Journal of Molecular Liquids 375 (2023) 121384

Contents lists available at ScienceDirect

o 0 LIQUIDS
Journal of Molecular Liquids

journal homepage: www.elsevier.com/locate/molliq —
Effect of coating nanostructure on the electrokinetics of N
polyelectrolyte-coated particles. Grafted vs adsorbed polymer S

S. Ahualli *®, S. Orozco-Barrera?, A.L. Medina Castillo, A.V. Delgado >

2 Departamento de Fisica Aplicada, Facultad de Ciencias, Spain

> MNat Unit of Excellence, Spain

¢ Departamento de Quimica Analitica, Spain

dInstituto de Investigacién Biosanitaria IBS.GRANADA, Universidad de Granada, 18071 Granada, Spain

ARTICLE INFO

Article history:

Received 1 December 2022
Revised 27 January 2023
Accepted 1 February 2023
Available online 4 February 2023

Keywords:

Ac electrokinetics
Dielectric dispersion
Dynamic mobility
Grafted layer
Polyelectrolyte coating

ABSTRACT

In this work, the electrokinetic response of nanoparticles suspensions under the action of alternating
electric fields is analyzed for the case that the particles are coated with a shell of polyelectrolyte. This
is an important field of application of colloidal systems, as the coating is necessary or even unavoidable
for control of the stability or functionalization of the particles for a specific use. Characterization of the
coating in situ is not an easy task, and electrokinetics can help in answering this question, if one goes
beyond the simple routine evaluation of the electrophoretic mobility of the particles, which will provide
information on the sign (and perhaps a sort of effective amount) of the surface charge and potential, but
little more. The richness and rigour of the information is much more significant if AC fields are used. This
is the case for the techniques evaluated in the present investigation, namely, AC electrophoresis and
dielectric dispersion. They jointly sweep several decades in frequency, and are sensitive in different man-
ners to the size of the particles, the charge of the core and the shell, the thickness and rigidity of the latter,
etc. In addition, an important distinction is made between coatings with a soft or adsorbed layer structure
and those with a grafted, ideally radially arranged (brush-like) polyelectrolyte. A model is first described
for the AC electrokinetics in both cases, and it is demonstrated that the brush structure magnifies the
Maxwell-Wagner (or double layer) polarization, leading to an elevation in the AC mobility for frequencies
around the MHz, and it very much raises the amplitude of the alpha- or concentration-polarization relax-
ation detected in the dielectric dispersion. The distribution of the charge in a thicker region for the brush
structure explains these results. Experimental investigations are carried out with silica spheres coated by
PDADMAC (+) and PSS (-) polyelectrolytes in the soft-layer case, and by (vinylbenzyl)trimethylammo
nium chloride (+) and sodium 4-vinylbenzenesulfonate (-) monomers that were polymerized (grafted)
on the particles. The results show that the brush coating produces the expected MW elevation of the
mobility, mostly in the case of the cationic polymer, apparently better attached to the particles by elec-
trostatic attraction to the negative charge of the core silica particles. In contrast, a rather monotonous
decrease of the mobility in absolute value is measured for the soft coatings, indicating that the inertia
of the particles sets out at lower frequencies because of aggregation. Dielectric spectra confirm the better
stability in the presence of the grafted polymer, although a low-frequency elevation in the logarithmic
derivative of the permittivity is a proof of the existence of aggregates, less abundant in any case than
for soft coatings. Dielectric data also confirm the different amounts of charge, larger for grafted cationic
layers than for anionic ones. Finally, the model elaborated can fit the experimental results yielding quan-
titative values of the main parameters of the coated particles, namely, effective size, overall charge of the
coating, and thickness and ionic permeability of the latter.

© 2023 The Author(s). Published by Elsevier B.V.

1. Introduction

There is a countless number of situations in which nanoparti-

cles dispersed in a liquid medium need to be coated by one or more
polymer layers. To mention just a few examples, consider first the
biomedical field. The particles injected in the blood stream will be
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very soon identified by macrophages and retired to the liver or
spleen upon adsorption of plasma proteins known as opsonins
[1-5]. The adsorption is minimized if some polymers are adsorbed
on the particles prior to their injection; examples of these are poly
(ethylenglycol) (PEG), dextran, or chitosan [6-8]. In addition, if the
polymer is charged (polyelectrolyte), the overall charge of the par-
ticle can be controlled upon adsorption of the proper polymer. This
has an obvious effect on the interactions between the nanoparti-
cles and the opsonins or the cell membranes in the examples men-
tioned. Moreover, this also affects the particle-particle interactions
and hence the physical stability of dispersed systems [9], a more
general issue when working with such systems.

