach. Additionally, it is worth noting that independent studies indicate that C' (T")
is expected to linearly decay with temperature (47), reaching zero as it approaches 7 cst. Fur-
thermore, it is anticipated that £* (T") will remain approximately constant, as suggested by
previous research (48). We will leverage this information to validate our model assumptions.
Initially, we determine the microgel concentration, denoted as ¢, in weight percent (wt %) by
drying and weighing a specific amount of a diluted stock suspension. Subsequently, viscos-
ity measurements are utilized to establish a relationship between ¢ and the effective volume
fraction ¢ of microgel samples, as referenced in previous works (15, 16, 24, 33, 49). When the
effective volume fractions are low, the relative viscosity (denoted as 7,y = 7/7;) of microgel

samples adheres to the Einstein-Batchelor equation with ¢ = kc (14, 50). In this scenario,
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Table 2: Table of parameters utilized to characterize the experimental data presented in Fig.[3]

acquired as outlined in the text.
Temperature (°C) 20 21 22 23 24 25 26 27 28
R (nm) 319.0 316.6 314.0 311.0 308.0 305.0 301.9 297.6 293.2
Reore (nm) 254.5 253.1 251.5 250.0 248.7 247.3 246.1 244.9 243.6
L =R — Reore (nm) 64.5 63.5 62.5 61.0 59.3 57.7 55.9 52.7 49.6
k| 0.08178 0.07989 0.07797 0.07579 0.07360 0.07145 0.06930 0.06640 0.06350
keore | 0.04150 0.04081 0.04004 0.03935 0.03874 0.03811 0.03752 0.03698 0.03641
E* (N/m?) | 526183 534233 544965 544188 528307 502319 460258 397696 318656
C (1/nm) 30.08 26.48 23.17 20.06 16.24 11.37 7.48 4.58 1.83

as per Brady and Vicic’s formulation, the expression for relative viscosity increase is given
by net = n/nn = 1 + 2.5ke + 5.9(kc)?, where n;, represents the viscosity of the surround-
ing medium, specifically water. By measuring a series of samples with a known concentration
(c in wt %) and analyzing 7., we can determine the temperature-dependent shift factor, re-
ferred to as the swelling ratio & (see Fig. 2h). We determined the number density of particles
N/V at a given ¢ by imaging a known volume V' using confocal microscopy and counting the
particles therein. With knowledge of the number density, we can extract the effective radius
R shown in Fig. 2b. The values obtained through this analysis compare well to the indepen-
dently determined hydrodynamic radii obtained through dynamic light scattering, Fig. 2b. We
use oscillatory shear measurements in a cone-plate configuration to determine the linear elas-
tic shear modulus in the high-concentration regime, Figs. [2] and [3] In this context, we expect
G (c) = Fa (E*€) x ¢ (c) (¢ (¢) — 0.646) with {(¢) = ¢ - keore- By fitting the highest concen-
tration data points, we obtain k... and £*. We have verified that the fit is stable to within a few
percent by varying the number of points included in the analysis. With the knowledge of k¢
and the number density N/V, we calculate the radius of the undeformed core R.,.. We thus
obtain the equilibrium thickness of the microgel corona via L = R — Roe.

The equilibrium thickness of the brush in the mean-field approximation is given by L ~

Nya(a/s)** 7 (T)"*, where, once again, 7 (T) ~ 1 — T/Ticsr. In Fig. , we compare the
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Figure 3: Global model fit to the experimental G/, (¢, T')-data of the concentration-dependent
shear modulus at various temperatures from a (20°) to f (28°). The elastic response’s relative
contribution from each of the three model terms is depicted individually as dashed colored lines.
experimental data with the theoretical prediction and observe excellent agreement for 71 cst ~
33°C and Nya (a/s)** ~ 190 nm. With a (a/s)** on the order of 0.1 nm (for a ~ 0.5 nm
and s ~ 5 nm), this suggests that the corona consists of chains with approximately N, ~ 1800
monomer units. Here, we have chosen s to be comparable to the mesh size or correlation length
of the cross-linked microgel core, on the order of a few nanometers (5/). The only remaining
unknown parameter in the global model for G/, (¢, T) is the parameter C' (T') = 4w N2a?/s* x
7 (T), which determines the elasticity of the brush-like corona. For each temperature, we fit the
model to the experimental data for G, (¢, T') across the entire concentration range by adjusting

