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ABSTRACT: The internal architecture of poly(N-isopropylacrylamide) (PNIPAM)
microgels, which switches from fuzzy-sphere to star-like structures when the standard
N,N′-methylenebis(acrylamide) (BIS) cross-linker is replaced with ethylene glycol
dimethacrylate (EGDMA), critically determines their interactions and swelling
behavior. Here, we systematically investigate the role of the surfactant and cross-
linker content in modulating the internal structure of the microgels using dynamic
light scattering, small-angle X-ray scattering, and monomer-resolved numerical sim-
ulations. We reveal that the presence of the surfactant is crucial for obtaining the
star-like architecture, and that the transition from the star-like regime to a more
core-dominated structure occurs above a threshold EGDMA concentration.
124
Monomer-resolved simulations capture how the role of surfactant differs between EG
 4/​66441999
DMA-cross-linked and BIS-cross-linked microgels.
Our findings establish a direct synthesis–structure relationship, providing a clear guidance for the rational design of soft, star-like micro-
gels with ultrasoft interactions, strengthening the connection between microgels and model star polymers.
KEYWORDS: star polymers, microgels, soft colloids, form factors, monomer-resolved simulations
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■ INTRODUCTION

Colloidal microgels, internally made by a cross-linked polymer
network, have a typical size ranging from 50 nm to 5 μm.1
This can be tuned in many ways, for example by adjusting the
affinity between the monomers and the solvent in which they
are suspended, by varying the polymer composition, and, also,
by adding stabilizing surfactants to the polymerization process
taking place during the synthesis.2,3 The ability of microgels
to respond to external stimuli, most notably temperature for
poly(N-isopropylacrylamide) (PNIPAM) ones, has made them
valuable model systems in soft matter fundamental research4–7

and promising platforms for applications ranging from drug
delivery to sensing and catalysis.8–10 The internal structure of
microgels is largely determined by the choice of synthesis con-
ditions. In particular, PNIPAM microgels are conventionally
cross-linked with N,N′-methylenebisacrylamide (BIS), yielding
an internal structure that is well-described by the fuzzy-sphere
model, featuring a densely cross-linked core and a diffuse,
loosely cross-linked corona.11 This morphology arises from
the differing reactivity ratios of NIPAM monomers and BIS
cross-linkers during precipitation polymerization, which leads
to a preferential accumulation of BIS within the core. Several
investigations have sought to go beyond this conventional archi-
tecture, attempting to engineer microgels with tailored internal
structures. These include more homogeneous microgels starting
from oligomers,12 ultralow-cross-linked (ULC) microgels that
rely on self-cross-linking of NIPAM,13–15 as well as hollow
microgels, consisting of a polymer shell with an empty cav-
ity.16,17 Additionally, core-shell microgels comprising a rigid
core onto which a PNIPAM shell is grafted are also very popu-
lar.18–20 In this context, recent works have put forward the
hypothesis that PNIPAM microgels cross-linked with ethylene
glycol dimethacrylate (EGDMA) can exhibit a star polymer
architecture,21–23 characterized by multiple linear arms radiating
from a central core. This hypothesis was confirmed in Ref 24,
which reported a direct comparison between measured form
factors for these microgels and numerical simulations of star
polymers and star-like microgels. This work thus bridged the
gap between star polymers and microgels, combining the ultra-
soft nature of the interactions of the former25 with the facile
synthesis and thermoresponsiveness of the latter. The mecha-
nism underlying this important result is rather simple:
EGDMA polymerizes much faster than NIPAM and also con-
siderably faster than BIS, so that it tends to exclusively, rather
than preferentially, accumulate within a tiny central core inside
the particle. However, Ref 24 only focused on EGDMA-cross-
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linked microgels synthesized by precipitation polymerization in
the presence of sodium dodecyl sulfate (SDS) surfactant at two
molar fractions (c, mol%) of EGDMA. In these conditions, the
internal structure of the particles at low cross-linker density
(c = 1%) was shown to be fully compatible with that of a star
polymer, thanks to a direct comparison with a numerical model
of star polymers. In addition, the effective interactions between
these star-like microgels, calculated by numerical simulations,
were found to be ultrasoft,26 in agreement with expectations for
star polymers.25,27 However, at high cross-linker content (c =
10%), the size of the EGDMA-rich core is no longer negligible
with respect to the total size of the particle, so that the form fac-
tor is no longer compatible with that of star-like particles. To
model these features, the so-called core-fuzzy-shell model was
employed, which reduces to the star-polymer model introduced
by Dozier et al.28 in the limit of a point-like core for c = 1%, suc-
cessfully reproducing the form factors for c = 10%. Moreover,
EGDMA-cross-linked microgels were found to display a superior
swelling ability and a sharper volume phase transition (VPT) as
compared to standard BIS-cross-linked microgels, confirming
the pioneering findings by Kratz et al.29 After these initial reports,
there is still the need to perform a precise and systematic assess-
ment of the relationship between synthesis protocol and struc-
ture of the polymer network to clarify under which preparation
conditions the star-like regime can be recovered. To this aim,
in this work we independently explore the role of surfactant
added in the synthesis, which is usually employed to vary the size
of standard microgels and of the cross-linker molar fraction. Both
investigations are needed in order to establish the optimal condi-
tions for obtaining star-like microgels and to fully exploit the
potential offered by soft particles capable of combining the prop-
erties of star polymers and microgels.

Regarding the role of surfactant, it is important to remark
that it is well-established that, for BIS-cross-linked microgels,
the internal structure of the microgels is essentially independent
of its presence.30 Indeed, in all cases the experimental form fac-
tors are well-described by the fuzzy-sphere model and in silico
simulations have been able to match them independently of
the amount of employed surfactant.15,31 This suggests that the
primary role of the surfactant is limited to colloidal stabilization
rather than structural modification, which may be due to the
fact that the reactivity ratios between BIS and NIPAM are not
sufficiently far apart. Conversely, the reactivity mismatch
between EGDMA and NIPAM is more pronounced, raising
the question whether SDS may actively influence the internal
architecture during particle growth. In addition, the size of the
core could grow, preventing the observation of the star-like
regime, even at low cross-linker concentration. Therefore, in
the present work we seek to determine whether the surfactant
stabilizes the growth and size of the EGDMA-rich core, and
how this, in turn, influences the final particle architecture,
whether star-like or more core-structured. Next, we also address
the role of cross-linker density in governing the transition from
a pure star-like morphology to a more core-structured one. Is a
minimum amount of c needed and how does this depend on the
amount of surfactant? To this aim, a detailed knowledge of the
internal architecture as a function of cross-linker concentration
is deemed necessary to be able to define the optimal conditions
for achieving star-like behavior.

