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Phase behavior of ultrasoft spheres show stable bcc lattices
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The phase behavior of supersoft spheres is explored using solutions of ultralow cross-linked poly(N-
isopropylacrylamide)-based microgels as a model system. For these microgels, the effects of the electric charges
on their surfaces can be neglected and therefore only the role of softness on the phase behavior is investigated.
The samples show a liquid-to-crystal transition at higher volume fraction with respect to both hard spheres and
stiffer microgels. Furthermore, stable body centered cubic (bcc) crystals are observed in addition to the expected
face centered cubic (fcc) crystals. Small-angle x-ray and neutron scattering with contrast variation allow the
characterization of both the microgel-to-microgel distance and the architecture of single microgels in crowded
solutions. The measurements reveal that the stable bcc crystals depend on the interplay between the collapse and
the interpenetration of the external shell of the ultralow cross-linked microgels.

DOI: 10.1103/PhysRevE.102.052602

Colloidal dispersions are suitable model systems to repro-
duce the behavior of atomic systems and complex fluids. For
instance, the possibility to have entropy-driven phase transi-
tions was largely debated in the condensed matter community
and was only predicted theoretically [1–3]. The entropy-
driven formation of crystals was first proven by Pusey and
van Megen in the late 1980s using a solution of polymethyl-
methacrylate (PMMA) hard spheres [4]. From this moment,
colloidal dispersions have been largely used to explore phase
transitions both in two and three dimensions [5–8]. The afore-
mentioned studies used suspensions of hard incompressible
colloids, which were sterically stabilized.

At the same time as the experiments of Pusey and van
Megen, Pelton and Chibante synthesized monodisperse spher-
ical cross-linked polymeric networks based on the monomer
N-isopropylacrylamide (NIPAM) [9]. The resulting poly-N-
isopropylacrylamide (pNIPAM)-based microgels have been
largely used to explore phase transition and flow properties
of soft spheres due to their colloidal size and intrinsic softness
[10–18]. Indeed, softness (that is, the capability to deswell,
deform, or interpenetrate) has a strong impact on the phase
transitions and rheological properties of solutions of spheres.
For instance, the boundary of the transition between liquid
and crystalline phases are shifted to higher concentrations [19]
as predicted by computer simulations [20]. Furthermore, size
polydispersity suppresses the crystallization of hard spheres
when it is as high as 12%. In contrast, solutions of soft micro-
gels can crystallize even when the nominal size polydispersity
is close to 20% [13]. This is due to the capability of microgels
to adjust their size in response to variations in the osmotic

pressure of the solution [18]. In particular, larger microgels
deswell first and fit into lattices composed of the smallest
microgels without giving rise to defects [21,22].

It is worth noting that even if pNIPAM-based microgels are
usually referred to as neutral, a significant amount of charges
are incorporated at the microgel’s periphery due to initiator
fragments [23]. These charges, and the corresponding ions,
play a fundamental role in determining the swelling behav-
ior of microgels in concentrated solutions as shown both by
experiments [13,18] and computer simulations [24,25].

Therefore, to study the phase behavior of truly neutral
soft spheres, the number of charges on the microgel’s sur-
face has to be minimized. This can be achieved using the
so-called ultralow cross-linked (ULC) microgels that are syn-
thesized without the addition of cross-linker agents during
the precipitation polymerization. The networks are formed
via atom abstraction reactions during the polymerization of
NIPAM initiated with a peroxydisulfate initiator [26]. During
the synthesis of ULC microgels, many polymeric chains, and
the associated charged fragments of the initiators, precipitate
in the polymer globules but are not chemically attached to
the network. These chains are washed out of the microgels
during purification, which is confirmed by the very low yield
of the precipitation polymerization of ULC microgels (≈10%)
compared to the yield of regularly cross-linked microgels
(≈90%). This means that the ULC microgels incorporate a
lower amount of polymeric chains and associated charges,
with respect to microgels synthesized with the use of a cross
linker [27,28]. The lower surface charge of ULC microgels
with respect to microgels synthesized with the addition of
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cross linker is confirmed by measurements of their elec-
trophoretic mobility shown in the Supplemental Material [29].
For these reasons, we can consider ultralow cross-linked mi-
crogels as almost neutral soft spheres. Details on the synthesis
and the characterization of the swelling behavior of the ul-
tralow cross-linked microgels used in this study with dynamic
light scattering can be found in the Supplemental Material
[29].

Because of their poorly cross-linked network, ULC mi-
crogels show a more pronounced deswelling behavior when
embedded in a matrix of regularly crosslinked, stiffer mi-
crogels [28]. Furthermore, their bulk rheological properties
present features in common with both hard spheres and
flexible macromolecules, depending on the concentration of
the solution [30]. This particle-to-polymer transition is also
prominent when these ULC microgels are confined to an inter-
face: The dominance of their polymeric or particle-like nature
depends on both their concentrations [27] and the adsorption
procedures [31].

In this study, we use solutions of ULC microgels to explore
the phase behavior of soft spheres. The liquid-to-solid phase
transition is shifted to higher generalized volume fraction
with respect to both hard spheres and conventionally cross-
linked microgels. Furthermore, the phase behavior shows a
stable body centered cubic (bcc) lattice, which is not observed
for other colloids. The coexistence of bcc lattice with face
centered cubic (fcc) lattice, expected for hard spheres and
other microgels, is rationalized by means of small-angle scat-
tering experiments. We probe both the microgel-to-microgel
arrangement in solution [x rays, small-angle x-ray scatter-
ing (SAXS)] and the structure of the single microgels as
a function of concentration [neutrons, small-angle neutron
scattering (SANS) with contrast variation]. The comparison
between the results of these techniques shows that bcc crystals
appear in the concentrations area where the collapse of the mi-
crogels competes with their capability to interpenetrate their
neighbors.

