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The volume occupied by colloids in a suspension - namely the volume fraction - is the thermodynamic
variable that determines the phase behavior of these systems. While for hard incompressible spheres
this quantity is well defined, for soft compressible colloids such as microgels - polymeric crosslinked
networks swollen in a good solvent - the determination of the real volume occupied by these particles
in solution is particularly challenging. This fact depends on two aspects: first the surface and,
therefore, the volume of the microgels is hard to define properly given their external fuzziness;
second, microgels can osmotically deswell, deform or interpenetrate their neighbors, i.e. change their
shape and size depending on the solution concentration. Here, the form factors of few hydrogenated
microgels embedded in a matrix of deuterated but otherwise identical microgels are measured using
small-angle neutron scattering with contrast variation. From the analysis of the scattering data,
the variation of the volume of the microgels as a function of concentration is obtained and used to
calculate the real microgel volume fraction in solution. Soft neutral microgels are shown to facet
already at low concentrations while in contrast, harder microgels maintain their shape and change
their volume.

1 Introduction

Colloidal suspensions of soft compressible microgels, crosslinked
polymeric networks swollen in a good solvent, have been widely
used to study both phase transitions1–3, glass formers4–7 and the
rheological properties of complex fluids8–10. In contrast to hard
spheres, microgels allow the role of softness on the properties of
complex materials to be investigated. Furthermore, the polymer
composing the network of the microgels goes through a coil-to-
globule transition depending on the variation of external stimuli,
such as temperature or pH11–13. As a consequence of this transi-
tion, the microgel volume can be finely tuned on demand. This
is particularly appealing since it offers the possibility to change
the volume occupied by the microgels in a single solution just, for
instance, by varying the temperature1,8.

The common way to think of colloidal suspensions is to use the
same formalism used in the description of atomic systems. For in-
stance, the equation of state for a dilute colloidal suspension can
be written as πv0 = kBT φ where π is the osmotic pressure of the
colloidal suspension, kB is the Boltzmann constant, T is the tem-
perature, and v0 and φ are the volume of a single colloid and the
volume occupied by the colloids in the suspension, respectively.
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The latter can be rewritten as

φ =
v0N
V

(1)

where N and V are the total number of colloids in suspension and
the total volume of the suspension, respectively. However, when
the concentration of colloids increases things become more com-
plicated and the ideal gas law cannot describe the system any-
more. Though, the important variables for the equation of state
of the suspension, known as Carnahan-Starling equation14, are π,
φ and T . In general, at constant temperature, the phase behavior
and flow properties of the solution are completely determined by
the value of φ 1,3,6,10,15.

For these reasons it is fundamental to know precisely the value
of the volume occupied by the colloids in solution, the volume
fraction φ . When the colloids are spheres with a well defined vol-
ume, v0, this can be determined by means of dynamic light scat-
tering. Then, the density of the material of which these particles
are composed can be used to compute the mass of a single particle
m = v0/ρ. This value can be used to divide the total mass of parti-
cles added in suspension to obtain their number N and, therefore,
their volume fraction φ . We note that already in the pioneering
work of Pusey and van Megen15, the authors warn about the dif-
ficulties of having truly hard and incompressible spheres. More
recently, a critical review that compared experiments on hard col-
loids to theory and computer simulations highlighted that there
are systematic errors in the values of φ determined experimen-
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tally which cannot be eliminated16, and have always to be con-
sidered.

The situation becomes more complicated as colloidal particles
become increasingly soft. For instance, it is very challenging to
compute the real value of the volume fraction φ of solutions of
microgels. Indeed, in addition to the intrinsic errors highlighted
in the literature16, there are two other main reasons that make
hard the determination of φ : (i) microgels possess a fuzzy ex-
ternal shell composed of dangling polymeric chains which makes
hard to clearly define their volume11; (ii) microgels changes their
volume and/or shape once the concentration increases17–19. This
is due to the fact that a larger number of microgels in solution im-
plies a larger number of counter-ions associated to these particles
which can leave the microgel and increase the suspension osmotic
pressure7,20,21. As soon as π is comparable to the microgel bulk
modulus an osmotic deswelling is observed22. In addition to this
mechanism, microgels can also facet and deform18 or interpen-
etrate their neighbors23. Due to these considerations, it is clear
that the problem is to determine the value of v0 for microgels in
Equation 1.

An alternative to the use of φ is to use the so-called generalized
volume fraction, ζ , where the value of v0 is fixed to the volume
of the microgels in the limit of highly diluted samples1,2,6,24. The
relation φ = ζ holds as long as the volume of the microgels do
not change, that is usually the case for low concentrations. The
values of ζ can rise well above the limit of maximum packing
for hard spheres in random and ordered arrangement, φrcp = 0.64
and φcp = 0.74, respectively. In general, ζ can assume values well
above the unit which implies that the microgels in solution have
significantly changed their volume or shape. Still, the problem of
relating ζ to the real volume occupied by the microgels in solu-
tion, that is φ , is unsolved.

Recently, an elegant solution to address this problem has been
presented for ionic microgels21,25. The key point is that, as men-
tioned above, the equation of state relates the suspension osmotic
pressure, π, to the value of φ , and not ζ . The value of the osmotic
pressure of the suspension is set up by the counter-ions that can
leave the microgels for entropic reasons and can be directly mea-
sured both with osmotic stress solutions21,25 or by means of a
membrane osmometer21,22. Then using the relation between os-
motic pressure, free counter-ions and φ developed by Cloitre and
coworker7,20 it is possible to map the values of π(ζ ), measured
experimentally, over the expected values of π(φ) and finally ob-
tain the real volume fraction of the microgels in suspension21,25.

A second way to tackle this problem is to directly measure the
volume of the microgels as a function of the generalized vol-
ume fraction and use this to rescale ζ into φ . This can be done
both in real space in principle by means of super resolved flo-
rescent microscopy (SRFM)18,24,26–28, or in the reciprocal space
by means of small-angle neutron scattering with contrast varia-
tion3,19,23,29,30. SRFM typically requires microgels immobilized
during the time in which the images are acquired. This has been
shown to be possible at relatively high concentrations18,24,31

while for diluted or semi-diluted samples the microgels must be
adsorbed and immobilized at the solid liquid interface. The ad-
sorption of microgels at interfaces leads to their deformation32

and in principle the elastic properties and the dimensions differ
from the one of the microgels in bulk32–34. Furthermore, the
addition of of salt, typically mercaptoethylamine18,24,31 to in-
duce the blinking of the dye limits the experimental conditions at
which super-resolved fluorescent microscopy can be performed.

