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ABSTRACT: Microgels are nanometer-to-micrometer-sized
cross-linked polymer networks that swell when dispersed in a
good solvent. These soft colloids have emerged as versatile
building blocks of smart materials, which are distinguished by
their unique ability to adapt their behavior to changes in
external stimuli. Using X-ray and neutron scattering and
molecular simulation methods, we systematically measured
and modeled the response to crowding of compressible,
deformable microgels with varying cross-link densities and
internal architectures. Our experiments and simulations
demonstrate that incorporating a solvent-filled cavity during
chemical synthesis provides an independent means of
controlling microgel swelling that complements the influence of changing cross-link density. In other words, knowledge of
the content of cross-links alone cannot be used to define microgel softness, but microgel architecture is another key property
that affects softness. These results are potentially important for biomedical applications, such as drug delivery and biosensing.

■ INTRODUCTION

The capacity of soft colloidal particles to respond to crowding
by deforming, isotropically shrinking, or interpenetrating
strongly affects both the equilibrium and dynamical properties
of many soft materials. Understanding which response
mechanism dominates in concentrated suspensions is
fundamental to predicting the macroscopic behavior of soft
matter and designing new materials with desired properties,1,2

e.g., for biomedical applications.3,4 Exploiting tunable softness
of colloidal building blocks is also vital for the pharmaceutical,5

oil recovery,6 and coatings7 industries, where flow properties
must be carefully controlled. For example, materials whose
constituent particles mainly interpenetrate show a divergence
in the zero-shear viscosity at concentrations higher than
materials whose particles preferentially shrink.8,9 Moreover,
gaining fine control over yield stress will facilitate using
colloidal suspensions as supports for 3D printing.10−12

Microgels and nanogels, microscopic or nanoscopic cross-
linked polymer networks swollen in a good solvent,2,13 have
attracted increasing attention as building blocks for soft
materials with tunable properties. When solvent is expelled in
response to variations in external stimuli, such as temper-
ature14 or pH,15 microgels can undergo a phase transition from
a swollen soft colloid to a collapsed rigid nanoparticle. The size
and structure of the collapsed microgels are strongly influenced
by the amount of cross-linker used during the synthesis.2,16,17

In their swollen state, microgels are soft objects that adapt their
size and shape according to concentration and dimensionality.
The ability of microgels to deform is crucial when they are
confined at an interface.18,19 Depending on cross-link content,
ultrasoft microgels exhibit behavior typical of flexible polymers
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in two dimensions, but not in bulk.20 Furthermore, ultrasoft
microgels are intriguing materials for mimicking biological
structures, such as platelets.21

More generally, softness is the fundamental characteristic
that makes microgels suitable for many different technologies,
e.g., sensor applications,22 paints and coatings,23 and substrates
for cell migration and growth.24 Moreover, advances in
synthesis protocols have made possible hollow microgels via
a two-step synthesis and the use of sacrificial cores.25−27

Hollow microgels, which have a solvent-filled cavity in their
center, are ideal candidates as nanocarriers for drug
delivery.28,29 Because the degree of swelling of such nano-
carriers is fundamental in uptake and release processes,
determining whether hollow microgels deswell or inter-
penetrate at high concentration is key to optimizing their
efficiency for drug delivery.30 All of these applications require
fine control over the behavior of microgels in concentrated
environments and the ability to predict a priori how the soft
building blocks react to increasing concentration. Therefore, a
deeper understanding of the factors that make microgels soft is
pivotal to development of new materials.
In addition to their importance in the development of

responsive soft materials and interfaces, microgels have been
used to address fundamental questions regarding both liquid-
to-solid and solid-to-solid transitions.31−37 Microgel softness
has been shown to play a fundamental role in the formation of
strong glasses,34 in which the suspension viscosity shows a
superexponential increase with concentration.35 Similarly, the
softness of microgels strongly affects the liquid-to-crystal
transition. Suspensions of microgels crystallize at higher
volume fraction with respect to hard spheres38−40 due to
their external fuzzy shell.41 Varying the amount of cross-linker
agent used during the precipitation polymerization controls the
distribution of cross-links within the polymer network and
thus, the softness of the microgels.42 It has been observed that
microgels with an extended fuzzy shell can form a metastable
body-centered-cubic lattice,43,44 in contrast to hard spheres
and stiffer microgels that crystallize in face-centered-cubic
(fcc) crystals.
These examples highlight how softness makes microgels

substantially different from hard, incompressible spheres. This
difference is related to the capability of the microgels to be
compressed, deformed, or interpenetrated by their neighbors,
depending on their concentration in the suspension.14,45−51 By
understanding which of these response mechanisms is
dominant, and at what concentrations, a better understanding
of the macroscopic behavior of microgel suspensions and,
more generally, the role of softness in the liquid-to-solid phase
transition can be achieved.
Recently, many efforts have been devoted to studying

microgels in concentrated or overcrowded suspensions, which
have shown contrasting results. Large microgels embedded in a
majority of smaller microgels deswell to the size of the latter,
depending on the concentration of the suspension.47 This
mechanism has a significant impact on the phase behavior of
binary and polydisperse suspensions of microgels, allowing
crystals to form at size polydispersities for which hard spheres
can form only glasses.49 In contrast, once microgels of the
same size and softness are mixed together, interpenetration has
been observed to be more prevalent,48 while compression is
only a marginal response.14,46

The aforementioned studies were all based on small-angle
neutron scattering (SANS). Because of both the size

polydispersity and the instrument resolution, deformations of
microgels, resulting in aspherical shapes, can produce effects
that are not measurable within the SANS sensitivity. Direct
imaging of larger microgels highlighted that deformation is also
present once the microgels are squeezed by their neighbors.
Nevertheless, a variety of outcomes are reported: in a mixture
of a few large and a majority of smaller microgels, the former
are compressed without deformations;45 in suspensions of
microgels with the same size and softness, faceting is evident.
Whether faceting occurs before50 or after51 isotropic
compression, however, is not yet clear.
In this contribution, we study the response of microgels to

overcrowded environments and vary the degrees of softness by
employing microgels of different cross-linking densities as well
as introducing microgels with different architectures. We
investigate how the softness of the network and the presence of
a solvent-filled cavity affect deswelling of the microgels when
squeezed together.