I. PHASE BEHAVIOR

At constant temperature and pressure, the quantity that
determines the phase behavior of solutions of microgels is
the volume occupied by the microgels in the solution; this is
the volume fraction. In contrast to hard spheres that have a
well-defined border and, therefore, volume, microgels have a
fuzzy periphery that makes it hard to define their volume. It is
well accepted that a generalized volume fraction can be used
to describe the packing density of soft microgels [32–35]:

ζ = NVsw

Vtot
, (1)

where Vtot is the volume of the solution and N and Vsw are the
number and the volume of the microgels in diluted solution,
respectively. ζ is connected to the weight concentration via
a constant that can be obtained by measuring the viscosity
of highly diluted solutions of microgels [19,36]. This method
is also valid to determine the generalized volume fraction of
ULC microgels [30].

A series of samples have been realized by successive dilu-
tion, starting from a microgel solution with ζ = 1.50 ± 0.02.

ζ
0.72 0.75 0.79

(a) (b)

FIG. 1. (a) Solutions of ultralow cross-linked microgels with
increasing generalized volume fraction, ζ , from left to right. (b) So-
lution composed by a mixture of deuterated and hydrogenated (ζH =
0.080 ± 0.003) ULC microgels at ζ = 0.750 ± 0.009. The irides-
cence due to the Bragg peaks is visible in crystalline samples. All
samples were stored at 20.0 ± 0.5 ◦C.

The starting solution was prepared adding bidistilled water to
the microgel powder obtained from the lyophilization of the
purified solution resulting from the synthesis (Supplemental
Material [29]). The weight concentrations have been con-
verted into generalized volume fractions using the conversion
constant obtained from viscosity measurements, K = 44.9 ±
0.01. The series of samples covers a range of ζ between
0.354 ± 0.006 and 1.50 ± 0.02.

The crystals formed in the solutions of ULC microgels are
clearly visible by eye as green spots in Fig. 1(a). Crystals
are not visible up to a concentration of ζ f = 0.717 ± 0.09
where they appear at the bottom of the vials and coexis-
tence between crystals and liquid is observed. ζ f is known
as freezing point. With increasing ζ , the volume fraction of
the solutions occupied by crystals increases linearly [12] until
ζm = 0.744 ± 0.009. For this volume fraction, crystals are
present in the entire volume of the solution. ζm is called the
melting point.

The values of ζ f and ζm are significantly larger than
the values usually observed for the freezing and melting
points of solutions of microgels synthesized with the addition
of cross-linker agents (referred to as regular microgels in
the following): 0.56 and 0.61, respectively [13,19,35,37,38].
Computer simulations have shown that the shift of the bound-
aries of these phase transitions is related to a softer interaction
potential acting between the microgels in solution [1,20].

The fact that ζ f and ζm are at values larger than those
for regular microgels indicates that the interaction between
ULC microgels is softer. This fact is further confirmed by
the increase of the elastic modulus of the solutions of ULC
microgels with ζ . The black squares in Fig. 2 are the values
of Gp, the plateau of the elastic modulus, measured with
oscillatory frequency sweep. Recently, it has been shown that
a correct description of the microgel-to-microgel interaction
can be achieved using a phenomenological multi-Hertzian
model [39] that depends on the concentration regime and,
therefore, on the different length scales that characterize the
microgels [33,40]. However, a simple but instructive method
to compare the softness of the microgel-to-microgel interac-
tion is to assume a potential of the form U (r) ∼ r−n. When
the potential has this form, the dependence of Gp on ζ is
Gp ∼ ζ (1+n/3).

For the ULC microgels used here, a fit of the data in
Fig. 2 leads us to estimate nULC = 7.7 ± 0.2. Following the
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FIG. 2. Values of the plateau of the elastic modulus of solutions
of ultralow cross-linked microgels, Gp, vs generalized volume frac-
tion, ζ (black squares). The red line represents the fit of the data using
Gp ∼ ζ (1+n/3). The dashed, dotted, and dash-dotted lines represent
the increase of Gp as a function of ζ for 10 mol% and 1 mol%
cross-linked microgels and linear polymer, respectively [27,30].

computer simulations in Refs. [1] and [20], the value of nULC

leads to a prediction for the freezing point at 0.70 of the
packing fraction, in excellent agreement with our system that
has ζ f = 0.717 ± 0.09.

nULC = 7.7 ± 0.2 is comparable to the values obtained
for other solutions of ULC microgels [27,30]. This value is
significantly lower with respect to the exponent found for
cross-linked microgels. As a comparison, the dashed and dot-
ted lines represent the course of 10 and 1 mol% cross-linked
microgels, respectively [27,30] that have n ≈ 20. As a fur-
ther comparison to the ULC microgels, the course for linear
polymer is shown by the dash-dotted line, npoly = 2.3 [41].
Figure 2 highlights that the ULC microgels interact with a
microgel-to-microgel potential softer than regular microgels
but still harder than linear polymers.

II. STRUCTURE FACTOR ANALYSIS:
SMALL-ANGLE X-RAY SCATTERING

A more detailed characterization of the structures of the
concentrated solutions, shown in Fig. 1(a), has been achieved
using small-angle x-ray scattering. In these experiments, the
scattered intensity, I (q), is proportional to the product be-
tween the form factor, P(q), and the structure factor, S(q),
which equals 1 in the limit of infinite dilution. The form
factor contains all the information (size, polydispersity, shape,
internal architecture) about the single scattering object. The
structure factor depends on the particle-to-particle arrange-
ment.

