
HAL Id: hal-04485303
https://hal.science/hal-04485303

Submitted on 1 Mar 2024

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Distributed under a Creative Commons Attribution 4.0 International License

A “Limited Aggregation Model” to Predict the Size of
Acrylamide-Based Microgels Synthesized with Ionic

Surfactants
Antoine Brézault, Véronique Schmitt, Valérie Ravaine, Patrick Perrin, Nicolas

Sanson

To cite this version:
Antoine Brézault, Véronique Schmitt, Valérie Ravaine, Patrick Perrin, Nicolas Sanson. A “Lim-
ited Aggregation Model” to Predict the Size of Acrylamide-Based Microgels Synthesized with Ionic
Surfactants. Macromolecular Chemistry and Physics, 2023, pp.2300372. �10.1002/macp.202300372�.
�hal-04485303�

https://hal.science/hal-04485303
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://hal.archives-ouvertes.fr


RESEARCH ARTICLE
www.mcp-journal.de

A “Limited Aggregation Model” to Predict the Size of
Acrylamide-Based Microgels Synthesized with Ionic
Surfactants

Antoine Brézault, Véronique Schmitt, Valérie Ravaine, Patrick Perrin, and Nicolas Sanson*

The size of acrylamide-based microgels can be decreased by addition of ionic
surfactants during the classical dispersion polymerization. Nevertheless, the
mechanism of such syntheses is not well understood yet. Here, a “Limited
Aggregation Model” is proposed by analogy with the limited coalescence
mechanism occurring for Pickering emulsion stabilization. In such a model,
nuclei aggregate until a constant, high enough surfactant surface coverage is
reached, which ensures colloidal stability. Consequently, the total surface of
the growing particles, linked to the inverse of their size, is linearly dependent
on the surfactant concentration. This law is verified if the surfactant/polymer
particle interaction is high enough to guarantee a “total adsorption” of the
surfactants onto the particles. This simple model fits very well with all the
data extracted from the literature, including very different synthesis
conditions. Finally, it not only permits to predict the microgels size, but it is
also an interesting tool to investigate the role of each synthesis parameter like
initiator, solvent or polymer. For instance, it shows that the surfactant role is
not linked to its charge, proving that a phenomenon complementary to the
electrostatic repulsion, related to the surfactant tail, ensures the colloidal
stability of the growing collapsed microgels.
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1. Introduction

Microgels are defined as colloidal particles
made of tridimensional macromolecular
crosslinked networks swollen by a solvent.
Usually, their size varies from a few dozens
of nanometers to micrometer in the swollen
sate and they form colloidal dispersions in
water. Since their discovery in 1986 by Pel-
ton et al.,[1] microgels have garnered sig-
nificant attention from the scientific com-
munity owing to their wide-ranging appli-
cations in various fields.[2,3] They serve as
drug carriers in the biomedical field,[4,5]

have the ability to adsorb at interfaces to
stabilize Pickering emulsions or foams,[6–8]

find utility in the field of photonics,[9,10] and
can be assembled to create larger smart
materials.[11,12] In all these cases, microgels
are of great interest since they can response
to diverse stimuli and especially tempera-
ture. Indeed, the most famous responsive
microgels are poly(N-isopropylacrylamide)
(PNIPAM)-based ones. The NIPAM poly-
mer chains exhibit a Lower Critical Solution

Temperature (LCST) behavior in water which endows the micro-
gels with an ability to collapse when the temperature is raised
above 32 °C. Such property is not only useful for many applica-
tions but also permits the synthesis of these microgels by disper-
sion polymerization. Indeed, in this process the synthesis reac-
tion takes place at a temperature higher than the LCST of PNI-
PAM, temperature at which the growing polymer chains collapse
in water, and bound together thanks to a crosslinker, to form mi-
crogel precursor particles. Then, microgels grow, by addition of
other chains and monomers or by aggregation. By adjusting the
synthesis conditions, the size of the microgels can be fine-tuned,
which is of paramount importance for numerous applications.

Pelton was the first to prove that the size of PNIPAM-based
microgels could be efficiently tuned by adding an ionic surfac-
tant like Sodium Dodecyl Sulfate (SDS) during the dispersion
polymerization.[13] Following Pelton’s pioneering works, numer-
ous fundamental studies have been conducted to understand the
mechanism involved in these syntheses.[14–19] It is a general trend
that surfactants decrease the size of formed microgels. They
obviously contribute to the stabilization of growing particles,
which consequently reduce their size by limiting their growth.
It is generally admitted that the charges coming from the ionic

Macromol. Chem. Phys. 2023, 2300372 2300372 (1 of 11) © 2023 The Authors. Macromolecular Chemistry and Physics published by Wiley-VCH GmbH

http://crossmark.crossref.org/dialog/?doi=10.1002%2Fmacp.202300372&domain=pdf&date_stamp=2023-12-10


www.advancedsciencenews.com www.mcp-journal.de

Figure 1. Scheme of the growth of particles during the synthesis of microgels according to a model of nuclei aggregation limited by the surfactant surface
coverage ΓSDS,tot. In such model the final size of the collapsed microgels DH,collapse is inversely proportional to the concentration of surfactant CSDS.

surfactants and initiators can promote colloidal stability of the
collapsed microgels through electrostatic repulsion. More re-
cently, Hellweg suggested that interfacial tension could also play
an important role to explain the colloidal stability.[20] Neverthe-
less, to the best of our knowledge, a general model which links
the size of the microgels to the surfactant concentration does
not exist yet. Besides, the understanding of which effect(s) al-
low(s) reaching the colloidal stability during the synthesis is not
achieved yet. Even for surfactant-free synthesis, the effects of ini-
tiator, salt, crosslinker, polymer content, temperature, on the size
of the resulting microgels is not entirely clarified despite some
well-conducted studies.[21,22]