It is not immediately clear how to proceed with an efficient and
long-lasting coating of the particles, generally known as soft particles
when they possess that structure [10,11]. The most usual way is the
procedure known as layer-by-layer deposition [12,13]: one [14-16]
or more [17,18] layers are adsorbed by electrostatic interactions,
either between the layer and the interface or between successive,
oppositely charged layers. In the former case, the stability of the
coating is not guaranteed, whereas in the latter multiple attractive
interactions favor the stable presence of the last layer [19].

Previous works have demonstrated that the behaviour of
polyelectrolyte-coated particles, as ascertained by electrokinetic
techniques, can display unexpected features when the polymer is
grafted rather than simply adsorbed on the particle: an extreme
case is that of the so-called polyelectrolyte brushes. The polymer
chains grow in a typically radial fashion producing a nanostructure
in which the polyelectrolyte protrudes from the surface into the
solution. For instance, it was found that the dynamic elec-
trophoretic mobility (mobility in presence of ac electric fields in
the MHz frequency range) was magnified for all frequencies, and
the same applies to the amplitude of the dielectric dispersion (de-
pendence of the dielectric constant of the suspension on the fre-
quency of the field) [20,21].

In spite of these contributions, no systematic study has been
performed comparing systems prepared by both methods, that is,
adsorbed vs grafted polymer coatings. This is the objective of the
present work: silica nanospheres will be coated by a negative poly-
electrolyte (PSS, poly(styrene sulfonate)) or a positive one (PDAD-
MAC, poly(diallyl dimethyl ammonium chloride)) using the
standard adsorption method, starting from solutions of pre-
formed polymers. The same particles will be functionalized in such
a way that the respective monomer (sodium 4-vinylbenzene sul-
fonate in the case of the anionic polymer, and vinylbenzyl
trimethylammonium chloride for the cationic one) polymerizes
directly on the surface of the core particle, forming chains extend-
ing out of the latter. A comparison will be carried out between the
electrokinetic behaviours of both kinds of systems in presence of
alternating electric fields, for different volume fractions of particles
and electrolyte concentrations in the medium.

2. Model

A nanoparticle coated with a polyelectrolyte layer can be envi-
sioned as a hard sphere wrapped with a soft layer permeable to the
ions and the liquid. Fig. 1 is a scheme of the core/adsorbed layer
nanostructure. A polyelectrolyte shell with volume charge density
Ppo and thickness L surrounds a spherical rigid core of radius Rc
and surface charge density . A suspension of these particles con-
tains a volume fraction of solids equal to ¢ and N types of ionic spe-
cies with number concentrations (far from the particle) n?(co),
charges ez;, and diffusion coefficients D;. The solution has a mass
density equal to p,,, a viscosity 77, and an electrical permittivity
&méo (&o is the vacuum permittivity). No restriction is imposed to
the value of the volume fraction, and the finite concentration of
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particles is taken into account by using the so-called cell model:
a single particle is considered dispersed in a concentric sphere of
solution of radius b, the cell, in such way that ¢ = R>/b* . The inter-
actions (both electrostatic and hydrodynamic) are indirectly
accounted for by proper setting of boundary conditions on the cell
limit, r = b (r is the radial spherical coordinate with origin at the
particle center). The governing partial differential equations are
well known:

i. Poisson-Boltzmann for ion concentration and electrical
potential distributions both outside and inside the layer:

VAW =L Sezm, r>Rc+L

(1)
2 N 0
V¥ =L Shezm — P Ro<r<Re+L

Eméeo

Here, kg is Boltzmann’s constant and T is the absolute tempera-
ture. Note that, because an alternating electric field will be applied,
a dependence (r,t) is implicit in ¥ and the concentrations n;.

ii. Navier-Stokes equations for incompressible fluid velocity u
(with respect to the particle), again outside the layer and
inside it:

N
P =—=VP+1,V’u— S ezm V¥, r>Retl
1=

) N 2
P =—VP+n,Vu—>eznV¥ —yu, Rc<r<Rc+L @)
i=1

V-u=0

Here, P is the pressure, the term —yu represents the extra fric-
tion between the fluid and the polyelectrolyte layer, and it is usu-
ally expressed in terms of the coefficient of permeability of the
layer, / (dimensions of reciprocal length), defined as [14]:

L=/ (3)

iii. Nernst-Planck ionic conservation:

MV [niw] =0
(4)
vi=u—E VY
where the electrochemical potential of species i is given by:
W= +ez;¥ +kgTlnn; (5)

u; being the reference potential.