A. Detector images

The images of the SAXS detector are shown in Fig. 3.
The different panels correspond to the different generalized
volume fractions of the solutions. The black circle in the

ζ = 0.498 ± 0.004 ζ = 0.639 ± 0.008

ζ = 0.699 ± 0.009 ζ = 0.744 ± 0.009 ζ = 0.80 ± 0.01

ζ = 0.90 ± 0.01 ζ = 1.00 ± 0.01 ζ = 1.20 ± 0.02

ζ = 0.619 ± 0.007

(a) (b)

(d)

(g)

( f )(e)

(c)

(i)(h)

FIG. 3. Detector images acquired by SAXS measuring solutions
of microgels with increasing generalized volume fraction (ζ ) from
panels (a) to (i). All samples have been measured at T = 20.0 ±
0.1 ◦C.

center of all the images is the mask used to cover the forward
scattering of the direct beam in close proximity to the beam
stop. In all the images, a light blue circle is visible. This
corresponds to the values of the scattering vector, q, where
it is most likely to find a microgel; in real space, this is the
nearest neighbor distance, dnn. With increasing concentration
from 0.498 ± 0.004, Fig. 3(a), to 1.20 ± 0.02, Fig. 3(i), the
radius of this circle increases. This corresponds to an increase
of the scattering vector and, therefore, a decrease of dnn.

Two examples of the scattering patterns of crystalline sam-
ples are shown in Figs. 3(e) and 3(f). Yellow spots, which
correspond to higher intensity, are clearly visible over the un-
derlying light blue circles. These dots are due to the scattering
from the ordered lattices formed by the microgels. The pres-
ence of multiple dots relatively close to each other indicates
that the samples present many polycrystalline domains with
different orientations. Furthermore, the absence of a second
ring of Bragg peaks indicates that these crystals are small and
the order is limited to short length scales. Indeed, the absence
of higher Bragg reflections has been reported in the liter-
ature for both microgels and hard sphere suspensions related
to the presence of defects in the crystalline lattice mainly due
to size mismatch between the particles forming the crystals
[13,42].

B. Intensities and structure factors

Figure 4 shows a series of I (q) for samples at differ-
ent concentrations, from ζ = 0.639 ± 0.008 (bottom) to ζ =
1.20 ± 0.02 (top). Data are shifted in the y direction for clar-
ity. These curves are obtained performing a two-dimensional
(2D) integration of the images shown in Fig. 3 and have been
background subtracted. The first observation is that in all the
curves there is a clear peak corresponding to the light blue
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FIG. 4. SAXS intensities, I (q), vs scattering vector, q, of solu-
tions of microgels with increasing concentration from bottom to top:
ζ = 0.639 ± 0.008, ζ = 0.699 ± 0.009, ζ = 0.744 ± 0.009, ζ =
0.80 ± 0.01, ζ = 0.90 ± 0.01, ζ = 1.00 ± 0.01, and ζ = 1.20 ±
0.02. Data are shifted in the y direction for clarity.

circles observed in Fig. 3. These peaks shift to higher q, that
is, smaller nearest-neighbor distance (dnn), with increasing
the concentration of microgels in solution (from bottom to
top). For liquid and glassy samples, dnn ≈ 2π/qmax, with qmax

being the value of q corresponding to the maximum of the
first peak [32,43]. For crystalline lattices, dnn depends on the
lattice constant, but this relation is different for different crys-

talline lattices. For instance, with a being the lattice constant,
dnn = a/

√
2 for a face centered cubic (fcc) lattice, while for a

body centered cubic crystal dnn = a
√

3/2.
The peaks of the third and fourth I (q)s from the bottom

corresponds to Figs. 3(e) and 3(f). The data clearly show
Bragg peaks detected in the scattering experiment. As noted
above, only first-order peaks are visible. This indicates that
at short length scales the samples are strongly ordered and at
larger length scales the order is lost: The crystals are relatively
small and polycrystalline samples form with defects in the
lattice [13,42].

Structure factors S(q) are obtained by dividing the mea-
sured intensities, I (q), by the SAXS intensity of the ULC
microgels measured in diluted solutions (ζ < 0.05) that is
proportional to the form factor P(q) of the ultralow cross-
linked microgels. This means that we are neglecting the
possible deswelling and/or deformation of the microgels at
high packing fractions. Nevertheless, it has been shown that
this approach leads only to an error of �5% [13,18]. Since
we are mainly interested in the features of the first peak, this
procedure is therefore appropriate.

C. Structure factor of disordered samples

Figure 5 shows the structure factors of the concentrated
microgel solutions. We notice that, as expected, all the struc-
ture factors (blue squares) reach the plateau value of 1 (black
horizontal lines) for high q.

