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Bimodal nanolatexes prepared via polymerization-
induced self-assembly: losing control in a
controlled manner†

Alexandros E. Alexakis, a,b Olivia R. Wilsona and Eva Malmström *a,b

The combination of reversible addition–fragmentation chain-transfer (RAFT) polymerization with

polymerization-induced self-assembly (PISA) is known to yield monodisperse nanolatexes. Interestingly,

based on the results of the current study, reproducible bimodal nanolatexes were shown to be the result

of chain extension of protonated poly(2-dimethylaminoethyl methacrylate) (PDMAEMA) with methyl

methacrylate (MMA) in water when aiming for a longer hydrophobic block, for which we provide the first

imaging data to our knowledge. The bimodality was found to be induced by the hydrophilic Z-group of

the RAFT agent, which has been reported in the literature to be the cause of bimodal molecular weight

distributions in RAFT-mediated PISA in emulsion polymerization. Moreover, the advantages of such repro-

ducible bimodal size distribution nanolatexes in coating applications were investigated briefly, underlining

the possibilities of their one-pot synthesis. It was found that when bimodal nanolatexes are adsorbed

onto cellulose filter paper, the contact angle against water is higher compared to chemically similar

monomodal nanolatexes. Also, the morphological arrangement was found to be dependent on the drying

protocol. This study aims to expand our understanding on bimodality and the identification of parameters

that could promote it on demand to target high-end applications.

Introduction

In light of the increasing demand for functional nanoparticles
that can be used in various applications, including paints and
coatings, emulsion polymerization is widely used for their
preparation.1 Emulsion polymerization is an industrially well-
established heterogeneous technique which enables the
polymerization of hydrophobic monomers in water, thus exhi-
biting eco-friendly characteristics. However, in emulsion
polymerization the stability of the hydrophobic polymer is
achieved by low molecular weight surface active agents, called
surfactants, which depending on the application might lead to
their migration to surfaces.2

A way to tackle this shortcoming while maintaining the eco-
friendly nature is through reversible addition–fragmentation
chain-transfer (RAFT) polymerization. RAFT was first reported

in 1998 3 and has since been a versatile polymerization tech-
nique giving access to complex polymeric architectures.4 In
RAFT, a chain transfer agent, called the RAFT agent, usually a
thiocarbonylthio or trithiocarbonate moiety, provides control
over the molecular weight and polydispersity of the final
polymer.3,5 There are two parameters that are of paramount
importance in controlling the polymerization, both of which
are related to the chemistry of the RAFT agent: the leaving
group referred to as the R-group and the group that provides
stability by controlling the reactivity of the CvS bond to the
RAFT agent, referred to as the Z-group. In a recent case, the
significance of the chemical composition of the RAFT agent
was demonstrated, where a mixture of two RAFT agents was
used to tune the molecular weight distribution and polydisper-
sity index of polymers prepared by RAFT polymerization.6

There are numerous publications that have identified the ideal
R- and Z-groups depending on the type of functional
monomer that is to be polymerized. For instance, for metha-
crylates, trithiocarbonate-based RAFT agents, having a car-
boxylic acid as the R-group and an aliphatic chain for the
Z-group, are ideal for controlling the molecular weight of the
final polymers.5,7

By combining RAFT with a technique called polymeriz-
ation-induced self-assembly (PISA), the facile synthesis of
nanoparticles can be achieved.8–12 During PISA, a hydrophilic
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macromolecule (macroRAFT agent) is chain extended with a
hydrophobic monomer in water, forming an amphiphilic
diblock copolymer. At a certain ratio between the hydrophilic
and hydrophobic blocks, self-stabilized nanoparticles are
formed, which grow in size during polymerization.13 The
RAFT-mediated PISA technique offers a versatile tool for the
preparation of nanolatexes with properties such as size, charge
density, a hydrophilic shell and hydrophobic core, which can
be tailored on demand.14–19 Previously in our group, spherical
cationic nanolatexes comprising a protonated poly(2-dimethyl-
aminoethyl methacrylate) (PDMAEMA) shell and a poly(methyl
methacrylate) (PMMA) core were synthesized via RAFT-
mediated PISA and used for the tailored modification of cellu-
losic fibers.9,10,12 The RAFT agent (4-cyano-4-thiothiopropyl-
sulfanyl pentanoic acid (CTPPA)) employed in polymerization
had an aliphatic chain as the Z-group and a carboxylic acid as
the R-group, which, as described previously, provided satisfy-
ing control over the final molecular weight, size, and
polydispersity.