In this paper, we focus on the synthesis of PNIPAM microgels
conducted with SDS and develop a simple general model which
fits very well with our data as well as all the data extracted from
the literature. To do so, we base our arguments on an analogy
between the growth of hydrophobic particles stabilized by SDS
during the microgels synthesis, and the limited coalescence of oil
droplets stabilized by particles in the case of Pickering emulsions
(Figure 1). For Pickering emulsions, in the particle-poor regime,
the oil droplets coalescence after stirring cessation stops when
a constant, high enough, particle surface coverage is reached,
meaning that the total area of the droplets and consequently their
size is directly linked to the number of particles.[23,24] Similarly,
we propose that the growth of hydrophobic microgels during the
dispersion synthesis stops, as soon as a constant surfactant sur-
face coverage, required to ensure colloidal stability, is reached.
Consequently, the total surface area of the growing particles that
is given by the inverse of their size is linearly related to the sur-
factant concentration. Of course, such model is based on strong
hypotheses, such as a total adsorption of the surfactants on the
polymer particles, which will be discussed in this article. To test
our model, we performed systematic experimental studies to in-
vestigate both the roles of surfactant and initiator in the col-
loidal stability of the formed microgels. The influence of both
the crosslinker content and the solvent on the surfactant ability
to stabilize the growing particles has also been studied. We think
that such general Limited Aggregation Model could be of great
interest to investigate the mechanism of microgels synthesis and
to foresee the sizes of the resulting microgels.

2. The Proposed “Limited Aggregation Model” to
Fit and Analyze all the Data from the Literature

2.1. Description of the “Limited Aggregation Model”

Here, we develop a model to explain the influence of the sur-
factant concentration in the reaction mixture on the final size
of collapsed microgel. The model is based on an analogy with
the well-known limited coalescence process happening for
Pickering emulsions stabilized by particles, in the particle-poor
regime.[23,24] Similarly, we call it “Limited Aggregation Model.”
As illustrated in Figure 1, according to this model, the mecha-
nism of the dispersion polymerization synthesis of microgels
in the presence of surfactant is described as follows: at the early
stage of the synthesis that is performed at T>LCST of PNIPAM,
nuclei are formed and SDS molecules begin to adsorb on the hy-
drophobic collapsed NIPAM polymer chains. If SDS molecules
are not enough numerous to stabilize all the nuclei, these last
aggregate to form precursor particles as shown in literature.[15]

Due to such aggregation, the total number of particles decreases,
leading to a decrease of the total surface between hydrophobic
particles and water during the synthesis. It means that the SDS
surface coverage proportionally increases, if we assume that
all the SDS molecules are totally adsorbed at the interface (see
the part 3.4. Limits of the Limited Aggregation Model). Then,
particles can grow until the SDS surface coverage is high enough
to ensure the colloidal stability. A limited growth of the particles
is the only way to explain the formation of well monodisperse
microgels while aggregation is occurring. To validate such mech-
anism, ΓSDS,tot, the final total SDS surface coverage should be
constant for syntheses performed with various SDS concentra-
tions. Consequently, if the SDS initial concentration is increased,
the surface which can be covered with the same ΓSDS,tot is pro-
portionally increased and therefore the size of the collapsed
microgels is proportionally decreased. More generally, according
to this model, the hydrodynamic diameter of the collapsed mi-
crogels DH,collapse should be inversely proportional to the concen-
tration of surfactant CSDS. The calculation explaining how data
are plotted according to this model is detailed in the following
section.

Macromol. Chem. Phys. 2023, 2300372 2300372 (2 of 11) © 2023 The Authors. Macromolecular Chemistry and Physics published by Wiley-VCH GmbH

 15213935, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/m

acp.202300372 by C
ochrane France, W

iley O
nline L

ibrary on [29/02/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



www.advancedsciencenews.com www.mcp-journal.de

2.2. Calculation Quantities of the Model

In this study, both the literature and our new experimental data
will be analyzed simultaneously. The objective of our study is to
determine if the proposed Limited Aggregation Model for the
microgels synthesis is general. Such model permits to link eas-
ily DH,collapse, the final diameter of the collapsed microgels (mea-
sured by Dynamic Light Scattering at the end of the synthesis),
and CSDS, the millimolar concentration of SDS surfactant used
during the synthesis, through the final total SDS surface cover-
age, ΓSDS,tot. The following calculation permits to establish such
link.

By definition, ΓSDS,tot =
NSDS

Stot
, where Stot is the total surface of

the particles-solvent interface, and NSDS is the number of SDS
molecules adsorbed at this interface. Assuming that all the SDS
molecules adsorb to the interface, we obtain NSDS = CSDS × V ×
Na with Na the Avogadro constant and V, the volume of the reac-
tion mixture. Besides, Stot = NμG × 𝜋DH,collapse

2 with NμG the final
number of microgels. NμG can be estimated thanks to Lele’s for-

mula : N𝜇G = 6mpol

𝜋DH,collapse
3 × ( 1

𝜌pol
+ 0.29

0.71𝜌water
), with the mass of poly-

mer mpol, 𝜌pol = 1.269 × 10−21 g/nm3 and 𝜌water = 0.988 × 10−21

g/nm3 the respective polymer and water densities.[25] It leads to
this equation:

𝛼

DH,collapse
= CSDS ×

1
ΓSDS,tot

(1)

where 𝛼 = 6mpol

V×Na
× ( 1

𝜌pol
+ 0.29

0.71𝜌water
) is a constant parameter for each

set of synthesis proportional to the polymer concentration. Since
a total conversion of the monomer is expected and that all mea-
surements are performed without allowing the possible free
chains to unbind the particles, one can assimilate the mass of
polymer to the initial mass of monomer. In this case, for the sets
of syntheses we performed in this study, 𝛼 = 119.7 mM.nm3.

2.3. Validation of the Model by Fitting all the Data from the
Literature

To validate the proposed Limited Aggregation Model we
use data extracted from the literature. The PNIPAM micro-
gels are most often chemically crosslinked using the N,N’-
methylenebis(acrylamide) (BIS). During the dispersion polymer-
ization, initiation is usually ensured at high temperature by a
water-soluble thermally-activated initiator like persulfate or an

Figure 2. Compilation of the data extracted from the literature in which
the final size of collapsed PNIPAM-BIS microgels is tuned by addition of
SDS surfactant. The data are plotted according to a Limited Aggregation
Model (Equation (1)) which predicts a linear variation of the inverse col-
lapsed size, DH,collapse, with the SDS concentration, CSDS.The synthesis
conditions and the references of each data set are reported in Table 1.

azo-based one. The initiator remains grafted on the chains and
brings some electrostatic charges to the particles. We will first
focus on this precise type of microgels to study the effect of
SDS surfactants on the final size of the collapsed microgel. Be-
ing negatively charged, SDS is used in combination with potas-
sium persulfate (KPS) or ammonium persulfate (APS) as anionic
initiators. According to the model proposed previously, we plot
𝛼/DH,collapse as a function of CSDS for different sets of synthesis
reported in the literature (Figure 2 and Table 1).

