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Abstract:

We propose to use zero-average contrast and tracer-SANS to directly probe the form factors of ultra-low crosslinked (ULC) pNIPAM

base microgels in overcrowded environments. For the first time we have been able to synthesize deuterated ULC microgels and we want

to use them in ZAC and as matrix where embed few protonated ULC in the tracer experiments. The measurement will be performed at

20C, where the microgels are in the swollen, soft state. The data will. be fitted using the model for fuzzy spheres. This experiment will

complete our understanding of the response of super-soft object in overcrowded environments and on the interplay between polymeric

and colloidal nature of the ULC microgels.



Our goal was to use SANS with contrast variation to directly study the response of pNIPAM 
ultra-low crosslinked microgel to the increase of the particle concentration in a matrix of 
normal D3-pNIPAM-based microgels, (C6D3H8NO)n. The characteristic of these microgels is 
that they are synthesized without the addition of crosslinker and are, therefore, the softest that 
can be obtained by means of precipitation polymerization.  
 
In contrast to other studies, here it was necessary to use a deuterated monomer with only 3 
atoms of deuterium and not 7. 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. As a 
consequence, the formation of microgels using D7-pNIPAM is precluded. Since we used a 
different monomer ([C6D3H8NO]n) with respect to the literature ([C6D7H4NO]n), the match 
point of the deuterated ULC microgels has been determined experimentally. Figure 1(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. For every selected q, the variation of the values of I(q) depends on the 
variation of Δ𝜌. 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 the scattering length 
density of the deuterated ULC microgels. The samples for SANS with contrast variation have 
been then prepared in the D11 lab in this solvent and measured. 
 
The volume fraction of the hydrogenated ULC microgels, 𝜁!, 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, 𝜁", covers a range of concentrations between 0 
and 2.14 ± 0.03. Consequently, the total generalized volume fraction, 𝜁 = 𝜁! +	𝜁", covers a 
concentration range between 0.08 and 2.22 ± 0.03. 
 
The data in Figure 1(c) are proportional to the form factors of the hydrogenated ULC 
microgels measured by SANS. The I(q)s in Figure 1 are shifted in the y-direction for clarity. 
The data are fitted using the model for a fuzzy-sphere (black solid lines), which has been 
shown to reproduce the form factors of ULC microgels. The characteristic lengths of the 
microgels (total radius, core radius, and length of the fuzzy shell) 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 Figure 1(d). 
 
The results of this experiment, together with SAXS data collected at the instrument cSAXS at 
SLS, PSI, Villigen are the central body of the article " Phase behavior of ultrasoft spheres 
show stable bcc lattices” published on Physical Review E 102, 052602 (2020) DOI: 
10.1103/PhysRevE.102.052602 by Scotti et al. 
 
 



 
Figure 1 (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 (upside triangles); 80 wt D2O (left-side triangles); 60 wt% 
D2O (circles); 50 wt% D2O (diamonds); 20 wt% D2O (right-side triangles); 0 wt% D2O (squares). The colored vertical solid 
lines represent fixed qused to extract the contrast in panel (b). (b) Scattering length density contrast, $\Delta\rho$, as a 
function of the wt% of D2O in the solvent. The different colors corresponds to the different qchosen 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 represents the match point of the deuterated ULC microgels: 55.7±0.3 wt% D2O. (c) SANS 
intensity, I(q), versus scattering vector, q, of the ultra-low crosslinked hydrogenated microgels. Data are shifted in the y-
direction for clarity. (d) Radial distribution of the relative polymer volume fraction as obtained by fits of the curves in (c) 
using the model for a fuzzy sphere. In panel (c), the concentrations from bottom to top are:  𝜁 = 0.080 ± 0.003; 0.697±0.009; 
0.86±0.01; 1.10±0.02; 2.22±0.03. All the measurements were performed at T = 20.0±0.01 C. The colors and concentrations 
in panel (b) correspond to those in panel (c). 
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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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solid lines represent fixed q used to extract the contrast in panel
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qi ) " !ρ2]. These values are plotted in Fig. 6(b). For the
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!ρ changes when the scattering length density of the solvent
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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
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0.661±0.008 133 ± 4 59 ± 2 74 ± 2 13 ± 1 10.9 ± 0.9
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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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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)
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