To pursue these objectives, in this work we carry out a thor-
ough investigation combining Dynamic Light Scattering (DLS)
and Small-Angle X-ray Scattering (SAXS) across the VPT, for
B

several microgel samples, and we compare the results to
monomer-resolved numerical simulations using an in silico
method, recently generalized to the case of EGDMA-cross-
linked microgels.24 We are thus able to establish a direct corre-
spondence between synthesis conditions and internal structure,
which can be used as a guideline in the future to prepare soft
thermoresponsive particles with star-like characteristics, paving
the way for their use as model systems and in practical
applications.

■ METHODS

Microgel Synthesis

Three sets of microgels with varying cross-linking densities were
synthesized via the precipitation polymerization method. Two
sets were prepared in the presence of different amounts of
SDS, while a third one was synthesized without surfactant.
For each series, the molar percentage of the cross-linker
EGDMA was systematically varied. For the synthesis, NIPAM,
the specified amount of EGDMA and possibly the surfactant
SDS were dissolved in 26.5 mL of Milli-Q water in a 50 mL
two-necked reactor fitted with a condenser and magnetic stirrer.
The reactor was immersed in a thermostated oil bath. The solu-
tion was purged with nitrogen for one hour at room tempera-
ture before being heated to 70 °C. Polymerization was then
initiated by the controlled addition (1 mL/min) of an aqueous
solution of potassium persulfate (KPS, 11.6 mg in 1.2 mL of
deoxygenated water). The reaction proceeded under continu-
ous stirring at 70 °C for five hours. The resulting PNIPAM
microgels were purified via dialysis (cellulose membrane,
MWCO: 6–8 kDa) against ultrapure water for two weeks, with
the water being changed twice daily. Finally, the purified micro-
gel dispersions were freeze-dried and stored in the dark at 4 °C.
For the two sets of samples synthesized with the surfactant,
12.73 mg (1.6 mM) and 3.18 mg (0.4 mM) of SDS were added
to the reaction mixture. Syntheses without SDS were found to
yield stable microgels only up to 2% EGDMA; for higher
cross-linker concentrations, the suspension was found to con-
tain large aggregated microgel clusters, so that these samples
are not reported in the following. On the other hand the addi-
tion of even a small amount of surfactant (0.4 mM) enables sta-
ble synthesis at EGDMA concentrations of up to 10%. The
precise quantities of all reagents for each synthesis are detailed
in Table 1.

Dynamic Light Scattering

The hydrodynamic radius, RH, was measured as a function
of temperature using DLS. Measurements were performed with
a NanoZetaSizer apparatus (Malvern Instruments LTD)
equipped with a He-Ne laser (5 mW power, 633 nm wave-
length) that collects light at an angle of 173°. Measurements
were carried out by diluting the samples at the concentration
C = 0.01 wt % in MilliQ water in the temperature range
between 20°C and 45 °C. After each temperature change, we
equilibrated the sample for 5 minutes. Hydrodynamic radius
RH was determined by cumulant analysis.32 To describe the
swelling behavior, we fit the hydrodynamic radius versus tem-
perature (T) with the function:33

RHðTÞ=R0–ΔRtanhðsðT–TcÞÞ+AðT–TcÞ+A1ðT–TcÞ2
3
A2ðT–TcÞ (1)
https://doi.org/10.1021/acs.macromol.6c01244
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Table 1. Reagents Used in the Microgel Syntheses

SDS EGDMA NIPAM

cSDS (mM) m (mg) molar V (μL) m (mg)
fraction (%)

1.6 12.73 0.5 4.16 497.22
1.6 12.73 0.7 5.83 496.22
1.6 12.73 1 8.33 494.70
1.6 12.73 2 16.7 489.72
1.6 12.73 3 25.0 484.72
1.6 12.73 5 41.6 474.70
1.6 12.73 7 58.3 464.73
1.6 12.73 10 83.3 449.70
0.4 3.18 1 8.33 494.70
0.4 3.18 10 83.3 449.70

1 8.33 494.70
2 16.7 489.72
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where R0 is the radius of the microgel at the VPT, Tc is the VPT
temperature (VPTT), ΔR is the amplitude of the VPT and the
parameter s quantifies its sharpness. The function includes a
third-order polynomial to describe well the trend of RH(T)
over the entire temperature range, even far from Tc. To charac-
terize the VPT, we also evaluate the swelling ratio SR = RH(T =
20 °C)/RH(T = 45 °C).

Small Angle X-ray Scattering

SAXS measurements were performed at the ID02 beamline34

of the European Synchrotron Radiation Facility (ESRF).35

Samples were measured at low concentration of 0.1 wt %,
ensuring direct measuring of the microgel form factor. Indeed,
the SAXS scattered intensities can be expressed as a function
of the scattering vector q, as:

IðqÞ=ϕVðΔρÞ2PðqÞSðqÞ (2)

where ϕ is the particle volume fraction, V is the particle volume,
Δρ the scattering length density difference between the micro-
gels and the solvent, P(q) the particle form factor, and S(q) the
structure factor, which can be considered ≈ 1 as measurements
were performed in diluted condition. For measurements, sam-
ples were placed in quartz capillaries (2 mm diameter). We
acquired SAXS curves using a Eiger2X 4M pixel detector and
a beam energy of 12.23 keV, at temperatures selected between
25 and 45 °C using a Peltier stage; after each temperature
change, samples were equilibrated for 5 minutes before mea-
surements. The sample-detector distance was set to 5 m for
the smaller samples synthesized with 1.6 mM of SDS and at a
distance of 31 m for the bigger samples synthesized with
0.4 mM of SDS or without surfactant. The q-range achieved
is of 1 · 10–2 nm–1 ≤ q ≤ 1 nm–1 for the 5 m distance and of
2 × 10–3 nm–1 ≤ q ≤ 2 × 10–1 nm–1 for the 31 m distance, where
q is given by q = (4π/λ)sinθ, 2θ is the scattering angle, and λ is
the wavelength of the radiation. The exposure time for acquisi-
tions was set to 0.5 s and 10 scattering patterns were acquired
for each temperature. Scattering patterns of a capillary filled with
water were recorded for background subtraction. The processing
and averaging of the scattering patterns were performed by the
software SAXSutilities.36 Curve fitting was carried out using the
software SasView,37 employing different models for particle form
factors, as described in detail in the Results section.
C