Nanolatexes comprising blocks with the same chemical
composition were also synthesized by replacing the CTPPA
RAFT agent with 4-((((2-carboxyethyl)thio)carbonothioyl)thio)-
4-cyanopentanoic acid (CCCPA).20,21 In contrast to CTPPA,
both the R- and Z-groups of CCCPA are composed of carboxylic
acid units. Although monodisperse nanolatexes were prepared
at a low DP of the hydrophobic PMMA core, surprisingly at
higher DPs reproducible bimodal nanolatexes were obtained,
which is the main topic of this study.

The advantageous impact of bimodal nanoparticles has
been demonstrated in photonic, biosensor and anti-microbial
applications due to their close packing.22–24 Hitherto, these
bimodal nanoparticles are primarily formed by mixing mono-
disperse nanoparticles at predetermined ratios. However,
having a process for preparing bimodal nanoparticles in one
pot would be advantageous. In this work, we demonstrate the
controlled and reproducible synthesis of bimodal nanolatexes
prepared via RAFT-mediated PISA (Scheme 1) and we briefly
explore the opportunities provided by the one-pot bimodal size
distribution nanolatexes in coating applications.

Experimental
Materials

4-((((2-Carboxyethyl)thio)carbonothioyl)thio)-4-cyanopentanoic
acid (CCCPA, 95%) was purchased from Boron Molecular and
used as received. 2,2′-Azobis(2-methylpropionamidine) dihy-
drochloride (AIBA, 97%), (2-dimethylaminoethyl) methacrylate
(DMAEMA, 98%), methyl methacrylate (MMA, 99%) and tetra-
hydrofurfuryl methacrylate (THFMA, 97%) were purchased
from Sigma-Aldrich and used as received. Hydrochloric acid
(HCl, 37 wt%, AnalaR NORMAPUR®), deuterium oxide (D2O,
99.9%) and dimethyl sulfoxide-d6 (DMSO-d6, 99.9%), were pur-
chased from VWR. The water used was deionized or, when
specified, Milli-Q (18.2 MΩ cm, Millipore Milli-Q Purification
System). Dialysis tubing with MWCO of 1 kDa and 6–8 kDa
(Spectra/Por® Biotech) were purchased from VWR. Silicon
wafers were purchased from TOPSIL (RFQ of 150 mm/SZ/1-0-0/
BORON/P type/Resis 4-6 Ohm/Thick 610-640/Oxy 27.1-33
MIXED/38647 + 52A0N31711E + D).

In this work, the nanolatexes were composed of a
PDMAEMA shell (D) and a PMMA core (M) with varying
degrees of polymerization (DPs) of both D, i.e. 7 or 25 referred
to as D7 and D25, respectively and M, i.e., 200, 380 and 500,
referred to as M200, M380 and M500, respectively (Table 1). The
preparation of the macroRAFT agents and their resulting nano-
latexes was performed according to previous publications from
our group and the amounts used for their synthesis are sum-
marized in Table S1.†20,21 The same synthetic protocol was
employed for the preparation of cationically charged nanola-
texes with a PTHFMA (T) core, referred to as D25-T100, D25-T200
and D25-T300. More information regarding the kinetics of their
polymerization and chemical composition can be found in the
ESI (parts 1 to 5).†

Nuclear magnetic resonance (NMR)

The NMR spectra were recorded using a Bruker Avance 400
spectrometer (1H: 400.13 MHz) equipped with a 5 mm broad-
band multinuclear (PABBO) probe at 25 °C using Bruker
TopSpin v2.1 software. 1H-NMR was used to follow the kinetics

Scheme 1 Schematic representation of the preparation of bimodal cationically charged nanolatexes via RAFT-mediated PISA. The charged hydro-
philic macroRAFT agent is primarily composed of protonated PDMAEMA, which during polymerization is slightly hydrolyzed; thus, a tiny fraction of
methacrylic acid (MAA) is present in the final macroRAFT agent.20

Polymer Chemistry Paper

This journal is © The Royal Society of Chemistry 2023 Polym. Chem., 2023, 14, 2308–2316 | 2309

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

9 
M

ar
ch

 2
02

3.
 D

ow
nl

oa
de

d 
on

 2
/3

/2
02

6 
10

:1
4:

18
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3py00090g


of the synthesized macroRAFT agents in D2O (Fig. S2 and S3†).
The data analysis was performed using MestReNova v14.2.0
software.