■ EXPERIMENTAL SECTION
Synthesis. The synthesis of ultra-low cross-linked poly(N-

isopropylacrylamide), pNIPAM ([C6H11NO]n), microgels was
previously described.52 The use of sodium dodecyl sulfate (SDS)
during polymerization enabled the achievement of small particle sizes.
Briefly, 3.9606 g of NIPAM and 0.1802 g of SDS were dissolved in
495 mL of filtered (0.2 μm regenerated cellulose, RC, membrane
filter) double-distilled water. The monomer solution was purged with
nitrogen under stirring at 100 rpm while heated to 70 °C. Separately,
0.2108 g of potassium peroxydisulfate (KPS) in 5 mL of filtered
double-distilled water was degassed for 1 h. The polymerization was
initiated by transferring the KPS solution with a nitrogen-washed
syringe equipped with a needle into the monomer solution. The
reaction was allowed to proceed for 4 h under constant nitrogen flow
at 70 °C and 100 rpm. The resulting microgels were purified by 3-fold
ultracentrifugation at 50000 rpm and subsequent redispersion in fresh
water. Lyophilization was applied for storage.

The synthesis of hollow microgels relies on the generation of silica
core−pNIPAM shell microgels with subsequent core dissolution. The
sacrificial silica cores were obtained by the well-known Stöber
synthesis.53 After heating 700 mL of ethanol under reflux to 60 °C, we
added 63 mL of 28−32% ammonia solution. Following 10 min of
equilibration, the reaction was started by adding 30 mL of tetraethyl
orthosilicate (TEOS). After 24 h reaction time, the nanoparticles were
surface-modified with 3-methacryloxypropyltrimethoxysilane
(MPS).25 The silica cores were purified by 3-fold centrifugation at
5000 rpm and redispersion in fresh ethanol. The solvent was
evaporated for storage.

For the syntheses of silica core−pNIPAM shell microgels, 1.61 g of
the silica nanoparticles was redispersed in 5 mL of ethanol. The
suspension was ultrasonicated to prevent silica aggregates during the
shell polymerization and then transferred to the monomer solution.
For the 5 mol % cross-linked shell, 1.1315 g of NIPAM, 81.1 mg of
N,N′-methylenebis(acrylamide) (BIS), and 144.2 mg of SDS (for the
2.5 mol % cross-linked shell, 1.2412 g of NIPAM, 43.4 mg of BIS, and
144.2 mg of SDS) were dissolved in 245 mL of filtered double-
distilled water. The solutions were purged with nitrogen under stirring
at 200 rpm and heated to 60 °C. Simultaneously, a solution of 105.4
mg of KPS in 5 mL of filtered double-distilled water was degassed. To
start the polymerization, the initiator solution was rapidly transferred
into the monomer solution. The reaction was allowed to proceed for 4
h under constant nitrogen flow and stirring at 60 °C. The core−shell
microgels were purified by 3-fold ultracentrifugation at 30000 rpm
and redispersion in fresh water. Lyophilization was performed for
storage.

To generate hollow microgels, the silica cores were dissolved by
means of a sodium hydroxide (NaOH) solution.54 Briefly, 1.100 g of
the core−shell microgels was redispersed in 50 mL of water. After
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complete dispersion, 50 mL of a 0.1 M NaOH solution was added and
allowed to react for 4 days. Dialysis was applied to remove the
remaining silica and neutralize the suspension. Finally, the resulting
hollow microgels were centrifuged at 50000 rpm to reduce the total
volume, and lyophilization was performed for storage.
To synthesize the 5 mol % cross-linked pNIPAM microgels, we

dissolved 8.4870 g of NIPAM, 0.6090 g of BIS, and 0.0560 g of SDS
in 495 mL of filtered double-distilled water. To produce the 2.5 mol %
cross-linked pNIPAM microgels, we dissolved 9.0516 g of NIPAM,
0.3162 g of BIS, and 0.0900 g of SDS in 395 mL of filtered double-
distilled water. The solutions were heated to 60 °C and degassed by
purging with nitrogen for 1 h under constant stirring at 300 rpm.
Meanwhile, an initiator solution of 0.2108 g of KPS (5 mol %
microgels) or 0.1687 g of KPS (2.5 mol % microgels) in 5 mL of
filtered double-distilled water was degassed separately. To initiate the
reactions, the initiator solution was transferred rapidly into the
monomer solution. The polymerizations were allowed to proceed for
4 h. Ultracentrifugation at 30000 rpm was used for purification and
lyophilization for storage.
The deuterated regular 5 mol % cross-linked microgels were

synthesized by precipitation polymerization. We dissolved 1.5072 g of
deuterated NIPAM (D7-pNIPAM, [C6D7H4NO]n), 0.1021 g of BIS,
and 20.2 mg of SDS in 83 mL of filtered double-distilled water. The
solution was purged with nitrogen for 1 h while heated to 60 °C
under constant stirring. The polymerization was started by rapid
addition of the degassed initiator solution (37.1 mg of KPS in 5 mL of
water). The reaction was allowed to proceed for 4 h under constant
stirring. Subsequently, the microgels were purified by 3-fold
centrifugation at 50000 rpm and redispersion in fresh water. For
storage, lyophilization was applied.
Small-Angle X-ray Scattering (SAXS). The SAXS measure-

ments were performed on the cSAXS instrument at the Swiss Light
Source, Paul Scherrer Institut (Villigen, Switzerland) using an X-ray
wavelength λ = 0.143 nm with an error of 0.02% over λ resolution. To
cover the q range of interest, a sample to detector distance of 7.12 m
was set. The area illuminated by the collimated beam was about 200
μm × 200 μm. The instrument mount had a 2D detector with a pixel
size of 172 μm and 1475 × 1679 pixels.
Small-Angle Neutron Scattering (SANS). The SANS measure-

ments, using the KWS-2 instrument operated by JCNS at the Heinz
Maier-Leibnitz Zentrum (MLZ, Garching, Germany), were performed
at three configurations to cover the q range of interest: sample
detector distance dSD = 20 m with neutron wavelength λ = 1 nm; dSD
= 8 m with λ = 0.5 nm; and dSD = 2 m with λ = 0.5 nm. Because of the
velocity selector, the resolution in λ was 10%. The instrument was
equipped with a 3He detector with a pixel size of <8 mm.
The q range of interest for the measurements performed with the

D11 instrument at the Institut Laue-Langevin (ILL, Grenoble,
France) was covered using three configurations: dSD = 34 m with λ
= 0.6 nm; dSD = 8 m with λ = 0.6 nm; and dSD = 2 m with λ = 0.6 nm.
Because of the velocity selector, the resolution in λ was 9%. The
instrument was equipped with a 3He detector with a pixel size of 7.5
mm.