We propose a model, described in the work of Ahualli et al. [21],
which is a modification of that elaborated for soft particles with a
polyelectrolyte shell. Egs. (1-5) will be used as shown above, but
they will be changed according to the following criteria. If, instead
of the adsorbed nanostructure, a grafted polyelectrolyte is supposed
to cover the core, one can imagine that the polymer chains will
grow out from the surface r = R¢ in a radial fashion, as schemati-
cally depicted in Fig. 1. In this way, the polymer chain density will
decay with 1/r? and, therefore the charge density will decay with
the same dependency:

Q ol
Ppol = Ferz (6)
This distribution will directly affect the fluid flow, which will be
reduced by the stronger drag force where the polymer chains are
more densely packed (close to the core surface). Assuming that
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Fig. 1. Left: schematics of a spherical particle core of radius Rc coated with a layer of polyelectrolyte with charge density and thickness L. The friction coefficient of the layer is
/ (see text for its definition). Right: representation of a rigid particle coated by a grafted anionic polyelectrolyte layer.

the friction sites are spherical and homogeneously distributed
along the chains, and that they produce a Stokes friction, the poly-
mer layer permeability will be reduced in the vicinity of the parti-
cle surface, and the friction parameter y will have the same r—2
dependence as the chain density. From Eq. (3), one can obtain a
decay for i:

A= )OT (7)

where the “0” subscript refers to the value used in the adsorbed
layer model. Finally, the diffusion of ions also will be affected close
to the interface, decreasing in the region with a high packing den-
sity and reaching the bulk value at the end of the polymer layer. It
is logical to assume a radial dependence reciprocal to that of the
chain distribution as follows:
D= Dp—" 8

i i0 (RC I L)Z ( )

where Djg is the diffusion coefficient in the bulk.

As mentioned, an alternating electric field of frequency w,
E exp(—jwt), is applied to the suspension to evaluate the dynamic
electrophoretic mobility of the particles and the dielectric disper-
sion of the system. The field amplitude is small enough (but this
includes any realistic field used in experiments) for the quantities
of interest to be expressed as their equilibrium value (superscript
“0” in what follows) plus a perturbation linearly dependent on
the field (note that in equilibrium the fluid velocity is zero on
the average) [14,22]:

W(r,t) = YO(r) + 8W(r,t) = YO(r) + y(r)E cos 0 exp(—jowt)

(1, t) = p(r) + dpy(r, t) = pd(r) + ¢;(r)E cos 0 exp(—jot),
i=1,..,N P(r,t) = P’ + p(r)E cos 0 exp(—jwt) 9)
u(r.t)= |2 "Ecosor, 1 & (rh(r))Esin06, 0¢

Here, the auxiliary functions y(r), ¢;(r), p(r),h(r) allow the
transformation of the partial differential equations into a system
of ordinary differential equations by substitution of the expres-
sions into the equations (1-5), and consideration of the equations,

characterizing the equilibrium (no field) situation, as detailed in
the Supplementary Information file. Note that the fluid velocity
components are referred to a spherical coordinate system, where
the field is directed along the z axis, and 0 is the angle between
the field an the position vector r.

Upon solving the mentioned system, the quantities of interest
from the experimental point of view can be obtained, since the fol-
lowing relations can be derived for the values of the auxiliary func-
tions on the cell limit [22]:

i. The dynamic electrophoretic mobility us(w) relating the par-
ticle electrophoretic velocity to the field:

~ul,_.. = uEexp(~jor)

10
Ud(w) — 2h((’;)‘r:b ( )

ii. The (complex) relative permittivity of the suspension
& (w) = ¢(w) +jé¢"(w), deduced in turn from the complex electrical
conductivity K*(w):
mK* ()]

wey
Re[K" ()| —{Re[K" ()]}, o
wey

N .,
K () = {Z 2Dy )%} - Zzien?(b)@ﬂwsmso‘;—fr ,
i r=b i=1 -
(11)

A set of boundary conditions must be established for the solu-
tion of the system. The reader is referred to previous works [18],
and, for the sake of conciseness, the details are provided in the Sup-
plementary Information file. A Matlab®© routine was elaborated for
the resolution of the differential equations.