Numerical Methods

In silico microgels are prepared following previous works.38,39

In particular, the self-assembly of a binary mixture of N attrac-
tive patchy particles of size σ is performed in a spherical
cavity of radius Z, such that the number density N/(4π/3Z3)
∼ 0.08σ–3, using the oxDNA simulation package.40 The assem-
bly is carried at low enough temperature to ensure the forma-
tion of a large, disordered network, including most of the
particles. The mixture is composed by cN cross-linking mole-
cules with valence four, and N(1 – c) particles with valence
two, describing NIPAM. To model BIS-cross-linked microgels,
the cross-linkers experience a phenomenological force:

f
→

d =
–k fBISgrr ̂ if 0<r≤D
–g fBISgr ̂ if D<r<Z

�
(3)

where r̂ is a unit vector pointing outward from the center of the
cavity, D is an intermediate length within which cross-linkers
are mostly confined, and k fBISg and g fBISgare two phe-
nomenological variables. This force pushes the cross-linkers
towards the center of the simulation box in order to produce
a rather dense core, rich in cross-linkers, to yield the typical
fuzzy sphere internal structure.39 The force parameters were
recently generalized to mimic the fast polymerization reaction
of EGDMA24 setting kEGDMA = 100 · kBIS and gEGDMA = 100
× gBIS, which were validated against experiments for c =
1% and 10% for microgels synthesized with added surfactant.
By increasing the parameters by two orders of magnitude, the
force induces a stronger confinement of EGDMA cross-linkers
within a very narrow volume in the center of the microgel with
respect to the standard BIS cross-linkers. In addition, EGDMA
cross-linkers are allowed to form bonds within themselves,
while BIS-cross-linkers are not. For EGDMA-cross-linked
microgels, the radius of the confining volume is set to D = 2σ
for c = 1% microgels with N = 42,000 monomers and for dif-
ferent cross-linker content it varies as D(c) = D(c = 1%) ×
c1/3. In this work, we use this force for several values of c and
for two different microgel sizes, N = 42,000 and N =
336,000, respectively, to compare with experiments in the pres-
ence or in the absence of added surfactant. Importantly, such a
surfactant is not employed in the simulations. Upon changing
size for the microgels, we just use appropriately rescaled values
of Z and D, in order to maintain a constant number density
within each volume. The assembly process is left to evolve until
the system reaches a large number of formed bonds. For stan-
dard BIS-cross-linked microgels, we typically reach a value of
formed bonds >99.5% of the total possible ones. At this point,
a single network containing most of the monomers with a struc-
ture that remains rather similar at subsequent times is obtained.
Afterwards, the network is frozen and the patchy interactions
are replaced by the well-established bead-spring potential for
polymers,41 which is complemented by a solvophobic attrac-
tion, modulated by the effective temperature α to take into
account the worsening of the solvent with increasing tempera-
ture.42 The mapping between α and real temperature for
EGDMA-cross-linked microgels was established in Ref 24 and
is kept the same in the present work. Importantly, the much
stronger force at play on the EGDMA cross-linkers makes the
assembly significantly more far from an equilibrium process as
compared to the BIS case. As a consequence, the resulting inter-
nal structure is sensitive to the system size: larger systems have
https://doi.org/10.1021/acs.macromol.6c01244
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more monomers available during assembly, and the out-of-
equilibrium kinetics leads to structural differences that depend
on the total size of the microgel. In contrast, when the force
on the cross-linkers is weaker, as in the BIS case, the assembly
proceeds closer to equilibrium and the internal structure
becomes essentially independent of system size. In addition,
the fast polymerization of EGDMA, accumulating at the center
of the microgels, induces a very slow dependence of the internal
structure on the assembly time, so that the latter displays aging
features at long times. We thus monitor several intermediate net-
works along the assembly process and select the optimal assem-
bly time yielding agreement with experiments. We find that this
time, as expected, varies with the size of the microgels, but is
identical for microgels with the same total number of monomers
and different cross-linker concentrations. Thus, although our
computational synthesis cannot reproduce the experimental
one, it still provides insights on the products of the polymeriza-
tion process. In particular, we find that the final number of mono-
mers in the simulations mimicking EGDMA-cross-linked
microgels is much smaller than the nominal one, corresponding
to a value of about 70% of the initial quantity. This is rather dif-
ferent from the situation observed for the modelling of BIS-cross-
linked microgels, for which more than 90% of reagents are found
to be in the final network by our standard assembly protocol.
Since all the cross-linkers react very fast, this induces a slightly
higher effective value of c with respect to the nominal one for
the simulated EGDMA-cross-linked microgels.
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■ RESULTS AND DISCUSSION

Microgels Synthesized without Surfactant

To investigate the role of the surfactant in the formation of star-
like microgels, we first focus on samples with low cross-linker
density synthesized in the absence of SDS, which are compared
to microgels obtained using 1.6 mM SDS. As put forward in the
Methods section, without using surfactant we are able to pre-
pare stable microgels only for c ≤ 2%. In Ref 24 we successfully
demonstrated that at low temperature the form factor of micro-
gels with c = 1% synthesized using surfactant is fully compatible
with that of a star polymer. In addition, the study of effective
interactions of the in silico star-like microgels also confirmed
the Gaussian nature of their interactions, typical of star poly-
mers, as opposed to the Hertzian-like ones of standard micro-
gels.26 However, it turns out that it is crucial to work with
small enough microgels to retain the star-like structure, which
is lost in the absence of surfactant. This is shown in Figure 1a,
where the direct comparison between SAXS curves collected
on the two microgels with c = 1%, one with 1.6 mM of SDS
and one without SDS, at T = 25 °C and T = 45 °C is reported.
To better visualize the differences between the two samples, the
I(q) data are plotted as a function of q × RH

T=45°C, where
RH

T=45°C is the respective hydrodynamic radius at T = 45 °C,
and arbitrarily scaled on y-axis to start from a common value
at low q. In this way, it is possible to immediately discriminate
the size effects in the measured curves. At high temperature,
it is evident that the peaks of I(q) are found to occur at iden-
tical q × RH

T=45°C-positions, with less developed peaks
occurring for the smaller microgels, due to the less resolved
inner structure. Instead, the data at T = 25 °C display
D

marked differences in the intermediate q × RH
T=45°C-range

(3 ≤ q × RH
T=45°C ≤ 10): while the sample prepared with

added surfactant shows a peak-less profile, characteristic of
a star-like structure, the one synthesized without SDS
exhibits a prominent peak. This signature indicates a differ-
ent structure, which we hypothesize to be due to the pres-
ence of a significantly larger core, probably formed during
the synthesis, when SDS is not present to stabilize small
cross-linker-rich nuclei within the initial regime of the poly-
merization process. Together with this pronounced struc-
tural difference, the swelling curves, reporting the
hydrodynamic radii as a function of temperature in
Figure 1b, also display important variations. As expected,
the presence of the surfactant strongly reduces the size of
the microgels. Both curves can be fitted using eq 1, with
the extracted parameters being reported in Table 2. In partic-
ular, the critical temperature Tc is found to be slightly lower
in the absence of SDS, a feature that is accompanied by a
lower swelling ratio SR: while in the presence of surfactant
SR even exceeds 3, we find a value close to 2.5 without
SDS, which is roughly compatible with the value usually
reported for standard, BIS-cross-linked microgels.33 This dif-
ference can arise from both from longer NIPAM side chains
extending from the core and from a lower monomer density
in the corona. Indeed the presence of SDS stabilizes a larger
number of cross-linker-rich cores, smaller in size, leaving
NIPAM to form the outer shell. Conversely, the incorpora-
tion of NIPAM within larger cores, which would explain
the features emerging at intermediate q × RH

T=45°C in the
SAXS curve at 25 °C, may cause both the reduction of the
effective arm length and the looseness of the corona. We
hypothesize that these two contributions together account
for the more pronounced deswelling ability of the microgels
synthesized with SDS and for the larger value of the sharp-
ness transition parameter s (see Table 2).