■ FLORY−HERTZ MODEL OF MICROGELS

We consider a binary mixture of hollow and regular microgels
dispersed in a solvent. Each hollow microgel, consisting of
Nmon,h monomers and Nch,h cross-linked chains, has in its
collapsed state a cavity (inner) radius c0h and outer radius R0h
and in its swollen state a cavity radius ch and outer radius Rh.
Each regular microgel, consisting of Nmon,r monomers and Nch,r
chains, has collapsed radius R0r and swollen radius Rr. For
simplicity, we assume that the cross-links are uniformly
distributed throughout the particle volume. Under the
assumption that for a particle in the collapsed state monomers
are random-close-packed, the monomer numbers are related to
the collapsed radii according to
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where rmon ≃ 0.3 nm is a typical monomer radius. The regular
microgels have a linear swelling ratio αr = Rr/R0r, defined as the
ratio of the swollen radius to a reference radius, which we
choose to be the collapsed radius. For the hollow microgels, to
allow for independent variations of the inner and outer radii,
we define the linear swelling ratio via the volume ratio of the
swollen and collapsed particles:
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where αin,h ≡ ch/c0h and αout,h ≡Rh/R0h are the inner and outer
swelling ratios, respectively, and γ ≡ c0h/R0h is the ratio of the
collapsed inner and outer radii.
In a coarse-grained model, we describe swelling of microgels

via the Flory−Rehner theory of polymer networks.55−57

Combining mixing entropy, polymer−solvent interactions,
and elastic free energy, the free energy of a microgel of
swelling ratio α (= αh or αr) is
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where β ≡ 1/(kBT) at temperature T, Nmon and Nch are the
monomer and chain numbers of the particle, and χ is the Flory
solvency parameter, associated with polymer−solvent inter-
actions. When applying the Flory−Rehner theory, choosing the
reference particle radius to be the collapsed radius is equivalent
to choosing the reference polymer volume fraction to be the
random-close-packed volume fraction of monomers in the
collapsed state (eq 1). Our choice is consistent with the
experimental synthesis, in which cross-linking occurs at
temperatures sufficiently high that the particles are in their
collapsed states. Previous studies58,59 that have successfully fit
the Flory−Rehner theory to light scattering data for swelling of
thermoresponsive microgels have determined that the volume
phase transition can be accurately predicted only if the Flory
solvency parameter is treated as a function of temperature and
the polymer volume fraction ϕ, following the form
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where θ is the theta temperature and A, C, and D are fit
parameters. pNIPAM microgels in water are typically
characterized by χ < 0.5, despite θ being near room
temperature.58,59

Interactions between a pair of particles of respective (outer)
radii Ri and Rj are modeled via a Hertzian effective pair
potential60

l

m

ooooooo

n

ooooooo

i

k
jjjjjj

y

{
zzzzzz=

ϵ −
+

< +

≥ +

v r

r

R R
r R R

r R R

( )
1 ,

0,

ij
ij

ij

i j
ij i j

ij i j

H

5/2

(5)

Macromolecules Article

DOI: 10.1021/acs.macromol.9b00729
Macromolecules 2019, 52, 3995−4007

3997

http://dx.doi.org/10.1021/acs.macromol.9b00729


where rij is the center-to-center separation of particles i and j. It
should be noted that the Hertz potential, although originally
intended to model the energy of deformation of elastic spheres,
can also be interpreted as a free energy cost associated with
interpenetration. In this sense, our model does not distinguish
between shape deformation (faceting) and interpenetration of
interacting microgels.
Neglecting any influence of the cavity on the strength of

interactions involving hollow particles, the amplitudes of the
pair potentials are given by60
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depending on the gel elastic properties through Young’s
moduli Yi and the Poisson ratios νi. Assuming equal Poisson
ratios ν for hollow and regular microgels, we have
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Using the scaling prediction for polymer gels in good
solvents,61 namely, that the bulk modulus scales linearly with
both temperature and cross-linker density, i.e., Yr ∼ kBTNch,r/
Rr

3 and Yh ∼ kBTNch,h/(Rh
3 − ch

3), we can write
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where the proportionality constant C is used to calibrate the
model with experiment. The larger the Hertz potential
amplitudes (i.e., the stiffer the particles), the more favorable
it is for the microgels to deswell to avoid interactions with their
neighbors. The total internal energy associated with pair
interactions is then given by
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where the sums run over pairs of microgels, and in each term
the appropriate amplitude must be taken from eqs 8−10. In
our Monte Carlo simulations, changes in U and F determine
the acceptance probabilities of microgel trial moves. Although
the experimental synthesis yields microgels with a nominal
cross-link fraction of 0.05, the actual fraction is likely much
smaller. For purposes of illustration, we chose xr = 0.001,
implying relatively loosely cross-linked particles. For the
calibration factor in eqs 8−10, we chose C = 10, corresponding
to Young’s moduli in the range of 50−100 kPa. Although
experimental moduli may be somewhat lower, this choice
accentuates the influence of the Hertzian interparticle
interactions on deswelling.

■ RESULTS AND DISCUSSION
Generalized Volume Fraction. To systematically study

how the cross-link content and the architecture of a microgel

affect its swelling behavior in overcrowded environments, we
synthesized different pNIPAM-based microgels via precipita-
tion polymerization: (i) Regular cross-linked pNIPAM micro-
gels, synthesized with different concentrations of cross-linker
(5 and 2.5 mol %). These microgels have a dense, more cross-
linked core surrounded by a fuzzy soft shell.17,41,48,49 (ii) Ultra-
low cross-linked (ULC) microgels, synthesized without any
additional cross-linker agent, in which cross-linking is
promoted via atom transfer reactions.20,52,62,63 ULC microgels
are the pNIPAM-based microgels with the lowest amount of
cross-links that can be synthesized by precipitation polymer-
ization. (iii) Hollow microgels, i.e., fuzzy spheres with a
solvent-filled cavity in their center,27−29,54,64 synthesized by
precipitation polymerization of pNIPAM shells onto sacrificial
silica cores. Two different types of hollow microgel were
produced by adding 5 and 2.5 mol % cross-linker agents during
the synthesis. In both cases the sacrificial silica cores had a
radius of 57 ± 1 nm.65 These five different pNIPAM-based
microgels were embedded within a matrix of deuterated,
regular 5 mol % cross-linked pNIPAM microgels. The
concentration of the H-containing microgels is kept constant
in the different suspensions measured, while the number of
deuterated microgels varies to change the total concentration.
The concentration of the suspensions is expressed by the

generalized volume fraction, ζ, defined as the volume occupied
by the microgels in their swollen state divided by the total
available volume of the sample. Thus, ζ is directly proportional
to the mass concentration, c = mpoly/mtot, where mpoly and mtot
are the mass of polymer in suspension and the total mass of the
suspension: ζ = kc.66 The conversion constants, k, for all the
microgels were obtained from viscosimetry measurements.65

The volume fraction of the suspensions is then computed as
the sum of the volume fractions of the deuterated microgels
plus the ζ of the pNIPAM-based microgels. The latter is kept
constant and equal to 0.08 ± 0.01 to avoid interaction between
the probed microgels.

