
pH-Controlled assembly of polyelectrolyte layers on silica nanoparticles in
concentrated suspension

Downloaded from: https://research.chalmers.se, 2023-05-24 20:38 UTC

Citation for the original published paper (version of record):
Kolman, K., Poggi, G., Baglioni, M. et al (2022). pH-Controlled assembly of polyelectrolyte layers
on silica nanoparticles in concentrated
suspension. Journal of Colloid and Interface Science, 615: 265-272.
http://dx.doi.org/10.1016/j.jcis.2022.01.120

N.B. When citing this work, cite the original published paper.

research.chalmers.se offers the possibility of retrieving research publications produced at Chalmers University of Technology.
It covers all kind of research output: articles, dissertations, conference papers, reports etc. since 2004.
research.chalmers.se is administrated and maintained by Chalmers Library

(article starts on next page)



Journal of Colloid and Interface Science 615 (2022) 265–272
Contents lists available at ScienceDirect

Journal of Colloid and Interface Science

journal homepage: www.elsevier .com/locate / jc is
pH-Controlled assembly of polyelectrolyte layers on silica nanoparticles
in concentrated suspension
https://doi.org/10.1016/j.jcis.2022.01.120
0021-9797/� 2022 The Authors. Published by Elsevier Inc.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

⇑ Corresponding authors.
E-mail addresses: krzysztof.kolman@nouryon.com (K. Kolman), bordes@chalmers.se (R. Bordes).

1 No kinship exists among these authors.
Krzysztof Kolman a,d,⇑, Giovanna Poggi b, Michele Baglioni b,1, David Chelazzi b, Piero Baglioni b,1,
Michael Persson a,c, Krister Holmberg a, Romain Bordes a,⇑
aDepartment of Chemistry and Chemical Engineering, Chalmers University of Technology, Göteborg, Sweden
bDepartment of Chemistry and CSGI, University of Florence, Florence, Italy
cNouryon, Bohus, Sweden
d Present address: Nouryon Surface Chemistry, Stenungsund, Sweden
g r a p h i c a l a b s t r a c t
a r t i c l e i n f o

Article history:
Received 24 September 2021
Revised 18 January 2022
Accepted 19 January 2022
Available online 22 January 2022

Keywords:
Silica
Nanoparticle
Polyelectrolyte
Polyelectrolyte layers
Controlled assembly
Adsorption
Aggregation
Concentrated suspension
a b s t r a c t

Hypothesis: Preparation of suspensions of nanoparticles (>1 wt%) coated with a polyelectrolyte multilay-
ers is a challenging task because of the risk of flocculation when a polyelectrolyte is added to a suspension
of oppositely charged nanoparticles. This situation can be avoided if the charge density of the polymers
and particles is controlled during mixing so as to separate mixing and adsorption events.
Experiments: The cationic polyethylenimine (PEI) and the anionic carboxymethylcellulose (CMC) were
used as weak polyelectrolytes. Polyelectrolyte multilayers build-up was conducted by reducing the
charge of one of the components during the addition of the next component. Charge density was con-
trolled by tuning pH. Analysis of the suspension of coated nanoparticles was done by means of dynamic
light scattering, electrophoresis and small angle x-ray scattering measurements, while quartz crystal
microbalance was used to study the build-up process on flat silica surfaces.
Findings: Charge density, controlled through pH, can be used as a tool to avoid flocculation during layer-
by-layer deposition of polyelectrolytes on 20 nm silica particles at high concentration (�40 wt%). When
added to silica at pH 3, PEI did not induce flocculation. Adsorption was triggered by raising the pH to 11,
pH at which CMC could be added. The pH was then lowered to 3. The process was repeated, and up to five
polyelectrolyte layers were deposited on concentrated silica nanoparticles while inducing minimal
aggregation.
� 2022 The Authors. Published by Elsevier Inc. This is an open access article under theCCBY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Suspensions of nanoparticles are used in industrial applications
of various kinds, e.g. ceramics and composites,[1,2] delivery sys-
tems,[3–5] coatings,[6,7] and in other important fields such as cul-
tural heritage conservation.[8–13] An important reason behind
their ubiquitous presence is the large specific surface area of the
particles, provided by the colloidal nature of the suspension.
Accordingly, continuous efforts have driven the development of
industrially relevant strategies to modify the surface properties
of nanoparticles.[14,15] One route is through layer-by-layer
build-up of polyelectrolyte multilayers, where a polyelectrolyte
(PE) is first deposited on an oppositely charged particle, leading
to reversal of surface charge. Another PE, carrying the same charge
as the starting surface, is then deposited, again leading to charge
reversal. The procedure may be repeated several times, producing
a thin multilayered film of PEs covering the dispersed particles.
This layer-by-layer deposition technique, which was pioneered
by Decher, has been applied to a wide range of dispersed parti-
Fig. 1. Illustration of the PE multilayers (PEM) build-up strategy on a silica nanoparticle. A
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cles.[16,17] Examples include gold,[18,19] latex,[20,21] clays,
[22,23] titania nanosheets,[24] and silica particles.[25,26]