The Need of a New Model in the Absence of Added
Surfactant and Comparison with Numerical Simulations

To better investigate what happens to the microscopic structure
of the samples synthesized without surfactant, we focus on the
low-temperature form factors of microgels with both c =
1% and 2%, reported in Figure 2a,b respectively.
A pronounced first peak appears in the q-range between

2 × 10–2 nm–1 and 4 × 10–2 nm–1 (highlighted by the
green band), followed by a shoulder in the q-range between
4 × 10–2 nm–1 and 6 × 10–2 nm–1 (highlighted by the blue
band). These features were absent in the samples synthesized
with surfactant (see Figure 1). To model this behavior we
tried different models, all reported in Figure 2. We start by
using the core-fuzzyshell star model24 to fit the form factors
of microgels synthesized with 1.6 mM SDS, which consists
of two terms:

P qð Þ=A1P
c–fs
mgel qð Þ+A2Pstar qð Þ (4)

The first term, Pmgel
c–fs , describes the overall particle structure,

while the second term, Pstar, accounts for short-range correla-
tions within the polymer network. The two contributions are
weighted by the constants A1 and A2. The term Pmgel

c–fs , where
https://doi.org/10.1021/acs.macromol.6c01244
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Figure 1. Characterization of EGDMA-cross-linked microgels synthesized with c = 1% and with either 1.6 mM of SDS or without added surfactant.
In (a) SAXS form factors at T = 25 °C and T = 45 °C are plotted as a function of q × RH

T=45°C and shifted arbitrarily in the y-direction;
(b) Hydrodynamic radius as a function of temperature RH(T) obtained by DLS. Solid lines are fits according to eq. 1.

Table 2. Fit Parameters Obtained by Fitting the Swelling
Curves Reported in Figure 1b and in the Insets of Figure 5a
and b to eq 1a

c cSDS Tc s SR
(%) (mM) (°C) (°C–1)

1 0.0 31.3 ± 0.1 1.1 ± 0.2 2.46
1 0.4 32.0 ± 0.1 1.6 ± 0.2 2.89
1 1.6 32.3 ± 0.1 1.5 ± 0.2 3.15
10 0.4 30.8 ± 0.1 0.55 ± 0.05 2.14
10 1.6 31.3 ± 0.1 0.65 ± 0.05 2.40

aHere, Tc denotes the transition temperature, s quantifies the sharpness
of the transition, and SR is the swelling ratio between the low- and
high-temperature radii.
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the subscript c-fs denotes a core with a fuzzy outer shell, rep-
resents the form factor of particles modeled as a core sur-
rounded by a fuzzy shell, and reads as,

Pc–fsmgel qð Þ= 1
Vtot

ρc–ρsð ÞAs q; rcð Þ½
� �
ser on 02 S
+ ρs–ρ0ð ÞAs q; rsð Þexp –
1
2
σ2s q

2 �2 (5)
eptem
ber 2026
Here rc is the core radius with scattering length density ρc; rs
is the outer radius of the fuzzy shell, characterized by a fuzz-
iness parameter σs and scattering length density ρs; ρ0 is the
scattering length density of the solvent; and Vtot = 4

3 πR
3
t is

the total volume of the particle, with Rt ≈ rs + 2σs.
11 As(q,

R) denotes the scattering amplitude of a homogeneous
sphere of radius R and is given by:

As q;Rð Þ= 3V
sin qRð Þ–qRcos qRð Þ

qRð Þ3 (6)
E

In this model the thickness of the shell is t = rs – rc. The sec-
ond term of eq 4, Pstar(q), is the form factor proposed by
Dozier et al.28 for star polymers:

Pstar qð Þ= 4π
qξ

sin½μarctanðqξÞ�
ð1+ q2ξ2Þμ2

Γ
μ

2

� �
(7)

where μ = (1/ν) – 1, with ν the Flory solvency parameter
and ξ the maximum size of the polymer chain blobs. We find
that eq 4 is able to describe the first peak (see Figure 2), but
fails to capture the additional shoulder, highlighted in the
light blue region of Figure 2. Indeed, while the model can
produce a small shoulder, its position is constrained by the
first peak location and, therefore, it cannot be adjusted to
match the measured position of the additional peak.
Therefore, to adequately capture the experimental form fac-
tor we resort to a different model. We hypothesize that the
absence of surfactant removes a structural constraint, allow-
ing for a more articulated internal architecture. To model
this, we introduce a fuzzy interface between the core and
the shell, which amounts to generalizing eq 5 by replacing
Pmgel

c–fs(q) with the new expression Pmgel
fc–fs(q),

Pfc–fsmgel qð Þ= 1
Vtot

ρc–ρsð ÞAs q; rcð Þexp –
1
2
σ2c q

2

� ��

1 2 2

� �
2
+ ρs–ρ0ð ÞAs q; rsð Þexp –

2
σs q � (8)
in which the superscript fc–fs is an abbreviation for
fuzzycore-fuzzyshell. This term thus describes the form fac-
tor of core-shell particles in which both the core and the shell
have a fuzzy interface. Clearly, this new expression differs
from the previous one only for the addition of the fit param-
eter σc, which represents the fuzziness of the core, thus
including the previous model as a more general case. The
https://doi.org/10.1021/acs.macromol.6c01244
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Figure 2. Comparison between experimental form factors (symbols) measured at T = 25 °C for EGDMA-cross-linked microgels synthesized with-
out SDS and the different models described in the text: core-fuzzyshell star model (eq 4, solid pink lines), fuzzycore-fuzzyshell star model (eq 9,
dashed yellow lines) and fuzzycore-fuzzyshell Lorentz model (eq 10, purple lines). Data refer to microgels with c = 1% in panel (a) and 2% in panel
(b). The green and blue regions highlight the peak and the shoulder, respectively, discussed in the text.
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fuzzycore-fuzzyshell star model is then calculated as the sum
of Pmgel

fc–fs(q) and Pstar(q):

P qð Þ=A1P
fc–fs
mgel qð Þ+A2Pstar qð Þ (9)

The fit of experimental data to this model, also reported in
Figure 2, allows for an independent modulation of the shoul-
der position with respect to the main peak, improving the
agreement with experimental data. For completeness, we also
reconsider the Pstar(q) term to investigate whether it is
crucial or it can be replaced by a more standard Lorentzian
term, normally used to describe the microscopic structure
of the polymer network of standard microgels. We thus also
report results for the so-called fuzzycore-fuzzyshell Lorentz
model:

P qð Þ=A1P
fc–fs
mgel qð Þ+ A2

1+ qΞð Þ2 (10)

where Ξ is the average correlation length, that provides an esti-
mate of the average mesh of the network. We basically show in
Figure 2 that there is no difference substituting the star term
with the Lorentzian one. Thus, both models can be used to
describe the experimental data. We also note that a similar the-
oretical description has been proposed for polymer micelles by
Pedersen and Gerstenberg;43 however, the parameterization
used therein is not directly tailored to the typical structural fea-
tures of microgels, motivating us to develop the present formu-
lation. Overall, these results indicate that the internal structure of
microgels synthesized without surfactant is markedly different
from that of a star-like particle.

