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by drying the supracolloidal dispersions at room temperature, and their morphology and mechanical properties

were interconnected.

Findings: Covalently bound supracolloids provided transparent coatings with a homogeneous 3D percolating
silica nanonetwork. Supracolloids having physical adsorption only, resulted in coatings with a stratified silica
layer at interfaces. The well-arranged silica nanonetworks strongly improve the storage moduli and water
resistance of the coatings. These supracolloidal dispersions offer a new paradigm for preparing water-borne
coatings with enhanced mechanical properties and other functionalities, like structural color.

1. Introduction

Conventional (organic) solvent dispersions, inks, and coatings for-
mulations have been used for many decades for the most varied pur-
poses. These dispersions often contain organically modified nanofillers
which can be well-dispersed in the organic solution. Once the disper-
sions are applied on a substrate and dried out, a solid composite film is
formed, where the distribution of the insoluble nanofillers plays an
important role in the coatings and films properties [1-6] namely on the
reinforcement of the mechanical properties, such as hardness and
scratch resistance, [7,8] the improvement of conductivity, [9,10] or the
enhancement of optical properties [7,11].

With rising environmental and health concerns, liquid formulations
are increasingly required to be more sustainable and use water as
dispersing medium. Aqueous dispersions of colloidal polymer particles
are the typical liquid formulations (paints) used for water-borne coat-
ings and inks [12,13]. Polymers used in these dispersions commonly
have low glass transition temperature (Tg) so that once the dispersion is
cast on a substrate and the water starts evaporating, the polymer chains
have sufficient mobility to diffuse across polymer particles and form a
cohesive solid film. Inorganic nanofillers are also often incorporated in
these aqueous polymer dispersions to obtain colloidal composite mix-
tures with enhanced properties and plentiful applications on inks, drug
delivery systems, food & cosmetics, and in general paints [14-17]. The
distribution of inorganic nanoparticles in the solidified layer and the
formation of a homogenous nanocomposite is highly relevant to the
mechanical, thermal and chemical resistance performance of water-
borne polymer coatings.

Several preparation methods, such as Ramsden-Pickering emulsion
polymerization and in situ polymerization [3,5,18-22] have been re-
ported to fabricate nanocomposite supracolloidal particles which are
stable in aqueous dispersions. These dispersions are then applied on
substrates with the main aim of obtaining polymer coatings with ho-
mogeneously distributed inorganic nanoparticles (fillers). The
mentioned preparation methods are very advantageous, mainly because
the solid inorganic nanoparticles act as stabilizers and are naturally
positioned/distributed at the surface of the polymer colloids. However,
Pickering emulsifiers (inorganic nanoparticles) can also partially hinder
the molecular diffusion of the polymer chains between polymer particles
resulting in high(er) film formation temperature [23,24]. Gonzalez-
Matheus et al. [23] reported that water-borne films obtained from large
Pickering supracolloids required higher film formation temperature
compared to small(er) Pickering systems, for supracolloids with the
same silica weight fraction in the corona. On the other hand, in situ
polymerization [20,25] can possibly originate a discontinuous or
aggregated inorganic phase in the nanocomposite. The aggregation
number of the nanofillers, i.e., effective filler-filler interactions, as well
as the fillers networks eventually formed within the coatings, are
extremely important for the mechanical properties of nanocomposite
materials [26,27]. Furthermore, according to the classic film formation
mechanism from a polymer (latex) dispersion, molecular diffusion of the
polymer chains throughout the particle’s boundaries (i.e., coalescence)
is key to obtain a stable and homogenous solidified layer [28].

One alternative route to prepare supracolloidal particles is the
straightforward mixing of pre-prepared colloids of different types in an
aqueous medium to obtain stable colloidal dispersions, often mediated
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by the presence of stabilizers and surfactants. One advantage of this
route is that the polymer-filler weight ratio can be easily varied.
Nevertheless, upon application and drying of these dispersions, multiple
colloidal and molecular interactions play a role in the aqueous medium.
These interactions influence major physical properties, such as surface
tension and osmotic pressure, [29] and can trigger several (often un-
desired) phenomena such as aggregation, [30] deposition, [31] and
stratification [31-34]. The large majority of water-borne coatings
contain polymer colloids with diameters between 50 and 1000 nm, on a
high solid content formulation and smaller inorganic nanoparticles.
Since colloids of different sizes have different mobility in the wet/drying
film, some of the particles tend to be trapped at the air-coatings interface
due to the large Peclet number. Hence, the stratification into a one-size
colloid domain has been often observed at the air interface [31-34].
Such phenomena influence the final structure and composition of
coatings and applied films. Additionally, the presence of free-moving
stabilizers and surfactants is one major concern in these so-called “het-
erocoagulated” systems, as the small molecules play a key role in the
stability of the particles in the dispersion. Furthermore, they strongly
influence assembly processes occurring in the aqueous medium and
have an impact on the nanocomposite coatings morphology and bulk
structure. Their interaction with fillers can result in different distribu-
tions of the fillers in a coating, which ultimately impacts its properties
[35]. Martin-Fabiani et al.[36] and Limousin et al[37] compared
colloidal nanocomposites obtained by different preparation approaches
discussed above. By blending, a discontinuous inorganic network was
obtained in the polymer matrix, and by Pickering emulsion polymeri-
zation with the same chemical composition more homogenous coatings
were made. Both studies concluded that the presence of a continuous
nanofillers network effectively improves the moduli of the nano-
composite films. For other similar Ramsden-Pickering systems, the final
properties of films were unfortunately only seldom investigated
[23,38,39]. In general, it has been reported that the presence of 3D
percolating networks of both filler and polymer phases is a prerequisite
for the good performance of water-borne coatings, including
outstanding mechanical properties.[40,41].

The methods described have been applied in the preparation of
polymer-silica colloidal systems [3,5,18-22,42,43] which are used on
water-borne polymer coatings, with the main objective to improve the
coatings mechanical and thermal performance. Typically, colloidal
supracolloids with core-corona morphology can be obtained with par-
ticles of varying sizes and size ratios. For coating applications, the most
relevant nanocomposites consist of spherical polymer particles, and the
corona can be a layer of individual silica nanoparticles with different
configuration, e.g., raspberry (with polymer-cores fully covered by the
corona-inorganic nanoparticles)[18,19] or strawberry (partial corona
surface coverage)[44]. In Pickering nanocomposite dispersions, the
high-volume fraction of fillers often leads to formation of raspberry
supracolloids. [18,19,45] The raspberry configuration can partially
hinder the molecular diffusion of the polymer chains throughout the
particle’s boundaries,[28] resulting in high(er) film formation temper-
ature,[23,24] or less good optical and mechanical properties.
[18,19,29,30] On the contrary, the strawberry configuration[44] could
make a good compromise between reasonable film formation properties
(ie., sufficient mobility for polymer chains interdiffusion), low aggre-
gation of the nanofillers, and the build-up of continuous 3D
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nanonetworks.