The first two panels show the structure factors of liquid
samples at packing fractions ζ = 0.4980 ± 0.004 and ζ =
0.619 ± 0.007, Figs. 5(a) and 5(b), respectively. The red lines

(a) (b) (c)

(d) (e) ( f )

FIG. 5. Structure factor (blue squares) of solutions of ultralow cross-linked microgels at packing fractions equal to (a) ζ = 0.4980 ± 0.004,
(b) ζ = 0.619 ± 0.007, (c) ζ = 0.744 ± 0.009, (d) ζ = 0.758 ± 0.009, (e) ζ = 0.78 ± 0.01, and (f) ζ = 0.80 ± 0.01. [(a), (b)] The red solid
lines represent fits of the data with a Percus-Yevick structure factor [44]. [(c)–(f)] The vertical lines represent the expected positions of Bragg
peaks for fcc (red) and bcc (dashed green) crystalline lattices. The horizontal black lines correspond to S(q) = 1.
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represent fits of the data with the Percus-Yevick structure
factor [44] where the microgel generalized packing fraction,
ζPY , and the radius of the microgels are fitting parameters.
The fits have been performed using SASVIEW 4.2.2 software.
This model has already been used to describe solutions of
compressible microgels at low packing fraction [17,45,46]. It
is clear that while the position and the intensity of the first
peak of the structure factor is well reproduced by the model,
the data are not reproduced for high q. This may be due to the
rapid decrease of the order in the samples and to the fact that
we are neglecting changes in the form factor depending on
concentration. Other factors that can lead to this disagreement
between the data and the model are the low contrast of the
ULC microgels and the fact that the Percus-Yevick structure
factor we are using is aimed for low concentrated solutions
of hard spheres [47]. Nevertheless, the values obtained for the
generalized volume fraction ζPY are consistent with the value
of ζ obtained from viscosity measurements (Supplemental
Material [29]). Furthermore, the nearest neighbor distance
obtained from the fits are in good agreement with the dnn

obtained from qmax.

D. Structure factor of crystalline samples

Figures 5(c) to 5(f) correspond to the structure factors of
the crystalline samples. As mentioned above, we notice that
only the first Bragg peaks are visible, revealing the presence
of small polycrystalline domains with different orientations
within the samples and with a significant number of defects in
the different lattices [13,42]. The vertical red lines represent
the expected peak positions of microgels crystallizing in a fcc
lattice. Except for the sample in Fig. 5(e), all the other struc-
ture factors contain additional peaks that cannot be related
to an fcc lattice. The additional peaks can only be explained
by the coexistence in the sample of crystals with a different
lattice. While fcc is the equilibrium structure, microgel solu-
tions can also crystallize in hexagonal or random hexagonal
close-packed (hcp and rhcp, respectively) lattices since these
structures are obtained by a different stacking of hexagonal
planes [46] and are energetically very close to the fcc arrange-
ment [48–50]. Therefore, we tried to reproduce the position of
the additional peaks using either hcp or rhcp lattices. For both
these crystalline structures, the lattice constants that reproduce
the positions of the first peaks in Figs. 5(c), 5(d) and 5(f) lead
to positions of second peaks which are not in agreement with
the measured second peaks in the structure factors. This is due
to the selection rules of the Bragg reflections for these lattices
[51]. Therefore, hcp and rhcp lattices have been excluded.

Softness of the microgels can lead to the formation of crys-
tals with unexpected lattices in comparison to hard spheres,
e.g., metastable body centered cubic [46,52]. The first peak,
marked by the first green dashed lines in Figs. 5(c), 5(d)
and 5(f), is due to the reflection from the plane (1,1,0) in
the conventional unit cell of bcc [51]. Despite the absence of
higher order peaks, the presence of the bcc crystals is the most
reasonable option since it leads to lattice constants compara-
ble to the one of the fcc lattices and is in agreement with the
SANS experiments presented later. Furthermore, the presence
of a bcc lattice is supported by previous data in the literature
related to solutions of soft microgels [46,52]. Nevertheless,

we highlight that while in Refs. [52] and [46] the bcc crys-
tals were metastable, the extreme softness of the interaction
potential between ULC microgels leads to the coexistence of
two stable crystalline lattices, fcc and bcc, respectively.

III. RESPONSE OF ULTRALOW CROSS-LINKED
MICROGELS TO CROWDING: SMALL-ANGLE

NEUTRON SCATTERING

To have further insight into the behavior of these ultrasoft
microgels in solution, we now focus on the single micro-
gel response to crowding. Recently, we have shown that the
ultralow cross-linked microgels are significantly compressed
once embedded in a matrix of regular microgels [28]. This
study revealed that ULC microgels preferentially deswell,
in contrast to microgels synthesized with the addition of a
cross-linker agent that show a strong interpenetration of their
neighbors [28]. The different response depends both on the
difference in bulk moduli between the ultralow cross-linked
and the regular microgels, but also on their different inter-
nal structures [27,28]. Here the response of ULC microgels
embedded in a matrix of deuterated ([C6D3H8NO]n), but oth-
erwise identical, ULC microgels has been studied. The use
of a matrix of deuterated microgels is essential to measure
the single microgel signal, where I (q) ∝ P(q), in crowded
environment by means of SANS with contrast variation. The
measurements have been performed on the D11 instrument
[53] at the Institut Laue-Langevin and on the KWS-1 [54]
and KWS-2 [55] instruments operated by JCNS at the Heinz
Maier-Leibnitz Zentrum (Supplemental Material [29]). In
contrast to other studies [18,28,32,56,57], here it was neces-
sary to use a deuterated monomer with only three atoms of
deuterium and not seven. The reason for this is that in the
D7-pNIPAM the isopropyl group of NIPAM is deuterated and
consequently the cross linking is strongly restrained [26]. As
a consequence, the formation of microgels using D7-pNIPAM
is precluded.

A. Experimental determination of the match point

Since we used a different monomer ([C6D3H8NO]n) with
respect to the literature ([C6D7H4NO]n) [18,28,32,56,57],
the match point of the deuterated ULC microgels has been
determined experimentally. Figure 6(a) shows the scattered
intensities of highly diluted solutions of D3-ULC microgels
as a function of the scattering vector, q, suspended in various
D2O/H2O mixtures, namely 0, 20, 50, 60, 80, and 100 wt.%
D2O.