The obtained straight lines in Figure 2 prove that the Lim-
ited Aggregation Model fits very well the experimental data of all
the references reported in the literature irrespective of the syn-
thesis conditions. It also proves that the SDS molecules totally
adsorb to the surface of the PNIPAM growing particles. How-
ever, in contrast with the limited coalescence mechanism ob-
served with the case of Pickering emulsions, affine and not linear

Table 1. Synthesis conditions and references for all the data extracted from the literature in which the collapsed size of PNIPAM microgels is tuned by
addition of SDS surfactants.

Author, date Reference NIPAM [wt% vs water] Initiator [mol% vs NIPAM] BIS [mol% vs NIPAM] T [°C] ΓSDS
a) [SDS molecules.nm-2]

Wedel et al., 2017 14 0.9 5.7 mol% APS 5.4 70 1.1

Kardos et al., 2019 16 1.5 1.5 mol% APS 3.3 80 1.1

Andersson et al., 2006 17 1.5 1.5 mol% KPS 3.2 70 1.8

Destribats et al., 2014 6 0.7 4 mol% KPS 2.5 70 1.7

Wu et al., 1994 19 1.4 1.6 mol% KPS 7.3 70 2.3

Chen et al., 2014 18 8 0.6 mol% KPS Crosslinker free 60 5.4
a)

The value of ΓSDS is extracted from the slope on Figure 2 using Equation (2).
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Figure 3. Scheme of the information extracted from the affine variation of
the inverse diameter of the collapsed microgels 𝛼

DH,collapse
, as a function of

the surfactant concentration CSDS, according to our “Limited Aggregation
Model.”

variations of 𝛼/DH,collapse as a function of CSDS are observed. This
can be reasonably explained as monodisperse microgels can actu-
ally be obtained in surfactant-free synthesis. Thus, the model can
be slightly adapted by considering that the Y-intercept is inversely
proportional to the diameter of microgels which would have been
synthesized without any surfactant, D0

H,collapse (see Figure 3). In

other words, a total surface S0 = 𝛼∕D0
H,collapse between particles

and water is stabilized at the end of the surfactant-free synthe-
sis, probably thanks to the charges of the initiator. The use of
surfactants allows the stabilization of a surface excess, SSDS, in
addition to S0. Finally, a total surface 𝛼/DH,collapse = SSDS + S0 can
be stabilized. SSDS is directly proportional to CSDS, according well
to the obtained affine relationship. The slope of the affine varia-
tions are the inverse of the SDS surface coverage of this supple-
mentary surface stabilized by SDS, SSDS. Finally, Equation (1) can
be rewritten:

𝛼

DH,collapse
= 𝛼

D0
H,collapse

+ 1
ΓSDS

× CSDS (2)

where DH,collapse is the true hydrodynamic diameter of the col-
lapsed microgels measured by DLS, D0

H,collapse is the hypothetic
hydrodynamic diameter of the collapsed microgels synthesized
without surfactant (calculated from the Y-intercept of each set of
data), and ΓSDS is the SDS surface coverage of the excess of sur-
face stabilized by SDS (calculated from the slope of each set of
data) (See Figure 3).

Thanks to the Limited Aggregation Model, we can now sepa-
rate the effect of the initiator (influence on the Y-intercept) and
the effect of the SDS (influence on the slope).

For instance, from the slopes, one can extract the adsorption
of the surfactant. Very different values of ΓSDS are obtained rang-
ing from 1.1 to 5.4 SDS molecule.nm-2 (Table 1). This is not sur-
prising as the synthesis conditions are different (temperature,
type of initiation, ionic strength) and adsorption depends on sev-
eral experimental parameters that are not always accessible in the
published papers. In order to shed the light on possible growing

Table 2. Ionic strength due to KPS and K2SO4 for the three different sets
of syntheses described in Figure 4.

KPS [mol% vs NIPAM] K2SO4 [mol% vs NIPAM] Ionic Strength [mm]a)

2 0 5.3

4 0 10.7

2 2 10.7
a)

The SDS concentrations have not been taken into account in the calculation of ionic
strength since we will use it to focus on the Y-intercept and on the hypothetic size of
the microgels reached without any SDS.

mechanisms, we carried out experiments in which key parame-
ters are systematically varied.

3. Results and Discussion

In this part, we discuss the experimental results obtained for our
dispersion syntheses of PNIPAM microgels, in the presence of
surfactants. The discussion is divided into five paragraphs aim-
ing at answering the corresponding questions, in order to shed
light on the mechanism of microgel formation during the disper-
sion synthesis:

i. What is the effect of electrostatic repulsion on the microgel
colloidal stability? Indeed, charges coming from the initiator
and from the surfactant could both allow colloidal stability
and consequently be responsible for the “Limited Aggrega-
tion.”

ii. Is there another effect able to explain the surfactant ability
to decrease the final size of the microgels? Indeed, as men-
tioned before by Wedel et al., surface tension should also be
taken into account to explain the role of the surfactant.[14]

iii. What is the role of other synthesis parameters in the synthe-
sis mechanism? In other words, can the solvent properties or
the crosslinker content affect the limited aggregation of the
growing particles?

iv. What are the limits of this new Limited Aggregation Model?
Indeed, such model proves that the SDS molecules totally
adsorb to the PNIPAM interface contrary to what is usually
observed with surfactants.

v. Can we combine surfactants and initiators of opposite
charges to reach colloidal stability and is our model still valid
in this original case? In literature, microgels are always syn-
thesized with surfactant and initiator of same charge. Here,
we show that a broader microgel size range can be reached
by using oppositely charged initiator and surfactant.