In our previous work, we studied the assembly conditions to prepare
stable core-corona polymer-silica supracolloidal particles with straw-
berry configuration, in aqueous dispersions.[44] By tunning the hy-
drophobic and electrostatic interactions between the colloids,
supraparticles with controlled corona surface coverage, and variable
core-corona mass ratio were prepared. Furthermore, if the strawberry
configuration is stable and retained during application of these disper-
sions on a surface, drying and film formation steps, coatings with an
overall homogeneous distribution of the silica nanoparticles are to be
expected, with a high potential to form continuous 3D networks
throughout the solidified layer.

In this work, we prepared water-borne coatings from concentrated
aqueous dispersions containing polymer-silica core-corona supra-
colloids, with a strawberry configuration [44]. The distribution of the
silica nanoparticles was well-controlled throughout the coating layer, by
tuning the interactions between the polymer and silica nanoparticles in
the assemblies. Two types of aqueous supracolloidal dispersions were
used, where the assemblies were formed by physical adsorption only
(mediated by a PEO-based surfactant, Triton X-405) or through covalent
interactions between the particles (using thiol/disulfide chemical
bonds). The supracolloidal dispersions were cast and dried in air and at
room temperature. The supraparticles and coatings morphology were
characterized by electron microscopy (SEM and cryo-TEM). Their
chemical composition was investigated by Energy-Dispersive X-Ray
Spectroscopy (EDX) and Attenuated Total Reflectance-Fourier Trans-
form Infrared Spectroscopy (ATR-FTIR). We discuss the distribution of
the silica nanoparticles and the resulting inner structure of the nano-
composite films, obtained from the different supracolloidal dispersions.
The mechanical performance and water-uptake properties of the
supracolloidal coatings were evaluated and are related to the surface
and bulk morphology (nanonetworks or stratified silica-rich layers)
obtained from the different supracolloidal dispersions.

2. Materials and methods
2.1. Materials

Butyl acrylate (99%, BA), methyl methacrylate (99%, MMA), and
ethylene glycol dicyclopentenyl ether methacrylate (90%, DCPMA)
were purchased from Sigma-Aldrich and purified via a basic alumina
column (Honeywell, Brackman I) to remove inhibitors before polymer-
ization. 2,2'-(Ethylenedioxy)diethanethiol (95%, EDT), 2-hydroxy-4'-(2-
hydroxyethoxy)-2-methylpropiophenone (98%, HMPP), 2-amino-2-
methyl-1,3-propanediol (99%, AMPD), citric acid (99%), poly
(ethylene glycol) methyl ether methacrylate (PEGMA) solution (Mn ~
2000 g/mol, 50 wt%), Triton X-405 solution (Mn ~ 1967 g/mol, 70 wt
%), and Zeolite 13x were obtained from Sigma-Aldrich and used as
received. The initiator 2,2'-azobis[2-(2-imidazolin-2-yl) propane]
dihydrochloride (98%, AIBA) was used as received from Acros Organics.
Levasil® silica aqueous colloidal dispersion (40 wt%, thiol functional-
ized) was kindly provided by Nouryon (Sweden), and further purified by
dialysis or diafiltration as described in Supplementary Information (SI).
The AMPD-citric acid aqueous solution was used as a buffer to adjust the
pH and dilute the polymer and silica dispersions. For all experiments,
deionized (DI) water (pH 6.5) filtered by an Elix® Reference water pu-
rification system was used.

2.2. Synthesis of thiol functionalized poly(butyl acrylate-co-methyl
methacrylate) (EDT-G2.4) particles

The polymerization procedure of the DCPMA functionalized poly(BA-
MMA) particles (G2.4) was performed as follows: The polymerization
was carried out in a four-neck jacked flat-bottom reactor equipped with
a reflux condenser, stainless steel stirrer with a half-moon shape, ni-
trogen gas inlet and dosing pump inlet. For the seeds-emulsion formation
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step 0.96 g butyl acrylate (BA), 0.96 g methyl methacrylate (MMA),
0.10 g Triton X-405 solution and 50 g deionized water were added into
the flask and de-aired by bubbling with nitrogen for 30 min. The stirring
speed was kept at 200 rpm and when the temperature reached 60 °C, 2.0
g of a 6.5 wt% aqueous initiator solution (AIBA) was added into the
reactor. The polymerization proceeded for 30 min. Meanwhile, a pre-
emulsion was prepared following the formulation shown in Table 1 and
bubbled with nitrogen for 30 min. Subsequently, the pre-emulsion was
fed into the glass reactor containing the seeds-emulsion, via a dosing
pump along 150 min. 2 g of a 4.5 wt% AIBA aqueous solution was
simultaneously added dropwise into the glass reactor when the pre-
emulsion feeding started, along approximately 5 min. Finally, a shell-
emulsion with 3 g BA, 1 g MMA, 2.2 g DCPMA, 0.2 g Triton and 4 mL of
DI water previously bubbled with nitrogen, was fed into the glass reactor
along 20 min. After all the step-emulsions have been added to the
reactor, the polymerization continued for 90 min at 60 °C, after which it
was quenched by exposing it to air. The polymer dispersions were saved
in the fridge at 2 °C and used without further purification.

The thiol-group functionalization of the poly(BA-MMA-DCPMA) parti-
cles was performed as follows: 5 g of poly(BA-MMA) particles dispersion
(33.6 wt%), 49.2 uL. EDT and 100 uL. HMPP aqueous solution (0.4 wt%)
were added in a 20 mL glass vial with a magnetic stirrer. The glass vial
was placed in a sealed photo-reactor chamber equipped with a nitrogen
gas flow, a stirring plate and a S1000 OmniCure Mercury spot UV curing
lamp (320-500 nm) with EXFO fiber light guides. The mixed dispersion
was stirred at 1600 rpm and irradiated at 23 mW/cm? for 30 min. After
the reaction, the vial was sealed under nitrogen atmosphere to prevent
further oxidation of the thiol groups grafted on polymer particles sur-
face, and subsequently used for the strawberry supracolloids assembly.

2.3. Assembly and thiol/disulfide exchange of the strawberry
supracolloids: Covalently binding.

The assembly condition of strawberry supracolloids was illustrated
in the previous study.** A typical preparation procedure of 12 wt% PA-
G-Si.25/CB-G-Si.25 dispersion is described as follows: 2 mL 31.6 wt%
G2.4/EDT-G2.4 polymer dispersion, adjusted pH 9.5 with 0.5 M AMPD
solution, 1.7 mL 12.6 wt% silica dispersion (pH 9.5, diafiltration puri-
fied) were infused into a 20 mL sealed glass vial with 3.5 mL AMPD-
citric acid buffer solution (30 mM) and the dispersion was stirred at
400 rpm. After 100 min, the infusion finished and the glass vial was
sealed and stirred at room temperature to equilibrate for 10 days. The
volume of silica suspension and buffer solution was adjusted by the silica
solid content. The DCPMA functionalized poly(BA-MMA) polymer

Table 1

Characteristics of the polymer and silica nanoparticles used to prepare the
supracolloidal dispersions: hydrodynamic diameter (dy), zeta potential ({)
and concentration (C) of PEO in the initial polymer dispersions, and TEM
diameter (drem), zeta potential (¢), and thiol grafting density (6s.5) of silica
nanoparticles.