Differential scanning calorimetry (DSC)

A Mettler-Toledo DSC 1 instrument system was used to
measure the glass transition temperature (Tg) of the freeze-
dried nanolatexes. Measurements were performed under nitro-
gen flow (50 mL min−1) from −20 to +200 °C with a heating/
cooling rate of 10 °C min−1. The heating/cooling protocol com-
prised of a heating ramp from 30 to 200 °C, stabilized at
200 °C for 5 min and then cooled down to −20 °C, followed by
an isotherm for 5 min. Finally, the samples were heated from
−20 to 200 °C and Tg was evaluated from them (Fig. S7†). The
data were evaluated using Mettler Toledo STARe v. 15.00 soft-
ware as per ISO standards.

Dynamic light scattering (DLS)

The hydrodynamic diameter (DH), polydispersity index (PdI)
and electrophoretic mobility (ζ) of the nanolatexes were deter-
mined using a Malvern Zetasizer NanoZS at 25 °C. Each value
used in this study is averaged over 15 measurements and
reported as the average over three consecutive runs. For all
measurements, the concentration of the nanolatex dispersions
was 0.1 wt% in deionized water. The standard used for the size
correlation of the investigated latexes was polystyrene set by
default from the software.

Size exclusion chromatography (THF-SEC)

SEC analysis was performed using a Waters system (Waters
Sverige AB, Sollentuna, Sweden) using Empower software. The
eluent used was THF and separation was performed using
Waters Ultrastyragel (HR4, HR2, and HR0.5) solvent efficient
analytical columns in series with a Styragel guard column
(4.6 mm × 300 mm, thermostated at 35 °C). The system was
coupled to a Waters-2998 photodiode-array detector (PDA),
operated at 254 nm. Standard calibration was performed with
polystyrene standards with molecular weights ranging from
176 kg mol−1 to 266 g mol−1 using data from the RI detector.
All samples were dissolved in THF and filtered through a
0.45 μm polytetrafluoroethylene (PTFE) syringe filter. The
results are shown in Fig. S4 and S5.†

Quartz crystal microbalance with dissipation (QCM-D)

The adsorbed amount and the viscoelastic properties of the
adsorbed layer of nanolatexes on quartz crystals was deter-
mined by QCM-D (E4 model, Q-Sense Ab, Gothenburg,
Sweden). All experiments were conducted at pH 6 and ambient
temperature with a nanolatex concentration of 0.025 g L−1. The
adsorption of nanolatexes took place after a stable baseline
was achieved at a flow rate of 0.3 mL min−1. The adsorption
was monitored for 1 h with a 0.1 mL min−1 flow rate and a
final washing step with deionized water of 10 min. The
adsorbed amount (Γ) was calculated using the Sauerbrey
equation:25

Γ ¼ CðΔf =nÞ; ð1Þ
where C is the sensitivity constant (−0.177 mg m−2 Hz−1), n is
the overtone number (3 in this study) and Δf is the change in
frequency (Hz).

With QCM-D, the viscoelastic properties can also be studied
through the dissipation factor of the adsorbed layer:

D ¼ Edissipated=ð2πEstoredÞ; ð2Þ
where Edissipated is the dissipated energy of one oscillation
period and Estored is the stored energy in the oscillating system.
Although the Sauerbrey equation is a model applied for rigid
films, studies have shown that it is also valid for systems with
higher dissipation compared to more advanced viscoelastic
models.26

Field emission scanning electron microscopy (FE-SEM)

A Hitachi S-4800 FE-SEM was used for imaging nanolatexes
(KW-4A-2, Chemat Technology, Northridge, CA, USA). The
voltage used was set at 1 kV for all images taken. Each sample
was sputtered with Pt/Pd (Cressington sputter coater 208RH)
for 10 s.