3.1. Effect of the Electrostatic Interactions on the Microgel
Colloidal Stability

It is widely accepted that electrostatic charges play a role in the
colloidal stability of microgels in collapsed state. To re-investigate
the role of charges, experiments were carried out by varying ini-
tiator (KPS from 2 to 4 mol% versus NIPAM) and salt (K2SO4
from 0 to 2 mol% versus NIPAM) concentrations (Table 2). K2SO4
salt have been used to tune the ionic strength because it has the
same charges than KPS without being able to initiate the poly-
merization. Measurements of the final collapsed size DH,collapse

Macromol. Chem. Phys. 2023, 2300372 2300372 (4 of 11) © 2023 The Authors. Macromolecular Chemistry and Physics published by Wiley-VCH GmbH
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Figure 4. a) Plots of 𝛼/DH,collapse for collapsed microgels as a function of the SDS concentration for three different experiments: concentration of KPS
equal to 2 mol% NIPAM (filled blue circles); concentration of KPS equal to 4 mol% NIPAM (filled orange squares); concentration of KPS equal to 2 mol%
NIPAM and concentration of K2SO4 equal to 2 mol% NIPAM (filled green triangles). Lines are fits to Equation (2). b) Zeta potential measurements 𝜁

for syntheses performed at different SDS concentrations and for initiator concentrations equal to 2 mol% NIPAM (filled blue circles) or 4 mol% NIPAM
(filled orange squares). 𝜁 have been measured both for unpurified microgels at the end of the synthesis (filled orange squares) and for microgels purified
by dialysis (empty orange squares). Measurements were performed at NaCl concentration equal to 10−3M. Dashed lines are only guide for the eyes.

by Dynamic Light Scattering (DLS), allow to plot 𝛼/DH,collapse as
a function of CSDS, to test the “Limited Aggregation Model” as
shown in Figure 4a. The zeta potentials measurements (𝜁 ) for
each microgels in the collapsed state at the end of the synthesis
before and after purification have also been reported in Figure 4b.
It is important to notice that the salt concentration was kept con-
stant for each measurement and that unpurified microgels have
not been allowed to swell between the end of the synthesis and
the measurements.

3.1.1. The Limited Aggregation Model is not Adapted to
Surfactant-Free Syntheses

As predicted by the “Limited Aggregation Model,” affine vari-
ations of 𝛼/DH,collapse with CSDS are observed for all syntheses
and Equation (2) fits very well our data. Let us focus of the Y-
intercept. We note that the experimental value of 𝛼/DH,collapse at
CSDS = 0 is different from the value of the intercept between
the Y-axis and the straight line fitting the experimental data of
the 2 mol% of KPS syntheses. Indeed, the real diameter ob-
tained for surfactant free synthesis is DH,collapse = 327 ± 5 nm
whereas the Y-intercept corresponds to a smaller hypothetic di-
ameter D0

H,collapse = 203 nm. We then come to the conclusion that
the stabilization mechanism of the microgel with presence and
absence of surfactant are different. This result is confirmed by
zeta potential measurements (𝜁 ) (Figure 4b). Indeed, the zeta po-
tential absolute values reached at the end of the surfactant-free
syntheses (𝜁 ≈ −45 mV) are much higher than those obtained in
the presence of surfactant (𝜁 ≈ −25 or −35 mV). Consequently,
the colloidal stability does not seem to be reached in the same way
if SDS are used or not during the synthesis. We should notice that
the decrease of 𝜁 for syntheses performed with SDS, cannot be
attributed to the loss of surfactants before the measurements for
unpurified microgels. Indeed, we notice a decrease of 𝜁 after the
dialysis (empty symbols compared with filled ones), proving that
SDS is still adsorbed to the surface when zeta potential measure-
ments were conducted on unpurified microgels. By the way, as
expected, this decrease of 𝜁 after purification is higher as more

SDS is used during the synthesis, in agreement to the idea that
SDS molecules remain adsorbed to the interface before the dial-
ysis.

Since our model only describes syntheses performed in the
presence of SDS, we can put aside the experimental data obtained
without SDS to focus on the Y-intercepts representing the inverse
of the hypothetic D0

H,collapse.

3.1.2. The Hypothetic Size Obtained without Surfactant D0
H,collapse

, is
Linked to Electrostatic Interactions

If the role of initiator would be solely related to the addition of
charges on the particles, one could speculate that doubling the
concentration of charged initiator could enhance the colloidal sta-
bility and would lead to smaller microgels. Indeed, the zeta po-
tential measurements for unpurified microgels from the 4 mol%
KPS set (𝜻 ≈−35 mV, orange full squares) were higher than those
performed for unpurified microgels from the 2 mol% KPS set
(𝜻 ≈ −25 mV, blue discs). It proves that the amount of initiator
modifies the charge density on the particle surface. Nevertheless,
D0

H,collapse obtained for 4 mol% KPS (orange squares) is higher

than D0
H,collapse obtained for 2 mol% KPS (blues discs) (Figure 4a).

It surprisingly means that, in this case, using more KPS leads
to more aggregation and larger particles. It seems that KPS is
screening the electrostatic repulsion instead of strengthening it.
As shown in Table 2, the ionic strength is indeed increased when
more KPS is used. To understand better the 4 mol% KPS set,
we performed a third set by keeping constant the ionic strength
thanks to the addition of 2 mol% of K2SO4, but using only 2 mol%
of KPS (green triangles). The results superimposed perfectly with
the 4 mol% KPS set. It proves that, at least in such concentration
conditions, KPS is behaving as salt. It screens the electrostatic
interactions, leading to higher aggregation and larger D0

H,collapse

(the Debye length 𝝀D is equal to 4.1 nm and 2.9 nm for the ionic
strength of 5.3 and 10.7 mM, respectively). Thus, even if the re-
sults is surprising, it is still possible to analyze the Y-intercept
with electrostatic interactions arguments.

Macromol. Chem. Phys. 2023, 2300372 2300372 (5 of 11) © 2023 The Authors. Macromolecular Chemistry and Physics published by Wiley-VCH GmbH
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Figure 5. a) Plots of the inverse hydrodynamic diameter for collapsed microgels, 𝛼/DH,collapse, as a function of the surfactant concentration for two
different experiments. For syntheses performed with CTAB surfactant, the concentration of the positively charged initiator V50 is equal to 0.25 mol%
compared to NIPMAM monomers (blue circles). For syntheses performed with SDS surfactant, the concentration of the negatively charged initiator KPS
is also equal to 0.25 mol% compared to NIPMAM monomers (orange diamonds). In both cases, the concentration of crosslinker BIS was equal to 5.3
mol% compared to NIPMAM monomers. b) Same plot, except that the surfactant concentrations is normalized by the CMC of the surfactant, which
leads to a master curve. CMC = 10.8 mM for SDS, while CMC = 1.55 mM for CTAB at a temperature of synthesis equal to 70 °C.