Polymer CpEGMA- Crriton- Crotal Crpr™ dyg(nm)” €
core pEo’ (Wt%)  ppo” pE0" (wt%) (mV)”
(Wt%) (Wt%)

G2.4 2.4 2.2 4.6 - 269 + 8 -16.9
+ 1.4

EDT- 2.4 2.2 4.6 3.3 269 + 4 —-20.9

G2.4 + 2.8

T4.6 - 4.6 4.6 - 232+ 4 —24.4
+ 2.6

Silica drem(nm) ¢ (mV) 6s.u (mmol/g)*

Si 27+7 -574+1 0.03

HSi 33+5 —55.6 + 10 0.18

& Over polymer core solid mass.

# Measured in pH 9.5 (10 mM AMPD-Citric acid) buffer.

" Average diameter estimated from 100 particles in Cryo-TEM images.
" Titration results using a dialyzed silica dispersion.
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dispersion was assembled under the same condition to prepare physi-
cally adsorbed strawberry supracolloids.

The strawberry supracolloids fixation of silica on polymer particles
was examined by adjusting pH to 11.5 with 1 M sodium hydroxyl so-
lution. The dispersion state of the CB-G-Si.20 and PA-G-Si.20 supra-
colloids at pH 9.5 and 11.5 was investigated with Cryo-TEM. An aliquot
from the dispersions with 12 wt% supracolloids, was taken at different
assembly time points (within 30 days) and placed in a glass vial which
was magnetically stirred for 1 min at 400 rpm. Cryo-TEM samples were
prepared by depositing 3 uL of these dispersions on a 200 mesh Cu grid
with Quantifoil® R2/2 100 holey carbon films (Quantifoil Micro Tools
GmbH). All TEM grids were previously surface plasma treated for 40 s by
a Cressington 208 carbon coater. Subsequently, samples were vitrified in
liquid ethane using a vitrification robot (Vitrobot Mark IV, Thermo
Fisher Scientific). Cryo-TEM samples were imaged in low-dose bright-
field TEM mode using the TU/e cryo-TITAN electron microscope
(Thermo Fisher Scientific, USA) which was operated at 300 kV, equip-
ped with a field emission gun (FEG), a post-column Gatan Energy Filter
(GIF, model 2002, Gatan, USA) and a post GIF 2 k x 2 k CCD camera
(model 794, Gatan, USA).

2.4. Average particle diameter and zeta potential measurements

The hydrodynamic diameter of the individual particles and the
supracolloids was measured by Dynamic Light Scattering (DLS) using an
Anton Paar Litesizer 500 equipment, at 20 °C. The dispersions were
diluted with a pH 9.5 buffer solution (10 Mm AMPD-citric acid), with
different buffer concentrations used for the assembly conditions, to 0.05
wt% and measured five times at a backscattering angle of 175°. Zeta
potential values were obtained from the five measurements as well, with
the Hueckel approximation. The errors given in Table 1 are the standard
deviation of five repeated measurements.

2.5. Free-standing supracolloidal coatings preparation

The 12 wt% strawberry supracolloid dispersions were casted as
polymer films on Teflon substrates with a 1 mm barrier a gap applicator
and a 250 um gap and dried in a glass curing box with a stable airflow at
ambient temperature (22 + 2 °C) and 5 + 2% humidity conditions for 6
h. The films were easily peeled from the substrate by hand and had a
thickness of ~ 80-120 um, as measured by a digital micrometer (54-815
series, Fowler Xtra-value).

2.6. Silica nanoparticles distribution in supracolloidal coatings

The different chemical composition of the interface of nano-
composite film was determined by ATR-FTIR spectroscopy. The spec-
troscopy was performed on a Varian 670IR FT-IR spectrometer with a
DTGS detector, collecting an average of 32 scans in the frequency range
from 600 to 4000 cm ™. For every free-stand film sample, both air-film
and substrate-film interface were measured three times, and the average
spectrum of three measurements was provided.

For SEM imaging of the cross-section of supracolloidal films before
and after calcination, a piece of the free-stand films was frozen in liquid
nitrogen, and a clear fracture was obtained by breaking the films at the
liquid nitrogen temperature. The film was placed on a silicon wafer fixed
to an SEM stub. Before imaging, a sputter-coated platinum layer was
applied by using a Quorum Q150T Plus-Turbo molecular pumped
sputter coater at 40 mV for 20 s. SEM imaging was conducted using dual-
beam SEM Quanta 3D FEG (Thermo Fisher Scientific, USA), at an ac-
celeration voltage of 5 KV. The probe current of all images is around 12
PA.

Energy-Dispersive X-Ray spectroscopy (EDX) mapping measure-
ments were performed at an accelerating voltage of 10 kV using Phenom
proX SEM (Thermo Fisher Scientific, USA). To avoid the different elec-
tron interaction volumes due to the inhomogeneity of two types of
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coatings, the total silica atomic concentration of one whole mapping
area (~8 x 8 pmz) was used, where the used relative depth was deter-
mined by the center of one mapping area. The average value of three
mapping areas was used for each depth and the total interaction volume
of all mapping areas was approximately the same. The interaction vol-
ume difference of silica and polymer can be negligible due to the average
concentration of atoms in a large area used.

The ULACM method modified from the low-angle microtoming
method reported by Hinder et al[46] was used. Free-stand supra-
colloidal films were cut to a size of approximately 2 mm x 4 mm and
attached to an epoxy block. Due to the cryogenic conditions, a cryo-glue
was used between the films and the epoxy block instead of double-sided
tape. The cryo-sectioning was performed using a 4 mm trimming knife
(Diatome®©) and operating at —20 °C (Leica UC7/FC7 cryo-microtome).
The supracolloidal films were trimmed from the air-coating interface to
the substrate-coating interface at an ultra-low angle against the epoxy
block surface, which resulted in a full cross-section of about 2 mm x 3
mm over the full thickness (~100 pm). The trimmed specimens were
soaked in DI water for 30 mins to remove the cryo-glue. After washing,
the specimens were transferred to a Si wafer substrate and dried in
ambient conditions after which they were ready for the slide-on ATR-
FTIR measurement. The slide-on ATR FTIR microscope measurements
were performed with the same Varian 670IR FT-IR spectrometer with a
slide-on Si crystal. The position of the Si crystal was aligned with optical
lenses of the IR microscope.

2.7. Dynamic mechanical thermal analysis of free-stand films

The films were put in an aging box at 70 °C with stable N flow for 48
h to obtain a stable film for dynamic mechanical thermal analysis
(DMTA) and water vapor adsorption measurements. The storage
modulus and loss modulus of PA-G2.4-Si.25 coating after annealing
were comparable with the moduli of the same coating aged in ambient
conditions for 10 months in Fig. S7.

Temperature sweeps of storage modulus, loss modulus, and loss
factor were determined by a rheometer (Physica MCR 301, Anton Paar)
in a parallel configuration equipped with an H-ETD400 temperature
control device, using a parallel-plate geometry of 7.946 mm. The mea-
surements were conducted by the application of a constant normal force
of 0.25 N to the film, with an angular frequency of 1 rad/s and a strain of
0.05%. The strains were chosen in the linear elastic region of supra-
colloidal films.