The main assumptions of the models described regarding the
role of the polyelectrolyte coating on the electrokinetics of the par-
ticles must be pointed out. First, ions in solution are assumed to be
point charges; for the case of monovalent species considered here,
this assumption fails only for high concentrations. Model calcula-
tions of AC electrokinetics previously reported [23] indicate that
for surface charges similar to those investigated in this work
(although spread on a surface and not in a volume) and salt con-
centrations in the millimolar range, the effect of ion size on the

g(w)=-

&'(w) =
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frequency response is negligible, and in any case it can only be
detected at low field frequencies (below 1 kHz approximately).
Note also that we have considered that the permittivity of the
charged polymer layer is identical to that of the free solution;
because water dipole orientation is hampered around hydrated
ions, the permittivity of aqueous solutions is reduced in the perse-
nce of non-negligible ionic concentrations. Such effect is restricted
to short distances (0.1-0.2 nm) from the ions, and the permittivity
reaches bulk values less than 1 nm further. This is the reason why
the consideration of dielectric constant lower than that of water
gains importance in the inner or compact part of the double layer
(the Stern layer), not considerd here, and bulk values are reason-
able in the diffuse region [24]. A different issue is whether or not
this condition is fulfilled inside the polymer coating. Theory and
simulations on the structure of temperature-responsive microgels
even in the shrunk state, have demonstrated that the assumption
of constant permittivity equal to that of the medium leads to good
agreement with experimental data on size and mobility of the gel
particles [25,26]. Finally, concerning the analysis of particle con-
centration effects, the cell model is assumed to be valid. Theoreti-
cal developments by Zholskovskij et al. [27] gave a rigorous basis
to the model, which has furthermore been widely used in dis-
cussing the electrokinetics of colloids, both in DC [28,29] and AC
[30] electric fields. Comparison with experimental data on the
dielectric dispersion of suspensions with volume concentrations
up to 15 % demonstrated the validity of the cell model, even for
field frequencies in excess of 1 MHz [31].

3. Experimental
3.1. Materials

All chemicals were purchased from Merck-Sigma Aldrich
(Spain). Water was deionized and filtered using a Milli-Q Aca-
demic, from Millipore (France).

3.2. Methods

Silica particles were produced using the Stober method [32,33].
Briefly, the particles were obtained by first preparing 0.5 L of solu-
tion of NH4OH (1 mol/L), and water (3.8 mol/L) in ethanol at room
temperature. Tetraethylorthosilicate or TEOS (0.17 mol/L) was
added to this solution, and the final system was stirred mechani-
cally for 2 h, always at room temperature. At the end of the process,
the newly obtained suspension was centrifuged at 8000 rpm for
15 min and redispersed in water, repeating the process three
times. Fig. 2 is an HRTEM picture (obtained with a Thermo Fisher
Scientific (USA) TALOS F200X high-resolution transmission elec-
tron microscope) of the particles obtained. The average (%S.D.)
diameter was found to be (390 * 14) nm.

Polyelectrolyte coating by adsorption was performed by over-
night stirring of a suspension of silica nanospheres (2 % concentra-
tion by volume) in a 100 mM (calculated on a monomer basis)
aqueous solution of poly(styrene sulfonate), PSS, or poly(diallyl
dimethyl ammonium chloride), PDADMAC, in the case of the anio-
nic or cationic coating, respectively. The Talos microscope was
used for obtaining a composition map of the coated particles sur-
face by EDX, in order to confirm the presence of the
polyelectrolytes.