The complete set of form factors of microgels with c = 1% at
all investigated temperatures, ranging from 25 to 45°C, is
reported in Figure 3a with the corresponding fits by eq 10.
The model is able to capture quite well the temperature evolu-
tion of the data, which display a rather sharp transition to a col-
lapsed state between 30 and 32 °C. This is confirmed by
F

looking at the density profiles ρ(r), calculated by Fourier trans-
forming the square root of Pmgel

fc-fs as,

ρ rð Þfc–fs = 1
2π2

∫ ∞

0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Pfc–fsmgel qð Þ

q sin qrð Þ
qr

q2dq (11)

These are reported in Figure 3b for all temperatures, showing
the presence of an inner core, which shrinks slightly upon
increasing T, suggesting that it may be composed not only of
cross-linkers, but also of NIPAM monomers experiencing the
worsening of solvent quality. In parallel, the rest of the microgel,
made of essentially long chains, also compacts giving rise to a
characteristic shoulder upon crossing the VPT. These features
reinforce the idea that the core acquires a significant size in
the absence of surfactant also at very low EGDMA concentra-
tion. We confirm this microscopic picture with numerical simu-
lations of a microgel with N = 336,000 beads, assembled as
described in Methods.
The corresponding results for c = 1% as in experiments are

reported in Figure 3. In particular, the calculated form factors
and density profiles are shown in panels (c) and (d), respec-
tively, for two values of the solvophobic parameter: α = 0.0
and 0.8. These values correspond to temperatures of
T = 25 °C and T = 45 °C, respectively, following the mapping
already adopted in Ref 24. The numerical data are then directly
compared to the experimental ones using a monomer size of σ
= 3.08 nm. We note that this size is of course larger than the
actual monomer size, due to the intervening coarse-graining.
Nonetheless, previous work has systematically varied this size
and shown the robustness of the coarse-grained model to qual-
itatively capture experimental features up to a bead size of
≈20 nm.39 In this way, the simulations are able to successfully
reproduce the features in the intermediate q-range observed at
low temperatures, that were instead not present for smaller
microgels (N = 42,000), synthesized in an identical way to
the present one except for the larger number of monomers.
This is an important result, as it would be unpleasant that the
https://doi.org/10.1021/acs.macromol.6c01244
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Figure 3. (a) SAXS data (symbols) for EDGMA-cross-linked microgels with c = 1% synthesized without SDS across different temperatures and
corresponding fits (solid lines) to the fuzzycore-fuzzyshell model reported in eq 10. To improve visualization, the curves were arbitrarily offset in
the y-direction. The unshifted data, presented in actual units, are displayed in Figure S1a of the SI; (b) Radial density profiles, ρ(r), obtained via
eq 11 using the best-fit parameters of the P(q) shown in panel (a). Curves are normalized so that the spherical integral of the ρ(r) equals one;
(c) Direct comparison of the experimental form factors (simbols) with those calculated from in silico microgels (dashed lines) with the same nominal
cross-linker concentration; (d) Direct comparison between the experimentally derived ρ(r) profiles (solid lines) and those from the simulations
(dashed lines). Curves are normalized so that ρ(0) = 1. In both panels (c) and (d), simulation data are rescaled onto experimental ones using
the monomer size σ = 3.08 nm.
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in silico model should be adjusted depending on the synthesis
conditions. Indeed, previous work for BIS-cross-linked micro-
gels39 had shown no systematic dependence of the form factors
on the microgel size, although the peaks become less resolved
with a smaller number of monomers. Instead, size-dependence
strongly manifests in the experimental form factors and is also
captured by the in silico assembly, suggesting that it is a genuine
feature of EGDMA-cross-linked microgels, in contrast to BIS-
cross-linked ones, due to the strong out-of-equilibrium condi-
tions in the polymerization process, since EGDMA reacts
extremely faster than NIPAM. As a result, it is evident that a
large enough compact core must be present within the micro-
gels in order to observe the experimental features arising with-
out surfactant: a large number of monomers is thus needed in
order to populate the core in a large enough volume, likely also
involving NIPAM monomers. In contrast, in the presence of
SDS, the core remains limited in size and is therefore essentially
composed of cross-linkers only. These features are also reflected
G

in the density profiles, reported in Figure 3d, which compare
the numerical results with those extracted from the fits of the
experimental form factors. Both models indicate the presence
of the inner core, surrounded by a very large corona at low tem-
peratures. As temperature increases, the contrast between core
and corona diminishes due to the densification and collapse of
the corona. Concurrently, the corona thickness contracts, pro-
gressively erasing the fuzzy interfaces in the shell and between
the core and corona. However, simulations predict a smaller
shrinking of the inner core in comparison to experiments, prob-
ably due to the coarse-graining. Indeed, in reality, the number of
monomers in the samples is of course much larger than in sim-
ulations. Finally, it is worth noting that the ρ(r) profiles being
compared are not strictly equivalent since the experimental pro-
file represents the scattering length density, which also depends
on the specific chemical species present. Nonetheless, the agree-
ment between experiments and simulations is qualitatively very
good, thus confirming the ability of the chosen fuzzycore-
https://doi.org/10.1021/acs.macromol.6c01244
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fuzzysphere model to describe the experimental curves. Similar
results are also found for the microgels synthesized with c = 2%.
The unshifted data in real units are displayed in Figure S1b,
while Figure S2 reports the form factors alongside the simula-
tion results and the corresponding density profiles, where the
simulations are performed with in silico microgels with the
same nominal cross-linker concentration as in experiment. For
completeness, Figure S3 also shows the best-fit parameters for
the form factor of microgels synthesized without SDS for both
investigated c-values. Their behavior as a function of tempera-
ture is similar for both samples.