For DMTA with film clamper, the oscillation force is applied to the
cross-section of coatings homogenously. When the temperature was
above 50 °C, the G2.4 sample broke, and the measurement automati-
cally stopped. In the parallel-plate measurement, the oscillation distor-
tion was first applied to the top surface of the coatings so that the creep
behavior of different densities of the silica network was also reflected in
the measurement. Parallel-plate rheology can measure the free-stand
G2.4 coatings up to 90 °C.

Before each measurement, the films were relaxed under 0.25 N axial
force for 3 min at 22 + 0.5 °C to reach an optimal contact between
measurement plates and sample. Then, an increasing temperature pro-
file was applied in which the temperature was increased from 22 °C to
90 °C for 140 min and 840 data points were obtained with an interval of
10 s. Three specimens/measurements were conducted for each coating
sample, and those three specimens were prepared in different batches
with the same formulation. The average results of three measurements
were further averaged for every five points to reduce the noise caused by
the limited resolution of the rheometer.

2.8. Water vapor uptake and diffusion
The WVU and water diffusion Dyy,¢er across the film was determined

using dynamic vapor sorption (DVS) (DVS resolution, Surface Mea-
surement Systems). DVS is a gravimetric sorption technique that
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measures how quickly and how much of a particular solvent, is absorbed
by a sample by the weighing mechanism of an ultra-sensitive recording
microbalance in which the sample and reference pans were enclosed in a
humidity and temperature-controlled chamber. For WVU, the film was
pre-dried at 0 % RH for 100 mins. Then, every 10% humidity step was
taken from 0 to 80% humidity. Above 80% RH, the step increase was of
5% up to 95% RH. The end of each step was determined by dm/dt
smaller than 0.001 mg/min. The diffusion coefficient of water D in films
was calculated by the diffusion equation of thin film employed by Crank
and Park [47,48],
4

M,
M, L

Dwatert
V4

4

where M, is the mass of adsorbed vapor at time t, M,, is the mass of
adsorbed vapor at thermodynamic equilibrium, and L is the thickness of
the films. L was measured two times and the average values of two
measurements were used. One example of a fitted diffusion coefficient of
water is available in SI. The WVU of the washed film was measured with
the same protocol on the films which were previously soaked in DI water
for two days and washed twice with DI water afterward. The films were
dried in ambient conditions for at least 6 h. The supracolloidal coatings
lost less than 2 % of the total weight after washing which is less than the
total weight of the mass fraction of Triton surfactant.

3. Results and discussions
3.1. From colloidal dispersions to structured supracolloidal coatings

3.1.1. Preparation of supracolloids assemblies and coatings

Water-borne coatings were prepared from different types of aqueous
dispersions of polymer-silica supracolloids. Previously, we reported the
assembly of polymer-silica core-corona supracolloidal particles in
aqueous dispersions [44]. We demonstrated that the silica mass fraction
of the supracolloidal particles can be easily tuned to obtain dense 12 wt
% aqueous dispersions by using a 30 mM pH 9.5 buffer solution, while
the fraction of free silica nanoparticles in the dispersion remains
negligible.

In this work, we use these concentrated supracolloids aqueous dis-
persions to prepare water-borne coatings by casting on Teflon substrates
and drying at room temperature. The hydrodynamic diameter and
shear-rate dependent viscosity profile of the 12 wt% supracolloidal
dispersions prepared are provided in Table 1 and Supporting Informa-
tion (SI), respectively. The corona of the strawberry supracolloids con-
sists of silica nanoparticles (with hydrodynamic diameter dy~ 30 nm)
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functionalized with thiol (S-H) groups which were afterward oxidized to
disulfides (-S-S-), see Scheme 1A. The thiol functionalization, purifica-
tion, and post thiol-oxidation to disulfides of the silica nanoparticles are
described in Methods and SI. The silica nanoparticles were denoted as
“Si” (for low-) and “HSi” (for high-), according to the thiol/disulfide
grafting density, see Table 1. The disulfide groups were subsequently
used to covalently bind the silica nanoparticles to the polymer cores
during the assembly process via thiol/disulfide bonds reshuffling,
resulting in covalently bound strawberry supracolloids, see Scheme 1B.
These particles further facilitate the crosslinking of the coating during
film formation, see Scheme 1C.

The polymer core of the prepared supracolloids was obtained by
emulsion polymerization using equiponderant quantities of methyl
methacrylate (MMA) and butyl acrylate (BA). The particle diameter was
primarily controlled by using Triton X-405 (a polyethylene oxide (PEO)
based stabilizer) used in the seeding step of the semi-continuous emul-
sion polymerization. For some of the polymer particles, a small amount
of the reactive polyethylene glycol methacrylate (PEGMA) co-monomer
was also copolymerized to modify the surface of the polymer particles
with PEO grafted chains. Hence, two types of polymer particles con-
taining a similar overall mass fraction of PEO were prepared, with or
without grafted chains, named as G2.4 and T4.6 respectively, where the
number indicates the weight fraction of PEO from PEGMA or Triton
stabilizer only, respectively, see Table 1. A fourth comonomer ethylene
glycol dicyclopentenyl ether methacrylate (DCPMA) was added in the
last step of the semi-continuous emulsion polymerization to introduce
vinyl group functionalities at the polymer surface, which can undergo
thiol/ene reactions. These vinyl groups were converted afterward into
thiol/disulfide groups (Scheme 1A), by a pre-reaction with 2,2’-(ethyl-
enedioxy)diethanethiol (EDT), which also acts as a crosslinker during
the film formation. The thiol/ene reaction was carried out under UV
irradiation. The characterization of this photoreaction and its efficiency
is provided in Table S3. After thiol functionalization with EDT, the
polymer particles (in Scheme 1A) were named as EDT-G2.4.

Nanocomposite/polymer coatings were prepared from aqueous dis-
persions combining the different individual particles listed in Table 2.
The nomenclature of the coatings relates to the type of dispersions used
and indicates: the type of interactions between the silica and polymer
particles (CB-covalently bonded or PA-physically adsorbed), the type of
PEO chains present (G-Grafted via PEGMA and T-Triton only), the silica
surface functional density (HSi (high) and Si (low), Table 1), and the
mass fraction of silica nanoparticles over total solid mass initially added
to the dispersion (varying from 15 to 25 wt%). For example, CB-G-Si.20
indicates dispersions or coatings from supracolloids with silica
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Scheme 1. Schematic of the particles surface modification (A) and thiol/disulfide bonds reshuffling that led to the formation of strawberry supraparticles in the
dispersion (B). Crosslinked films form upon air drying and oxidation of the thiol/disulfide bonds (C).

189



S. Li et al

Table 2

Coatings prepared from supracolloidal dispersions. Nomenclature according
to the type of interaction between silica and polymer particles (CB-covalently
bonded or PA-physically adsorbed), silica surface functional density (H-high, see
Table 1), PEO chains type present in the dispersion (G-Grafted via PEGMA and T-
Physically adsorbed Triton). The mass fractions and volume fractions (¢g;) of
silica nanoparticles in the supracolloidal coatings (Si.xx). All dispersions were
used with an overall of 12 wt% supracolloids in the aqueous dispersions.