Small-angle neutron scattering (SANS) with contrast variation
is the method used in this study to access the volume of microgels
in concentrated solutions. In the past years, SANS with contrast
variation has largely been used to explored the response of the
internal structure of microgels to crowded environments. It has
been found that when microgels with different bulk moduli are
mixed together the external shell of the softest microgels deswell
first. This is the case for mixture of larger and smaller microgels22

for mixture of softer microgels embedded in matrix of harder
one with comparable dimensions19 and for mixture of microgels
with comparable size but different internal structures, e.g. regu-
lar and hollow microgels19,35. Once microgels with comparable
bulk moduli and dimensions are mixed together, it has been ob-
served a competition between osmotic deswelling - which mainly
collapse the external shell - and faceting/interpenetration - where
the microgels decrease in size maintaining a certain fuzziness and
interpenetrate the neighbors. This has been observed for solution
of regular microgels19,23,29,30, ultra-low crosslinked microgels3,
and hollow-microgels36. In contrast to these previous study, here
the total radius of hydrogenated microgels embedded in a matrix
of deuterated, but otherwise identical, microgels is used to map
the microgel generalized volume fraction on φ . The experiments
have been conducted on suspensions of 5 mol% crosslinked19 and
ultra-low crosslinked microgels3,37 to probe the effect of differ-
ent network topologies on the response of individual microgel.
Depending on the amount of crosslinker agent used during the
synthesis the onset for faceting and osmotic deswelling happens
at different concentrations.

2 Experimental

2.1 Synthesis

All the microgels used in this study are obtained by standard pre-
cipitation polymerization. The main monomer used is N-isoprop-
ylacrylamide (NIPAM) ([C6H11NO]n) or deuterated monomers of
NIPAM in which three or seven atoms of hydrogen have been sub-
stituted by deuterium.

The 5-mol% crosslinked microgels, the two hydrogenated and
the deuterated one, have been synthesized according to standard
precipitation polymerization with 5 mol% of crosslinker agent
N,N’-methylenebisacrylamide (BIS). Surfactants have also been
added during the synthesis to both control the final microgel size
and the size polydispersity38. The detailed description of the
synthesis procedure for these microgels can be found in the lit-
erature19,33,37. From now on we will refer to these microgels
as regular microgels. The two different hydrogenated 5 mol%
crosslinked microgels used here have been obtained from two dif-
ferent synthesis. They will be named H,5%−A and H,5%−B, re-
spectively, see Table 1. While for both the microgels the amount
of crosslinker is fixed to 5 mol%, a small amount (2 mol%) of
the co-monomer N-(3-aminopropyl)methacrylamide hydrochlo-
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ride (APMH) has been added during the synthesis of H,5%−
A33,39. The incorporation of APMH allows to use these micro-
gels for further study using covalent labeling with fluorescent
dyes31,40. In contrast, the microgel indicated here as H,5%−B
have been synthesized using only NIPAM monomers19. As a con-
sequence of the different synthesis, H,5%−A and H,5%−B have
slightly different swollen/collapsed sizes and stiffness.

The ultra-low crosslinked - ULC - microgels, both hydrogenated
and deuterated, have been synthesized following a classic pre-
cipitation polymerization protocol but without the addition of
crosslinker agents. Surfactants have also been added during
the synthesis to both control the final microgel size and the size
polydispersity38. The crosslinking of the polymeric networks
is due to atom abstraction reactions during the polymerization
of NIPAM initiated with a peroxydisulfate initiator41. More
information on the synthesis of these ultra-low crosslinked
microgels can be found in the literature3,37,41.

Threefold centrifugation and redispersion in fresh water was
applied for the purification of all the synthesized microgels. Sam-
ples were lyophilized for storage. It is well accepted since the
first works of Pelton42–44 that above the volume phase transition
temperature microgels retain a significant quantity of water (ap-
proximately between 10 and 40% of the volume fraction). The
conditions at which the lyophilization is performed, under vac-
uum, are the best that can be achieved to evaporate as much wa-
ter as possible but still, it cannot be excluded that some residual
water - likely . 10% - is still trapped within the “dry” microgels.
The freeze-dried powder of the microgels was redispersed in pure
double distilled milli-Q water, or in mixtures of pure double dis-
tilled milli-Q water and heavy water.

2.2 Viscosimetry

The viscosity of suspensions of hard spheres increases with in-
creasing sphere packing fraction45. For small concentrations of
spheres in suspension, in the limit of highly diluted samples, the
Einstein-Batchelor equation well describes the course of ηr, the
solution viscosity divided by the solvent viscosity, as a function of
the sphere packing fraction, φ :

ηr = 1+2.5φ +5.9φ
2 (2)

In the literature it is shown that Equation 2 holds also for so-
lutions of microgels in the limit of highly diluted samples1,20.
The formal substitution of φ = ζ , true at low concentrations
where the microgels do not experience any deswelling or defor-
mation, allows us to write Eq. 2 for solutions of soft spheres:
ηr = 1+2.5ζ +5.9ζ 2. The generalized volume fraction is related
to the microgel concentration in solution, c, by means of a multi-
plicative constant, k 1,2,7,18,22–24,29,46. The value kc can be substi-
tuted in the previous equation to obtain ηr = 1+2.5kc+5.9(kc)2.
This equation is used to fit the course of the relative viscosity of
highly diluted solutions of microgels as a function of c. From the
fits, the value of the conversion constant k and, therefore, the
generalized volume fraction, is obtained. This method has been
successfully used in the literature to compute the generalized vol-

ume fraction of microgels suspensions and describe both their
equilibrium phase behavior1,2,23,47 and their rheological proper-
ties7,8,24.

The values of the solution kinematic viscosity are obtained by
measuring the time of fall, t f all , of a fixed volume of the solution
through a thin glass capillary in an Ubbelohde tube viscometer
immersed in a water bath at a fixed temperature of (20.0±0.1)◦C.
The time of fall is connected to the solution kinematic viscosity by
means of a conversion constant that depends on the geometrical
characteristics of the capillary, C:, ν = Ct f all = η/ρs where ρs is
the density of the solution. Here ρs is assumed to be equal to the
density of the pure solvent. This is justified by the low concen-
trations of polymer is solution, c� 0.4 wt%. Once η =Ct f allρs is
computed it is divided for the solvent viscosity, ηs, to obtain the
relative viscosity.