In order to directly compare the differences between simula-
tions of different sizes, Figure 4a displays the numerical density
profiles of both monomers and cross-linkers for simulated
microgel with c = 1%, comparing small (N = 42,000) and large
(N = 336,000) microgels. To this end, the density profiles are
rescaled along the x-axis by the radius of gyration Rg of each
microgel. The characteristic shape of the density profile of
star-like objects, consisting of a power-law decay after the core
followed by a Gaussian tail,44 is observed only for the smaller
microgels, whereas for the larger ones it is completely absent
and the tail of ρ(r) decays exponentially. In addition, there is
a much sharper interface between core and corona in large
microgels, which display a very flat region for intermediate
values of r, whereas for the small system, the density profile
decays almost continuously in the corona region. We further
observe that a larger difference between the monomers and
the cross-linkers profiles is present at short distances for large
microgels, signaling the presence of many monomers also in
that region. These features are confirmed by the snapshots
Figure 4. (a) Density profiles for the in silico microgels with c = 1% and wi
the monomers, whereas dashed lines refer to cross-linkers alone; (b) and (c) s
respectively. To visualize of the core region, half of each microgel is reported
formation, the central regions are also zoomed-in. In these cases, the bead si

H

shown in Figure 4b,c. In particular, the smaller microgel of
panel (b) exhibits a much looser external structure, character-
ized by long dangling chains and a rather dilute outer shell. In
this case, the cross-linkers are all concentrated in the inner core,
which essentially does not contain additional monomers. The
microgel also displays a rather anisotropic morphology. In con-
trast, the larger microgel of panel (c) possesses a much denser
shell and a much more spherical shape. In addition, the core
region of the larger microgels is rather extended, containing a
large number of NIPAM monomers, as clearly visible in the
zoom of the core region of the snapshots. Altogether these results
indicate that the synthesis of EGDMA-cross-linked microgels
without surfactant leads to the presence of a significant core at
the center of the microgel, which leads to the loss of the star-
like architecture, even at very low cross-linker concentration.

Increasing Surfactant Amount to Recover the Star-like
Structure

Having established the architecture of microgels synthesized with-
out using surfactant, we now investigate whether the addition of a
small amount of SDS can restore the star-like structure that is
obtained at low cross-linker content (c = 1%) and high surfactant
concentration (1.6 mM). To this end, we synthesized EGDMA-
cross-linked microgels using 0.4 mM SDS and two different molar
fractions of cross-linker, c = 1% and c = 10%. Importantly, under
these conditions, we do not detect microgel aggregation also at
high EGDMA content (c = 10%), confirming that this reduced
concentration of surfactant is sufficient to stabilize the dispersions.
Figure 5 compares the form factors of the microgels synthe-

sized with 1.6 and 0.4 mM surfactant, at c = 1% (a) and 10%
th either N = 42,000 or N = 336,000. Solid lines indicate profiles of all
napshots of the simulated microgels with N = 42,000 and N = 336,000,
with uniform bead size across both systems. To highlight the core con-
ze is not preserved and differs between the two systems.
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Figure 5. SAXS scattered intensities I(q) measured at T = 25 °C and T = 45 °C for EGDMA-cross-linked microgels synthesized with SDS 1.6 mM
and SDS 0.4 mM, at c = 1% (a) and 10% (b). Each curve is rescaled along the x-axis by the respective value of the hydrodynamic radius at T = 45 °C.
For visual clarity, the curves are also arbitrarily shifted along the y-axis. The insets in (a) and (b) display the hydrodynamic radii as a function of
temperature for the samples with c = 1% (a) and c = 10% (b). Solid lines represent fits to eq 1.
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(b), measured at T = 25 °C and T = 45 °C. To aid comparison,
each form factor has been normalized to its respective hydrody-
namic radius at T = 45 °C, RH

(T=45°C). The raw data for the
samples synthesized with 0.4 mM SDS are shown in
Figure S4. At c = 10%, the close overlap of the form factors
of the two samples indicates that the internal structure is largely
unaffected by the concentration of SDS in the synthesis. At high
temperature, the more pronounced peaks for the sample with
low SDS content reflect improved resolution of the internal
structure for larger microgels. In contrast, at c = 1%, some dif-
ferences emerge, particularly at low temperature. The peak-less
scattering profile observed for 1.6 mM SDS becomes a broad
peak centered at q × RH

(T=45°C) ≈ 4 for 0.4 mM SDS,
signaling the emergence of a more distinct core. Despite this,
the core–fuzzyshell star model (eq 4) is still able to provide
Figure 6. SAXS scattered intensities I(q) (symbols) for EGDMA microgels
perature range between 25 and 45 °C. For visual clarity each curve is shifted a
ing fits performed with the core-fuzzy shell model (eq 10).

I

an excellent fit across the entire temperature range
(25–45 °C) for both c = 1% and c = 10% (Figure 6a,b, respec-
tively), in analogy to the case of 1.6 mM SDS. The correspond-
ing fit parameters are summarized in Figure S5.
The swelling curves for these microgels in comparison to the

ones at higher SDS content are shown in the insets of
Figure 5a,b, for c = 1% and c = 10%, respectively. We observe
that the swelling behavior of the sample containing 0.4 mM
SDS closely mirrors that of the 1.6 mM SDS sample. For c =
1%, the fit parameters, reported in Table 2, are substantially
closer to those of the high-surfactant sample than to the
surfactant-free one. This indicates that even a small amount of
SDS is sufficient to restore the sharp swelling characteristics
typically associated with the star-like regime. It is also worth
noting that simulations of star polymers26 similarly predict a
synthesized with SDS 0.4 mM for c = 1% (a) and 10% (b) in the tem-
rbitrarily along the y-axis. In both panels, solid lines are the correspond-
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small but finite peak in the form factor, reflecting the presence
of a tiny compact core.

Taken together, these results demonstrate that a star-like
behavior is successfully recovered at low EGDMA content,
despite the core not being strictly point-like, in the presence
of a small amount of SDS. Conversely, the absence of SDS
causes the microgels to acquire a much more pronounced struc-
ture, more similar to a core-shell structure, losing the peculiar
characteristics of star-like microgels, both in terms of internal
structure, that needs to be described by a different model, and
of swelling properties. Furthermore, the addition of a small
amount of SDS enables the synthesis of stable microgels at
high c, yielding samples whose structural features, aside from
the expected difference in overall size, closely resemble those
obtained with a higher surfactant content. These findings enable
the preparation of stable EGDMA-cross-linked microgels with
radii around 300 nm and below. Note that, however, the
absence of surfactant did not produce much larger microgels,
Figure 7. SAXS scattered intensities I(q) (symbols) for EGDMA-cosslinked
T = 25 °C (a) and T = 45 °C (b). Solid lines represent fits in which the form
eq 4. For visual clarity curves are shifted arbitrarily in the y direction. (c) an
square root of eq 5 inserting the parameters of the fits reported in panel (a) a
gral of the ρ(r) equals one.

J

due to their change in the corona properties, best visible in
the simulation results of Figure 4.