Small-Angle X-ray Scattering (SAXS). The arrangement
of the deuterated microgels composing the matrix and their
nearest-neighbor distance, dnn, as a function of ζ is probed by
using SAXS. The scattered intensity of concentrated
suspensions, I(q) with q the scattering vector magnitude, is
proportional to the product of the form factor, P(q), and the
structure factor, S(q):

∝I q P q S q( ) ( ) ( ) (12)

In eq 12, P(q) contains information about the radial
distribution and the architecture of the scattering object,
while S(q) gives information about the reciprocal arrangement
of the microgels in the suspensions. We estimate dnn using the
q value of the maximum of the first peak of I(q) or,
equivalently, of S(q). The latter is obtained by dividing the
measured I(q) by P(q), measured in a dilute suspension, ζ ≲
0.08. Despite neglecting the dependence of P(q) on ζ, this
approximation does not lead to significant differences (<2%) in
the value of dnn = 2π/qmax, with qmax being the q value of
corresponding to the first peak in S(q).49

Figure 1 shows data for dnn as a function of ζ for the
suspensions composed of deuterated microgels alone (green
left triangles). The red dashed line is a fit of the data with the
law describing the expected behavior of dnn in concentrated
suspensions: zζ−1/3, with z as fitting parameter corresponding
to the nearest-neighbor distance at ζ = 1.47−49 Also plotted in
Figure 1 are the data corresponding to the nearest-neighbor
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distance of the samples composed by the majority of
deuterated microgels and a minority of pNIPAM-based
microgels. It is clear that the trends of all the data sets are
virtually the same and lie on the dashed curve. This proves
that, on one hand, a minority of pNIPAM-based microgels do
not affect the structure of the matrix of deuterated microgels
and, on the other, that in all the samples the microgels are
embedded in the same environment. Consequently, the
osmotic pressures of all suspensions at the same matrix
concentration are virtually the same.
Small-Angle Neutron Scattering (SANS). Because

hydrogen and deuterium possess different and opposite
scattering length densities, a proper mixture of water and
heavy water allows matching the scattering length density of
the deuterated microgels.46−48 The matrix of the regular
deuterated 5 mol % cross-linked microgels was contrast-

matched using as solvent 90 wt % heavy water in a water/heavy
water mixture.65 Therefore, in eq 12, S(q) ≈ 1 → I(q) ∝ P(q),
and the form factors of the embedded microgels were directly
measured. The form factor is related to the radial distribution
of polymer within a microgels, i.e., the radial density profile, via
a Fourier transformation:24,67

∫ρ∝ Δ Φ − ·P q r r( ) ( )e d
V

iq r
(13)

where Δρ and Φ(r) are the scattering contrast between the
embedded microgels and the solvent and the radial density
profile of the embedded microgels, respectively. Equation 13
relates the density profiles for a fuzzy sphere41,67 and for a
hollow-fuzzy sphere54,64 to the analytical equations used in this
work to fit the form factors of the embedded microgels. In the
Supporting Information, we show that the analytical equations
of both the fuzzy sphere and the hollow-fuzzy sphere models
derive from the Fourier transform of a core−shell particle. The
model for a fuzzy sphere41 is obtained by requiring the internal
fuzziness to be zero and the scattering contrast between the
solvent and the core to be the same as the scattering contrast
between the solvent and the shell.67 Similarly, the model for
the hollow-fuzzy sphere is obtained by imposing that the
scattering contrast between the solvent and the core is zero.27

From the fits, the characteristic lengths, namely the total
radius, R, the thickness of the fuzzy shell, σout, and the inner
radius (either radius of the core or radius of the cavity), Rin, are
obtained and used to draw the radial density profiles. For all
investigated microgels, the mass is conserved independently of
the swelling state. Therefore, the area under the radial density
profile of the collapsed microgels, ∫ 0

∞Φ(r, T = 40 °C, ζ < 0.08)
r2 dr, has been used to normalize all the curves of the same
microgels to obtain the plot of the relative polymer volume
fraction within the microgel versus the distance from the
microgel center.
We first investigate whether decreasing the concentration of

cross-linker agents used during the precipitation polymer-
ization, resulting in fewer cross-links within the microgel
network, affects the deswelling/interpenetration of microgels
in overcrowded environments. For this aim, the behavior of the
5 and 2.5 mol % cross-linked regular microgels and the ULC
microgels is measured once they are embedded in the matrix of
the deuterated 5 mol % cross-linked microgels.

Figure 1. Nearest-neighbor distance, dnn, determined from SAXS as a
function of generalized volume fraction, ζ, for deuterated regular 5
mol % cross-linked microgels (green solid left triangles); matrix of
deuterated regular 5 mol % with embedded regular 5 mol % cross-
linked microgels (cyan solid circles); regular 2.5 mol % cross-linked
microgels (blue solid squares); ultra-low cross-linked microgels (black
solid triangles); hollow 5 mol % (cyan empty circles); and hollow 2.5
mol % (blue empty squares) cross-linked microgels. The dashed red
line is a fit of the data with dnn = zζ−1/3. All samples were measured at
20.0 ± 0.1 °C. Inset: microgel diameters, 2R, obtained from SANS,
versus ζ. Symbols and red dashed line have the same meanings as in
the main figure. The vertical line indicates the volume fraction at
random close packing, ζrcp = 0.64.

Figure 2. Relative polymer volume fraction within the microgel versus distance from the microgel center for 5 mol % cross-linked regular microgels
(A), 2.5 mol % cross-linked regular microgels (B), and ultra-low cross-linked microgels (C). In (A) and (B) the lines correspond to ζ = 0.08 ± 0.01
(blue solid line), ζ = 0.64 ± 0.02 (cyan dotted line), ζ = 0.74 ± 0.03 (black dash-dotted line), and ζ = 1.00 ± 0.04 (green dashed line). In (C) the
lines correspond to ζ = 0.08 ± 0.01 (blue solid line), ζ = 0.64 ± 0.02 (cyan dotted line), ζ = 0.74 ± 0.02 (black dash-dotted line), and ζ = 0.99 ±
0.03 (green dashed line). The inset is a magnification of the relative polymer volume between 0 and 0.1. All these measurements were conducted at
T = 20.0 ± 0.1 °C.
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Figure 2A shows the radial density profiles of 5 mol % cross-
linked regular microgels. In the swollen state, at 20.0 ± 0.1 °C,
the data are reproduced by the fuzzy sphere model (solid blue
line).41,65 When the temperature is well above the volume
phase transition temperature (VPTT), 40.0 ± 0.1 °C, the
microgels collapse and the box-like profile is obtained from the
fit (solid red line in Figure S6). The regular microgel radius R
decreases from 154 ± 3 to 84 ± 1 nm.
The cyan dotted line in Figure 2A shows the radial density