Contact angle (CA) measurement

The CA against water of the nanolatex-adsorbed QCM-D crys-
tals both before and after annealing (Fig. S12†), the CA of the
nanolatex-modified filter papers before and after annealing
(Fig. S13†) and the CA of the nanolatex-modified silica wafers
dried in the conditioning room and in an oven at 150 °C for
3 min (Fig. S15†) were monitored by using a Theta Lite optical
tensiometer coupled with a remote-controlled syringe (Biolin

Table 1 Physicochemical properties of the nanolatexes synthesized by RAFT-mediated PISA. The properties of the D7 and D25 macroRAFT agents
are listed in Table S3†

Samples Experimental DPMMA Mn
a (g mol−1) Dlarge

b (nm) Dsmall
b (nm) DH

c (nm) PdIc ζc (mV) Tg
d (°C)

D7-M200 172 18 700 80 ± 12 45 ± 10 89 ± 3 0.11 ± 0.02 62 ± 1 121 ± 1
D7-M500 435 45 100 163 ± 12 67 ± 12 149 ± 3 0.16 ± 0.02 36 ± 1 122 ± 1
D25-M380 323 36 600 78 ± 5 32 ± 4 112 ± 2 0.04 ± 0.01 56 ± 2 123 ± 3
D25-M500 425 46 800 125 ± 12 62 ± 9 136 ± 2 0.03 ± 0.01 60 ± 1 125 ± 1

aMolecular weight was calculated from eqn (S3).† bDiameter of the small (Dsmall) and large (Dlarge) nanolatexes measured by FE-SEM on spin-
coated silica was evaluated using Gwyddion software. cHydrodynamic diameter, polydispersity index and zeta potential measured by DLS with
0.1 wt% dispersion in deionized water. dGlass transition temperature obtained by DSC.
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Scientific). All samples were kept at 50% RH at ambient temp-
erature for at least 24 h before the measurement. The sessile
drop method with a volume of 4 μL was used. Images were
evaluated using OneAttention software (Biolin Scientific) to
obtain the average contact angle (θ). Each sample was
measured at three discrete positions.

Annealing of nanolatex-adsorbed crystals

All nanolatex-adsorbed QCM-D crystals were annealed in an
oven at 150 °C for 5 h as described previously in the
literature.8,20,21 Afterwards, the samples were left for at least
24 h (RH 50%) before characterizing them with the CA and by
FE-SEM.

Results and discussion

This work focuses on the reproducible preparation of bimodal
nanolatexes via the RAFT-mediated PISA technique and their
subsequent film formation on substrates.

Cationically charged nanolatexes composed of a protonated
PDMAEMA shell and a hydrophobic PMMA core were prepared
via RAFT-mediated PISA (Scheme 1).20,21 The RAFT agent used
in this study, 4-((((2-carboxyethyl)thio)carbonothioyl)thio)-4-
cyanopentanoic acid (CCCPA), comprising carboxylic acid
groups in both the R- and the Z-groups, yielded high livingness
of the macroRAFT agents (up to 97%, eqn (S1), ESI section 1†).
In previous publications, nanolatexes of the same chemical
composition, but with lower degrees of polymerization (DP) of
MMA were monomodal and monodisperse as evaluated by
dynamic light scattering (DLS) and field emission scanning
electron microscopy (FE-SEM).20,21 However, CCCPA has been
reported to result in bimodal molecular weight distributions
and subsequent loss of control of polymerization during
PISA.27

Although no such observation was made for the molecular
weight distribution in the aforementioned studies,20,21 in the
current study, the bimodality was initially investigated via size
exclusion chromatography (SEC) with THF as an eluent
(Fig. S4 and S5†). The chromatograms exhibited clear bimodal
characteristics, i.e. splitting of the peak or appearance of a
shoulder;27 however, the molecular weight values obtained
were significantly higher than the theoretical results, Table 1.
This could be due to three reasons: (i) the values obtained
were outside the linear region of columns, (ii) the charged
block of the copolymer may interact with the SEC columns,
and (iii) according to the DLS investigation in THF (Table S4†),
some aggregation was observed, possibly indicating incom-
plete molecular solubility. However, according to 1H-NMR per-
formed in THF-d8, characteristic polymers peaks could be
identified (Fig. S5†).