Varying Cross-Linker Density at High Surfactant
Concentration

In this section we focus on microgels synthesized using high
surfactant concentration (1.6 mM SDS) and varying the cross-
linker density between c = 0.5% and c = 10%, in order to char-
acterize in detail the structural changes occurring as a function
of EGDMA concentration. Figure 7 reports the SAXS charac-
terization of the microgels, with panels (a) and (b) displaying
the scattering intensity, I(q), at T = 25 °C and T = 45 °C,
respectively. The full set of measured curves at all intermediate
temperatures is provided in the SI (Figure S6a–h). All SAXS
profiles, at both 25 and 45 °C, can be described using the
core-fuzzyshell star model of eq 4. The scattering curves at
25 °C reveal a structural evolution with increasing cross-linker
concentration. For c ≤ 1%, the intensity curves lack a distinct
microgels synthesized with SDS 1.6 mM with c between 0.5 and 10% at
factor P(q) is described by the star-like fuzzy-sphere model reported in
d (d) radial density curves calculated as the Fourier transform of the
nd (b), respectively. Curves are normalized such that the spherical inte-
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shoulder in the intermediate q-range, resembling the star-like
structure, with a small core and an extended corona. In contrast,
for c ≥ 2%, a more evident shoulder emerges, indicative of the
presence of a larger core. The distinction between the two sets
of samples, c ≤ 1% and c ≥ 2%, is preserved also at 45 °C.
Samples with c ≤ 1% collapse into a compact, sphere-like struc-
ture, evidenced by the characteristic peaks of a sphere in their
form factors. Conversely, samples with c ≥ 2% exhibit an addi-
tional shoulder preceding the first peak, suggesting that a more
complex internal architecture is present also in the collapsed state.

The radial density profiles ρ(r) corresponding to the form
factors of panels (a) and (b) of Figure 7 are reported in panels
(c) and (d), respectively. The profiles are calculated through
eq 11, where Pmgel

fc–fs(q) is replaced by Pmgel
c–fs(q) using the best-fit

parameters. The curves, as noted from the qualitative analysis
of form factors, reveal two distinct structural behaviors depend-
ing on EGDMA concentration. Samples with c ≤ 1% at 25 °C
(Figure 7c), exhibit a smaller core compared to their higher
cross-linker counterparts. Upon collapse (Figure 7d), these
samples exhibit a structure that resembles the fuzzy sphere
one, as evidenced by the markedly reduced contrast between
the density of the core and that of the shell. Samples with c ≥
2%, on the other hand, display a larger core at 25 °C. Upon col-
lapse, these samples retain a well-defined core-shell architecture,
as evidenced by the pronounced and persistent gap between the
Figure 8. Fit parameters of the scattering intensity curves as a function of tem
(c) fuzziness of the shell σs; (d) μ = (1/ν) – 1, with ν the Flory solvency p

K

densities of the core and shell. We notice that this step-like
behavior is most evident for c = 1%, rather than for c =
0.7% and c = 0.5%, which display a slightly more evident peak
in the form factor and a slightly larger difference between the
core and shell in the density profiles. This suggests that the
rapid polymerization kinetics of EGDMA can introduce vari-
ability among the synthesized microgels, likely due to differ-
ences in cross-linker accumulation within the core region. For
a more quantitative description, we analyze the temperature
dependence of the best-fit parameters obtained from fitting
the I(q) form factors. These are shown in Figure 8, providing
information on the structural evolution of the microgels with
increasing c and with temperature. Panel (a) shows the trend
of the core radius, rc. For microgels with c ≤ 1%, rc is initially
small (≤15 nm) and increases as the temperature increases
above the VPTT. This occurs because, at low temperature,
these particles possess a very tiny core. Upon heating above
the VPTT, the entire microgel collapses into a nearly spherical
particle, leading to an increase in the apparent core size. Since
the density difference between the core and the shell is very
small, as previously noted in the discussion of Figure 7d, there
is little distinction between the core and shell regions in the col-
lapsed state. In contrast, for samples with c ≥ 2%, rc starts at a
value roughly twice that of the low cross-linker microgels at
low temperature and remains nearly constant upon heating.
perature: (a) radius of the core rc; (b) thickness of the shell t = rs – rc;
arameter.
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This indicates that these microgels possess a more rigid and
well-defined core, whose size appears to be largely independent
of the cross-linker content within the c ≥ 2% regime. During
collapse, this core retains its distinctness and is largely unaf-
fected by the collapse of the outer shell. Notably, within the
low cross-linker regime, rc does not increase coherently with
the nominal c. The scattering curve for c = 1% is essentially fea-
tureless in the intermediate q-range, allowing it to be fitted with
a wide range of small rc values. Conversely, the curves for c =
0.5% and 0.7% show a very faint shoulder, which constrains
the fit to a finite, albeit small, core size. As noted above, this
non-monotonic trend and the appearance of an extremely weak
shoulder may result from variations in effective cross-linker
incorporation during synthesis. Panel (b) displays the tempera-
ture dependence of the corona thickness, t, which generally
decreases with T for all samples. Next, panel (c) shows the evo-
lution of the parameter σs which denotes the fuzziness of the
shell which also decreases very sharply at the VPTT following
the expected ordering in c. Indeed, while at low temperatures
Figure 9. Experimental SAXS intensities (symbols) of EGDMA-cross-linked
calculated for in silico microgel models (solid lines) for (a) T = 25 °C (α =
best description of the experimental data where the c content is used as an adju
density profiles, ρ(r), of the in silico microgels at the respective effective te
(c) represent fits of the profiles according to eq S12.

L

σs systematically decreases with increasing c, above the VPTT
it converges to a common value of just a few nanometers for all
microgels. This negligible interfacial width confirms a complete
particle collapse and a loss of the distinct fuzzy-shell structure.
The last reported parameter μ, in panel (d), is related to the
Flory solvency parameter ν through the relation μ = (1/ν) – 1.
From the value expected in good solvent at low T, μ ≈ 0.66, it
increases with temperature, as expected, due to the worsening
of the solvent condition. At high temperatures, no clear trend with
cross-linker concentration is observed; moreover, as noted by
Dozier et al.,28 this fitting procedure does not allow for an accu-
rate determination of μ, limiting its interpretation to a qualitative
indicator of solvent quality.
We finally compare SAXS data with numerical simulations