profile of the microgels at ζ = 0.64 ± 0.02. At this
concentration, the microgels make contact with their
neighbors. The microgel radius is 152 ± 2 nm, almost
identical to that in the dilute state (solid blue line). At ζ = 0.74
± 0.03, the radius is 148 ± 3 nm, and the radial density profile
(black dash-dotted line) is virtually the same as the one at ζ =
0.64 ± 0.02. A further increase of concentration, up to ζ = 1.00
± 0.04 (green dashed line), causes a more pronounced
reduction of the microgel radius to 137 ± 3 nm. The inset in
Figure 1 compares the diameters of the probed microgels
(cyan solid circles) with the nearest-neighbor distance of the
embedding matrix (red dashed line). It is evident that the
particle diameters exceed dnn (2R lies above the dashed red
line) for the corresponding values of ζ. This behavior indicates
that interpenetration is the dominant response to over-
crowding, as observed in ref 48.
The response of microgels with lower number of cross-links

in their polymer network is studied by probing regular 2.5 mol
% cross-linked microgels suspended in a majority of deuterated
stiffer regular 5 mol % cross-linked microgels. The radial
density profiles of the swollen microgels at 20.0 ± 0.1 °C in a
dilute suspension is consistent with a fuzzy sphere with a radius
of 142 ± 4 nm (blue solid line in Figure 2B). Once the
temperature is increased to 40.0 ± 0.1 °C, the microgel
collapses to a size of 68 ± 1 nm and a box-like profile
reproduces the data (red solid line in Figure S6).
Once in contact with the 5 mol % cross-linked microgels

composing the matrix, at ζ = 0.64 ± 0.02, the radial density
profile of 2.5 mol % cross-linked microgels is virtually the same
as in the dilute state, with a size of 142 ± 4 nm (cyan dotted
line). When the volume fraction rises to 0.74 ± 0.03, the
microgels are compressed to a radius of 136 ± 4 nm and
external fuzziness is still present. At the highest investigated
concentration, ζ = 1.00 ± 0.04, the total radius is 129 ± 2 nm.
Similar to the 5 mol % cross-linked microgels, the 2.5 mol %
cross-linked microgels are not significantly further compressed;
however, at ζ ≈ 1 the relative compression of the 2.5 mol %
cross-linked microgels is slightly larger than for the 5 mol %
cross-linked microgels (Figure S8). This indicates that for
networks with a lower number of cross-links as compared to
the microgels that provide the overcrowded environments the
isotropic compression is more pronounced. Nevertheless, upon
comparison of the diameters of the 2.5 mol % microgels (blue
solid squares) with the dnn of the matrix of deuterated
microgels (red dashed line) in the inset of Figure 1, the former
are larger for all the corresponding values of ζ. Therefore,
interpenetration is still the dominant response to over-
crowding.
The blue and red solid lines in Figure 2C and Figure S6

show the radial density profiles of ULC microgels below and
above the VPTT, respectively. At 40.0 ± 0.1 °C, well above the
VPTT, a dramatic collapse of the microgel is observed: the
radius decreases from 126 ± 1 to 41 ± 1 nm. This strong
deswelling is consistent with the fact that the ULC microgels

have the lowest number of cross-links for a pNIPAM-based
microgel obtained via precipitation polymerization, as also
highlighted by the swelling ratio in Figure S10.65

The form factor of the ULC microgels, at the highest
compression measured, ζ = 0.99 ± 0.03 (black triangles), is
shown in Figure 3 and compared to the form factor in the

dilute states at ζ = 0.08 ± 0.01 (black circles). In the range
between 0.03 and 0.02 nm−1, the former has a less pronounced
decay than the latter, indicating that the radial density profile is
changed in overcrowded environments.46−48 The dashed
yellow lines represent the fits of the data with the fuzzy
sphere model used to plot the radial distributions of the
relative polymer volume fraction within the microgel, shown in
Figure 2C.
For ζ = 0.99 ± 0.03, the dashed green line highlights that the

main difference with respect to the swollen state is the
compression of the fuzzy shell. Furthermore, the ULC
microgels are compressed to a radius of 102 ± 3 nm. For
the intermediate concentrations, ζ = 0.64 ± 0.02 and ζ = 0.74
± 0.02, the radial density profiles (cyan dotted and black dash-
dotted lines, respectively) are compressed to 120 ± 2 and 119
± 3 nm, respectively. The comparison of the diameters of the
studied ULC microgels (black solid triangles) to the dnn of the
matrix in which they are embedded (red dashed line) shows
that dnn is larger than the diameter of the compressed ULC
microgels (inset of Figure 1). Therefore, interpenetration is
absent, confirming that once microgels with a significant
difference in network softness (i.e., in the amount of cross-
links) are mixed, compression of the softest microgel is the
dominant response.45,47,49

From the response to overcrowding of microgels containing
different cross-link concentrations, i.e., with polymer networks
differing in softness, we can draw two conclusions: (i)
interpenetration is the dominant response when microgels
synthesized with comparable amount of cross-linker agents and
size are mixed together; (ii) microgels with significantly lower
cross-link amount as compared to the microgels composing the
embedding matrix are preferentially compressed.
To further investigate how the interplay between the

microgel architecture and the amount of cross-links of the
polymer network affects the behavior of microgels once they

Figure 3. SANS form factor, P(q), versus scattering vector magnitude
q for ultra-low cross-linked microgels at ζ = 0.08 ± 0.01 (black
circles) and ζ = 0.99 ± 0.03 (black triangles); hollow 5 mol % cross-
linked microgels at ζ = 0.08 ± 0.01 (empty circles) and ζ = 1.00 ±
0.04 (empty triangles). All measurements were conducted at T = 20.0
± 0.1 °C. For clarity, black triangles, empty circles, and empty
triangles are shifted up by 10, 102, and 103, respectively.