2.3 Small-angle neutron scattering

2.3.1 Contrast variation

In a small-angle neutron scattering experiment the scattering vec-
tor is defined as q = 2π

λ
sin(ϑ

2 ) where λ is the wavelengths of the
radiation (e.g. x-rays or neutrons) in the medium and ϑ is the
scattering angle. The intensity measured, I(q), is proportional to
the squared value of the difference in scattering length density
(or contrast) between the sample and the background, ∆ρ2, the
particle form factor, P(q), and the sample structure factor, S(q).
The form factor contains all the information on the single scatter-
ing object: shape of the object, internal structure, characteristic
lengths. The structure factor is related to the particle-to-particle
distance and gives information on the global arrangement of the
samples. For instance S(q) describes if a sample is in a fluid, dis-
ordered or crystalline phase, and can be used to distinguish the
particular crystalline lattices formed3,46,48. In the limit of highly
diluted samples, the structure factor can be approximated to one,
and the scattered intensity is directly proportional to the square
of the difference in scattering length density between the the sol-
vent and the the microgels, ∆ρ2, multiplied by the form factor.

Depending on the radiation chosen, the contrast, ∆ρ, depends
on the interaction potential between the radiation itself and the
sample. For instance, x-rays interact with the electron clouds of
the atoms composing the samples via Coulomb interaction. In
contrast, neutrons interact by means of the strong nuclear inter-
action with the nuclei of the atoms composing the sample. This
fact has important experimental consequences: while the con-
trast for x-rays increases monotonically with the atomic number,
the variation of the contrast for neutron scattering is unsystem-
atic throughout the periodic table49. The difference in scattering
length - or contrast - between hydrogen and deuterium is of par-
ticular interest for the soft matter community since it allows us to
properly tune the contrast of the samples by means of the substi-
tution of hydrogen atoms with atoms of deuterium. In this way,
the contrast of the samples can be changed without significantly
affecting their chemical composition. Then, by tuning the con-
trast of the solvent, for instance mixing water and heavy water,
different parts of the sample can be contrast matched and become
virtually invisible during the scattering experiment.
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Table 1 Name of the samples, main monomer used for the microgels synthesis, amount of crosslinker agent - BIS - added during the precipitation
polymerization, symbol used in all the Figures, hydrodynamic radii of the used microgels determined using multi-angle dynamic light scattering3,19,33,
Rh, and values of the conversion constant, k, as determined by the fits of the data in Figure 2 with the Einstein-Batchelor equation.

Name Monomer BIS (mol%) Symbol Rh (nm) k
ULCD [C6D3H8NO]n 0 N 138.3±0.6 22.8±0.5
ULCH [C6H11NO]n 0  135±1 44.8±0.9
D,5% [C6D7H4NO]n 5 � 153±1 23.5±0.5
H,5%−A [C6H11NO]n 5 � 153.2±0.5 17.0±0.6
H,5%−B [C6H11NO]n 5 � 165±4 11.2±0.3

Neutron scattering with contrast variation is an ubiquitous
technique to the structural characterization of single objects in
soft matter for instance for bio-compatible materials50,51, soft
colloids52 and microemulsions53. Commonly, a part of the sin-
gle scattering object, e.g. a colloid composed by a rigid core and
surrounded by a polymeric network, can be selectively contrast
matched by choosing the proper mixture of water and heavy wa-
ter54. A second possible way to take advantage of contrast varia-
tion and neutron scattering is schematically shown in Figure 1.

(c)

(a) (b)

Fig. 1 (a) Sketch of a sample composed of a majority of deuterated
(blue) and hydrogenated (green) particles (e.g. microgels). (b) Sketch of
a sample composed of a majority of deuterated (blue) and hydrogenated
(green) particles (e.g. microgels) in a solvent that is contrast matched to
the scattering length density of the deuterated particles. (c) Small-angle
x-ray (blue circles) and neutron scattering (green squares) intensities,
I(q), versus scattering vector, q.

The schematic in Figure 1(a) represents a sample composed
by a mixture of deuterated (blue) and hydrogenated particles
(green), such as microgels. When this sample is measured by

small-angle x-ray scattering (SAXS) the contrast between all the
particles and the background (white) is the same. As a conse-
quence all the particles are visible and the measured scattered
intensity is proportional to S(q)P(q). Figure 1(b) shows a sketch
of the very same sample measured with small-angle neutron scat-
tering. If the solvent has been properly tuned, the contrast of the
deuterated particles (blue) is matched by the solvent (blue) and
these particles are "invisible" during the experiment. In such a
sample only the form factor of the hydrogenated particles (green)
is probed. An example of measured SAXS and SANS intensi-
ties (blue circles and green squares, respectively) is given in Fig-
ure 1(c). The I(q) from SAXS presents oscillations and peaks
but it is extremely complicate to distinguish which features of
the curve are due to the single particle and which are due to the
particle-to-particle arrangement. In contrast, the signal of the
very same sample measured using SANS with contrast variation
is proportional to the form factor of the hydrogenated particles
and the measured curve depends only on the shape and struc-
ture of these particles that are not contrast matched. Therefore,
these data can be used to gain information on the single particle
response in crowded environment.

2.3.2 Instruments

The small-angle neutron scattering measurements, using the D11
instrument at the Institut Laue-Langevin (ILL, Grenoble, France),
were performed at three configurations: sample detector dis-
tance, dSD = 34m with λ = 0.6nm; dSD = 8m with λ = 0.6nm;
and dSD = 2m with λ = 0.6nm. Due to 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.

Also SANS-I instrument at SINQ, Paul Scherrer Institut (Vil-
ligen, Switzerland) has been used. The q-range of interest is
cover using two configurations: dSD = 18 m with λ = 0.8 nm and
dSD = 4.5 m with λ = 0.8 nm This instrument is equipped with
3He detectors with 128×128 pixels. The λ -resolution is 10%.