Clearly, with increasing the content of D2O from 0 to
60 wt.%, the contrast get increasingly worse, as shown by
Fig. 6(a). For the last two mixtures, 80 and 100 wt.% D2O,
the contrast is good again. Since all the solutions have the
same concentration and contain the very same microgels, the
only reason for the changes in the scattered intensities is due
to variations of the scattering contrast between the deuterated
microgels and the solvent, �ρ. Therefore, to find �ρ, dif-
ferent scattering vectors (q1, q2,..., q5) are selected [vertical
lines in Fig. 6(a)] and the square root of the values of the
corresponding I (q)s at different contrast are taken for each
qi, with i = 1 . . . 5 [for diluted solutions I (q = qi ) ∝ P(q =
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(a) q1 q2 q3 q4q5

(b)

FIG. 6. (a) SANS intensity, I (q), as a function of the scattering
vector, q, of the deuterated-ULC microgels probed at 20.0 ± 0.1 ◦C
suspended in D2O/H2O mixtures with 100 wt.% D2O (upward-
pointing triangles), 80 wt.% D2O (left-pointing triangles), 60 wt.%
D2O (circles), 50 wt.% D2O (diamonds), 20 wt.% D2O (right-
pointing triangles), and 0 wt.% D2O (squares). The colored vertical
solid lines represent fixed q used to extract the contrast in panel
(b). (b) Scattering length density contrast, �ρ, as a function of the
wt.% of D2O in the solvent. The different colors corresponds to the
different q chosen in panel (a) to extract the contrast. The solid lines
represent linear fits of the data. The dashed black horizontal line
shows the zero contrast line. The black solid vertical line represent
the match point of the deuterated ULC microgels: 55.7 ± 0.3 wt.%
D2O.

qi ) � �ρ2]. These values are plotted in Fig. 6(b). For the
mixtures with 60, 80, and 100 wt.% of D2O, the negative
solutions for the contrast has been selected since the sign of
�ρ changes when the scattering length density of the solvent
crosses the match point.

For every selected q, the variation of the values of I (q)
depends on the variation of �ρ. For all the chosen q, a linear
fit is performed. All the fits cross the zero axes (dashed black
line) in the very same point: 55.7 ± 0.3 wt.% D2O, that is,

TABLE I. Generalized volume fractions, ζ , and fitting param-
eters as obtained from the fit of the SANS data. All the samples
reported in the table have been measured at constant temperature
(20.0 ± 0.01 ◦C). The corresponding fits and radial distributions are
shown in Fig. 7 and the Supplemental Material [29].

ζ RSANS (nm) Rc (nm) 2σ (nm) ξ (nm) σp (%)

0.080 ± 0.003 136 ± 3 48 ± 1 88 ± 2 12 ± 2 9.5 ± 0.7
0.593±0.007 135 ± 3 53 ± 1 81 ± 2 12 ± 2 11 ± 1
0.661±0.008 133 ± 4 59 ± 2 74 ± 2 13 ± 1 10.9 ± 0.9
0.697±0.009 132 ± 4 58 ± 1 74 ± 3 13 ± 1 10.1 ± 0.6
0.750±0.009 116 ± 4 78 ± 2 38 ± 2 12 ± 1 14.0 ± 0.9
0.79±0.01 105 ± 4 88 ± 1 16 ± 3 12 ± 1 13.4 ± 0.9
0.86±0.01 98 ± 2 97 ± 1 7 ± 1 14 ± 1
0.91±0.01 98 ± 1 97 ± 1 6 ± 2 14 ± 1
0.98±0.01 94 ± 2 93 ± 1 5 ± 2 15 ± 1
1.10±0.02 92 ± 1 92 ± 1 6 ± 1 16 ± 2
1.29±0.02 90 ± 3 90 ± 1 5 ± 1 18 ± 2
1.66±0.02 72 ± 3 72 ± 1 4 ± 1 17 ± 2
2.22±0.03 70 ± 4 70 ± 1 4 ± 1 16 ± 1

the scattering length density of the deuterated ULC microgels.
The samples for SANS with contrast variation have been pre-
pared in this solvent. The scattering length density obtained
experimentally is 3.137 × 10−6 Å−2. The experimental value
is very close to the theoretical value of 2.949 × 10−6 Å−2

calculated from the scattering lengths of the atoms composing
the deuterated monomer [58]. The difference between the
two values can be due to the incorporation of fragments of
the initiators or to impurities in the deuterated monomer or
solvent.

B. Form factor analysis in crowded environments

The volume fraction of the hydrogenated ULC micro-
gels, ζH , is kept constant and equals 0.080 ± 0.003 in all
the samples measured with SANS with contrast variation.
The generalized volume fraction of the deuterated microgels
composing the matrix where the hydrogenated ULC microgels
are embedded, ζD, covers a range of concentrations between 0
and 2.14 ± 0.03. Consequently, the total generalized volume
fraction, ζ = ζH + ζD, covers a concentration range between
0.08 and 2.22 ± 0.03.