A frequently encountered problem with the layer-by-layer
technique applied to colloidal dispersions is that of instability dur-
ing deposition. When a polyelectrolyte solution is added to a sus-
pension of particles of opposite charge, there is an intermediate
stage where the particles are only partially covered by the added
polyelectrolyte. Thus, oppositely charged patches may tend to
attract each other, possibly leading to ‘‘patchwise flocculation”.
[21] The phenomenon is particularly pronounced at high concen-
tration of particles and the most common way to avoid this prob-
lem is to work with dilute systems, preferably below 1 wt%. This
way, once the layer-by-layer assembly is completed, the particles
can be concentrated again by solvent evaporation. However, this
is a severe limitation from an industrial perspective, where the
removal of large volumes of solvent is undesirable. Ideally, one
would like to be able to perform the layer-by-layer deposition
starting from highly concentrated nanoparticle suspensions, so as
to obtain a final concentration above a few wt%, avoiding a subse-
t pH 3 silica is nearly neutral, as is CMC, while PEI has a low charge density at pH 11.
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quent solvent removal step.[27] Such suspensions can be consid-
ered as high as compared to the ones reported in the literature.
[28–32]

To this aim, we have developed a strategy based on controlling
the charge density of the nanoparticles, silica in the present case
(referred to as silica nanoparticles, SNP), and of two oppositely
charged weak polyelectrolytes, namely polyethyleneimine (PEI)
and carboxymethylcellulose (CMC), allowing the coating of silica
with multiple alternated PEI and CMC layers, directly from highly
concentrated suspensions (40 wt%). Following this approach,
which is schematically illustrated in Fig. 1, we were able to deposit
up to 5 PE layers without significant flocculation and reaching a
final concentration above 4 wt%. The final coated SNP suspensions
are named PEI@SNP(n) and CMC@SNP(n), indicating that there is a
total of n PE layers and that PEI or CMC, respectively, is the last
layer.

A combination of analytical techniques was used to obtain an
indirect proof of the size and structure of the coated silica nanopar-
ticles. Dynamic light scattering and small angle x-ray scattering
provided complementary information about size changes of the
particles upon PE layers addition. Further proof of the deposition
of PE on a silica model surface was obtained from quartz crystal
microbalance measurements.
2. Materials and methods

2.1. Materials

Silica nanoparticles sol (SNP) with tradename Levasil CS40-213
(former Bindzil 40/130) was provided by Nouryon (formerly Akzo-
Nobel Pulp and Performance Chemicals). According to the pro-
ducer, the surface area of these particles is 130 m2/g which
corresponds to a spherical diameter of 21 nm.[33] Polydispersity
obtained from Cumulant fitting was around 0.05. The suspension
has a pH of 9.1 (sodium ion stabilized), a silica concentration of
40 wt%, and a density of 1.3 g/ml.

Sodium carboxymethyl cellulose (CMC), with tradename Aku-
cell AF0305, was provided by Nouryon (formerly AkzoNobel Pulp
and Performance Chemicals). According to the producer, the
degree of substitution of this polymer is 0.77 and the viscosity of
1 wt% solution is 12 mPa � s. The weight average molecular weight
of CMC is 650000 g/mol (obtained by size exclusion chromatogra-
phy). Branched polyethylenimine (PEI) with an average molecular
weight of 25000 g/mol was purchased from Sigma-Aldrich. For pH
adjustments, ion exchange resins Dowex Marathon A (OH– form)
and Dowex Marathon C (H+ form), reagent grade sodium hydroxide
and hydrochloric acid were used. All these chemicals were pur-
chased from Sigma-Aldrich. The Dowex Marathon C resin was
washed with ethanol and dried before use, while the other chem-
icals were used as received. The water used was purified with a
Millipore purification system.