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

In Table 2 it is reported which instrument has been used to
measure the different samples. It is also indicated in which other
publications the data are shown. All samples have been measured
at a constant temperature of 20.0± 0.1 ◦C, i.e. all the microgels
were in a good solvent.
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2.3.3 Form factor model

The most accepted model to fit scattering data relative to micro-
gels has been developed almost two decades ago11, and has been
shown to correctly capture the total radius of these particles even
when compared to more sophisticated models52. Here this model
is used to obtain the variation of the microgels radius as a function
of the generalized volume fraction. The microgel is approximated
as a hard sphere of radius Rc, convoluted with a Gaussian decay
of width 2σ to simulate the decrease of the polymer density form
the center to the periphery of the microgels. The total radius of
the microgels is always computed as R = Rc +2σ . In diluted con-
ditions when the microgels are neither compressed nor deformed
the total radius is indicated as R0 in Table 2. In contrast, when the
total size of the microgels is measured with the contrast variation
in concentrated solutions it is indicated as R(ζ ).

The form factor of a monodisperse fuzzy sphere is described as:

P1 =

[
3(sinqRc−qRc cosqRc)

(qRc)3 exp
{
− (σq)2

2

}]2

. (3)

To account for size polydispersity, this form factor is multiplied by
a Gaussian distribution for the core radius with standard devia-
tion p ·Rc:

D(Rc) =
1√

2π p〈Rc〉
exp
[
− (Rc−〈Rc〉)2

2(p〈Rc〉)2

]
, (4)

where now 〈Rc〉 is the mean core radius of a microgel and p is the
relative with of the size distribution.

For wave-vector q & π/σ , small-angle scattering can probe
length-scales comparable to the inhomogeneities within the poly-
meric network. This contribution to the scattering is considered
by adding a Lorentzian term to the scattered intensity, Ichain(q) =
Ichain(0)/[1+(ξ q)2], where ξ and Ichain(0) are a correlation length
related to the mesh size of the polymer network and the zero-q in-
tensity contribution of the internal mesh, respectively8,55. There-
fore, the form factor model for microgels can be written as:

P(q) =
1
〈V 2〉

∫
∞

0
dRc D(Rc)V 2(Rc)P1(Rc,q)+ Ichain(q)+B (5)

In Equation 5, V (Rc) = 4πR3
c/3 is the volume of the core and

〈V 2〉 =
∫

∞

0 dRc V 2(Rc)D(Rc) represents the average squared core
volume. The constant B accounts for the background due to inco-
herent scattering mainly due to hydrogen atoms. As mentioned
in the instrument description, all SANS instruments used have a
error on the value of λ ≈ 10%. The effect of the instrument reso-
lution is a bordering of the oscillation in the form factor and can
be accounted by multiplying the P(q) with a Gaussian56:

Ps(q) =
1√

2πσr(q)

∫
∞

0
dq′ exp

[
− (q−q′)2

2σ2
r (q)

]
P(q′) (6)

In the previous equation σ2
r (q) depends on q and account for

the wavelength resolution, the geometrical resolution, and the
downward-shift of the neutron beam due to gravity57. The values
of σr(q) are computed and provided together with the collected
data. The fitting parameters of the model in Equation 6 are: ra-

dius of the core, Rc, width of the fuzzy shell, 2σ , width of the
Gaussian distribution for the size polydispersity, pRc, the micro-
gel mesh size, ξ , the scale factor, Ichain(0), and the background,
B.

3 Results and discussion

3.1 Viscosimetry and generalized volume fraction

Fig. 2 Relative viscosity, ηr, as a function of the weight fraction of
microgels suspended in double distilled milli-Q water, c, for: regular hy-
drogenated 5 mol% crosslinked microgels H,5%−A (solid diamonds) and
H,5%−B (solid squares); regular deuterated 5 mol% crosslinked micro-
gels D,5% (empty squares); ultra-low crosslinked hydrogenated microgels
ULCH (solid circles); ultra-low crosslinked deuterated microgels ULCD
(solid triangles). Empty black circles represent the values of ηr for solu-
tion of ULCH suspended in a mixture of 55 wt% heavy water and 45 wt%
double distilled milli-Q water. Red stars represent the values of ηr for
solution of H,5%−B suspended in a mixture of 90 wt% heavy water and
10 wt% double distilled milli-Q water. The solid lines are fits of the data
with the Einstein-Batchelor equation58. All measurements have been
conducted at T = 20.0±0.1 ◦C.

As mentioned above, the most common method to access the
generalized volume fraction of microgels is to fit the relative vis-
cosity of highly diluted solutions of microgels with the Einstein-
Batchelor equation and obtain the conversion constant k 1,23,43.
Examples of these measurements for regular 5 mol% crosslinked
microgels (squares and diamonds) and ultra-low crosslinked mi-
crogels (circles and triangles) suspended in double distilled milli-
Q water are shown in Figure 2. The solid lines correspond to the
data fits. The values obtained for the conversion constant k for
the different microgels presented here are reported in Table 1.

The black empty circles represent the values of the relative vis-
cosity for solutions of ultra-low crosslinked microgels suspended
in a mixture of 55 wt% heavy water and 45 wt% water. The
red stars represent the 5 mol% crosslinked microgels, named
H,5%−B, suspended in a mixture of 90 wt% heavy water and
10 wt% water. These two additional solvents have been cho-
sen since they are the solvents used for the small-angle neutron
scattering experiments. It is known that microgels suspended in
heavy water swell more than microgels suspended in water59.
The fit of the viscosity data for the ULC microgel leads to a conver-
sion constant of 44.8±0.9 in pure water and 43±1 in the mixture
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with 55 wt% heavy water. For the 5 mol% crosslinked microgels
- H,5%−B - the value of k is 11.2± 0.3 in pure water and 12± 1
in the mixture with 90 wt% heavy water. This means that the
variation of the radius for the swollen microgels in heavy water
has no impact on the value of the conversion constant k. A sim-
ilar conclusion was already suggested by Lopez and Richtering
based on the determination of the molecular weight of microgels
suspended in different solvents44. The fact that a larger swollen
size does not increase the value of the conversion constant seems
counter intuitive - after all, a larger particle occupies more vol-
ume. Though, it must be considered that not only the swollen size
determines the value of the conversion constant but also the col-
lapsed size and the solvent density2. The different solvent used
leads also to a larger collapsed size and changes the solvent den-
sity. The changes in the values of these three parameters due
to the change of solvent are counterbalanced and, therefore, the
conversion constant is not affected, as shown by Figure 2.