C (T) and find excellent agreement as shown in Fig. 3 The values obtained for C'(T') at all
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Figure 4: Temperature dependence of the model’s parameters. a Equilibrium brush thickness
L = R — Ry (symbols). The dotted line shows the prediction by the mean-field model:
L = 190 nm x (1 — T/ (306.15K))"* where the temperature T is expressed in Kelvin and
the prefactor was adjusted for a best fit. b Contact elastic modulus £* from a linear fit to
G, (c) in the high concentration regime. The line indicates a typical value of E* = 0.5MPa.
¢ Brush elasticity parameter in the mean-field-description, (3]), obtained from a best global fit
to the experimental data for 7}, (c). The dash dotted line shows a linear fit to the data with
C(T) =1000/nmx (1 — T/ (302.15K)).

temperatures are listed in Table 2] Remarkably, we can even reproduce an unusual shoulder
in the shear modulus for the highest temperatures, which, as now understood, arises from a
decoupling of the brush elastic contribution to the core elastic contribution, Fig.3f. The relative

contribution of each of the three model terms to the elastic response is depicted individually as

dashed colored lines.

12



In Fig. 4b and c, we present the temperature dependence of E* (T) and C (T'), respectively.
As anticipated by polymer theory, the brush interactions soften as the solvent quality decreases
when approaching the lower critical solution temperature (LCST) 71 csr (38). The parameter
C (T') decays linearly following 7 (7') ~ 1 — T'/T,, where T, ~ 29°C is found to be slightly
smaller than Ticst ~ 33°C. The prefactor C' (T") /7 (T') = 1000/nm is consistent with the
same set of brush parameters discussed earlier: N, ~ 1800, a = 0.5nm, and s = 5nm. With
these numbers, 47rN3a3 /s* ~ 500/nm. Despite minor disagreements regarding the transition
temperature in the fit, our model provides an excellent description of the shear elasticity of mi-
crogel suspensions and pastes from the low to high concentration regime, with good qualitative

agreement with the molecular properties of the polymer microgels.

Summary and Conclusions

In summary, we present a free energy model describing the linear elastic shear modulus G, (¢, T)
of concentrated microgel suspensions and pastes. In our approach, we minimize the free energy
by considering particle interactions, accounting for the vanishing free volume entropic contri-
bution, the compression of a soft polymer corona, and a homogeneous polymer gel core. The
explicit treatment of the corona in the polymer brush framework is a cornerstone of our model.
It enables us to quantify the onset of elasticity, and the brush parameters we find can be di-
rectly related to the microgel corona swelling curve L (') , showcasing the consistency of the
model. Notably, we find that the temperature dependence is well captured by the dimensionless
virial coefficient, which quantifies the solvent quality for the microgel. A distinctive aspect of
our approach is that we determine all parameters describing the system from oscillatory shear
measurements, eliminating the need for indirect methods such as density profiles obtained from
scattering or microscopy, which may not necessarily be representative for modeling the me-

chanical response. Our hierarchical model predicts constitutive properties of suspensions across
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the entire range of concentrations and temperatures studied. It unravels the contributions from
various mechanical modes, including the reduced free volume, the microgel corona, and the
core, providing insights into particle behavior under external stress. This model possesses pre-
dictive power for calculating the elastic response under arbitrary conditions, particularly when
the microgels are in a swollen state. Thus, it contributes to advancing our comprehension and

utilization of polymer microgels in various fields.