Irrespective of the bimodality observed by THF-SEC, DLS
analysis yielded monomodal nanolatex characteristics in
water. In particular, the hydrodynamic diameter (DH) of the
nanolatexes seemed to be monodisperse according to the poly-
dispersity index (PdI) and their cationic characteristic was veri-

fied by a positive zeta potential (ζ) (Table 1). For the evaluation
of DH by DLS, a spherical morphology is assumed by default
by the instrument. FE-SEM was used to image dried spin-
coated nanolatex dispersions on silica to complement the
observations obtained from DLS (Fig. 1). Although the spheri-
cal morphology was corroborated, a bimodal size distribution
was observed for all nanolatexes. Based on the FE-SEM images,
the diameters of the small (Dsmall) and the large (Dlarge) nano-
latexes were measured as listed in Table 1. The values for Dlarge

were similar to DH, indicating the low sensitivity of DLS
towards the small nanolatexes. This is due to the relationship
between the nanoparticle size and the wavelength of the inci-
dent light in DLS, where large nanoparticles have a greater
impact on DH, meaning that smaller nanoparticles appear
invisible to the instrument.8,28,29

A possible explanation for the observed difference between
Dsmall and Dlarge (Table 1) could be the ratio between the hydro-
philic and hydrophobic blocks. For instance, in the cases of
D7-M500 and D25-M500, DPhydrophilic/DPhydrophobic is 0.02
and 0.06, respectively, when the actual DPs determined gravi-
metrically are considered (Table 1). Since the advantage of
PISA relies on varying this ratio in order to achieve complex
morphological architectures, this three-fold difference is
expected to have a significant influence on nanolatex
morphology.

Recently, in a work of Zetterlund et al.,27 the preparation of
nanolatexes with bimodal molecular weight distributions via
RAFT-mediated PISA in emulsion polymerization using mul-
tiple RAFT agents, including CCCPA, was reported.

According to their study, monomer-swollen hydrophobic
domains are created by macroRAFT agents and a few
monomer units, which ideally act as nucleating sites to form
amphiphilic diblock copolymers and, at higher monomer con-
versions, nanolatexes. It was explained that during the frag-
mentation of the macroRAFT agent, a short hydrophilic moiety
containing the Z-group, the hydrophobic oligomer and the
decomposed initiator will exit this hydrophobic domain (“Z-
group induced RAFT exit”). This will consequently lead to
fewer but larger nanolatexes in the final dispersion, and as a
result, loss of control over polymerization as stoichiometry
becomes compromised. The Z-group induced RAFT exit
occurred only when the Z-group of the RAFT agent was hydro-
philic. A similar RAFT agent to CCCPA, which contained a
Z-group with an aliphatic chain instead of a carboxylic acid,
4-cyano-4-thiothiopropylsulfanyl pentanoic acid (CTPPA), was
previously demonstrated to successfully stabilize monomodal
PDMAEMA-shelled and PMMA-cored nanolatexes, further sup-
porting this claim.9,10,12 Consequently, the absence of the car-
boxylic acid prevented the formation of bimodal nanolatexes.
Hence, in the present study, the Z-group induced RAFT exit is
hypothesized to be the reason for the bimodal size distri-
butions imaged to our knowledge for the first time.
Additionally, the fact that, in the current work, P(DMAEMA-b-
MMA) nanolatexes exhibited bimodal characteristics similar to
those reported in the work of Zetterlund et al., where the nano-
latexes were composed of poly(methacrylic acid-b-styrene),
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indicates that this process is not only characteristic of a
specific hydrophilic–hydrophobic combination.

The syntheses of the D25-M380 and D25-M500 nanolatexes
were repeated three times, and the resulting Dsmall, Dlarge and
DH for each batch were similar when considering the MMA
conversion (Table S5 and Fig. S8†). This clearly indicates the
reproducibility of the bimodal size distributions derived from
the Z-group induced RAFT exit.

As a case study, D25-M500 was selected to investigate in
detail the morphological evolution during RAFT-mediated
PISA. According to FE-SEM imaging, bimodal nanolatexes can
be seen already after 15 min (Fig. 2). Additionally, Dlarge, Dsmall

and DH were plotted against the polymerization time (Fig. 2).
All of the different diameter values follow an increasing trend,
reaching a plateau after 60 min, which coincides with the final
MMA conversion achieved for this system. Based on the
Z-group induced RAFT exit, we hypothesize that the escaping
moieties aggregate into new hydrophobic domains and that
the chain extension proceeds there, which is supported by the
increasing trend observed for Dsmall.