3.1.1 Effect of potential residual water on the determination
of the generalized volume fraction

As mentioned in section 2.1 the presence of residual water within
the freeze-dried microgels cannot be completely excluded. Never-
theless, the following discussion outlines why this does not affect
the results of either this or previous studies. The precise knowl-
edge of the mass of polymer added is fundamental if we want
to use this quantity together with the microgel molecular weight
to obtain the number of particles. This is of great interest in the
study of microgel monolayers at liquid-liquid interfaces33,39. For
the present work - and the previous studies in the literature - it
is important to determine the relation between mass of freeze-
dried microgels experimentally weighted in the realization of the
solutions, c, and the generalized volume fraction. This is done by
finding the relation between c and the solution viscosity and fit-
ting the data as described in the manuscript. To see the impact of
the potential residual water in the freeze-dried microgels on the
values of the conversion constant and on the values of the gener-
alized volume fraction, let us consider how the weight fraction of
all the solutions is defined:

c =
m

m+msolvent
(7)

where m and msolvent are the mass of freeze-dry polymer and sol-
vent experimentally weighted during the preparation of microgel
solutions, respectively. Let’s assume now that some weight con-
centration of residual water, cres, is present in the mass m. The
real mass of microgel is mpNIPAM = (1−cres)m < m. Therefore, the
concentration corrected for the residual water is:

c? =
mpNIPAM

m+msolvent
< c (8)

As an example, cres equal to 10 and 5 wt% is considered in
the following. In Figure 3, equation 9 is used to rescale c into c?

for the microgel H,5%−B. The red diamonds and the light blue
triangles correspond to the same values of the viscosity plotted
vs. concentrations of microgels rescaled assuming cres equal to 10
(light blue triangle) and 5 wt% (green diamond), respectively.

Fig. 3 Relative viscosity, etar vs. concentration of microgel in solution
considering 0 (red square), 5 (green diamond) and 10 wt% residual water
(light blue triangle) in the mass of the freeze-dried polymer. The solid
lines are fit of the data with the Einstein-Batchelor equation.

For 5 wt% residual water, the fit of the data (green curve) leads
to a value of k?5% = 11.7±0.3. In the case that 10 wt% residual wa-
ter is present in the mass of the polymer, the value of the fit of the
data (light blue curve) is k?10% = 12.5±0.3. Here it is important to
notice that the values of ηr are measured and are independent to
the assumption on the residual water. The values of ηr are only
dependent on the volume occupied by the N swollen microgels
contained in the mass m of powder weighed out. Of course, the
assumption of different residual water contents shifts the concen-
trations, c?, to lower values - Equation 9. As a consequence, the
values of k increases with increasing cres.

The values of k? obtained from the fits in Fig. 3 for different
cres can be used to compute the generalized volume fraction
ζ ? = c?k?. Since all the concentrated solutions have been realized
by suspending the very same freeze-dried polymers, the values
of the added masses - and consequently their concentrations
c must be rescaled considering 5 or 10 wt% residual water to
obtain c? < c. Once we multiply these rescaled values of the
concentration, c? by the larger conversion constants, k?, obtained
from the fits in Figure 3 the increase in k? compensates the
decrease in c and the values of ζ ? differs less than 0.5% with
respect to the values computed ignoring the residual water. The
situation is completely different if m is used to compute the exact
number of microgels N in solution. In this case, cres must be
known precisely to avoid an overestimation of N. Since here
the focus is on the generalized volume fraction, the correction
in Equation9 can be ignored and the mass concentration can
be computed using Equation 7 since this do not affect the final
estimation of ζ .

3.2 Form factors from concentrated suspensions
All the solutions measured by SANS are suspended in a solvent
that matches the scattering length density of the deuterated mi-
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(a) (b) (c)

Fig. 4 Small-angle neutron scattering intensities, I(q), versus scattering vector, q. (a) regular hydrogenated 5 mol% crosslinked microgels H,5%−A
(solid diamonds) at different concentrations: ζ = 0.080±0.002 (bottom diamonds); ζ = 0.60±0.01 (middle diamonds); ζ = 0.70±0.01(top diamonds);
(b) regular hydrogenated 5 mol% crosslinked microgels H,5%−B (solid diamonds) at different concentrations: ζ = 0.080± 0.002 (bottom squares);
ζ = 0.60±0.01 (middle squares); ζ = 0.78±0.01 (top squares); (c) Ultra-low crosslinked microgels ULCH at different concentrations: ζ = 0.080±0.003
(bottom circles); ζ = 0.593± 0.007 (middle circles); ζ = 0.697± 0.009 (top circles). All measurement were taken at T = 20.0± 0.1 ◦C. Solid lines
represent fits of the data with the models for a fuzzy-sphere11. All middle and top curves are shifted in the y-direction for clarity.

crogels that compose the concentrated matrix in which a few
hydrogenated, but otherwise identical, microgels are embedded.
All the 5 mol% crosslinked microgel solutions are suspended in
90 wt% heavy water - 10 wt% H2O water solvent. In contrast,
the ultra-low crosslinked microgel solutions are suspended in 55
wt% D2O - 44 wt% H2O solutions. In the literature, it is shown
that these solvents match the scattering length densities of the
deuterated microgels3,19,23,29. The use of two different mix-
tures of water and heavy water is due to the fact that deuter-
ated ultra-low crosslinked microgels must be synthesized using a
monomer that has only three atoms of deuterium instead than the
usual monomer used to obtain deuterated crosslinked microgels
that has seven atoms of deuterium and, consequently, a different
contrast (Table 1). It has been shown that the self crosslinking
of pNIPAM, responsible for the formation of the polymeric net-
work of the ultra-low crosslinked microgels, is suppressed once
the isopropyl group of NIPAM is deuterated as in the case of
[C6D7H4NO]n

41. All the measurements have been performed at a
temperature of 20.0±0.1 ◦C for which the microgels are expected
to be in their swollen state.

As shown in Figure 1, SANS with contrast variation allows the
particle form factor as a function of the generalized volume frac-
tion, P(q,ζ ), to be accessed. This technique has indeed been used
to probe the variation of the size and the structure of microgels
in concentrated solution as a function of crowding3,19,22,23,29,30.