Particle charge density titrations were performed using solu-
tions of 0.001 N poly(diallyldimethylammonium chloride) (poly-
DADMAC) and 0.001 N sodium poly(ethylene sulfonate) (PES-Na).
Since charge density values were measured as a function of pH,
the pH of titrants and samples was adjusted using sodium hydrox-
ide or hydrochloric acid solutions.
2.2. Methods

2.2.1. Assembly of polyelectrolyte layers starting from high
concentration of SNP (40 wt%)

The assembly of polyelectrolyte multilayers (PEM) on silica par-
ticles was performed as described in Fig. 1 using ion exchange
resins to adjust the pH. Dowex Marathon C was used as the cation
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exchange resin, while Dowex Marathon A as the anion exchange
resin. The anion exchange resin releases OH– ions, while consum-
ing other anions that are present in the formulation. The cation
exchange resin takes cations and releases H + ions. Resin beads
are easily separated from the formulation after the ion exchange.
Specifically, 1 ml of 40 wt% silica sol was first ion exchanged using
the Marathon C resin to reach pH 3. In the next step PEI, a cationic
polyelectrolyte, was adsorbed. Depending on the type of adsorbed
layer, different amounts of PEI solution were used; the amounts
were estimated using the particle charge detector titration (see
Section 2.2.3). For adsorbing the first and intermediate PEI layers,
25 ml of 4.7 wt% solution at pH3 was added, while for the final layer
1 ml of the same solution (also at pH 3) was used. To adsorb CMC
on particle coated with PEI, pH was raised to 11 using the Mara-
thon A resin and a 0.1 M NaOH solution. Like for PEI adsorption,
different amounts of CMC were applied. 42 ml and 1.68 ml of
2.8 wt% CMC solution at pH 11 were used for, respectively, the first
intermediate and the final CMC layer. Using this adsorption strat-
egy, silica/PE systems with up to 5 PE layers were obtained. The
final pH of each sample was set to 8. The dry mass and composition
of each sample (without water) are presented in Table S1.

2.2.2. Assembly of polyelectrolyte layers starting from low
concentration SNP (0.5 wt%)

The assembly of polyelectrolyte multilayers (PEM) on silica par-
ticles was also performed at low concentration to be compared to
the new approach here proposed. Samples were prepared as fol-
low. First, 1 ml of 0.5 wt% silica dispersion in 10 mM NaCl at pH
3 was prepared. In the next step PEI was adsorbed. Depending on
the type of adsorbed layer, different amounts of 0.06 wt% PEI solu-
tion in 10 mM NaCl were used. For PEI adsorbed as an intermediate
layer, 25 ml of PEI solution at pH 3 was added, while for PEI
adsorbed as a final layer, 1 ml of the same solution at pH 3 was
used instead. To adsorb subsequent PE layers, pH was raised to
11 using the Marathon A resin and 0.1 M NaOH solution. In these
conditions, CMC was adsorbed. Like for PEI adsorption, different
amounts of CMC were applied. 25 ml and 1 ml of 0.06 wt% CMC
solution in 10 mM NaCl at pH 11 were used for CMC adsorption
as an intermediate and as a final polyelectrolyte layer, respectively.
Using this adsorption strategy, the silica/PE systems with up to 2
PE layers were constructed. The final pH of each sample was set
to 8.

2.2.3. Particle charge density determination
Particle charge density titrations of silica/PE complexes compo-

nents were performed using a PCD 02 particle charge detector
(Mütek) coupled with a Mettler DL21 titrator (Mettler Toledo).
The technique allows the determination of the electrokinetic sur-
face charge by measuring the streaming potential.[34,35] The anio-
nic components were titrated with polyDADMAC solution and the
cationic components were titrated with PES-Na solution.