Macromolecules Article

DOI: 10.1021/acs.macromol.9b00729
Macromolecules 2019, 52, 3995−4007

4000

http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.9b00729/suppl_file/ma9b00729_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.9b00729/suppl_file/ma9b00729_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.9b00729/suppl_file/ma9b00729_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.9b00729/suppl_file/ma9b00729_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.9b00729/suppl_file/ma9b00729_si_001.pdf
http://dx.doi.org/10.1021/acs.macromol.9b00729


are squeezed by their neighbors, hollow microgels with 5 mol
% cross-linked shell were embedded within a matrix of the
same regular 5 mol % deuterated microgels as used before.
Indeed, the presence of a solvent-filled cavity resulting in an
inhomogeneous object might significantly affect microgel
deswelling.64

The form factors of the hollow 5 mol % cross-linked
microgels, shown in Figure 3, show significant differences
depending on ζ: (i) at ζ = 1.00 ± 0.03 (empty triangles) the
form factor decays for higher q values compared to the dilute
state (empty circles); (ii) the kink of P(q) between 0.05 < q <
0.09 is more pronounced for the dilute suspension (empty
circles) than for the microgel embedded within the matrix at ζ
= 1.00 ± 0.03 (empty triangles). These two traits are the
consequence of both deswelling and a change in the radial
density profile of the scattering object, i.e., collapse of the fuzzy
shell and the decrease of the cavity radius, with increasing ζ.
The radial density profiles of the hollow 5 mol % cross-

linked microgels, as obtained from the SANS data fitted with
the model for hollow fuzzy spheres,27 are plotted in Figure 4A.
As reported elsewhere27,28,54 after the core dissolution, the
cavity is smaller than the initial silica core that had a radius of
57 ± 1 nm.65 This is observed in both the swollen and
collapsed state (blue and red lines in Figure 4A and Figure S6,
respectively). The hollow structure is conserved both below
and above the VPTT in the dilute state. At 20.0 ± 0.1 °C the
outer radius R = 115 ± 3 nm, with an inner (cavity) radius Rin
= 26 ± 1 nm, while at 40.0 ± 0.1 °C, R = 57.5 ± 0.7 nm and
Rin = 21.9 ± 0.4 nm.
As soon as the microgels make contact, at ζ = 0.64 ± 0.02,

the polymer is pushed into the cavity, which decreases the
microgel size. The outer radius of the microgel is 96 ± 3 nm. A
further compression to ζ = 0.74 ± 0.02 leads to a
rearrangement of the polymer within the cavity and a
deswelling of the microgel to an outer radius of 87 ± 2 nm.
At the highest concentration we measured, ζ = 1.00 ± 0.03,

the collapse of the fuzzy shell is appreciable, the outer radius
drops to 83 ± 2 nm, and the cavity is preserved, as shown by
the dashed line in Figure 4A. Interestingly, the cavity
undergoes an abrupt collapse at ζ = 0.64 ± 0.02 relative to
the swollen state, but then, for further increase of ζ, the cavity
size remains almost constant.

Upon comparison of the radial profiles of the relative
polymer volume fraction in Figure 4A with those of the regular
5 mol % cross-linked microgels in Figure 2A, the effect of the
cavity on the microgel deswelling is evident: the absence of the
cross-linked core leads to a more pronounced compression of
the hollow 5 mol % cross-linked microgels with respect to the
regular 5 mol % cross-linked microgels. Thus, a hollow
microgel deswells more than a regular cross-linked microgel
with polymeric networks containing comparable amounts of
cross-links. Furthermore, for ζ = 1.00 ± 0.03, the hollow 5 mol
% cross-linked microgels deswell more than regular 2.5 mol %
cross-linked and ULC microgels. Introducing a cavity has a
greater impact on deswelling at ζ ≳ 1 than decreasing the
concentration of cross-linker agents used during the synthesis
(see Figure S865). In contrast to the case of regular cross-
linked microgels embedded within the same matrix, the
diameters of the hollow microgels (cyan empty circles) for all
the values of ζ probed are smaller than the corresponding dnn
(Figure 1), indicating that compression dominates over
interpenetration.
To investigate how the interplay between the cavity and the

decrease of cross-link concentration within the polymer
network affects the deswelling of microgels with increasing ζ,
hollow microgels with a 2.5 mol % cross-linked network were
embedded in the same matrix as in the previous experiments.
Their radial density profiles, as obtained from the fits of the
SANS data, are shown in Figure 4B. In the swollen state (blue
line), the outer radius of the microgel is 147 ± 4 nm and the
cavity has a radius of 24 ± 2 nm. At temperatures above the
VPTT, the collapsed microgels have outer radius 55 ± 2 nm
and cavity radius 28 ± 2 nm without any external fuzziness, as
shown by the red line in Figure S6.
Once the hollow 2.5 mol % cross-linked microgels make

contact with the regular microgels in the matrix, their outer
radius drops to 102 ± 3 nm already at ζ = 0.64 ± 0.02, with
the cavity shrinking to 10.3 ± 0.9 nm. The overcrowded
environment compresses and changes the radial polymer
distribution of the hollow 2.5 mol % cross-linked microgels. A
further increase of concentration to ζ = 0.74 ± 0.03 yields a
slight decrease of the outer radius to 94 ± 3 nm. The main
effect is the collapse of the external fuzzy shell while the
internal cavity is preserved and has a size equal to 7.2 ± 0.6

Figure 4. Relative polymer volume fraction within the microgel versus distance from the microgel center for hollow 5 mol % (A) and 2.5 mol % (B)
cross-linked microgels. In (A) the lines correspond to ζ = 0.08 ± 0.01 (blue solid line), ζ = 0.64 ± 0.02 (cyan dotted line), ζ = 0.74 ± 0.02 (black
dash-dotted line), and ζ = 1.00 ± 0.03 (green dashed line). In (B) the lines correspond to ζ = 0.08 ± 0.01 (blue solid line), ζ = 0.64 ± 0.02 (cyan
dotted line), ζ = 0.74 ± 0.03 (black dash-dotted line), and ζ = 1.00 ± 0.04 (green dashed line). All these measurements were conducted at T = 20.0
± 0.1 °C.
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nm. Finally, at ζ = 1.00 ± 0.04, the cavity is occupied by the
internal fuzzy shell. The outer radius measured at this
concentration is 87 ± 4 nm.
Comparing the cavity radii of the 2.5 and the 5 mol %

hollow microgels reveals that the microgels with fewer cross-
links exhibit a more significant collapse of the cavity, which is
mainly occupied by the internal fuzzy shell at ζ ≈ 1.00 (Figure
S9).65 Similar to the hollow 5 mol % cross-linked microgels,
the diameters of the hollow 2.5 mol % microgels (blue empty
squares) embedded within the matrix of deuterated microgels
are smaller than dnn (Figure 1). Therefore, for all the ζ
measured, compression is the dominant response, and no
interpenetration is evident.
Monte Carlo Simulations of Mixtures of Microgels. To