Supracolloidal coatings Csi (Wt%) * Psi
CB-G-Si 15 0.075
20 0.10
25 0.125
CB-G-HSi 20 0.10
PA-G-Si 15 0.075
20 0.10
25 0.125
PA-T-Si 20 0.1

# Over total mass of supracolloidal coatings.

nanoparticles covalently bound to the polymer particles, PEO chains
grafted on the polymer cores, low surface grafting density of thiol groups
on silica nanoparticles, and a 20 wt% fraction of silica nanoparticles
initially added to the aqueous dispersion. The description of the particles
used to prepare the coatings is shown in Table 2. The coatings were
prepared as free-standing films by casting the dispersions on Teflon
sheets and drying under air flow and room temperature for a determined
period, see Methods for details.

3.1.2. Physical adsorption versus chemical binding on the supracolloids

The core-corona morphology of polymer-silica supracolloids
strongly depends on the pH of the dispersion. Silica nanoparticles can
detach from the polymers and/or freely exchange between polymer
surfaces with changes in the medium, namely at pH higher than 10.
[43,44,49] This dynamic adsorption of the silica particles and possible
disturbance of the corona configuration may become an issue during the
formation of water-borne coatings, for example, the drying process is
often accompanied by a pH change. Hence to circumvent possible in-
stabilities and loss of the core-corona morphology during film prepara-
tion, we prepared two types of polymer-silica supracolloids: One in
which the silica nanoparticles are solely physically adsorbed on the
polymer surface (PA-G-Si series), and one where the silica nanoparticles
are covalently bound to the polymer surfaces (CB-G-Si) via disulfide
bonds, to covalently fix the strawberry morphology.

To confirm the type of bond/interaction between the particles in the
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assemblies, the supracolloidal dispersions were subjected to a pH vari-
ation using a sodium hydroxide solution. The PA-G-Si.20 dispersion
initially assembled at pH 9.5 showed a hydrodynamic diameter of ~ 550
nm which corresponds well with the formation of a strawberry assem-
bly, Fig. 1a. However, when the pH was raised to 11.5 a significant
decrease in the hydrodynamic diameter was observed down to ~ 269
nm, which is close to the hydrodynamic diameter of the core polymer
particles alone (G.24, see Table 1). This indicates that full dissociation of
the silica nanoparticles from the surfaces of polymer particles took
place. The comparison of cryo-TEM images of the dispersions at pH 9.5
and 11.5 further confirm this disassembly with pH increase, Fig. 1b.

For the CB-G-Si.20 supraparticles, similar strawberry assemblies
were obtained at pH 9.5. Although the initial hydrodynamic diameter of
CB-G-Si.20 was slightly larger than for PA-G-Si.20, there is no evidence
from the cryo-TEM images of agglomerates in the dispersion (Fig. 1b). It
should also be noted that the zeta potential at pH 9.5 is around —50 mV
for both dispersions, which is an indication of initially stable supra-
colloidal dispersions[50]. When the pH was increased to 11.5 for CB-G-
Si.20, only a slight variation of the hydrodynamic diameter was detected
and the zeta potential remained rather constant. On the opposite, for PA-
G-Si.20, the hydrodynamic diameter dropped nearly two-fold and the
zeta potential increased to —15 mV (Fig. 1a). These results indicate that
the CB-G-Si.20 supracolloids do not disassemble and remain stable with
increasing pH. This is further confirmed by the strawberry assemblies
shown in the cryo-TEM images at pH = 11.5 (Fig. 1b), where only some
minor free silica nanoparticles can be observed in the medium. As ex-
pected, the covalent disulfide bonds formed between the polymer-silica
surfaces on the CB-G-Si.20 dispersions (Scheme 1B) are not sensitive to
the pH increase, contrary to the silica-polymer (PEO) pH-sensitive
adsorption interactions that hold the assemblies together in the PA-G-
Si.20.

3.1.3. Silica distribution and nanostructures on/in the coatings
Transparent and colorless coatings were obtained from all supra-
colloidal dispersions. The coatings prepared from CB-G-Si.20 had a
smooth appearance as compared to the heavily wrinkled PA-G-Si.20
films, see Fig. S1. This dissimilar surface appearance hinted at a
different nanostructure and/or chemical composition of the air-coating
interface. ATR-FTIR was used to investigate the surface chemical
composition of these two coatings. Fig. 2 shows the spectra of the air-
coating and substrate-coating interfaces for both coatings. For CB-G-
Si.20 the spectra of the two interfaces largely overlapped indicating a
similar chemical composition at the air and substrate interfaces, Fig. 2a.

PA-G-Si.20

m— CB-G-51.20

Fig. 1. Ph influence on physically adsorbed and covalently fixed strawberry supracolloids - a) Average hydrodynamic diameter and zeta potential versus pH of
PA-G-Si.20 and CB-G-Si.20 supracolloidal dispersions. The ticks on the y axes indicate the hydrodynamic diameter (left) and zeta potential (right) of EDT-G2.4
polymer dispersion at pH 9.5 (blue) and of the G2.4 polymer dispersion at pH 11.5 (red). b) Cryo-TEM images of the respective dispersions prepared at pH 9.5
and pH 11.5. (Scale bars = 200 nm). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 2. Chemical composition of the supracolloidal films - ATR-FTIR spectra of (a) CB-G-Si.20 and (b) PA-G-Si.20 free-standing coatings, air, and sub-

strate interface.

For PA-G-Si.20, however, several differences can be identified be-
tween the two interfaces, see Fig. 2b. When compared to the substrate-
coating interface, the air-coating interface showed a significantly
stronger absorbance at 1100 em ™}, corresponding to the vg;.o vibration
band (SiO; nanoparticles), and a lower absorbance at 1700 cm_l, cor-
responding to the vc_o vibration band of the acrylate groups of the
polymer core. This indicates the air interface of the PA-G-Si.20 coating is
highly enriched with silica nanoparticles and depleted from polymer
particles. Furthermore, it can also be seen in Fig. 2 that for CB-G-Si.20
coatings the 0(o.c.i vibration band at 2880 cm ™!, associated with the
carboxyl and ether groups of the polymer particles, was significantly
more intense than the band at 2950 cm ™7, attributed to U(c)c-H, When
compared to PA-G-Si.20. This may indicate that there is probably more
PEO at interfaces of the CB-G-Si.20 coating. A possible explanation is

that the crosslinking between silica and the poly(BA-co-MMA) core
surface reduces the adsorption of free PEO chains (from Triton).
Accordingly, the PA-T-Si.20 coating was observed to have a higher
absorbance at 2880 cm ™! (Fig. S2b). The effect of free surfactant on the
coatings properties is further discussed in the water sensitivity section.
Although these ATR-FTIR measurements indicate that there is surface
segregation of silica nanoparticles in the PA-G-Si.20 films, these mea-
surements only provide information on the top ~ 1 pm[51] close to the
air interface, which is much less than the overall thickness of supra-
colloidal coatings (=~ 80-100 um). To investigate the distribution of
particles and structures throughout the bulk of the coatings, the free-
standing films were frozen and manually cracked. Their cross-section
was analyzed with Scanning Electron Microscopy (SEM), Fig. 3. The
cross-sections of coatings with other silica weight fractions (Si.xx) are

[c) Air

Substrate

Substrate
d Air

Substrate

Fig. 3. Depth profile imaging of the supracolloidal coatings — SEM images of the cross-sections of the supracolloidal films before, and after calcination: CB-G-
S$i.20 (a, b, respectively) and PA-G-Si.20 (c, d, respectively). The images are representative cross-sectional areas of the overall film length/thickness (Scale bars = 10
um). Insets: High magnification images of the cross-section near the air-coating (top, blue frame) and substrate-coating interfaces (bottom, yellow frame), (Scale bars =
1 um). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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shown in Fig. S3.