3.1.3. Surfactant Surface Coverage ΓSDS, is not Linked to
Electrostatic Interactions

Let’s now focus on the slopes of the three sets (Figure 4a). From
the slope obtained at 2 mol% of KPS, we can calculate ΓSDS =

1
slope

≈ 1.8 SDS molecule.nm−2. Interestingly, this value is really

close to the maximum surfactant coverage of the heptane-water
interface, 𝚪m ≈ 1.74 SDS molecule.nm−2.[26] Surprisingly, the
slopes of the three experiments are exactly the same meaning that
changing the concentration of the initiator or the ionic strength
do not affect the final surfactant surface coverage 𝚪SDS. Contrary
to the Y-intercept and D0

H,collapse, 𝚪SDS and hence, the SDS ability
to stabilize the interface, is not related to electrostatic consider-
ations, at least in the range of investigated concentrations. This
result is consistent with zeta potential measurements (Figure 4b).
Indeed, the zeta potential values are much smaller (in absolute
values) in the presence of SDS than in surfactant-free syntheses,
indicating that SDS surfactant is able to stabilize the interface
more efficiently than just simple charges, contrary to the initia-
tors.

To conclude this part, the evolution of D0
H,collapse (linked to

the Y-intercepts) can be analyzed using general arguments
about electrostatic interactions in relation to charged initiator
concentration, ionic strength and charge screening. However,
the surfactant ability to stabilize a surface excess, is surprisingly
not linked to its charge. In the next paragraph, we aim at finding
the parameters responsible for the size control of the microgel by
SDS.

3.2. Is the Surfactant Ability to Decrease the Microgels Size
Linked to Interfacial Tension Effects?

Since electrostatic interactions are not the predominant effect
which controls 𝚪SDS, we focus now on the ability of surfactants to
decrease interfacial tension between hydrophobic growing parti-
cles and water. For this purpose, we refer to a study published by

von Nessen et al. in 2013.[20] In this work, authors have shown
that the size of poly(N-isopropylmethacrylamide) (PNIPMAM)
microgels can be tailored by the addition of either cationic or
anionic surfactants. They also have linked the surfactant effi-
ciency to decrease the size of microgels to the Critical Micellar
Concentration (CMC) of the surfactant. To do so, they have per-
formed two sets of syntheses varying the concentration of surfac-
tant. In the first set, syntheses were initiated by an anionic ini-
tiator (KPS) whereas an anionic surfactant (SDS) was used to de-
crease the size of PNIPMAM microgels. Similarly, in the second
set, syntheses were performed with both a cationic initiator, 2,2′-
azobis(2-amidinopropane) dihydrochloride (V50) and a cationic
surfactant, the cetyltrimethylammonium bromide (CTAB). Thus,
in both cases, the charges of the initiator and surfactant are the
same. By combining von Nessen et al. data and the Limited Ag-
gregation Model, we aim at understanding better the relationship
between the surfactant concentration and the final size of the col-
lapsed microgels (Figure 5a).

First, the obtained straight lines show that our model can still
be applied for PNIPMAM-based microgels. It can even be applied
to CTAB surfactants using a positive initiator like V50. Second,
the Y-intercept is the same if the concentration of the initiator
is kept constant irrespective of the charge sign of the initiator,
positive for CTAB-V50 experiments and negative for SDS-KPS
experiments. Changing the couple initiator-surfactant is not af-
fecting D0

H,collapse. However, changing the surfactant is highly af-
fecting the slope of the straight lines (𝚪SDS,NIPMAM = 4.0 SDS
molecules.nm−2 and 𝚪CTAB,NIPMAM = 0.6 CTAB molecule.nm−2).
The huge difference of surface coverage for the two surfactants,
while their absolute charge is the same, confirms that surfactants
do not stabilize the colloidal dispersion via electrostatic charge
effect. The stabilization due to surfactants most probably comes
from their amphiphilicity and their ability to decrease surface ten-
sion. The longer is the chain length, the more efficiently surfac-
tants can stabilize the particle/water interface, the lower is the
final surfactant surface coverage and the higher is the slope on
our model.

Macromol. Chem. Phys. 2023, 2300372 2300372 (6 of 11) © 2023 The Authors. Macromolecular Chemistry and Physics published by Wiley-VCH GmbH

 15213935, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/m

acp.202300372 by C
ochrane France, W

iley O
nline L

ibrary on [29/02/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



www.advancedsciencenews.com www.mcp-journal.de

Figure 6. a) Plots of the inverse hydrodynamic diameter for collapsed microgels, 𝛼/DH,collapse, as a function of the surfactant concentration (CSDS)
according to our model. Syntheses are conducted in pure water with a BIS crosslinker concentration equal to 2 mol% compared to NIPAM monomers
(blue circles) or 5 mol% compared to NIPAM monomers (grey squares). b) For the last set, syntheses are conducted in pure water (blue circles) or in a
mix of water (90 vol%) and DMSO (10 vol%) with a BIS crosslinker concentration equal to 2 mol% compared to NIPAM monomers (orange diamonds).
In this case, 1/DH,collapse is plotted against CSDS because 𝛼 is unknown in presence of DMSO.

As similarly done by Hellweg et al., the surfactants concen-
trations have been normalized by their CMC to obtain, in this
particular case, a master curve in Figure 5b. This master curve
is surprising since the assembly of surfactants in bulk is not eas-
ily linked to its ability to stabilize the polymer/water interface.
We can only roughly assume that a lower CMC is obtained for
a surfactant with a higher hydrophobic tail, and that a more hy-
drophobic surfactant is more efficient to stabilize a surface by
decreasing it interfacial energy. Nevertheless, we think that the
most relevant normalization would not be to divide CSurfactant by
the CMC of the surfactant but to normalize 𝚪 by the value of
( 𝜕𝛾

𝜕Ln CSurfactant
)CSurfactant→CMC where 𝜸 is the surface tension between

collapsed particles and the solvent of reaction. It would normal-
ize the surfactant surface coverage by the true surfactant ability
to stabilize the interface between collapsed microgels and the sol-
vent of the reaction. Unfortunately, even by approaching 𝜸 with
the surface tension of a classical oil-solvent interaction, the exper-
imental measurement of such parameter in the exact synthesis
conditions is challenging. Such approach is actually in progress.