Grafting of the polyelectrolytes was a more involved process. To
begin with, the bare silica was activated with 4-vinylaniline radi-
cals. In order to do so, 0.33 mL of a 37 %wt HCl aqueous solution
was added to 106.75 mL of a 0.04 % wt silica aqueous suspension
(4.27 g of silica). The mixture was magnetically stirred continu-
ously all over the process. After 40 min, 0.16 g of 4-vinylaniline
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Fig. 2. HRTEM picture of the bare silica particles obtained p,,.

was added, and the mixture was heated up to 43 °C after 10 min.
Once the temperature was reached, a solution of 0.064 g of NaNO,
in 10 mL of H,0 was slowly and completely added during 15 min.
The product was kept at 43 °C for 16 h while stirring, then cen-
trifuged at 20 000 rpm for 20 min. The supernatant was removed,
and then acetone was added. The product was again centrifuged.
The resulting activated silica was divided in two halves, using
2.135 g for the synthesis of each of the polymers (positive and neg-
ative). The used monomers were (vinylbenzyl)trimethylammo
nium chloride (positive), and sodium 4-vinylbenzenesulfonate as
the negative one. For each polymerization, the activated silica
was put into a double-necked flask fitted with a magnet and a
reflux system. Next, 1.07 g of the corresponding monomer and
10.82 g of dimethyl sulfoxide (DMSO, which acts as solvent) were
added. The flask with the mixture was placed into an ultrasonic
bath until the product was homogenously suspended in the sol-
vent. Then, magnetic stirring was applied all over the rest of the
process. In order to initiate the polymerization, a solution of
27 mg of AIBN (Azobisisobutyronitrile) in 0.85 mL of DMSO was
added to the flask. Next, the flask was set to be purged with N,
and heated up to 70 °C after 5 min and left overnight. The resulting
product was dispersed in 106 mL of ethanol after being cooled,
then centrifuged at 7800 rpm for 1 h. Supernatant was removed,
and the washing process was repeated twice in order to remove
possible remains of the polymerization.

Hydrodynamic diameters of the coated particles were obtained
by dynamic light scattering in a Zetasizer Nano-ZS from Malvern
Instruments (UK). The same instrument allowed us to evaluate
the DC or classical electrophoretic mobility of the particles, in
order to qualitatively ascertain the modifications brought about
on the surface of the particles by the different coating procedures.

The AC or dynamic mobility was determined using the electro-
coustic technique [34,35] by means of Acoustosizer Ilc device man-
ufactured by Colloidal Dynamics Inc. (USA): the real and imaginary
components (or the modulus and phase) of the mobility are
obtained in the 1-18 MHz frequency range by analyzing the ampli-
tude and phase of the pressure wave produced in the suspension
(of arbitrary solids volume fraction) by application of an AC electric
field.

The dielectric dispersion experiment sweeps a different fre-
quency range (1 kHz to 2 MHz, roughly), but it is equally informa-
tive about the different polarization processes occuring at the
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interface by the variable frequency external fields. For the determi-
nation of the dielectric dispersion (frequency dependence of the
electric permittivity of the suspensions), use is made of a home-
made parallel electrodes cell, built in glass. The electrodes are
1 cm radius platinum disks coated with platinum black using stan-
dard methods [36], in order to minimize the unwanted electrode
polarization effect [37-39], by virtue of which the frequency
dependence of the impedance of the electrode/solution interface
hides the low-frequency true relaxation of the system. We used
the method known as logarithmic derivative [40]. It involves first
calculating the derivative of the raw ¢'(w) data:

T 0 (W)
~ 2 dln(w)

ép(w) = (12)
The low-frequency contribution to this quantitty is fitted to a
power-law

&p(® — 0) = Aw™" (13)

and subtracted from the &,p(w) to get the polarization-corrected
results:

&7 () = (@) — Ao (14)

Finally, the real part of the dielectric constant is recovered by
integration. The constant of integration is obtained by equating
the high-frequency value of the integrated quantity to the dielec-
tric constant of the solution (that of water in our case):

do

2 corr
() ——+ const-
w

& () == ‘Sﬁ (15)

4. Results and discussion
4.1. Particle coating

Fig. 3 shows the HRTEM appearance of the coated particles,
together with their EDX composition maps. Although the drying
process needed in ordinary TEM does alter the nanostructure, the
pictures in Fig. 3 allow to distinguish roughly between the two
kinds of particle treatments. The grafted chains tend to produce
fused particles upon drying, with a bridge clearly observable
between neighbors. In the case of the soft coating, one can observe
that several particles tend to be bound. The composition maps con-

Anionic, adsorbed

Anionic, grafted

Na s

100 nm
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firm the presence of the two polyelectrolytes on the respective par-
ticles, through detection of sodium and sulfur in the case of the
anionic  polyelectrolyte (either PSS or poly(sodium 4-
vinylbenzene sulfonate)), and of nitrogen and chlorine when the
coating is cationic (PDADMAC or poly(vinylbenzyl trimethylam-
monium chloride)). Dynamic light scattering measurements yield
similar hydrodynamic diameters for bare silica (406 + 5 nm), and
for anionic (adsorbed: 419 + 52 nm; grafted: 412 + 13 nm) and
cationic layers (417 + 4 nm). Interestingly enough, the value
obtained for grafted cationic polymer is sensibly larger, namely,
596 + 5 nm, a fact that we interpret as a more effective and open
coating in this case. This was really expected, considering the likely
radial disposition of the polymer chains and the overall positive
attraction with the negatively charged (see below) silica core.