Methods

Microgel synthesis

N-isopropylacrylamide (NIPAM, 97%, 7.20 g) and N,N’-Methylenebis(acrylamide) (BIS, 99%,
0.051524 g) were dissolved in 495 g of H,O in a round-bottom flask. The solution was degassed
with nitrogen at room temperature for 30 minutes. The temperature was then increased to
70°C, and the reaction mixture was allowed to reach equilibrium for 30 minutes. To initiate the
reaction, potassium persulfate (KPS, 99%, 0.23273 g in 6.5 g H,O) was injected. The reaction
proceeded for 4 hours under a nitrogen atmosphere at 70°C. Afterward, the resulting solution
was filtered using glass wool and subjected to dialysis for 2 weeks to remove any unreacted
components. The mass concentration of the resulting solution was determined as 1.34 wt %,
using drying and weighing. The mass density in wt % is defined as the ratio of the weight of

the dried microgel component to the weight of the total sample.

Dynamic Light Scattering

We diluted a small amount of microgel stock solution (2 pl) with 5 mM KCl in H,O (200 wl)
and filled it into an NMR tube. The NMR tube was then placed inside a 3D-DLS light scattering
spectrometer (LS Instruments, Switzerland), equipped with a laser that emitted light at a wave-

length of 660 nm. The spectrometer collected scattered light within the range of angles from
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40°C to 60°C, with a step size of 3°C. Measurements were conducted at various temperatures:
20°C, 24°C, 28°C, 30°C, 35°C, and 40°C. For each angle, three measurements were taken,
each lasting 60 seconds. Before each measurement, the sample was allowed to reach thermal
equilibrium at the target temperature for 30 minutes. The autocorrelation functions obtained
from the measurements were subjected to standard second cumulant analysis to determine the

hydrodynamic radius.

Viscometry

To conduct viscosity measurements, a pure solvent sample containing 5 mM KCl was prepared,
along with several samples containing different concentrations of microgels (0.06 wt %, 0.1
wt %, 0.3 wt %, 0.6 wt %, and 1.0 wt %) in 5 mM KCI. The measurements were carried out
at temperatures of 20°C, 22°C, 24°C, 26°C, and 28°C using a rolling ball viscometer (Anton
Paar, Automated Microviscometer). Before each measurement, the samples were allowed to
equilibrate at the respective temperature for 30 minutes. Ten repetitions of measurements a
capillary with a diameter of 1.6 mm under an inclination angle of 40°, and using a ball with a
diameter of 1.5 mm. To accurately determine the samples’ viscosity, we also measured their
mass densities at the same temperatures using a densimeter (Anton Paar, DSA 5000 M). After a
30-minute equilibration period, the density was measured twice. The relative viscosity, denoted

as 7)1, was calculated by dividing the viscosity of each sample by the viscosity of the solvent.

Rheology

By centrifugation at 15,000 g for 30 minutes, we increased the mass density of the stock solu-
tion to 7 wt %. This elevated concentration yielded a dense liquid state at room temperature.
Multiple rounds of centrifugation and controlled evaporation were performed at room temper-

ature to obtain samples with higher concentrations. To adjust the salinity of the samples to 5
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mM KCl, a specific amount of 1 M KClI electrolyte was added. Rheology measurements were
conducted using a dilution series, where after each measurement, the remaining sample was
diluted with 5 mM KCl and measured again. Rheology data was acquired using an Anton Paar
rheometer (MCR300) in a cone-plate configuration. The cone had a radius of 25 mm, and the
distance between the cone and the plate was 0.053 mm. A solvent trap was utilized during the
measurements. Before the rheological measurement, the sample was heated to 30°C, and then
0.2 ml was transferred onto the pre-heated plate of the rheometer (maintained at 28°C) using
a syringe. The sample was pre-sheared for 5 minutes at a shear rate of ‘;—Z = 100 s~!. Subse-
quently, the temperature within the rheometer was gradually decreased from 30°C to 20°C at
a rate of 0.5°C every 3 minutes. The values of G’ and G” were recorded at an amplitude of
v = 0.1% and an angular frequency of w = 10 rad/s. Checks were carried out to ensure these
measurements were conducted within the linear regime. Additionally, it was ensured that the
sample reached equilibrium within 3 minutes, and a subsequent temperature cycle from 20°C

back to 28°C was performed to confirm reproducibility.
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