In order to verify that bimodal nanolatexes result from the
Z-group induced RAFT exit and in extension from the hydro-
philic Z-group of the RAFT-agent irrespectively of the core-
polymer, tetrahydrofurfuryl methacrylate (THFMA) was poly-
merized via RAFT-mediated PISA using the D25 macroRAFT
agent (Table S2†). The FE-SEM images revealed that bimodal

nanolatexes are formed when DPTHFMA was 300 (Fig. S9†). In
the case of PMMA-cored nanolatexes, the diameter after which
bimodal nanolatexes was observed was approximately 80 nm,
which in the case of THFMA was 180 nm. This could be an
additional reason why bimodal nanolatexes were not obtained
in our previous studies, as higher DP of MMA, and thus size,
have to be reached.20,21 Additionally, the water solubility of the
hydrophobic monomer, i.e., 15 g L−1 (ref. 30) and 1.8 g L−1

(ref. 31) for MMA and THFMA, respectively, its chemical struc-
ture, and the pH of the emulsion (protonated or deprotonated
carboxylic acid groups of the RAFT agent) could affect the
escaping process and are considered potential parameters for
tuning the Z-group induced RAFT exit on demand.

Film formation properties of bimodal nanolatexes

In this section, we report the film formation of the aforemen-
tioned one-pot bimodal nanolatexes and their surface pro-
perties, thus highlighting the opportunities of the controlled
bimodality originating from the Z-group induced RAFT exit.

The adsorption of bimodal nanolatexes was first investi-
gated by quartz crystal microbalance with dissipation
(QCM-D). Nanolatex dispersions of 0.025 g L−1 were adsorbed
onto QCM-D (silica) crystals and their adsorption was com-
pared to known monodisperse nanolatexes of the same chemi-
cal composition, i.e., PDMAEMA-shell and PMMA-core (Fig. 3,
D7-M100, D25-M200).

20 Although small differences with regard

Fig. 1 FE-SEM of the spin-coated bimodal nanolatexes. The scale bar in all FE-SEM images is 1 μm.
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to the adsorbed amount (Γ, Fig. 3a) and dissipation (ΔD,
Fig. S10†) can be seen between the monomodal and bimodal
nanolatexes, the adsorption mechanism seems to be very
different for the case of the bimodal D7-M500.

An extended slope with a lower incline was observed for D7-
M500, whereas for every other nanolatex used, both the incline
and the slope were similar. This is due to the bimodal adsorp-
tion mechanism, which is primarily affected by the adsorption
of heavier nanolatexes, and it is clearly depicted in Fig. 3b,
where the change in dissipation was plotted against the
change in frequency.32 The arrangement resulting from their

adsorption was imaged by FE-SEM (Fig. S11†). It was observed
that an effective, repulsive, area around each nanolatex is
created dependent on the charge density as formerly
observed.20

Previously, it has been reported that, when nanolatexes
with a PDMAEMA-shell are adsorbed onto different substrates,
they can be annealed above Tg to create a homogeneous poly-
meric coating.8,20,21 In this study, we verify this observation by
subjecting the nanolatex-modified substrates previously used
in QCM-D to an annealing protocol involving heating to
150 °C for 5 h as per previous publications.8,20,21 The corres-

Fig. 2 FE-SEM of the spin-coated D25-M500 during the polymerization time. In the middle graph, their respective diameters obtained from FE-SEM
compared to the ones obtained from DLS are shown. The MMA conversion is shown on the top right corner of each FE-SEM image and the scale
bar for all images is 1 μm.

Fig. 3 Adsorbed amount (a) and dissipation of the nanolatexes against the frequency (b) obtained from QCM-D; monomodal nanolatexes: D7-M100

(black dashed line) and D25-M200 (red dashed line) and bimodal nanolatexes: D7-M200 (black line), D7-M500 (red line), D25-M380 (blue line) and D25-
M500 (green line).
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ponding morphologies were imaged by FE-SEM (Fig. S11†).
The annealed nanolatexes were characterized by an increased
diameter as formerly described.20 Additionally, the contact
angles (CAs) against water of the nanolatex-modified substrates
prior to and after annealing were monitored (Fig. S12†). Prior
to annealing, the adsorption of cationically charged nanola-
texes reduced the CA since they reduced the hydrophobicity of
the substrate, whereas after annealing, the PMMA-core of the
nanolatexes was exposed as a consequence of rearrangement,
thus increasing the CA against water.