The data in Fig. 7(a) (and in the Supplemental Material
[29]) are proportional to the form factors of the hydrogenated
ULC microgels measured by SANS. The I (q)s in Fig. 7 are
shifted in the y direction for clarity. The data are fitted using
the model for a fuzzy sphere [59,60] (black solid lines), which
has been shown to reproduce the form factors of ULC micro-
gels [27,28]; therefore, this model has been chosen instead
of newly developed routine for the data fitting [61,62]. The
characteristic lengths of the microgels (total radius, RSANS;
core radius, Rc; and length of the fuzzy shell, 2σ ) obtained
from the fits of the data are used to plot the radial distribution
of the relative polymer volume fraction within the microgel
shown in Fig. 7(b) (and in the Supplemental Material [29]).
The parameters obtained from the fits, together with the mash
size ξ and the size polydispersity σp, are shown in Table I.
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(a)

(b)

ζ = 0.080 ± 0.003
ζ = 0.697 ± 0.009
ζ = 0.86 ± 0.01
ζ = 1.10 ± 0.02
ζ = 2.22 ± 0.03

FIG. 7. (a) SANS intensity, I (q), vs scattering vector, q, of the
ultralow cross-linked hydrogenated microgels. Data are shifted in the
y direction for clarity. (b) Radial distribution of the relative polymer
volume fraction as obtained by fits of the curves in (a) using the
model of Ref. [59]. In panel (a), the concentrations from bottom
to top are ζ = 0.080 ± 0.003, 0.697 ± 0.009, 0.86 ± 0.01, 1.10 ±
0.02, and 2.22 ± 0.03. All the measurements were performed at
T = 20.0 ± 0.01 ◦C. The colors and concentrations in panel (b) cor-
respond to those in panel (a).

The blue symbols in Fig. 7(a) represent the form factors
of the hydrogenated ULC microgels in the dilute condition
(ζ � 0.080 ± 0.003), i.e., without the addition of deuterated
ULC microgels. The total radius in the swollen state, at
20.0 ± 0.1 ◦C, is 136 ± 3 nm. This value is in agreement with
the value of the hydrodynamic radius of the ULC microgels
(Rh = 138.3 ± 0.6 nm) obtained from dynamic light scatter-
ing measurements of diluted solutions analyzed with second
cumulant analysis [63,64]. The size polydispersity and the
mesh size are σp = 9.5 ± 0.7% and ξ = 12 ± 2 nm.

When the concentration of the deuterated ULC microgels
increases, a shift of the oscillation of the form factors can be
observed in Fig. 7(a). The oscillation of the form factor of
the hydrogenated microgels in the dilute condition is between

5 and 8 × 10−2 nm−1, blue symbols in the bottom curve.
In contrast, the oscillation of the form factor for the sample
at the highest concentration we measured, ζ = 2.22 ± 0.03,
appears between 7 and 9 × 10−2 nm−1, dark green symbols
in the top curve. Such a shift is compatible with a change in
size and/or architecture of the microgels as a consequence of
the increased concentration. The fits of the data for all the ζ

measured confirms this and the results are reported in Table I.
The additional curves and fits are reported in the Supplemental
Material [29].

The hydrogenated ULC microgels embedded in a matrix of
deuterated, but otherwise identical, ULC microgels, maintain
their size, almost unchanged up to a concentration of ζ =
0.697 ± 0.009. Not only the total size but also all the charac-
terizing lengths of the microgel’s internal structure (Rc, 2σ , ξ )
are virtually the same, within the experimental errors. The ra-
dial profiles are shown in Fig. 7(b) according to the values re-
ported in Table I. As can be seen, the radial profiles at concen-
trations ζ � 0.7 are all virtually the same (see Fig. 7(b) and
the Supplemental Material [29]. This means that the ULC mi-
crogels are not compressed for moderate concentrations. This
behavior is consistent with what is observed in the literature:
microgels with comparable bulk moduli preferentially inter-
penetrate with their neighbors [28,32] or facets maintaining
their volume constant [33,65] at moderate packing fractions.

When ζ = 0.750 ± 0.009 the fit of the data shows that the
ULC microgels are compressed and the radius is 116 ± 4 nm
(Table I). This compression is mainly due to the compres-
sion of the fuzzy external shell that decreases its length to
38 ± 2 nm, almost half of the length with respect to the
previous fits. A further increase in concentration leads to a
more pronounced collapse of the ULC microgels and at ζ =
0.86 ± 0.01, the external fuzzy shell is completely collapsed,
Fig. 7(b). For ζ > 0.80, in Table I the length of the fuzzy shell
is not indicated since the fits lead to values lower than 1 nm,
which is below the SANS resolution.

With increasing ζ , a constant decrease of the radius of
the microgel is observed. This decrease holds until ζ > 1.69.
Above this value, the radii of the microgels seem to reach
a constant value of ≈70 nm. This is shown in the curves
corresponding to ζ = 1.10 ± 0.02 and ζ = 2.22 ± 0.03 in
Fig. 7(b). The complete variation of the radial profiles for all
the samples measured is shown in the Supplemental Material
[29].

C. Deformation and apparent polydispersity

An important point is that our model is assuming a spheri-
cal symmetry for the microgels. Nevertheless, super-resolved
microscopy has shown that for other microgels, larger than
those we are using in this study, faceting and deformations
arise at high packing fraction [33,66]. As has been shown pre-
viously for nanoemulsion droplets, an increase of the fitting
parameter related to the polydispersity is consistent with the
deformation, and the consequent loss, of spherical symmetry
[67]. Therefore, at high concentrations, this fitting parameter
has to be interpreted as an apparent size polydispersity that
accounts for the faceting of the scattering object.