Figure 4 shows data relative to 5 mol% crosslinked microgels,
H,5%−A in (a) and H,5%−B in (b), and ULC microgels ULCH in
(c). It is clear that, even at high concentrations, only the signal of
the hydrogenated microgels is visible without signs of structure
peaks at low q. In a previous study3, the fits of the data relative
to the ultra-low crosslinked microgels have been used to study
the structural changes in the microgel architectures with increas-
ing ζ . The fit with the model in Equation 6 reveals that first the
length of the external fuzzy shell, 2σ , decreases and is completely
collapsed at ζ & 0.85, and then, at high packing fraction, also the
core start to be compressed. The data on the response of indi-
vidual microgels were combined with small-angle X-ray scatter-

ing measurements that probe the microgel-to-microgel arrange-
ment. The main finding of this previous study is that the ULC
softness stabilize body centered cubic (bcc) crystals which coexist
with face centered cubic (fcc) crystals. The latter are the one ex-
pected for hard-spheres and hard-microgels. The bcc lattice was
observed to be metastable in the literature46,48 and its stability
has now been rationalized considering the observed coexistence
between faceting/interpenetration and deswelling of these super-
soft microgels. The mentioned work is just an example of the
many studies1,2,6,47,60–62 conducted on the phase behavior of mi-
crogels, in analogy to hard colloids, using the generalized volume
fraction.

As mentioned above, the real variable that determine the sus-
pension phase behavior is the volume fraction φ . Therefore, here
the focus is on the changes of the total size of microgels, Rc +2σ ,
and not on the variation of their internal architecture investigated
elsewhere in the past years19,22,23,29,35. For this study, the most
important result of the fits of the SANS intensities is that the total
radius of the microgels and, therefore, the volume of the micro-
gels as a function of the generalized volume fraction, v(ζ ), can be
directly measured. This approach has never been used before to
extensively investigate the real volume occupied by microgels in
solution as a function of microgels softness. The results of the fits
for the total radii of the microgels shown here and from previous
publications3,19 are reported in Table 2.

3.3 Mapping of ζ on φ

From the results of the fits the total radius of the particle as a func-
tion of the generalized volume fraction - R(ζ ) - and, therefore, the
volume of the microgels at different concentrations, v(ζ ), can be
obtained and used to compute the real volume occupied by the
microgels in the suspensions:

φ =
v(ζ )
v0

ζ (9)

The black full circles in Figure 5 represent the rescaled values
of φ as a function of ζ computed using Equation 9 and the val-
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Table 2 Results for the total radius, Rc +2σ , of the data fits from this study and from previous studies of the same microgels in the literature3,19. R0
and R(ζ ) corresponds to the radii computed in dilute conditions or in concentrated suspensions by means of SANS with contrast variation, respectively.
In the last column is reported the instrument used to perform the SANS measurements and if the data comes from previous publications.

Name BIS (mol%) ζ R0 (nm) R(ζ ) (nm) Instrument
ULCH 0 0.555±0.004 136±2 134±2 D11
ULCH 0 0.593±0.007 136±2 135±3 KWS1 3

ULCH 0 0.661±0.008 136±2 133±4 D11 3

ULCH 0 0.697±0.009 136±2 132±4 KWS1 3

H,5%−A 5 0.20 130±2 129±2 SANS I
H,5%−A 5 0.40 130±2 129±1 SANS I
H,5%−A 5 0.51 130±2 130±2 SANS I
H,5%−A 5 0.60 130±2 130±1 SANS I
H,5%−A 5 0.70 130±2 126±2 SANS I
H,5%−A 5 0.80 130±2 126±1 SANS I
H,5%−A 5 0.90 130±2 122±2 SANS I
H,5%−B 5 0.56 154±3 151±2 KWS2
H,5%−B 5 0.60 154±3 153±3 KWS2
H,5%−B 5 0.64 154±3 152±2 KWS2 19

H,5%−B 5 0.78 154±3 148±1 KWS2
H,5%−B 5 1.00 154±3 137±2 KWS2 19

ues of the radii, R(ζ ) in Table 2, of the hydrogenated ultra-low
crosslinked microgels embedded in the matrix of deuterated, but
otherwise identical ULC microgels. The course of R(ζ ) vs. ζ can
be used to extrapolate the expected values of the radii of the mi-
crogels at concentrations that have not been measured directly by
SANS with contrast variation. With these extrapolated values of
the sizes of the microgels, the generalized volume fraction of solu-
tion composed purely by hydrogenated microgels can be mapped
on φ . These data are shown as empty circles in Fig. 5 and are
taken from a previous study3. It can be seen that the data agrees
with the data for φ obtained using the radii directly measured by
means of SANS with contrast variation (solid black circles).

The extrapolation of the value of radius at different ζ , and its
use to rescale ζ into φ for solutions of microgels composed of hy-
drogenated ULC microgels only, relies on the fact that despite the
deuteration, the two species of microgels are identical. This is the
case in the present study since the deuterated and hydrogenated
ultra-low crosslinked microgels used here have virtually the same
swollen size in the limit of highly diluted samples. The hydro-
dynamic radii of the two species are Rh,ULCH = 138.3± 0.6 and
Rh,ULCD = 135±1, respectively. The swelling ratio, that is the ratio
between the hydrodynamic radii measured by dynamic light scat-
tering in the swollen and collapsed state, is QULCH = 3.28± 0.03
and QULCD = 2.52±0.04 for the hydrogenated and deuterated ULC
microgels, respectively. This means that these microgels have
both the same size and approximately the same network elastic-
ity44. Though, the deuterated ULC microgels swell a bit less and,
therefore, are a bit stiffer than their hydrogenated counterpart.
A further confirmation of this is represented by the difference in
the conversion constants obtained from viscosimetry which are
related to the swelling ratio of the microgels. This different stiff-
ness might play a role at higher concentrations than the one stud-
ied here10. All measurements are performed 20 ◦C where both
the microgels are in the fully swollen soft state and the slightly
different elasticity of the polymeric networks is negligible.

Also the phase behavior of solutions of ultra-low crosslinked
deuterated microgels is the same as the phase behavior of so-
lutions of hydrogenated ultra-low crosslinked microgels: coexis-

tence between liquid and crystals appears at ζ = 0.717± 0.009
and fully crystalline samples are observed at ζ = 0.744± 0.0093.
This indicates that deuterated and hydrogenated microgels have
an identical interaction potential. All these observations justify
the assumption that the response to crowding of the deuterated
and hydrogenated microgels used in this study is the very same in
the ζ -range studied here. For this reason in Figure 5 we also plot,
as empty circles, the rescaled values of φ for samples composed
of hydrogenated microgels only3.

For low values of ζ , the points lie on the solid line φ = ζ , this
means that the microgels do not change their size and the value of
ζ gives the real volume occupied by the microgels in the solution.
The dash-and-dotted line in Figure 5 marks the value ζ = 0.58, the
lowest concentration at which glass transition happens for hard
spheres63. Above this value the radius of the ULC microgels starts
to decrease and the real volume occupied by the microgels in the
solution is smaller than the value given by ζ .