complement our experimental measurements, we performed
Monte Carlo (MC) simulations of a coarse-grained model of
microgels, whose swelling is governed by the Flory−Rehner
theory of polymer networks55−57 and whose interparticle
interactions are described by Hertz effective pair poten-
tials.40,65,68 Comparing with experiments requires a large
number of microgels to be simulated. Because modeling even a
single microgel with explicit polymer chain degrees of freedom
can be computationally expensive,64,69 we represented the
microgels simply as elastic spheres whose internal microscopic
structure is implicit within the Flory−Rehner single-particle
free energy and the Hertz pair potential.65 For details, see the
Flory−Hertz Model of Microgels section. Our aim is to verify
whether simulations of this model can reproduce the
experimental observation that hollow microgels are more
compressed than regularly cross-linked microgels when
embedded within a matrix of regular microgels.
Initializing Nh hollow microgels and Nr regular microgels on

the sites of a disordered-fcc lattice in a cubic box of fixed
volume V with periodic boundary conditions at fixed
temperature T, we made trial moves that combined particle
displacements and size changes. For visualization, Figure S1165

shows a typical snapshot. Within the Open Source Physics
Library,70 we implemented the standard Metropolis algo-
rithm,71,72 accepting a trial displacement and swelling ratio
change (α → α′) with probability acc = min{exp[−(ΔU +
ΔF)/kBT]; 1}, where ΔU is the change in internal energy

associated with interparticle interactions and ΔF = F(α′) −
F(α) is the change in polymer network free energy associated
with swelling. When moving a hollow microgel, we
independently made trial changes in both the inner and
outer swelling ratios. As the particles moved and changed size,
the Hertz potential amplitudes were updated according to eqs
8−10. After many trial moves, the particles adopt equilibrium
configurations and size distributions that minimize the total
free energy of the system (see Figure S1265).
To explore the dependence of microgel swelling on

concentration, we performed a series of simulations, each
with Nh = 26 hollow microgels randomly distributed in a
matrix of Nr = 230 regular microgels. As input to the
simulations, the system parameters that can be varied are the
concentrations, collapsed particle radii, cross-link fractions, and
Flory χ parameters of the two species. To model aqueous
suspensions of pNIPAM, we estimated χ ≃ 0.2 from eq 4,
using fit parameters from ref 58. For purposes of illustration,
we chose radii R0r = 50 nm, R0h = 50 nm, and c0h = 25 nm for
the outer radius of the collapsed regular microgel, the outer
radius of the collapsed hollow microgel, and the radius of the
cavity of the collapsed hollow microgel, respectively.
Output variables include the swollen radii of the two species

as a function of ζ and bulk structural properties of the regular
microgel matrix. Over a range of ζ, runs of 106 MC steps were
performed. After equilibrating for 5 × 104 steps, statistics were
collected for particle swelling ratios at intervals of 100 steps.
Figure 5 shows the resulting mean microgel outer radii

versus ζ in mixtures of regular microgels of cross-link fraction
xr = 0.001 and hollow microgels of cross-link fractions xh =
0.001 (xr/xh = 1) and xh = 0.0002 (xr/xh = 5). The fully
swollen, dilute-limit radii are approximately Rr = 160 nm for
regular microgels and Rh = 170 nm, ch = 90 nm for hollow
microgels with xh = 0.001. These values correspond to swelling
ratios roughly comparable to those in the experiments.
As seen in Figure 5A, with increasing concentration, the

mean outer radii of both species (Rr and Rh) remain relatively
constant up to generalized volume fractions approaching close
packing (ζ ≃ 0.74), beyond which they steadily decrease,
reflecting concentration-induced deswelling. This trend is in
remarkable agreement with the behavior observed experimen-

Figure 5. Mean particle radii versus generalized volume fraction in mixtures of regular and hollow microgels with collapsed-state radii R0r = 50 nm,
R0h = 50 nm, c0h = 25 nm, Flory solvency parameter χ = 0.2, regular cross-link fraction xr = 0.001, and two cross-link ratios xr/xh. (A) Mean outer
radii of regular microgels Rr for xr = 0.001 (filled circles) and of hollow microgels Rh for xr/xh = 1 (empty circles) and 5 (empty squares). (B) Mean
inner radii of hollow microgels ch for xr/xh = 1 (empty circles) and 5 (empty squares). Radii are normalized to radius in the reference state, ζ = 0.2.
Statistical error bars are smaller than the symbol size.
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tally in Figure 1 and Figure S8.65 Furthermore, the more
weakly cross-linked hollow microgels (xh = 0.0002) deswell
morerelative to a reference state of ζ = 0.2than the more
strongly cross-linked hollow microgels (xh = 0.001). We also
performed runs for different values of χ and found qualitatively
similar swelling trends.
As seen in Figure 5B, the mean inner (cavity) radius of the

hollow particles ch declines steadily with increasing concen-
tration, beginning already in the dilute state and leveling off
around ζ ≃ 1, reflecting rapid collapse of the cavity. As with
the outer radii, the inner radii of the softer microgels decrease
morerelative to the reference statethan those of their
stiffer counterparts. Fluctuations of the inner radii are largest at
low concentrations, decreasing with increasing concentration.
We conclude that the softer the hollow microgels, the more
readily their cavities collapse with increasing concentration of
the regular microgel matrix. This trend is in excellent
agreement with the experimental results shown in Figure 4
and Figure S9.65

Finally, Figure 6A shows the static structure factor of the
regular microgel matrix. At lower concentrations, the matrix is
in a disordered fluid phase, as reflected by relatively weak
oscillations in S(q). In this state, the hollow microgels are only
weakly confined and not significantly compressed. The
mobility of the regular microgels may account for the larger
fluctuations in the cavity radius of the hollow microgels. At
higher concentrations, the matrix is in an ordered solid phase,
as signaled by distinct peaks in S(q) and the relatively high
main peak. In this state the hollow microgels are tightly
confined and compressed by their regular microgel neighbors,
causing their cavities to collapse.
The crystallization of a majority of regular microgels in the

presence of defects with comparable size but different
architecture (i.e., the hollow microgels), which we observed
in our simulations, is consistent with our observations of
crystals, visible to the eye, in the samples measured with SANS.
The image in Figure 6B shows four crystalline samples
consisting of suspensions with a majority of deuterated regular
microgels in which a minority of hollow microgels were
dispersed.