In any event, these results indicate that surface tension argu-
ments have to be taken account to understand the role of sur-
factants. The hydrophobic chain length of the surfactants has a
predominant role, much more important that its ionic head, in
their ability to stabilize particles-water interface and control the
size of the microgels.

3.3. Effect of Different Synthesis Parameters

To identify the synthesis parameters able to affect the surfac-
tant surface coverage we have performed two other sets of syn-
thesis varying the crosslinker content and the solvent properties
(Figure 6). In a first set, the crosslinker concentration has been
increased from 2 to 5 mol% versus NIPAM. In the other one,
syntheses have been conducted in a different solvent by mix-
ing water and dimethylsulfoxide (DMSO, 10 vol%). In both sets,
straight lines are once more time obtained, confirming the pro-
posed model.

3.3.1. Effect of the Crosslinker Content

When the crosslinker content is increased from 2 to 5 mol%
compared to NIPAM monomers, D0

H,collapse is slightly increased
(244 nm > 202 nm) and 𝚪SDS is slightly decrease (1.5 SDS
molecule.nm−2 < 1.8 SDS molecule.nm−2) (Figure 6a). The dif-
ferences are small, likely because the crosslinker has not a strong
impact on the colloidal stability, but its effect can still be ana-
lyzed regarding the literature.[21] Two hypotheses can be made to
explain the increase of D0

H,collapse with an increase of crosslinker
content. First, increasing the crosslinker content probably facili-
tates aggregation by permanently binding the precursor particles,
resulting in higher final sizes. Second, the crosslinkers could re-
strict the mobility of the bound charges and trap them in the inte-
rior of the particles, preventing them to contribute to colloidal sta-
bility. Here, we also see that 𝚪SDS is decreased, meaning that the
protection of the interface is slightly enhanced by the crosslink-
ers. Less surfactant is needed to stabilize the same surface which
seems contradictory with the hypothesis of trapped surfactants.
However, we also admit that it is not easy to explain the slight
slope variation with interfacial tension arguments.

3.3.2. Effect of the Solvent Properties

When DMSO is mixed to water during the synthesis, D0
H,collapse is

much larger (798 nm >> 202 nm) and the slope is smaller than
in pure water (Figure 6b). The increase of D0

H,collapse can be ex-
plained with electrostatic interactions. In a DMSO-water solvent,
the counter ions are less dissociated from the charged initiator
than in pure water. The electrostatic repulsion between particles
is consequently much smaller, leading to higher aggregation and
larger microgel sizes. One can note that using a mix of solvent
could be of great interest to synthesize monodisperse microgels
of very large size.

The slope is also highly affected by a change of solvent. Nev-
ertheless, in this case, the slope cannot be used to directly calcu-
late 𝚪SDS since 𝜶 is probably affected by the use of DMSO (see

Macromol. Chem. Phys. 2023, 2300372 2300372 (7 of 11) © 2023 The Authors. Macromolecular Chemistry and Physics published by Wiley-VCH GmbH
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part 1.2). Indeed, we can guess that the Lele’s formula cannot be
applied anymore since the presence of DMSO probably affects
the PNIPAM chains hydration, even if the DMSO content have
been chosen to keep constant the LCST of PNIPAM chains.[27]

However, it can be qualitatively seen that 𝚪SDS is higher in the
presence of DMSO. More surfactant molecules are required to
stabilize a same surface, proving that the ability of SDS to stabi-
lize the particles-solvent interface is much smaller. As before, this
could be explained through surface tension arguments since the
CMC of SDS is indeed higher in the presence of DMSO than in
pure water.[28] We can also guess that if 𝜸 is already lowered by the
presence of DMSO, ( 𝜕𝛾

𝜕Ln CSDS
)CSDS→CMC and the SDS ability to de-

crease 𝜸 will be much smaller than in the case of pure water. The
measure of such value in the conditions of the syntheses would
be therefore interesting. Finally, since 𝜸 is already lowered by the
presence of DMSO we could also guess that surface tension is no
more a predominant argument to explain the role of surfactant
and that electrostatic interactions have to be taken account now.
We could therefore explain the need of a higher surfactant sur-
face coverage, by a decrease of the electrostatic repulsion between
ionic heads of the surfactants due to the presence of DMSO.

Finally, the effect of DMSO on the surfactant ability to stabilize
the colloidal dispersion can be qualitatively understood both with
surface tension and electrostatic repulsion arguments but is not
quantitatively demonstrated yet.

3.4. Limits of the “Limited Aggregation Model”

To study the limits of this model, and especially its hypothesis
of a strong interaction between the polymer and the surfactant,
we investigate different acrylamide-surfactant couples thanks to
data extracted from the literature (Figure 7).[14]

In all experiments presented until now, straight lines were ob-
tained when the inverse diameter of collapsed microgels was plot-
ted as a function of the surfactant concentration. Changing the
solvent, the initiator charge or concentration, the ionic strength
and the crosslinker content did not break down the Limited Ag-
gregation Mechanism, therefore showing its strength and gen-
erality. We recall that the model relies on one main assump-
tion: surfactant molecules have to be all adsorbed at the solvent-
particle interface. Contrary to particles which irreversibly adsorb
to the interface in Pickering emulsions, surfactant distribution
is always presented like a dynamic equilibrium between the sur-
face and the volume, depending on the surfactant-interface and
surfactant-bulk interactions. Here, such equilibrium is appar-
ently broken and all the surfactants adsorb to the interface, since
straight lines are always obtained in our model. It can be ex-
plained by a particular huge attractive interaction between PNI-
PAM or PNIPMAM chains and surfactant molecules already re-
ported in the literature.[29–31] At least, strong interactions have
been evidenced when the surfactant concentrations are smaller
than the CMC or even smaller than the Critical Aggregation Con-
centration (CAC) of the surfactant-polymer couple as discussed
by Kardos et al..[16] That’s why, in all the experiments, low con-
centration of surfactants have been used.