Figure 8 shows the increase of the parameter σp as a
function of ζ . We think that the increase in the (apparent)

052602-7



A. SCOTTI et al. PHYSICAL REVIEW E 102, 052602 (2020)

FIG. 8. Values of the fitting parameter σp as obtained from the
fits in Fig. 7 and the Supplemental Material vs the generalized vol-
ume fraction.

polydispersity observed in our samples for ζ > 0.74 can be
explained by the partial faceting of the ULC microgels. It
should also be taken into account that the polymeric net-
work of the ULC microgels does not possess a well-defined
gradient of cross linker. This leads to a large variation in
the bulk moduli between different ULC microgels, which in
two dimensions has been shown to be responsible for the
suppression of crystallization [27]. This fact, together with
the observation that in bulk the softest microgels deswell at
lower concentrations with respect to those with slightly larger
bulk moduli [18,21,65], can also be the reason for the trend
of the (apparent) polydispersity in Table I. Nevertheless, this
increase in the (apparent) polydispersity is not suppressing the
crystallization, as shown by the sample at ζ = 0.750 ± 0.009
in Fig. 1(b).

D. Estimation of the volume fraction φ

A general problem when dealing with soft deformable
microgels is to access the real volume fraction, φ, that is,
the real volume occupied by the microgels in solution, and
not the generalized volume fraction that does not account for
osmotically induced size change. To address this problem, we
can use the data on the size change of the microgels obtained
with SANS with contrast variation. Nevertheless, as discussed
in Sec. III C, the observed decrease in size for ζ � 0.74
is accompanied by an increase in the parameter describing
the polydispersity, indicating that the microgels are deviating
from a spherical shape. This means that we cannot use the
values of RSANS to compute reliable values for φ for ζ � 0.74
since in this region deformation plays a role.

Nevertheless, we can compute the volume fraction
for lower concentrations, in this case we have φ =
ζ (RSANS(ζ )/RSANS(ζ = 0.080))3. The values for φ are re-
ported in the Supplemental Material [29].

Figure 9 shows the course of the calculated φ versus ζ

determined experimentally using the weight concentration of
microgel in the solution and the conversion constant obtained
from the viscosimetry measurements. As can be seen for low

FIG. 9. Values of the volume fraction φ computed using the
sizes for the hydrogenated ultralow cross-linked microgels obtained
by SANS vs the generalized volume fraction ζ . Circles represent
samples composed of a mixture of deuterated and hydrogenated
microgels while the squares represent samples composed of hydro-
genated microgels only. The solid black line corresponds to φ = ζ

while the dashed red line represents the random close packing limit
for hard spheres, φrcp = 0.64.

concentrations, ζ � 0.54, the data follow the line φ = ζ , solid
black line. This means that the microgels do not change size,
i.e., that the bulk modulus of the microgels in solution is
larger than the solution osmotic pressure [18,25]. Then, at
ζ > 0.54, the data starts to deviate from this law indicating
that osmotic-deswelling begins. It should be noted that the
change in size happens well before the direct contact between
the microgels (φrcp = 0.64), as already reported in the litera-
ture [18,21,25,67]. Finally, with increasing concentration the
data seem to flatten at the value of the random close packing
for hard spheres, φ = 0.64; see the dashed red line in Fig. 9.
This is consistent with the fact that, once the concentration
rises more, the microgels also have to change their shape to
continue to fit in the available volume. The consequence of
this is the increase of the parameter describing the polydisper-
sity, as discussed in Sec. III C. Another point to notice is that
crystals do not form for φ < 0.64, this is in agreement with
previous studies made on soft ionic microgels, where it was
observed that softer microgels crystallize at higher packing
fractions (not generalized), with respect to harder microgels
and hard spheres [12].

IV. COMPARISON BETWEEN SMALL-ANGLE X-RAY
AND NEUTRON SCATTERING

We notice that the crystals in the solution composed of
a mixture of deuterated and hydrogenated ULC microgels
appear at the same concentrations as the samples composed
only by hydrogenated ULC microgels, i.e., the phase behavior
of the different solutions is the same. This further confirms
that the deuterated microgels are identical to the hydrogenated
ULC microgels except for the presence of the three atoms of
deuterium per NIPAM monomer. This allows us to directly
compare the data we obtained from SAXS and from SANS.
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Interpenetration

Deswelling

FIG. 10. Particle diameter 2RSANS (measured with SANS, blue
circles) and nearest neighbor distance dnn (measured with SAXS,
black solid squares) vs generalized volume fraction ζ for ultralow
cross-linked microgel solutions. Red curve is a fit of the dnn data for
0.60 � ζ � 1 to the function cζ−1/3 with fit parameter c.

Figure 10 compares the nearest neighbors distance ob-
tained from SAXS, dnn (black squares), with the diameter
of the hydrogenated ULC microgels embedded in the matrix
of deuterated ultralow cross-linked microgels measured by
SANS with contrast variation, 2RSANS (blue circles).

Let us consider first the behavior of dnn as a function of
the generalized volume fraction ζ . For ζ � 0.60, the nearest
neighbor distance is constant: The red horizontal line is drawn
at the average value 〈dnn〉 = 256 nm. For 0.60 � ζ � 1, the
data decrease as a function of ζ−1/3. This behavior is consis-
tent with an isotropic deswelling of the particles as reported
in the literature [13,18,32,57]. The red line in Fig. 10 is a
fit of the data 0.60 � ζ � 1. For ζ � 1, the data show a
compression that has a stronger dependence on ζ . This can
be explained by the deformation of the particles in response
to the overcrowding.

Now let us focus on the values of the diameter of the
ULC microgels. The blue circles that lie in the yellow area
of Fig. 10 represent concentrations for which the ULC micro-
gels have a diameter larger than the center-to-center distance
between the microgels in the solution: At these concentra-
tions, the microgels interpenetrate each other and maintain an
external fuzziness (Fig. 7(b), Table I, and the Supplemental
Material [29]).