with N = 42,000 at varying cross-linker concentration, deter-
mining in this way the effective EGDMA content, which can dif-
fer from its nominal value, that best matches the experimental
data. In Figure 9a,b, we thus report the comparison between
the calculated form factors for the in silico microgels and the
microgels synthesized with 1.6 mM SDS overlaid with the form factors
0.0) and (b) 45 °C (α = 0.8). The numerical curves correspond to the
stable parameter with respect to the nominal one; corresponding radial
mperatures α = 0.0 (c) and α = 0.8 (d). The dashed lines in panel
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measured ones at T = 25 °C and T = 45 °C, respectively. The
mapping between the effective temperature α and real temper-
ature T is kept fixed, as described in Methods. Instead, the
q-scale is adjusted for each simulated microgel by using a spe-
cific monomer size, which is reported in Table S1. In order to
provide the best agreement, we allow c to be a free parameter,
in the sense that in the simulations, we choose the value of c
to ensure that the form factor of the corresponding microgel
best reproduces the experimental one, irrespective of the exper-
imental cross-linker density. This is due to the fact that, as
observed in the evolution of the form factor fit parameters
reported in Figure 8, results for c ≥ 2% are all very similar to
each other and do not follow a progressive evolution as it would
be seen in the simulations. For completeness, the simulated
form factor with varying nominal c at low T are reported in
Figure S7. It is notable that the SAXS data for microgels with
nominal c ≤ 1% are all well described by the in silico microgel
with c = 1%. Instead, in order to adequately fit the experimental
data for microgels with a nominal c = 2%, a substantially higher
cross-linker content (c = 5%) is required in the simulations.
This finding is consistent with the previous observation that
the microgels separate into two distinct sets. The first set, with
c ≤ 1%, exhibits star-like characteristics. The second set, with
c ≥ 2%, shows a clear structural change, due to the larger
cross-linker incorporation, which leads to a substantial increase
of the microgel core size.

From a quantitative perspective, we find that a precise corre-
spondence between the nominal cross-linker concentration
used in the experimental synthesis and that used in the in silico
synthesis does not hold. Instead, the best match between the
experimental and calculated form factors is achieved as follows:
experimental data for c of 0.5, 0.7, and 1% correspond to a sim-
ulation with c = 1%; experimental data for c = 2%, 3%, and
5% correspond to c = 5% in simulations; finally experimental
data for c = 7 and 10% can be identified with the nominal values
7 and 10% in simulations, respectively. These best fits are
reported in Figure 9a,b for 25 and 45 °C, respectively, denoting
a rather good quantitative description of all experimental data
with a single unifying numerical model. Panels (c) and (d) of
Figure 9 also show the corresponding radial density profiles,
ρ(r), directly calculated from simulations that best represent
each experimental form factor. In particular, the ρ(r) profiles
reveal a clear jump in core size between simulations with c =
1% and c = 5%, consistent with the step-like behavior observed
experimentally. Interestingly, at low T, all the curves are com-
patible with the theoretical star behavior that can be expressed
as proposed in Ref 44 and detailed in the SI (eq S12). Thus,
a power-law decay is visible at intermediate distances followed
by Gaussian decay at large ones, as shown by the fits also
reported in Figure 9c, suggesting a star-like profile of the outer
corona at all c, despite the core possessing a distinct, finite size.
This confirms that the cross-linkers are mostly segregated inside
the core and that the corona is predominantly made of free
arms, independently on the different size and composition of
the core when varying c.

■ CONCLUSIONS

In this work, we have investigated in detail the relationship
between synthesis conditions and the resulting internal struc-
ture of thermoresponsive EGDMA-cross-linked microgels, with
the aim of defining the optimal parameters for achieving a star-
M

like architecture. First of all, we focused on the role played by
the surfactant, commonly employed in the synthesis of micro-
gels to target the desired size of the particles. While for BIS-
cross-linked microgels, it is well-established that surfactant plays
a minor role in the internal structure of the particles, the present
combined experimental and computational approach demon-
strates that the presence of SDS is crucial for steering the parti-
cle morphology away from a conventional core-shell structure
and toward the star-like regime. Indeed, in the absence of
SDS, even at a low nominal cross-linker concentration of 1%,
microgels develop a large, distinct core, as evidenced by the
emergence of characteristic features in the SAXS form factor.
This core is not solely composed of EGDMA but also incorpo-
rates a significant fraction of NIPAM monomers. This morphol-
ogy was successfully captured by the fuzzycore-fuzzyshell
model, which generalizes the previously established core-
fuzzyshell model, used to fit microgels synthesized with surfac-
tant, by allowing the core to have a fuzzy interface with the
shell. Importantly, the same in silico model previously devel-
oped to model EGDMA-cross-linked microgels synthesized
with surfactant24 can be directly applied to the microgels syn-
thesized without SDS, by simply employing a sufficiently large
number of monomers (N = 336,000). This pronounced size-
dependence in both experiments and simulations highlights
the fundamental difference of the growth mechanism in the
absence of surfactant with respect to BIS-cross-linked microgels.
Furthermore, in the absence of SDS, microgels with c> 2% were
not found to be stable after the synthesis, rather forming larger
aggregates that had to be discarded from the present study.
Next, we verified that the addition of just a small amount of

SDS (0.4 mM) in the synthesis is sufficient to restore star-like
behavior for microgels with c ≤ 1%. This is evidenced by the
form factor profile, again compatible with the core-fuzzyshell
model, which is accompanied by a sharp volume phase transi-
tion and a high swelling ratio. These are the hallmarks of micro-
gels with star-like architecture, making them promising for
applications and for fundamental studies.26 These findings indi-
cate that SDS is able to stabilize the growth of the core during
the early stages of polymerization, preventing the increase of its
size that would compromise the star-like structure. Moreover,
the addition of 0.4 mM SDS enables the synthesis of stable
microgels also at high EGDMA content, up to c = 10%.
These particles have dimensions that are found to be compara-
ble to those synthesized without surfactant (at low EGDMA
content), yet possess structural features, including the form fac-
tor and swelling behavior, that closely resemble those of micro-
gels prepared with a higher surfactant concentration (1.6 mM).
Finally, we investigated in detail the role played by cross-

linker density at high SDS concentration, in order to establish
the optimal regime for star-like behavior. We find that already
for c = 2%, the presence of a finite core becomes relevant, so
that the internal structure is dominated by a dense, persistent
core regardless of the amount of SDS used in the synthesis. In
this regime, the particle architecture changes with increasing c,
from a star-like to a core-shell morphology, both of which can
be successfully described by the core-fuzzyshell star model.
In summary, the present study provides a comprehensive

framework for the rational synthesis of EGDMA-cross-linked
microgels. We have established that the star-like architecture,
a desirable state for creating ultra-soft colloids, is achievable
under two key conditions: a low molar fraction of EGDMA
(c ≤ 1%) and the presence of even a small amount of surfactant
https://doi.org/10.1021/acs.macromol.6c01244
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to stabilize core growth. These findings not only bridge the gap
between the fields of star polymers and microgels but also pro-
vide a practical synthesis guide for creating model soft particles
with tunable interactions for fundamental studies and applica-
tions. We are confident that our results will stimulate scientific
activity for utilizing EGDMA-cross-linked microgels in a wide
range of studies, from the fundamental exploration of the phys-
ics of crowded environments and rheological properties of soft
colloids, to the application as high-performance components in
smart delivery systems and responsive materials.
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