The depth profile of the CB-G-Si.20 film does not show any signifi-
cant contrast difference along the cross-section of the film (Fig. 3a). The
higher magnification images of the air- and substrate-coating interfaces
(insets of Fig. 3a) clearly show the presence of the supracolloidal struc-
tures, with the silica nanoparticles at the boundaries of the polymer
particles. Silica and polymer particles seem to form a continuous (nano)
network that is homogeneously reproduced throughout the film and at
the interfaces. To further analyze the distribution of the silica nano-
particles, the coatings were calcinated under air at 600 °C. SEM images
of the calcinated films showed a continuous silica nanoparticles skeleton
structure which further confirmed the uniform distribution of the silica
nanoparticles on a continuous 3D network throughout the CB-G-Si.20
coating (Fig. 3b). This seems to be related to the fact that the nano-
particles are covalently bound into the assemblies and remain so during
the drying of the films, even when pH increases. As the film dries the
strawberry assemblies pack in a semi-ordered way which is highly
relevant to the special optical properties of supracolloidal coatings, and
the coating ends up with a uniform distribution of the silica nano-
particles throughout its height, and at the interfaces.

For the PA-G-Si.20 coatings there is, however, a large contrast along
the film cross-section. Near the air interface, the film showed a brighter
region which spans over more than 30 ym toward the inside of the
coating (Fig. 3c). This result suggest that there is a higher density of
silica nanoparticles near the air interface which is a clear indication of
stratification of the silica nanoparticles at this interface. Typically,
heavier chemical elements like silicon with larger nuclei can deflect
incident electrons more strongly than lighter elements, like carbon and
hydrogen, giving higher contrast. This leads to brighter regions in SEM
images. Higher magnification images of the cross-section of air and
substrate interfaces (insets of Fig. 3c) also show the regional disparity of
silica nanoparticles concentration (bright region) between the in-
terfaces. This is further confirmed by the non-uniform and irregular
silica nanoparticles skeleton formed throughout the cross-section, after
removing the polymer cores by calcination (Fig. 3d). The bright region
near the substrate interface (Fig. 3c) is somehow underlined by the ar-
tifacts or “dendritic structures” present in that area, which are artifacts
created during the freeze-break procedure applied to the samples when
preparing the cross-sections for SEM (described in section 2.6). Besides,
it is possible that a very thin, a few microns only, silica-rich phase
formed at the substrate interface by sedimentation of free silica nano-
particles during the long drying process. Besides, the thickness of PA-G-
Si.20 film is strongly diminished after the calcination while CB-G-Si.20
had only a few micrometers variation. The formation of the perco-
lating silica network via the covalently bound supracolloids prevents the
collapse of the cross-section upon burning of the polymer phase and
reduction of the thickness (Fig. S4).

Even though both CB-G-Si.20 and PA-G-Si.20 initial dispersions
consisted of similar strawberry supracolloids, their coatings ended up
with a very different distribution of the silica nanoparticles and bulk
structures. In the previous section, it was shown that the increase in pH
strongly affects the stability of the PA-G-Si.20 dispersions. One hy-
pothesis for the stratification of the silica nanoparticles on these coatings
can be explained as follows. During the drying process, water evaporates
and the pH and ionic strength of the applied film increase. This results in
the disassembly of the supracolloids and the release of a large number of
free silica nanoparticles into the medium of the wet/drying coating. The
Peclet number (Pe) for both particles in this system are larger than 1
(Pepolymer > Pesi > 1), (calculations provided in SI, Table S1). In this
situation, the diffusion of the particles is too slow in relation to the water
evaporation, which causes the particles to become entrapped at the
drying/receding interface.[52,53] Furthermore, since the Pe of the
polymer particles is much larger than the one of the silica nanoparticles
there is a concentration gradient of particles along the height of the wet
film, which generates an osmotic pressure gradient and forces some of
the particles away from the liquid/air interface. This diffusiophoresis
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phenomenon, observed by Luo et al[54] and later studied by Fortini
etal [33], has a greater effect on larger particles which results in a small-
on-top film inner structure. Hence, the silica nanoparticles are prefer-
entially directed/accumulated at the air interface in relation to the
polymer particles, which is exactly what we observe from the charac-
terization of the PA-G-Si.20 coatings (Fig. 2b, Fig. 3c and d). Further
studies on this segregation mechanism occurring in bi-modal dispersions
were reported by Sear and Warren[55] and Martin-Fabiani et al. [36].

Another hypothesis could explain/contribute to the silica stratifica-
tion observed in the PA-G-Si.20 coatings only, relates to the presence of
free PEO chains from the stabilizer Triton X-405 used in the emulsion
polymerization (Table 2). For relatively low pH, there is a strong
attraction between PEO chains and silica particles in an aqueous solu-
tion.[56,57] During the drying of the film and water evaporation, the
free PEO chains in the dispersion may instantaneously adsorb at the
interfaces of the applied/wet film. Due to the interaction of silica/PEO
being stronger than silica/water this interfacial layer of adsorbed sur-
factant could provide a more favorable environment for any free silica
nanoparticles (released by disassembly) to accumulate at the interfaces.
[58] Further on, the silica/PEO adsorption attraction is also larger than
the polymer/PEO hydrophobic attraction which could further drive the
silica disassembly from the strawberry assemblies in the PA-G-Si.20
coatings, pushing the polymer particles together. It should be noted
that a strong stratification of the silica nanoparticles was also observed
on coatings prepared from supracolloidal dispersions assembled via
physical adsorption, with free PEO chains from Triton only (PA-T-Si.20),
i.e., no PEO-polymer grafted chains, shown in Figure S2 and S6.