In contrast, the blue circles in the green area of Fig. 10
represent solutions at ζ where the diameter of the ultralow
cross-linked microgels is smaller than the center-to-center dis-
tance between two neighbors; i.e., the microgels are deswollen
and in contact with each other without (or with very limited)
interpenetration and external fuzzy shell (Fig. 7(b), Table I,
and the Supplemental Material).

As mentioned above, when microgels with different bulk
moduli are mixed together the softest microgels deswell first
with respect to microgels with slightly larger bulk moduli
[18]. This mechanism allows for crystals to form at higher
polydispersity with respect to hard spheres [13,21,65]. Ul-

tralow cross-linked microgels do not have a well-defined
crosslink distribution, due to the absence of cross-linking
agent during the synthesis. Consequences of this are the
observed large differences in stretching of ULC microgels
once adsorbed at the interfaces which reveal a significant
variation of bulk moduli between different ULC microgels
[24,25,27,68].

The red rectangular area in Fig. 10 represents the range of
concentrations where the coexistence between stable bcc and
fcc lattices has been observed. As can be seen in this region,
we register the passage from interpenetration to deswelling.
The two mechanisms are competing. In this region, ULC
microgels with softer bulk moduli have a collapsed fuzzy shell
while ULC microgels with a larger number of cross links or
with a different topology of the network maintain a fuzzy
periphery. This fact can be used to explain the variation of
σp versus ζ in Fig. 8 but also to understand the coexistence
between bcc and fcc lattices.

Deswollen ULC microgels are similar to spheres with-
out fuzziness. These systems obey the maximum packing
fraction rule: To increase the configurational entropy of the
system, they maximize the packing fraction due to pure
excluded-volume interactions. For spheres in bulk, the max-
imum packing fraction is reached in a fcc lattice [48,69].

In contrast, particles with a less defined—fuzzy—
periphery, such as the swollen ULC microgels, maximize their
configurational entropy by increasing the contacts between
neighbors [70]. This criterion has to be fulfilled since the
particle-to-particle interaction for these systems scales with
the contact area. In this scenario, the most efficient structure
to maximize the contact area between neighbors is the bcc (or
A15) lattice [70,71].

In the region of transition between fuzzy and collapsed ul-
tralow cross-linked microgels, in the red area of Fig. 10, there
are (deswollen) microgels which maximize their configura-
tional entropy following the maximum packing fraction rule
and other microgels (with external fuzziness) which maximize
their configurational entropy, thus maximizing the contact
area with their neighbors. The collapsed microgels form fcc
crystals while the still fuzzy microgels form bcc crystals.

The coexistence in the solutions of microgels with slightly
different sizes, due to the more or less pronounced collapse of
their external fuzzy shell, is also consistent with the absence of
higher Bragg reflections observed in the SAXS experiments.
The crystals that these microgels form have different struc-
tures, fcc or bcc, but also incorporate a significant number of
defects, due to the size mismatch. These defects have been
recognized as the reason for the absence of a second ring of
Bragg reflection [13,42].

V. CONCLUSIONS

In this study, the phase behavior of supersoft spheres has
been characterized. Our model system for supersoft spheres
consists of solutions of ultralow cross-linked microgels. These
microgels incorporate the lowest number of charges compared
to microgels synthesized with the addition of cross-linker
agents. Therefore, the effects of the counterions on the so-
lution osmotic pressure [12,18,68] and, consequently, on the
microgel phase behavior [13,24], are limited. This allows us

052602-9



A. SCOTTI et al. PHYSICAL REVIEW E 102, 052602 (2020)

to study the phase behavior of soft spheres as a function of the
packing fraction only.

The phase behavior presents the expected liquid-to-crystal
transition and the formation of dense disordered states. The
freezing and melting points are shifted to higher pack-
ing fractions, ζ f = 0.717 ± 0.09 and ζm = 0.744 ± 0.009,
respectively. These values are significantly larger as com-
pared to the typical values of ζ f = 0.56–0.58 and ζm =
0.61 observed for other solutions of almost neutral micro-
gels [13,19,35,37,38]. The shift of the boundaries of the
liquid-to-crystal transition in our system is consistent with
the prediction of computer simulation for particles interacting
with very soft potentials [20].

The complex interplay between compression and inter-
penetration of the ultralow cross-linked microgels has been
directly probed combining small-angle x-ray and neutron
scattering with contrast variation to access both the particle-
to-particle distance and the shape of the single microgels.
These measurements reveal the coexistence between fcc and
bcc stable lattices. The latter was observed as metastable lat-
tice in solutions of stiffer microgels [46,52] or for nucleation
of crystals of weakly charged colloids [72]. The stable bcc
crystals are due to the fact that in the concentration range
where crystals form, some of the ultralow cross-linked micro-
gels maintain their fuzzy shell partially swollen. Therefore,
because their interaction is dependent on the contact area with
their neighbors, their configurational entropy is maximized by
a bcc lattice [70].

Because of the easy synthetic protocol and the fine control
over the size and size polydispersity, ultralow cross-linked
microgels represent valid model systems for supersoft spheres

to investigate the role of softness on the crystallization pro-
cess. They can be used in the future to investigate the
prediction of the nucleation rate for soft spheres and compare
it to the prediction for hard spheres [5,73]. Furthermore, ul-
tralow cross-linked microgels can be used to investigate the
glass and jammed states. We recently demonstrated that they
can form both glass and jammed samples [30]. Even in this
case, the advantage of using ULC microgels over other mi-
crogels is that the effects of charges and of osmotic deswelling
are minimized.

All the data used for this paper are available, by request
[74].
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