2.2.4. Zeta potential determination
The zeta potential was measured using a ZetaPALS zeta poten-

tial analyzer (Brookhaven Instrument Corporation). The samples
were diluted with 2 mM NaCl solution to a concentration of
0.05 wt% and filtered through 1.2 mm hydrophilic syringe filters.
The zeta potential values were calculated according to the Smolu-
chowski theory.[36]

2.2.5. Dynamic light scattering (DLS)
The dynamic light scattering measurements were performed on

a N4 Plus submicron particle analyzer (Beckman Coulter). The sam-
ples were diluted with Milli-Q water to concentration of 0.05 wt%
and filtered through 1.2 mm hydrophilic syringe filter. The autocor-
relation functions were collected at 90� for 300 s and analyzed
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using a Kohlrausch–Williams–Watts (KWW) fitting function as
well as the CONTIN inverse Laplace fitting routine.[37,38]

The KWW function formula is as follows:

g1 tð Þ ¼ aexp � t
s

� �b
 !

where: a is relaxation strength; s relaxation time; b stretch
parameter. From the relaxation time, the diffusion rate and, conse-
quently, the average radius value were obtained. The CONTIN anal-
ysis resulted in a size (diameter) distribution function. The CONTIN
and KWW fitting were performed using Matlab R2014b.[39] It is
worth to stress out that the CONTIN algorithm relies on inversed
Laplace transform, which is a mathematically ill-posed problem.
It means that there will be an infinite number of possible solu-
tions.[40] We used the data from the KWW fitting as reference in
the fitting process.
2.2.6. Small angle X-ray scattering (SAXS)
SAXS measurements were carried out with a HECUS S3-MICRO

camera (Kratky-type) equipped with a position-sensitive detector
(OED 50 M) containing 1024 channels of width 54 mm. Cu Ka radi-
ation of wavelength k = 1.542 Å was provided by an ultrabrilliant
point microfocus X-ray source (GENIX-Fox 3D, Xenocs, Grenoble),
operating at a maximum power of 50 W (50 kV and 1 mA). The
sample-to-detector distance was 269 mm. Measurements were
conducted under vacuum to minimize scattering from the air.
The Kratky camera was calibrated in the small angle region using
silver behenate (d = 58.38 Å).[41] Scattering curves were obtained
in the q-range between 0.004 and 0.54 Å�1, where q is the scatter-
ing vector, q = 4p/ k sinh, and 2hthe scattering angle. The temper-
ature control was set to 25 �C. Samples were contained in 1.5 mm
thick quartz capillary tubes sealed with hot-melting glue. The con-
centration of samples was adjusted to 1–7 wt% using Milli-Q water.
Desmearing of SAXS curves was not necessary thanks to the
advanced focusing system. The low-q region of SAXS curves
(0.04–0.01 Å�1) was used to calculate the gyration radius (Rg). Rg
can be obtained using the Guinier plot, in which Ln(I) is plotted
against q2. A linear fitting of the data gives the value of the slope,
which is equal to Rg2/3. The Guinier approximation holds for small
angles (q � Rg < 1.7).
2.2.7. Quartz crystal microbalance with dissipation monitoring (QCM-
D)

QCM-D was used to measure adsorption at a model SiO2 sur-
faces. The technique has been well described in the literature.
[42,43] In brief, a piezoelectric quartz sensor crystal, in this case
covered with SiO2, oscillates at its resonance frequency under
application of an electric field. This oscillation frequency is moni-
tored at several overtones (3rd, 5th, 7th, etc.) and depends on the
mass of the crystals, which varies with adsorption. When the driv-
ing voltage is shut off, the oscillation decays exponentially with
time, allowing the determination of a dissipation factor DD:

DD ¼ Edissipation

2pEstored

where Edissipation stands for loss in energy and Estored is the
stored energy of the adsorbed layer.

High value of DD usually indicates the presence of a viscoelastic
film, which requires processing of the data using a model. In the
present case we have used the Voigt model, which describes the
propagation and damping of acoustic waves in a single undifferen-
tiated viscoelastic adsorbed film in contact with a Newtonian bulk
liquid. The frequency and dissipation variations from the 3rd, 5th
and 7th overtone were used.[44,45]
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Adsorption of polyelectrolytes on SiO2 coated crystals was mea-
sured using a QCM-D E4 device (Q-sense AB, Göteborg, Sweden).
The model surfaces were SiO2 QCM-D crystals from Renlux, China.
The crystal surfaces were cleaned in 10 wt% NaOH solution for 15 s,
followed by rinsing with Milli-Q water and drying with nitrogen.
Prior to any adsorption experiment, the crystals mounted in the
QCM-D chamber were rinsed with water for 30 min, under a con-
stant flow of 0.1 ml/min. Then the pH was adjusted first to 3, and
the baseline was recorded. The PEI and CMC concentrations were
0.05 wt%. The measurements were conducted in 4 replicates,
simultaneously, to ensure reproducibility.