In order to demonstrate the advantages of bimodal over
monomodal nanolatexes in film formation, two experiments
were conducted: (i) bimodal nanolatexes were adsorbed onto
cellulose filter papers and their morphology and CA before
and after annealing were investigated and (ii) bimodal nanola-
tex dispersions were drop-casted onto silica wafers and dried

either in a conditioning room at 23 °C and 50% RH or in an
oven at 150 °C for 3 min. These two drying protocols were
used to investigate the influence of the drying procedure on
the final arrangement of the nanolatexes on the silica wafers.

Bimodal nanolatex-modified cellulose filter papers were
imaged by FE-SEM prior to and after annealing at 150 °C for
5 h (Fig. 4). The CA after annealing for bimodal nanolatex-
modified cellulose filter papers reached 120° compared to
approximately 100° obtained from monomodal nanolatex-
modified cellulose filter papers with the same PDMAEMA-
shell.8 This is possibly due to the closer packing in the case of
the bimodal nanolatexes.

In a second experiment, involving adsorption onto silica,
the drying mechanism seemed to be different for the two
investigated drying procedures (Fig. 5 and S14†). In particular,
when the concentration of the nanolatex dispersion was

Fig. 4 FE-SEM of the nanolatex-modified filter papers before (top) and after (bottom) annealing at 150 °C for 5 h. The scale bar in all images is
1 μm.

Fig. 5 FE-SEM of the nanolatexes (0.1 wt%) dried in the conditioning room (top) or in an oven (bottom) at 150 °C for 3 min. The scale bar in all
images is 1 μm.
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0.1 wt%, D7-M200 and D25-M500 exhibited mixed drying mecha-
nisms, where large and small nanolatexes were homoge-
neously mixed when dried (Fig. 5). However, in the cases of
D7-M500 and D25-M380, the drying mechanism seemed to
follow a “large-on-top” arrangement, which was more apparent
when drying was performed under mild conditions in the con-
ditioning room compared to the forced approach used with
the oven-drying protocol. A similar arrangement was also
observed for the cases of D7-M500 and D25-M380 when adsorbed
onto cellulose filter paper (Fig. 4, top) prior to annealing.
According to the literature, the different drying mechanisms of
bimodal colloidal nanoparticles are derived from their
different Peclet numbers (Pe), which originate from their
different diffusion rates.22 For instance, the case of the “large-
on-top” drying mechanism can be expected when the Pe for
the large (Pelarge) and small (Pesmall) nanolatexes are higher
and lower than 1, respectively.33 This means that the diffusion
rate of the large nanolatexes is higher that the drying rate of
the dispersion and the opposite for the small nanolatexes. In
all drying experiments, regardless of the drying protocol used,
the silica wafers became iridescent (see graphical abstract),
which is direct evidence of nanolatex morphological arrange-
ment on the surface, previously reported for other binary col-
loidal crystals.23

Conclusions

In this work, we have presented the first microscopy images to
our knowledge of bimodal nanolatexes prepared via RAFT-
mediated PISA in emulsion polymerization. This bimodality
was found to be driven by the hydrophilicity of the Z-group of
the RAFT agent, a notion that has been reported as “Z-group
induced RAFT exit”.

Moreover, we provided FE-SEM images following the evol-
ution of the resulting bimodal nanolatexes. Our findings
suggest that bimodality is reproducible when using CCCPA,
where the water solubility, the chemical structure of the hydro-
phobic monomer and its DP are amongst the key parameters
for tuning it on demand.

We also compared the adsorption of the mono- and
bimodal nanolatexes on silica by QCM-D and found that
higher adsorbed amounts were achieved for the latter.
Moreover, the film formation properties of the bimodal nano-
latexes on cellulose filter paper and silica wafers were studied.
It was found that closer packing of the nanolatexes increased
the contact angle (CA) against water due to the more homo-
geneous hydrophobic coating layer after annealing, compared
to the monomodal nanolatex-modified cellulose filter papers
present in the literature, where lower CAs were obtained. In
addition, the drying process seemed to influence the final
packing arrangement (governed by the Pe) of the nanolatex on
the silica wafers. Furthermore, these substrates became opal-
like and iridescent due to the morphological arrangement of
the bimodal nanolatexes.

We envision that the results of this study will enhance the
possibilities of using RAFT-mediated PISA to prepare con-
trolled bimodal nanolatexes in one pot with tailored properties
by exploiting the bimodality as an advantageous modification
platform.
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