The distribution of silica nanoparticles throughout the coatings layer
was further characterized by analyzing the cross-section of the film with
EDX and ATR-FTIR in reflection mode with a “pseudo” in-depth reso-
lution. Fig. 4a shows that the relative silicon atomic concentration
fluctuated only slightly over the depth profile of the CB-G-Si.20 coating,
which confirms the uniform distribution of the silica nanoparticles from
the air to the substrate interface. In contrast, for the PA-G-Si.20, the
silica nanoparticles concentration near the air-coating interface is much
higher than for CB-G-Si.20, it then drastically decreases towards the
middle of the coating, and finally approaches a plateau region near the
substrate interface, at a lower value than for CB-G-Si.20. These results
confirm in a semi-quantitative way the conclusions derived above from
the SEM images and indicate that we have an effective method to
quantify the silica distribution along the depth profile in the supra-
colloidal films. As expected, for the PA-T-Si.20 coatings, obtained from
supracolloidal dispersions assembled with only free PEO chains, the
silicon profile also denotes stratification, Fig. 4a. When compared to the
PA-G-Si.20 coatings, a rather linear decrease in silica concentration was
observed and the initial silica concentration near the air-coating inter-
face is higher (Fig. 4b and S6). The slightly higher silica content near the
air- and substrate-coating interface of CB-G-Si.20 might be attributed to
the stratification and sedimentation of free silica nanoparticles,
respectively. In conclusion, clear evidence and a supported hypothesis
have been put forward here for the silica stratification on the physically
adsorbed supracolloidal films, however, the exact stratification mecha-
nism requires further exploration, for example by adjusting the drying
parameters such as humidity and temperature or the strength of physical
interactions (Figure S6) and will be addressed elsewhere.

3.2. Properties of supracolloidal coatings

3.2.1. Mechanical properties

Since CB-G-Si and PA-G-Si supracolloidal coatings exhibited very
different silica distributions throughout the bulk, we evaluated the in-
fluence of these nanostructures on their thermo-mechanical properties.
[59] The storage modulus G, loss modulus G’ and loss factor tan § were
obtained by temperature sweeps measured using a plate-plate rheom-
eter. This setup allows overcoming the limitation of measuring a soft
polymer film at a temperature higher than 50 °C and the inhomogeneous
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respectively.

silica depth profile present in some of the coatings.

All the supracolloidal films, both physically adsorbed and covalently
bound, show a very significant increase of the storage modulus G
compared to coatings obtained from polymer particles only (G2.4 and
EDT-G2.4) (Fig. 5a and b), revealing that the incorporation of the silica

nanoparticles effectively improved the elastic properties of the films
within the rubbery region. These observations were also reported for

other similar systems

[40,60]. The relative storage modulus G, of

nanocomposite coatings and materials with well-dispersed nanofillers
can be predicted by the Einstein-Smallwood (ES) equation,
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¢si=¢.. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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where Gy4 is the storage modulus of the nanofilled polymer coating,
G

the volume fraction of nanofillers.[61] This relation has been demon-
strated to be only valid for nanocomposites below the percolation con-
centration, above which the particles form a space-spanning network. A
percolating inorganic network and the adsorbed/immobilized polymer
layer at the surface of fillers can strongly contribute to the mechanical
reinforcement of the coatings.[62-64] In Fig. 5¢c and d we plotted the
relative storage moduli G'r (based on the measured G values) versus the
silica volume fraction of the supracolloidal coatings at 25 °C and 60 °C.
For all CB-G-Si coatings the measured G, were higher than the G,-ES
prediction (Fig. 5c, solid red line). This strongly indicates the presence of
a percolated silica network which contributes to an enhancement of
storage modulus, ie., a coatings reinforcement. The theoretical perco-
lating volume fraction ¢, of the supracolloidal coatings was estimated as
0.07 (calculation in SI based on the approach developed by Kusy[65]).
Since all coatings were made with a silica volume fraction higher than
this value, they are indeed expected to grow several folds on storage
moduli compared to the ES equation predicted value, due to the
contribution of the hydrodynamic effect of a percolated network.

Fig. 5c further shows, however, that only for CB-G-Si.25 (¢g; =
0.125), the domain continuous phase shifted from polymer to silica,
which exceedingly contributes to the reinforcement of the coatings.
[66,67] This could be attributed to higher silica-silica contact points
and/or a smaller network mesh size (schematic in Fig. 5¢). According to
relevant literature, it seems reasonable to assume that above a critical
silica volume fraction (¢.) the enhancement of G was further indepen-
dent of the silica mass fraction.[66-68] In these coatings the ¢, is ex-
pected to be between 0.1 and 0.125 (represented by orange vertical dash
lines in Fig. 5¢). It is also worth noticing that ¢. of these coatings are
much lower in comparison to silica-rubber systems with well-dispersed
nanoparticles, or simple binary colloidal mixtures reported in the liter-
ature. This clearly illustrates the superior properties of the CB-G-Si
supracolloidal coatings, mainly due to its close packing of supra-
colloids which results in 3D networks of silica nanoparticles with a small
mesh size.[62,66].

For PA-G-Si coatings, the measured G, showed a clearly different
behavior with an almost linear relation with increasing ¢s; (Fig. 5d). Due
to the heterogeneous distribution of silica nanoparticles in these
supracolloidal coatings, the densely stratified silica networks domain
near the interfaces could contribute to the mechanical reinforcement.

;)olymer is the storage modulus of the polymer (only) coating and ¢, is

Hence, the G, was a result of the averaged contribution of a silica
network with different mesh sizes, from the air toward the substrate
interface of the coatings. With the increase of silica mass fraction,
probably the total (average) volume of the silica network that met the ¢,
increased, which lead to a near-linear relation between storage moduli
and ¢s; fraction. The loss moduli and loss factor of supracolloidal coat-
ings were available and discussed in SI (Figure S9 and S10).

3.2.2. Water resistance of supracolloidal films

The results reported in the previous section (Fig. 2) suggest that the
crosslinking of the particles might exclude the PEO chains from the silica
surfaces, favoring their segregation towards the coatings interfaces or
potentially inside the coatings, forming inner clusters. These effects
caused by crosslinking can eventually change the water sensitivity of the
films. Note that a low water vapor uptake (WVU) is required for high-
performance water-borne coatings.

The WVU of the supracolloidal films was analyzed with dynamic
vapor sorption (DVS). The original (non-normalized) mass change (%) at
different relative humidity (RH) ranges is provided in Fig. S10 for all
coatings. All CB-G-Si, PA-G-Si, and G2.4 showed similar WVU
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throughout the measured humidity range with values comparable to
other water-barrier coatings.[69] All measured films showed a type III
isotherm in the Brunauer-Emett-Teller (BET) adsorption model, where
the reactive sites allow for the adsorption of an infinite amount of water
molecules, indicating that there could be water condensation either
within mesopores or on the surface.[70].

It can be assumed that the embedded non-porous silica nanoparticles
can hardly take up any water vapor by absorption. Hence, the WVU of
the supracolloidal films was normalized to the polymer mass fraction in
supracolloidal coatings and measured at 95% RH (Fig. 6a) to study the
effect of the silica incorporation on the WVU of the nanocomposite films.
The CB-G-Si films exhibit a higher WVU than the respective polymer film
alone (G2.4). This observation further supports the hypothesis of an
increased film porosity in the supracolloidal films. It should be noted
that the EDT-G2.4, crosslinked film obtained from polymer particles
alone, showed a slightly lower WVU than the G2.4 film. Hence, the in-
crease of WVU in the supracolloidal films can be indeed attributed to the
chemical binding between polymer and silica nanoparticles. Further-
more, the WVU increase correlates positively with the increasing silica
concentration in the CB-G-Si series (Fig. 6a).