The successive injection and pH adjustments were carried out
in a similar fashion as for the PEM (polyelectrolyte multilayers)
build-up approach on colloidal silica, under flow condition
(0.1 ml/min), namely: (1) MilliQ water at pH 3, (2) 0.05 wt% PEI
at pH 3, (3) 0.05 wt% PEI at pH 11, (4) MilliQ water at pH 11, (5)
0.05 wt% CMC at pH 10 (6) 0.05 wt% CMC at pH 3, (7) MilliQ water
at pH 3. The pH was adjusted directly in the polyelectrolyte solu-
tion that was injected in the chamber to change it from 3 to 10
and vice-versa.
3. Results and discussion

Our PEM build-up strategy on silica nanoparticles is based on
controlling the charge density of the components. Fig. 2 shows
the charge density of the silica nanoparticles and of the two poly-
electrolytes as function of pH, as determined by streaming poten-
tial titration. This procedure is based on monitoring the apparent
charge of a given mass of material during titration with a strong
polyelectrolyte with known charge density until neutrality is
reached. It gives an indication of the amount needed to achieve
charge balance, with respect to the mass of the materials, not to
the specific surfaces. As can be seen, silica is only weakly nega-
tively charged at pH 3, as also reported in the literature.[33] PEI,
on the other hand, is strongly positively charged at low pH but
almost non-charged at pH 11. CMC is negatively charged over the
entire pH range studied, and the charge density increases with
increasing pH. One may note that the charge density of the silica
surface is orders of magnitude smaller than those of the two PEs.
The results from the measurements of charge density as function
of pH were used to estimate the amounts of the various compo-
nents needed to achieve charge reversal upon adsorption.

The build-up of the PE multilayers (PEM) starts by ion-
exchanging a 40 wt%, 20 nm silica sol to pH 3, yielding silica
nanoparticles of low surface charge. The use of an ion exchange
resin to reduce the pH is a way to keep the ionic strength of the dis-
persion low. At this low pH colloidal silica is metastable and will
gel within a few days.[33,46,47] However, the dispersion is stable
enough to perform the PEM strategy. PEI, which is strongly posi-
tively charged at this pH, was added without triggering floccula-
tion. PEI can be either branched or linear, and the branched PEI
was preferred for stability reasons. These results are in agreement
with previous findings.[48] The amount of PEI used to provide
overcharge of the silica was small, only 0.2 wt% of the silica, so
as to avoid free polymer in the bulk phase. The presence of free
cationic PE in the aqueous phase would be detrimental in the next
step, where an anionic PE is added. When PEI is added as the last
and outermost layer, a much higher amount is used (�9 wt% of
the silica), in order to achieve good colloidal stability below pH 10.

Following PEI addition, the pH of the PEI@SNP(1) suspension
was raised to 11, leading to the strong attachment of PEI on the sil-
ica surface. The adsorption behavior of the polyelectrolyte was
evaluated by measurements on a flat silica surface using quartz
crystal microbalance with dissipation monitoring (QCM-D). This
approach of using a macroscopic model surface for deciphering



Fig. 2. Charge density of (A) SNP, (B) PEI and (C) CMC as function of pH. Solid lines are just guide for the eye. Titrations were done in triplicate.

Fig. 3. Mass adsorbed during the PEM build-up process at a SiO2 model surface
monitored by QCM–D. The left axis refers to the mass uptake while the right axis
describes the pH variation in the QCM–D measurement chamber. The colored
regions indicate the period during which the SiO2 surfaces were exposed to the
different polyelectrolytes. Details regarding the data fitting are provided in Figures
S1 and S2. Adsorption experiments were done in 4 replicates.