■ CONCLUSIONS

Both experiments and simulations demonstrate that in
overcrowded environments of regularly cross-linked microgels
the presence of a cavity leads to greater deswelling of the
microgels than a decrease in the concentration of cross-linker
agents incorporated during synthesis. The cavity offers an
alternative way to avoid the energetic cost of neighbors being
squeezed together: with increasing compression, the polymer
chains can rearrange into the central cavity. This internal
freedom allows the hollow microgels to be compressed more
than the regular microgels, making compression their
dominant response in overcrowded environments of regularly
cross-linked microgels.
The cross-link concentration within the polymer network

plays a key role in determining the extent to which the cavity is
compressed and gradually occupied by the polymer. When
hollow microgels have a cross-link concentration comparable
to that of the regularly cross-linked microgels in the matrix in
which they are embedded (5 mol % or xr/xh = 1), the cavity,
after first abruptly shrinking, resists further squeezing. In
contrast, both the outer and inner radii of hollow microgels,
which have lower cross-link fraction (2.5 mol % or xr/xh = 5)
than their regularly cross-linked neighbors (5 mol %), decrease
more rapidly.
Upon comparison of the radial distributions in Figures 2 and

4, it is also evident that for microgels with comparable cross-
link concentration the presence of the cavity leads to a more
pronounced deswelling at concentrations well above close
packing of spheres. Further studies will have to be conducted
to probe the behavior of hollow microgels embedded in an
environment of hollow microgels. We can speculate that the
influence of cross-linking density on deswelling/interpenetra-
tion of hollow microgels with different bulk moduli might
differ for suspensions of hollow microgels relative to their
behavior when embedded in a matrix of regularly cross-linked
microgels. In particular, the presence of a cavity instead of a
more dense and cross-linked core might lead to more
significant interpenetration with respect to deswelling. We
argue this since the fuzzy shell is known to be the softest and
more penetrable part of a microgel, as shown here by the
behavior of the regularly cross-linked microgels and by other
studies.46,48,50 In contrast, the more cross-linked core has a
larger polymer density and is less deformable under

Figure 6. (A) Static structure factor of regular microgels, S(q), versus scattering vector magnitude q for parameters of Figure 5, cross-link ratio xr/xh
= 1, and generalized volume fractions ζ from fluid (ζ = 0.36) to solid (ζ = 0.65) phases. (B) Images of crystalline samples of the 5 mol % cross-
linked microgels in the SANS cuvette, with embedded (from left to right): hollow 5 mol % at ζ = 0.64 ± 0.02, 0.74 ± 0.02, and 1.00 ± 0.03 and
hollow 2.5 mol % at ζ = 0.74 ± 0.03.
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compression.47 Therefore, once microgels are overcrowded,
the presence of a dense core limits the possibility for two
microgels to further interpenetrate and compression of the
fuzzy shell might be favorable. In other words, the presence of
a core represents an internal constraint that has been shown to
suppress microgel interpenetration.29 For this reason, we
expect hollow microgels to more readily interpenetrate their
neighbors when embedded in a matrix of hollow microgels.
Whether less cross-linked hollow microgels, when embedded
in a matrix of more densely cross-linked hollow microgels, will
tend to more easily compress, since they are softer, or
interpenetrate, since their fuzzy shell is less cross-linked, is an
open question for future study.
Our study highlights that bare knowledge of the amount of

cross-linker used during the synthesis is not sufficient to
predict the behavior of microgels in overcrowded environ-
ments. In other words, the architecture of a microgel must be
considered together with the amount of cross-linker to be able
to predict whether a microgel is softer than another and
whether it interpenetrates or is compressed by its neighbors.
Our findings can be used to rationalize some apparently

contrasting results from previous studies. In other related
studies,46,48 microgels with a softness comparable to that of
their neighbors were used. For these systems, upon increasing
the concentration, only slight deswelling was observed and
interpenetration was the dominant response. This case is
consistent with our experiments where we mixed the 5 and 2.5
mol % regular microgels and the deuterated 5 mol % regular
microgels. Interpenetration of microgels is the dominant
response if all the microgels have comparable size and softness.
In contrast, when ultrasoft microgels are embedded within a

stiffer matrix, a more pronounced deswelling is observed above
a threshold concentration. This trend is consistent with studies
in which isotropic deswelling of softer microgels has been
observed,40,45,47,49,68 demonstrating that when the bulk moduli
of the microgel species differ significantly, isotropic deswelling
dominates over interpenetration. Furthermore, the presence of
a cavity determines the prevalence of deswelling over
interpenetration both if the polymer network is as stiff as
that of the neighboring microgels and if the hollow microgels
are softer than the surrounding matrix.
With regards to the possible deformation of the microgels,

only the form factors of the hollow microgels showed
deviations from the spherical model at very low q (empty
triangles versus the solid blue line in Figure 3 for q < 5 × 10−2

nm−1 and Supporting Information65). These deviations might
signal deformation for ζ ≳ 1. Therefore, our results seem to
support the conclusion of ref 50, regarding microgels with
larger size compared to the microgels of our study, that
deformation is significant only in highly overcrowded environ-
ments. They are also consistent with recent computer
simulation data.64

Hollow and ultra-low cross-linked microgels represent
important model systems for exploring the response of
disordered networks to external stimuli.73,74 Analogies between
colloidal gels and biologically important materials, e.g., actin
networks in living cells,75 have already elucidated the behavior
of the cytoskeleton in cellular functions.76 The capability to
design microgels that mainly collapse (hollow microgels) or
interpenetrate (regular microgels with different cross-linker
concentration and distribution) will allow to obtain suspen-
sions with the desired viscosity and yield stress.77 This
capability is pivotal for using those suspensions as substrates

for 3D printing.10−12 Our experiments and simulations
advance such efforts by clearly demonstrating that deswelling
of microgels in overcrowded environments can be enhanced
more by introducing a solvent-filled cavity than by reducing
the concentration of cross-linker agents during the particle
synthesis. Finally, our finding that mixing microgels of similar
size but different architecture does not hinder crystallization
demonstrates the potential to realize crystals with a new kind
of defect that will respond uniquely to both crowding and
changes of external stimuli. Furthermore, the effect of topology
and interpenetration/deswelling on crystallization can be
studied using mixtures of hollow microgels with different
cross-linker densities and sizes. As mentioned above, we expect
that interpenetration between neighbors will be the dominant
effect for hollow microgels embedded in a matrix of hollow
microgels. Whether this mechanism will hinder crystallization
is unclear and should be studied in the future. Furthermore, it
is reasonable to assume that differences in size and bulk moduli
between hollow microgels in suspensions play a key role,
allowing for variation of the size distribution due to the
compression of the larger/softer hollow microgels, as observed
for regular microgels.47,78 Such size variation can either occur
at concentrations where microgels are mobile or well above
jamming concentrations. In the first case, the size change
facilitates crystallization49, while in the latter microgels are
jammed and cannot rearrange, as for ultra-low cross-linked
microgels confined at a fluid interface.20
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