As proven by the Figure 7, when surfactants with a smaller hy-
drophobic tail like sodium decyl sulfate (SDeS) is used, straight
lines are no more obtained. We hypothesize that the polymer-

Figure 7. Plots of the inverse hydrodynamic diameter for collapsed mi-
crogels, 𝛼/DH,collapse, as a function of the surfactant concentration (CSDS)
according to our model for three different acrylamide-surfactant couples:
N-n-propylacrylamide (nPAM) / SDS (blue circles); nPAM / Sodium Decyl
Sulfate SDeS (grey squares); and NIPAM / SDeS (orange diamonds). The
initiator and crosslinker concentrations are kept constant for each sets.
Dashed lines are guide for the eyes.

surfactant interaction is not strong enough to validate the hy-
pothesis of a total adsorption of the surfactant at the interface
so that the Limited Aggregation Model does not apply anymore.
Similarly, when another acrylamide like N-n-propylacrylamide
(nPAM) is used, straight lines are not observed, likely originating
from a less strong surfactant-polymer binding enable to ensure
irreversible adsorption.

3.5. Syntheses with Oppositely-Charged Initiators and
Surfactants

In literature, authors always combine surfactant and initiator
with the same charge. Originally, we finally performed a set
of syntheses in which initiator and surfactant are of opposite
charges (Figure 8). This allows studying the condition of obtain-
ing monodisperse microgels and permits to test the robustness
of our model. To do so, we combined the positively charged ini-
tiator V50 and the negatively charged surfactant SDS (Figure 8a).

In all the syntheses, the concentration of charges coming from
the initiator is equal to 3.5 mM. For low CSDS (0 and 1 mM),
when surfactant molecules are not enough numerous to hide the
charges coming from the initiators, monodisperse microgels are
obtained without any aggregation. The final surface charge 𝜁 is
positive, meaning that the colloidal stability is reached thanks to
electrostatic repulsion and to the charges dominated by the ini-
tiator ones. When CSDS increases, 𝜁 decreases, proving that the
positive charges coming from the initiators are gradually hidden
by the negatively charged SDS. When the charges are entirely hid-
den (𝜁 = 0 mV and CSDS = 2 mM), the colloidal stability cannot
be reached again, showing the importance of electrostatic repul-
sions (at low surfactant concentrations) and microgel aggrega-
tion occurs as proven by the large diameter (superior to 1.2 μm)
and the high PDI value (0.4) obtained. As soon as CSDS is high

Macromol. Chem. Phys. 2023, 2300372 2300372 (8 of 11) © 2023 The Authors. Macromolecular Chemistry and Physics published by Wiley-VCH GmbH
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Figure 8. a) Plots of the hydrodynamic diameter (orange squares) and zeta potential measurements (blue circles) for collapsed microgels as a function
of the SDS concentration. Syntheses are conducted in pure water with a BIS crosslinker concentration equal to 2 mol% compared to NIPAM monomers
and a concentration of the positively charged initiator V50 equal to 2 mol% compared to NIPAM monomers. Dashed lines are guide for the eyes. b) Plots
of the inverse hydrodynamic diameter for collapsed microgels as a function of the surfactant concentration according to our model. The data comes
from (a), when the SDS concentration is high enough to obtain stable colloidal dispersions (CSDS ≥ 3 mM).

enough to ensure a final negative zeta potential (𝜁 ∼ −15 mV
and CSDS ≥ 3 mM), well monodisperse microgels are obtained
and limited aggregation occurs. The obtained collapsed sizes are
much larger than those obtained by classical dispersion polymer-
ization. Thus, very large (DH,collapse ∼ 1 𝜇m) and highly monodis-
perse (PDI < 0.1) microgels can be synthesized with this new
type of synthesis combining surfactant and initiators of opposite
charge. Indeed, surfactants are able to screen the charges com-
ing from the initiators and consequently prevent them to partici-
pate to colloidal stability. Besides the size of these large microgels
can still be decreased by using a higher concentration of surfac-
tants. Then, we can apply our model to these points (Figure 8b).
Straight line is once more obtained, showing that a limited ag-
gregation mechanism occurs. In this case, ΓSDS is larger (4.8
SDS molecule.nm−2 > 1.8 SDS molecule.nm−2). It means that
surfactants are less efficient to stabilize the interface. It can be
understood by the presence of electrostatic pairs between the pos-
itive initiators and negative SDS which probably disturb the ad-
sorption of other SDS responsible for the stabilization. It can be
also understood thinking that, in this special case, some SDS
molecules are probably trapped inside the particles because of the
electrostatic attraction by the positively charged initiator. These
trapped surfactants do not participate to the stabilization of the
interface and fictively increase ΓSDS.

4. Conclusion

A “Limited Aggregation Model” is proposed, to explain the dis-
persion polymerization syntheses of acrylamide-based micro-
gels, in the presence of charged surfactants. This model predicts
that the successive aggregation between nuclei involves a reduc-
tion of the interfacial area between the growing particles and the
solution. In presence of charged surfactant, smaller particles are
obtained since an additional interfacial area is created. This addi-
tional interfacial area is found to be proportional to the amount
of surfactant, as proven by the affine relation between the inverse
microgels diameter and the surfactant concentration, obtained
for both our new data and data extracted from the literature. This
phenomenon is analogous to the limited coalescence process oc-
curring in Pickering emulsions. It involves that the successive
aggregation steps would stop once a given surfactant coverage is

reached, which also implies that all the surfactant are anchored
to the interface.

By analyzing the dependence between the interfacial area and
the surfactant concentration, the surfactant adsorption could be
determined. In the case of SDS/PNIPAM system, it was found to
be consistent with the values at the heptane-water interface. The
adsorption does not depend on the ionic strength, showing that
the surfactant ability to decrease the size of the particles is not due
to its charge. However, the adsorption was found to strongly de-
pend on the surfactant tail length and the chemical nature of the
polymer. Thus, the surface energy of the system is an important
parameter that drives the surfactant ability to stabilize the grow-
ing particles. Contrarily to the limited coalescence process, the di-
ameter did not tend to infinity in absence of surfactant. This owes
to the fact that other parameters, such as the charges induced by
initiator, could stabilize the growing particles in the absence of
surfactant.