Fig. 4. (A) Zeta potential of PE-coated silica nanoparticles with varying number of
PE layers. (B) Particle size distributions determined from DLS data using the CONTIN
algorithm. The left y-axis shows intensity in arbitrary units and the right y-axis is
the cumulative sum in percent. Measurements were done in triplicate, at a
concentration of 0.05 wt%, in MilliQ water for DLS and in 2 mM NaCl for zeta
potential measurements.
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the mechanism of adsorption onto particle surfaces has previously
proven to be useful.[49,50] Here, we used it to assess the adsorp-
tion of PEI and CMC at a silica surface over the relevant pH range
(see Fig. 3). Above pH 10, CMC is negatively charged, and
PEI@SNP(1) is almost non-charged. The amount of CMC added
was equal to the amount of added PEI, i.e. 0.2 wt% of the silica.
As with PEI, the amount of CMC added as the final layer was much
higher,�9 wt% of the silica. The adsorption of CMC triggered by the
decrease of pH was also evidenced by the QCM-D experiment.
Treatment with an ion exchange resin brought the pH back to 3
and another addition of PEI was made, etc. Dry mass and percent-
age content of each component are presented in Table S1. The pH
range for which the samples exhibited stability over a period of
6 months is also given. Given the pH range in which the samples
were stable, it is very likely that steric stabilization is also at play,
while the main forces preventing aggregation are of electrostatic
nature. Furthermore, the presence of a double layer of CMC-PEI
was found to be beneficial for the stability within the relevant
pH range, most likely because it ensured the presence of charges
at the surface of the particles. This is a further indication of the
importance of the electrostatic contribution to the mechanism of
stabilization.

Zeta potential measurements were performed in order to track
the charge reversal during adsorption of subsequent PE layers
(Fig. 4A). The bare SNP had a zeta potential of � 40 mV, which
changed to + 43 mV when PEI was adsorbed, indicating a strong
overcharging. Such a high value is beneficial for the colloidal stabil-
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ity. In general, the zeta potential for the coated particles with PEI as
the final layer was around + 42 mV, whereas for the particles with
CMC as the final layer, the negative zeta potential values were
reduced with increasing number of PE layers. This has been
observed before for larger number of layers and has been attribu-
ted to interpenetration of the polyelectrolytes.[51]

The coated nanoparticles were characterized with DLS using the
CONTIN algorithm for the analysis. To avoid misinterpretation of
the experimental data, the fitting with CONTIN was always corre-
lated with the average radius values obtained from a stretched
exponential fit, even though this latter is known to be influenced



Table 1
Particle size as determined by SAXS analyses of the samples. Rg and Rh are the radius
of gyration and the hydrodynamic radius, respectively. The experimental error for the
Rh and Rg values is about 1%.

Sample Rg [nm] Rh [nm] Rg/Rh

SNP 17.6 20.7 0.85
PEI@SNP(1) 18.1 30.2 0.60
CMC@SNP(2) 17.4 35.7 0.49
PEI@SNP(3) 18.2 37.2 0.49
CMC@SNP(4) 17.5 42.6 0.41
PEI@SNP(5) 18.0 44.9 0.40
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by the polydispersity of the system (KWW function, see hydrody-
namic radius, Rh, values in Table 1, and discussion in Supporting
Material).[52] Fig. 4B shows the size analysis of the particles, along
with the cumulative sum of intensity, as percentage value. The
cumulative sum gives the fraction, in terms of scattering intensity
contribution, to the total intensity of the sample. For SNP the main
fraction lies between 15 nm and 30 nm in diameter and traces of
bigger particles and/or small aggregates can be found in the diam-
eter range 35–50 nm, accounting for 10% of the scattering inten-
sity. After adsorption of the first PEI layer, the main fraction
increases to the diameter range 20–45 nm, as expected for an
added monolayer of branched PEI, where some minor aggregation
could take place.[53] The analysis indicates that the main popula-
tion consists of single particles coated with PEI; however, there is
also a minor fraction of small aggregates consisting of up to 4 silica
particles. The average diameter remained below 45 nm. Successive
addition of polyelectrolytes yielded a continuous increase of the
dimension of the particles. After addition of two layers the diame-
ter was between 25 nm and 60 nm. There was also a small fraction
with a diameter around 15 nm that may be attributed to a PEI-CMC
complex. The last curve in Fig. 4B shows the size distribution of the
particles with 5 PE layers and with PEI as the outermost coating.
The distribution is broad and relatively symmetric, centered
around a diameter of 50 nm. For reference, DLS was also performed
on samples prepared from a much lower silica concentration,
0.5 wt% instead of 40 wt%. Figure S3 shows that the size distribu-
tions for PEI@SNP(1) and CMC@SNP(2) are similar to those pre-
pared starting from the diluted silica dispersion.