4.2. Overall interfacial charge

An indirect way to confirm the coating consists of determining
the electrophoretic mobility of the coated particles and compare it
to that of the bare silica spheres. Although, as mentioned, such an
evaluation lacks information about the nanostructure details, at
least it will provide a sort of overview of the interfacial changes
produced by the treatment. Fig. 4 contains that information. The
mobility is plotted as a function of KCI concentration for both silica
cores and polyelectrolyte-coated particles. Note that silica is nega-
tive as expected, its mobility increasing slightly between 0.1 mM
and 1 mM KCI, a suggestion of finite conductivity in the Stern layer
[35] that will not be further studied in the present work. More sig-
nificant is the demonstration of the coatings: the charge remains
negative upon anionic polyelectrolyte coverage whereas it changes
to positive with cationic polyelectrolyte shell. No important differ-
ences are observed between both types of coating, and this is the
rather limited information that standard electrophoresis can pro-
vide. This is in striking contrast with the AC electrokinetic results
to be described below.

4.3. Model predictions for AC electrokinetics

Although, as mentioned, results are available on the electroki-
netics in AC fields for both adsorbed [15,41,42] and grafted
[21,43] polyelectrolyte layers, no comparison between both

Cationic, adsorbed

N

Cationic, grafted

a

Fig. 3. HRTEM pictures and EDX composition maps of the polyelectrolyte coated particles.

5



S. Ahualli, S. Orozco-Barrera, A.L. Medina Castillo et al.

Q
<
=
2
e 44 O @
S a
2 7
o 7
£ 24
@
o
2o o S
=
o
1S
Q2
©
o J
s
O -4 |Bare Z Z
-‘g m 1
T g m Bare Bare
'6 T T I
1,0x10 5,0x10* 1,0x10°
[KCI] (M)

Fig. 4. Electrophoretic mobility of bare (grey horizontal lines) and coated (full bars:
adsorbed; patterned bars: grafted) silica particles. PSS (PDADMAC): adsorbed
anionic (cationic) polymer; B- (B + ): grafted or brush-like anionic (cationic) chains.

approaches has ever been presented in the past. In the following
we will show some representative results.

Fig. 5 shows the frequency dependences of the real parts of the
dynamic mobility and the dielectric constant of soft and grafted
coated particles. Note first to what extent the information provided
by dynamic mobility completes that obtained from the dielectric
spectra, regarding the frequency ranges swept in each case. The
latter shows a very pronounced decrease for frequencies around
10%-10° rad/s. This decline is the manifestation of the a— or polar-
ization relaxation [44,45]: for such frequencies, the field changes
too rapidly for the concentration polarization clouds to develop.
As a result, the out-of-phase currents associated to diffusion fluxes
disappear, and the permittivity shows a reduction. Such pro-
nounced effect translates into just a tiny (if any) decrease in the
mobility. The o — relaxation is greatly magnified in the case of
the brush structure, and much smaller for just adsorbed layers.
In contrast, a feature is shown by dynamic mobility in the vicinity
of 10 Mrad/s, not appreciable at all in the permittivity spectrum. It
consists of a significant increase of the mobility (in absolute value),
which is associated to a decrease in the dipole moment because of
the well-known Maxwell-Wagner or Maxwell-Wagner-0O’Konski
(MW or MWO) electric double layer relaxation. The mobility jump
is again much more appreciable in the case of brush layers.

Finally, for the highest field frequency, the mobility goes to
zero, in a process known as inertial relaxation, strongly dependent
on the particle size and the medium viscosity. If such frequency is
reached, the field changes direction too fast for allowing any
motion of the fluid or the particles, and the electrophoresis dis-
placement vanishes [46]. We conclude that the nanostructure of
the polyelectrolyte layer greatly affects the AC electrokinetics of
coated particles, and in fact it captures a number of aspects that
are invisible by other methods.