Finally, the model reveals to be a very good tool to predict the
final size of the particles in a dispersion polymerization process
in presence of surfactant. It was possible to transfer it to very dif-
ferent conditions including various ionic strengths and solvent
mixtures. It was also possible to apply it to a combination of op-
positely charged couple of initiator/surfactant. In this case, the
addition of surfactant did not only control the size due to interfa-
cial energy considerations, it also neutralized the surface charges.
In overall, this combination resulted in a broadening of the acces-
sible size range of particles. In few cases, the model was not valid,
likely due to a lower adsorption energy of the surfactant, and thus
its reversible binding at the interface.

In summary, most dispersion polymerizations can be viewed
through the prism of this “Limited Aggregation Model.” Al-
though the mechanisms are not fully deciphered, it turns out
that the main ingredients, involving charges for the initiators and
polymer-surfactant interaction tuning the amount of necessary
surfactant, were highlighted. More work is actually in progress
to propose a full understanding about these complex systems.

5. Experimental Section
Materials: All materials were purchased from Sigma-Aldrich.

The monomers N-isopropylacrylamide (NIPAM, > 97%) and

Macromol. Chem. Phys. 2023, 2300372 2300372 (9 of 11) © 2023 The Authors. Macromolecular Chemistry and Physics published by Wiley-VCH GmbH
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N-isopropylmethacrylamide (NIPMAM, > 97%) were recrystallized
from n-hexane and dried in vacuum at 25 °C. The cationic initiator 2,2′-
azobis(2-amidinopropane) dihydrochloride (V50, purity 97%), the anionic
initiator potassium peroxodisulfate (KPS, purity 99%), the crosslinker
N,N’-methylenebis-acrylamide (BIS, 99%), and the anionic surfactant
Sodium Dodecyl Sulfate (SDS) were used as received. Potassium sulfate
K2SO4 (> 99%) was used to adjust the ionic strength during the syn-
thesis. 2,2,6,6-Tetramethylpiperidine 1-oxyl (TEMPO, 98%) was used to
quench the radical polymerization. Sodium chloride (> 99%) was used
to keep ionic strength constant for the zeta potential measurements.
Milli-Q water (Millipore, France) with a resistance of 18 MΩ cm and a
total organic content (TOC) < 10 ppb was employed for the synthesis,
purification and characterization process of the microgels. Dimethyl
sulfoxide (DMSO, > 99%) has been mixed (10 vol%) to water to modify
the properties of the solvent.

Synthesis of the Microgels: The microgel synthesis was performed via
free-radical dispersion polymerization in water. For all the syntheses, wa-
ter was purged with nitrogen for 1 h before use. All polymerizations were
conducted in a 100 mL three-necked double-wall flask equipped with a re-
flux condenser, a mechanical rotor (250 rpm), and a nitrogen inlet. The
monomer NIPAM or NIPMAM (302 mg, 1 wt% versus water) was dis-
solved in 8 mL of purged water in the flask. The crosslinker BIS (8.2 mg,
2 mol% versus the monomer) and various amount of SDS were added in
the flask and the volume of solution in the flask is 29 mL. Except if men-
tioned, the final concentrations of SDS varies from 0 to 3 mm for each set
of synthesis. Afterward, the temperature was raised to 70 °C thanks to the
circulation of water in the double-wall flask. After an equilibration time of
30 min, the polymerization reaction was started by rapid addition of the ini-
tiator KPS (14.4 mg, 2 mol% versus the monomer), preliminary dissolved
in 1 mL of water (the final volume of the reaction mixture is 30 mL). The
initially transparent reaction mixture became turbid within the first 10 min
after the addition of the initiator. The polymerization reaction was allowed
to proceed for 4 h.

Sample Preparation: A quenching solution was prepared by dispersing
NaCl salt (10−3 mol L−1) and radical quencher TEMPO (280 mg L−1, i.e. 50
equivalents versus initiator after the dilution) in 50 °C milli-Q water. At the
end of the synthesis, microgels are kept at a temperature higher than 50 °C
to avoid any swelling, or loss of free chains, before measurements. To do
so, 20 μL of the reaction mixture was added to 2 mL of a 50 °C quenching
solution. The resulting solutions of microgels were then analyzed directly
by Dynamic Light Scattering (DLS) and Zeta Potential measurements at
50 °C. It can be noticed that the dilution of the synthesized microgels was
high enough to both allow DLS measurements in the diluted regime (sim-
ple scattering) and allow Zeta Potential measurements at a constant salt
concentration of 10−3 mol L−1. Besides, as proven by comparing Zeta Po-
tential measurements before and after purification, the SDS surfactants
were not pulled off from the surface of the microgels by the dilution at
high temperature.

Dynamic Light Scattering: Dynamic Light Scattering was performed on
an ALV goniometer (ALV/CGS-3) with a He/Ne laser operated at a wave-
length of 𝜆 = 633 nm, in combination with an ALV/LSE-5003 correlator at
50 °C. For each sample, six measurements with 60 s duration were per-
formed. The obtained data were evaluated using a second order cumulant
fit. A classical standard deviation was calculated to obtain the uncertain-
ties on both the size of the microgels in the collapsed state and on its poly-
dispersity. Except if mentioned, all samples were highly monodisperse as
proven by the very low polydispersity index (PDI) always inferior to 0.05.

Zeta Potential Measurement: Zeta Potential (𝜁) measurements were
performed on a Zetasizer Nano-ZS93 (Malvern) at 50 °C. Six measure-
ments were done to calculate the uncertainty on 𝜁 for each sample before
and after a purification of the microgels. The aqueous microgel disper-
sions were purified by dialysis (Biotech CE 1000000 MWCO 31 mm) during
10 days in water to remove oligomers, unreacted monomers and surfac-
tant molecules. The preparation of the sample for zeta potential measure-
ment after purification was exactly the same as before, by dispersing 20 μL
of the aqueous purified microgel dispersion into 2 mL of the quenching
solution. It can be reminded that the quenching solution is at constant
salt concentration of 10−3 mol L−1.
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