The PE-coated silica nanoparticles were further characterized
by SAXS (see Fig. 5 and Table 1). The samples displayed similar
scattering profiles, regardless of the number of PE layers.
Fig. 5. SAXS curves of silica/PE complexes with different number of PE layers. The
curves were arbitrarily offset, for sake of clarity.
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The low-q region was used to calculate the gyration radius (Rg)
using the Guinier approximation. The radius of gyration, Rg, of bare
silica particles was 17.6 nm, which is in good agreement with pre-
viously reported values for the SNP.[54] The obtained Rg, and the
Rg/Rh ratios, are presented in Table 1. The Rg/Rh ratio for the
untreated particles was 0.85, close to the value of 0.77 that is char-
acteristic for a hard sphere. The Rh values increased with an
increasing number of PE layers, as can be seen from Table 1. On
the other hand, the Rg of the coated silica particles were almost
the same as the Rg of the bare silica particles, which means that
the Rg/Rh ratio decreased with increasing number of PE layers. This
variation of Rg and Rh values can be explained by the fact that the
scattering length density of the PEI/CMC layers is almost identical
to that of water, making the shell undetectable with SAXS. Similar
findings have been reported elsewhere for related core–shell sys-
tems. These results support the view that the assembly process is
well under control and that aggregates composed of silica particles
are not formed.
4. Conclusions

The problem of aggregation during polyelectrolyte multilayers
build-up has often constituted a major hindrance to reach large
scale applications of colloidal systems, as it requires tedious wash-
ing steps or the use of low concentration of particles (<1 wt%).
Addition of excess polymer is also problematic, as it often strongly
interacts with the other, oppositely charged, polymer leading to
formation of a polymer complex.[30,55,56]

Here we report an approach to assemble PE layers on silica,
using stock nanoparticle concentrations as high as 40 wt%. In this
approach, the key is the control of the charges of weak polyelec-
trolytes through pH, which allows separating mixing and adsorp-
tion events. Mixing is done at a pH where adsorption is not
favored, thus preventing aggregation to occur. This step is followed
by a change in pH in order to trigger adsorption. Salt build-up, that
can lead to aggregation, is avoided by the use of ion-exchange
resins.

Contrary to build-up conducted by spraying and other conven-
tional methods,[57] sequential adsorption can be carried out, start-
ing with concentrated suspension (40 wt%) to reach a final
concentration of nanoparticles above 4 wt%. In practice, the catio-
nic polymer, PEI, was adsorbed at low pH, at which silica is not
charged, and the anionic polymer, CMC, was introduced at high
pH, at which PEI is only slightly charged. Five PE layers were
applied without any major change in size of the particles.

A multianalytical approach was followed to obtain a thorough
and self-consistent picture of the obtained systems. In detail, DLS
proved the deposition of PE though the increase of the hydrody-
namic diameter with increasing number of layers. On the other
hand, SAXS measurements showed that no aggregation occurred
during PE deposition. Finally, QCM-D directly demonstrated that
our approach allowed to build a multilayered PE structure on a
model silica surface. Future perspectives might involve studies
dedicated to the direct imaging of the particles, e.g. using Cryo-
electron microscopy, or by etching out the particles to remove their
core.

The developed procedure to perform layer-by-layer deposition
of polyelectrolytes in a concentrated particle suspension is practi-
cally important as nanoparticles functionalized by polyelectrolyte
multilayers is an ubiquitous technology that has proven its effi-
ciency in many applications.[57] The results reported here elimi-
nates one of the main constraints for industrial use by avoiding
many of the purification and solvent evaporation steps needed to
obtain suspensions of industrial relevance. The limitation now lies
in the viscosity of the polymer stock solutions, which could
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partially be addressed by tuning the structures and molecular
weights of the polyelectrolytes, as well as considering alternative
mixing approaches.
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