The solution of ULC microgels with the highest concentration
plotted in Figure 5 has ζ = 0.697±0.009. For higher generalized
volume fractions, we observe a significant rise of the parameter
describing the size polydispersity, p, in the fuzzy-sphere model
used to fit the SANS data, black points in Figure 6. This can be
explained by the fact that the model in Equation 5 assumes a
spherical shape for the microgels. As soon as deformations are
present, the fits try to reproduce the scattering profile generated
by a non-spherical object with a sphere. The only parameter that
can account for the non-spherical shape is the parameter describ-
ing the size polydispersity which increases with the particle defor-
mation. This reasoning, together with evidence of the faceting of
microgels at high concentration obtained from microscopy17,18,24

or measurements of the solution osmotic pressure21, has been
used in the literature to justify the observed rise of the parameter
describing the size polydispersity at high ζ for both microgels3,36

and microemulsion64. Further studies are needed to definitively
prove this point, and can take advantage of the recent advances in
computer simulations, which are able to properly reproduce the
internal architecture and response to external stimuli and crowd-
ing of microgels65–67. Starting from these microgels simulated
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Fig. 5 Volume fraction, φ , as a function of the generalize volume fraction
ζ for: 5 mol% crosslinked microgels H,5%−A (solid diamonds), 5 mol%
crosslinked microgels H,5%−B (solid squares) and ultra-low crosslinked
microgels ULCH (circles). The solid line represent φ = ζ . The dashed
line represents the maximum packing fraction of hard spheres in three
dimensions (φcp = 0.74). The dotted line represents the value of the
volume fraction for random close packed hard spheres, φrcp = 0.64. The
dash-dotted line represents the value of the volume fraction of the glass
transition for hard spheres, φglass = 0.58. The stars are values taken from
the literature29.

in-silico, one can think to impose external deformations and gen-
erate form factors of object deformed in a controlled way. The
fits of these kinds of data with the model typically used for the
analysis of small-angle scattering data can quantify the relation
between faceting and the increase in the parameter describing the
size polydispersity. These considerations suggest that at ζ & 0.74,
p increases due to the faceting of the particles and can be thought
as an apparent size polydispersity.

The mapping of φ versus ζ for the ULC microgels reveals that φ ,
deviates from the generalized volume fraction already at ζ & 0.58.
In the literature, this behavior has been shown to be due to
osmotic deswelling3,22,68. The course of the apparent polydis-
persity also suggest that after a first osmotic deswelling these
ULC microgels are easily deformed. The observation that already
at moderate concentrations, soft microgels preferentially deform
maintaining constant their volume is in agreement with a recent
study on ionic microgels where the mapping of φ on ζ was based
on measurements of the solution osmotic pressure21. A simi-
lar response has been recently observed by super-resolved mi-
croscopy measurements18 and computer simulations67. The fact
that very soft microgels start faceting at low generalized packing
fraction has been rationalized considering the balance between
the work needed to osmotically deswell a microgel, within the
Flory-Rehner framework of gel swelling, and the work needed to
deform microgels interacting with an Hertzian potential17. It is
shown that for low osmotic pressure with respect the bulk modu-
lus of the microgels, it is energetically favorable for the microgels
to facet. In contrast, when the osmotic pressure rises up, the
osmotic deswelling become favorable over faceting. The point
where deswelling overtake faceting indicates that the osmotic ef-
fects of the microgel solution as a whole dominate over the me-

Fig. 6 Size polydispersity, p, as a function of the generalize volume
fraction ζ for: 5 mol% crosslinked microgels H,5%−A (solid diamonds),
5 mol% crosslinked microgels H,5%− B (solid squares) and ultra-low
crosslinked microgels ULCH (circles). The dashed line represents the
maximum packing fraction of hard spheres in three dimensions (φcp =

0.74). The dotted line represents the value of the volume fraction for
random close packed hard spheres, φrcp = 0.64. The dash-dotted line
represents the value of the volume fraction of the glass transition for
hard spheres, φglass = 0.58.

chanical deformation due to the microgel-to-microgel contacts.
The dominance of osmotic deswelling over faceting depends on
the characteristics of the microgels that in this approximated
model are summarized by: (i) the number segments between
crosslink-points (microgels synthesized with lower concentration
of crosslinker agent have a larger number of segments between
corsslink-points); (ii) the Kuhn length of the polymer used; (iii)
the Flory-Rehner parameter. In this study, since we use pNIPAM
based microgels only (i) will change between the ULC and the
5 mol% crosslinked microgels.

Now we want to see the real volume fraction occupied by
harder microgels in solution. To do this, we summarize the re-
sults of experiments conducted on 5 mol% crosslinked micro-
gels. We notice that both the deuterated (D,5%) and the two
hydrogenated microgels (H,5%−A and H,5%−B) used for these
experiments have comparable hydrodynamic radii, RH,5%−A =

153.2±0.5 nm, RH,5%−B = 165±4 nm, RD,5% = 153±1 nm, respec-
tively. Also the swelling ratios and, therefore, the network elas-
ticity of these microgels are comparable: QH,5%−A = 2.18± 0.02,
QH,5%−B = 1.81±0.06, QD,5% = 2.12±0.03. Finally, even the phase
behavior of the 5 mol% crosslinked microgels obtained from dif-
ferent synthesis is comparable indicating that the interaction po-
tential can be considered the very same for all the three 5 mol%
crosslinked microgels used in the ζ -range studied here.

In Figure 5, the diamonds (H,5%−A) and the squares (H,5%−
A) represent the values of φ calculated using Equation 9 with
v(ζ ) computed using the radii of the microgels obtained from the
fits of the SANS data summarized in Table 2. For these more
crosslinked microgels, the relation φ = ζ holds up to a generalized
volume fraction ζ = 0.64, i.e. the random close packing concen-
tration where microgels make contact with their neighbors. This
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means that up to this concentration, the 5 mol% microgels do
not significantly change their radius. This can be explained with
the fact that the polymeric network of these microgels is harder
compared to the ULC microgels as has been confirmed recently
by atomic force microscopy (AFM)32. Consequently, their bulk
modulus is larger, and higher osmotic pressures are needed to os-
motically deswell or deform these particles. A similar observation
was made for smaller (harder) microgels embedded in a matrix
of larger (softer) microgels22.