For the PA-G-Si films, the WVU was close to values measured for the
polymer film alone (G2.4) within the error margin, revealing that
neither the silica stratification nor the eventual presence of free/mobile
silica nanoparticles had a significant influence on the film’s porosity. A
coating made from polymer particles only and stabilized by free PEO
chains (T4.6) showed a higher WVU as compared to G2.4. Since both
polymer films have a similar mass fraction of PEO segments, this sug-
gests that the free PEO chains (from Triton surfactant) had a higher
contribution to the WVU compared to the grafted PEO (from PEGMA).
The free PEO chains might aggregate in CB-G-Si supracolloidal coatings
and adsorb a higher amount of water vapor compared to the PEO pre-
sented at particles surface. Furthermore, the higher water vapor uptake
measured for a PA-T-Si.20 film as compared to T4.6 (Fig. 6a) can be
explained by the stratification of silica nanoparticles towards the in-
terfaces, which might result in a layer of PEO chains at the air-film
interface and create more surface-active sites for the water condensa-
tion at the film surface.

The water diffusion coefficient (Dyater) Of the films was also inves-
tigated, by monitoring the constant mass change rate (dm/dt) region
before the equilibrium is reached at each humidity value measured
(Fig. 6b).[71] For the polymer films G2.4, EDT-G2.4, and T.46, Dyater
started to decrease above 30% RH. However, for the supracolloidal
films, it only dropped from 85% RH onwards. This decrease can be
explained as the partial self-diffusion of water due to the water satura-
tion into the pores of the films. Small pores become saturated at lower
humidity values as compared to larger pores. This is in good agreement
with the WVU of the supracolloidal films and the hypothesis postulated
above. The supracolloidal films should have a higher porosity compared
to the polymer films only, due to silica nanoparticles disturbing the
interdiffusion of the polymer chains.

EDT-G2.4 and T.46 polymer films showed a similar Dyter, While
G.24 showed the highest value of all films. This result suggests that the
presence of grafted-PEGMA brushes at the polymer particles interface
benefits the transport of water molecules throughout the films when
compared with polymer particles made with free PEO chains (Triton)
only.

All PA-G-Si and CB-G-Si films showed similar Dyater below 80% hu-
midity, which indicates that the water transport through the films, as
well as their porosity, is rather similar. Thus, it is reasonable to state that
the high WVU observed for the CB-G-Si films is mainly due to the
exclusion of free PEO chains towards the film interfaces, which provided
more reactive sites for water to adsorb and condense on the film air
interface (visually confirmed, see Fig. S13). The water permeability of
all films measured by the dry-cup method is provided in SI (Fig. S11d)
and shows that the diffusion of water through the supracolloids coating
can be described using Fick’s diffusion law.
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Fig. 6. Water uptake of and water diffusion coefficient in supracolloidal films, before and after washing with deionized water - (a) Water vapor uptake of
original coatings at 95% humidity normalized to the polymer mass fraction in the supracolloidal coatings. (b) Diffusion coefficient of original coating at different
humidity values. Water vapor uptake profile of ¢) EDT-G2.4 and d) CB-G-Si.20 coatings before and after washing with deionized water. Insets - Digital photographs of

films after being soaked in water for 2 days.

To provide additional support for the discussion above, selected films
were washed in deionized water for 2 days (see experimental), dried up,
and measured again in DVS (Fig. 6¢ and d). The WVU of the washed
polymer films (EDT-G2.4), only shows slight fluctuations when
compared with the unwashed films, which indicates that the porosity of
the films is similar and remains the same after long time immersion in
water. The washed supracolloidal films, CB-G-Si.20, PA-G-Si.20 and PA-
T-Si.20 films, showed a similar WVU over the whole humidity range
which is, however, remarkably reduced as compared to the unwashed
films (example in Fig. 6d, others in Fig. S14). Furthermore, the
adsorption isotherm changed from type III to type II, indicating that
there are more active water absorption sites on the unwashed films. This
is confirmed by the Dyater measured for the washed films which slightly
increases compared to non-washed films, indicating that the free PEO
may have been washed away and/or the porosity of the film slightly
increased (Fig. S14c).

As a last remark, the CB-G-Si.20 film immersed in water (inset
Fig. 6d) showed angle-dependent light green reflection, which is an
indication that water interacted in the pores at well-arranged ordered
silica-polymer interfaces, which changed the reflection index of the
supracolloids interfaces. These films with changing color upon water
immersion may have further potential applications which will be
explored in other works, such as in flexible humidity sensors (video
showing the reflecting colors provided in SI).[72].

4. Conclusions

Polymer-silica supracolloidal nanocomposites have been recurrently
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used to control the distribution of inorganic nanofillers on water-borne
coatings and improve the coatings performance[3,5,18-23,42,43]
However, a good compromise between reasonable film formation
properties (i.e., sufficient mobility for polymer chains interdiffusion),
low aggregation of the nanofillers, and the build-up of percolating fillers
networks which improve the coatings performance, remains difficult to
achieve.

In this work we devised a strategy to obtain this compromise for
water-borne polymer coatings containing silica nanoparticles as fillers,
by using supracolloidal particles which have covalently bonded units
and simultaneously promote additional crosslinking of the coatings. We
used concentrated aqueous dispersions of polymer-silica supracolloids
with strawberry configuration to prepare water-borne coatings with
different distribution of the inorganic fillers. To ensure that the straw-
berry assemblies remain in this configuration during drying of the
aqueous dispersions, we introduced covalent-disulphide bonds between
the colloidal units. These chemical moieties were also used to further
crosslink the coatings via oxidation in air. For comparison we also
prepared coatings from our previous physically adsorbed strawberry
supracolloids [44]. A significantly different distribution of the silica
nanoparticles was observed in the coatings prepared from supracolloids
simply stabilized by physical adsorption [44] or held together by co-
valent bonds. For the first, a heavy stratification of the silica nano-
particles towards the air and substrate interfaces was observed while for
the second well-arranged homogenous and percolating 3D silica nano-
networks were present throughout the coating.

The storage modulus of the supracolloidal coatings containing these
nanonetworks was up to 30 times higher than the values of comparable
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films made from polymer only, and of similar films reported in literature
with fillers of comparable size. [64] The extraordinary mechanical
reinforcement effects, namely on the covalently bound supracolloidal
films were explained based on the predominance of silica network as the
continuous phase and the hydrodynamic effect provided by the perco-
lating silica network. The incorporation of the silica nanonetwork also
enhanced the water resistance of the coatings, hence they remain
transparent even in high humidity conditions or contact with water (no
opaqueness development). Furthermore, when these silica-polymer
coatings interact directly with water, upon immersion, they show
angle-depended structural color (green). Hence, the supracolloidal films
with highly controlled 3D networks of the silica nanoparticles provide
high potential for practical applications where water-borne coatings
with strong mechanical properties may be required, such as in optical,
sensory, selective separation, and catalytical applications.
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