Once ζ rises above 0.64, the radius of the microgels decreases
and the real volume fraction is smaller than ζ . In this case, given
the presence of data at high ζ , a plateau for φ can be identi-
fied. The constant value of φ for 5 mol% crosslinked (harder)
microgels is 0.74, that is the maximum packing fraction spheres
can reach in three dimensions, dashed line in Figure 5. A similar
behavior has been observed in the literature29 and the data cor-
responding to these microgels are shown in Figure 5 with stars.

An important observation is that the behavior of the two
5 mol% crosslinked microgels is virtually the same even if they
comes from two different synthesis and one - H,5%−A - has been
synthesized with the addition of APMH. Therefore, while the ad-
dition of this monomer allows the use of fluorescent labels for
super-resolved fluorescent microscopy, it does not affect the re-
sponse of these microgels to crowding. Anyhow, the addition of
salt to induce the blinking of the dye is needed to perform SRFM
measurements and this changes the experimental conditions.

To understand if the observed deswelling is associated to
faceting, the value of the parameter describing the size (or ap-
parent for high ζ ) polydispersity, p, can be monitored. This is
plotted as a function of ζ in Figure 6 for the two 5 mol% micro-
gels presented above as squares and diamonds. The values of p
are virtually constant, within the experimental errors, for both the
5 mol% microgels in all the ζ -range studied here. In contrast to
the ULC microgels, the 5 mol% crosslinked microgels do not facet
significantly up to ζ ' 1. This means that they deswell decreasing
their volume but faceting is more limited, such that there a clear
trend in the value of p vs. ζ cannot be identified in Fig. 6, and
their spherical shape is mostly preserved.

To further support this observation, the values of v(ζ )/v0 as
a function of ζ are shown in Figure 7. The data relative to
the 5 mol% crosslinked microgels are represented by diamonds
(H,5%−A) and squares (H,5%−B) while the circles correspond
to the data of the ULC microgels (ULCH). For the 5 mol%
crosslinked microgels, the variation of the volume follows a law
∝ ζ−1, which confirms that up to ζ ' 1 the dominant response to
crowding is isotropic compression. In contrast to both ionic mi-
crogels and softer microgels, the data reported here indicate that
once the stiffness of the crosslinked network increases it is easier
for the microgels to maintain their spherical shape and decrease
their volume.

Figure 7 also shows that between ζ = 0.58 and 0.70, the values
of v(ζ )/v0 relative to the ULC microgels (circles) has a depen-
dence on the generalized volume fraction that does not follows
ζ−1 confirming that for soft microgels deformations play a role
already at lower ζ . Points for ζ > 0.70, empty circles, have been
added. The values of the radii for these points are taken from a

Fig. 7 Volume normalized to the swollen volume, v(ζ )/v0, as a function
of the generalize volume fraction ζ for: 5 mol% crosslinked microgels
H,5%−A (solid diamonds), 5 mol% crosslinked microgels H,5%−B (solid
squares) and ultra-low crosslinked microgels ULCH (circles). The solid
line represent a dependence ∝ ζ−1. The dashed line represents v(ζ )/v0 =

1. The stars are value taken from the literature29.

previous study3. As mentioned above considering in Figure 6 the
increase of the values of p for the ULC microgels, these ultra-soft
microgels facet at moderate ζ . This is further supported by the
variation of v(ζ )/v0 for the ULC microgels shown in Figure 7, that
is significantly steeper than ζ−1.

4 Conclusions
This work deals with the problem of determining the real vol-
ume occupied in solution by soft deformable objects - microgels -
that can facet and/or osmotically deswell depending on the con-
centration. To determine the real volume fraction occupied by the
microgels in solution the radius of these particles is determined as
a function of the solution generalized volume fraction by means
of small-angle neutron scattering with contrast variation3,19. The
study is performed on microgels with different stiffness of the
polymeric network, namely ultra-low crosslinked microgels (soft)
and 5 mol% crosslinked microgels (hard)32.

It is found that soft microgels change their size already above
the lowest packing fraction for which the glass transition is ex-
pected for hard spheres (φ = 0.58)63. Therefore, already at these
moderate concentrations the relation φ = ζ breaks. Furthermore,
the fits of the SANS intensities show an increase of the parameter
related to the apparent polydispersity for ζ � 1, indicating that
faceting is present3,36,64.

In contrast, for harder microgels the identity φ = ζ holds up
to a ζ for which microgels make contact with their neighbors,
φrcp = 0.64. This value is above the freezing and melting point
for solutions of neutral crosslinked microgels1,2,6. Therefore, the
shift to higher ζ of the onset of the liquid-to-crystal transition -
freezing at ζ f = 0.56 and melting point at ζm = 0.61, is due to the
softer interaction potential with respect to the hard spheres (φ f =

0.494 and φm = 0.545)15, and not to an overestimation of ζ due
to particle deswelling. For these hard microgels, the parameter
describing the apparent polydispersity remains virtually constant
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along all the ζ -range studied. This means that up to ζ ' 1, hard
microgels maintain their spherical shape and change their size,
i.e. faceting is negligible.

This can be understood considering that these microgels
present a more crosslinked polymeric network. The fact that the
external part of 5 mol% crosslinked microgels is harder than the
periphery of ULC microgels has recently been demonstrated by
means of atomic force microscopy for microgels adsorbed at a
solid-liquid interface32. Furthermore, all neutral microgels con-
tain charges, deriving from fragments of the initiator, incorpo-
rated in the particle periphery42. The counter-ions associated to
these charges have been reported to be responsible for the os-
motic deswelling of the particles22,68. Therefore, at low concen-
trations, the harder shell resists deformation more than for softer
microgels. Once the counter-ion clouds surrounding the micro-
gels percolate the available volume between the microgels, the
suspension osmotic pressure increases and becomes comparable
to the microgel bulk modulus leading to the osmotic deswelling
of these harder microgels. Therefore, increasing the crosslink-
ing concentration during the synthesis makes deswelling more
favorable with respect faceting, for ζ < 1. In other words harder
microgels prefer change their volume and maintain their shape.

Further investigations are needed to properly determine the
equation of state of soft compressible microgels. The combina-
tion of small-angle neutron scattering with contrast variation and
measurements of the osmotic pressure of suspensions of micro-
gels can be a useful tool to solve this problem, and characterize
the phase behavior and the flow properties of these systems as a
function of φ . This might open to the possibility to unify some of
the recent results on the flow properties of microgels22, on their
capability to create glasses and jammed state4,7,69,70 and on their
response to crowding22,23,29.
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