4.4. The AC electrokinetics of bare silica

With the aim of establishing a comparison between the elec-
trokinetic behaviours of bare and treated particles, we consider
first that of the cores. Fig. 6 contains data on the dynamic mobility
(again, for brevity only the real part is considered) and the dielec-
tric dispersion of silica spheres for two volume fractions of solids
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Fig. 5. Real part of the dynamic mobility (top) and of the dielectric constant
(bottom) for adsorbed (Soft) and grafted (Brush) layers of polyelectrolyte, both
cationic (positive Q,,) and anionic (negative Q,,). The core is negatively charged
with —1.2 x 107" C total charge, and its radius is 200 nm. For all layers, the
thickness is 30 nm, and the friction parameter is ARc = 1.

(2 % and 4 %) and two concentrations of KCl (0.1 mM and
0.5 mM). Let first point out that the mobility data display little
structure, as only the inertial relaxation (tendency to zero) is
clearly observable, hiding the MW relaxation. The only exception
seems to be the 0.1 mM, 2 % volume fraction suspensions, which
in any case display a very weak increase in mobility. On the other
hand, in all cases and frequencies, the mobility increases with ionic
strength for the values tested (recall the DC mobility data in Fig. 4).
This relatively limited information is in contrast with that
extracted from the dielectric spectra behavior: the most striking
observation in these data is the appreciable alpha or concentration
polarization relaxation, to which a decrease can be associated, lar-
ger for higher particle volume fractions and ionic strengths, as
found in suspension dielectric models [31].

4.5. Adsorbed vs Grafted layers: Dynamic mobility and dielectric
spectra

Next, we analyze the effect on the electrokinetic properties just
described of coating with the anionic or cationic polyelectrolyte
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Fig. 6. Experimental values of the real components of the dynamic mobility (left) and the dielectric constant (right) of silica suspensions for the particle volume fractions (in

%) and the KCI concentrations (mM) indicated.

using the two methods. Fig. 7 shows the dynamic mobility data. A
significant MW elevation of the mobility is observed when the
coating is brush-like (grafted); in contrast, the adsorbed layer
structure leads to simple inertial decrease. It is suggested that
the polyelectrolyte brush protects the particles more efficiently
against aggregation: consequently, the average size will remain
almost identical to that of the individual particles, and the inertia
will be displaced towards higher frequencies. The effect is more
appreciable when the polyelectrolyte is cationic (panels c, d vs a,
b), as one expects from a better binding favoured by electrostatics.
The monotonous mobility decrease observed for soft coatings can
be justified by a lower overall charge of the layer and a subsequent
tendency of the particles to form aggregates: both effects will mask
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the possible MW rise by the reduced surface conductivity and/or
the appearance of inertia decrease for lower frequencies, due to
the larger average particle size. Both phenomena seem to be absent
in the case of the positive brush layer, clear evidence of the effi-
cient and highly charged coating achieved in such situation. This
can be confirmed by the analysis of the alpha relaxation in dielec-
tric spectra, as will be discussed below.

Figs. 8 and 9 contain the results pertaining to the dielectric
spectra of the suspensions. The position of the maximum in the
log derivative ¢p(w) gives us a clear indication of particle size in
the suspensions. Thus, the frequency of such maximum is found
to be higher in the case of the brush-like coating, indicating a smal-
ler average diameter. Note, however, that ¢p(w) for brush (+) par-
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Fig. 7. Real part of the dynamic mobility of polyelectrolyte-coated silica. (a,b): anionic, adsorbed or grafted, with volume fractions 2 % and 4 %, and KCl concentrations 0.1 mM

(a) and 0.5 mM (b). (c,d): same as (a,b), but for cationic polymer.
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ticles suggests a low-frequency elevation that can be associated to
the existence of aggregates (larger average size, lower o— relax-
ation frequency). In contrast, the soft coating leads directly to a
low-frequency maximum, and this suggests that individual parti-
cles are much less abundant than aggregates. As observed, & (w)
data are not so sensitive to these aggregation processes, and their
existence is rather manifested as a wider relaxation. The latter data
are however useful as indicators of the overall charge, as the ampli-
tude of the relaxation is correlated with interfacial charge. Hence,
from Fig. 8a,c and 9a,c we can conclude that the charge of the (+)
brush coating is much larger than that of the negative one. Also,
the partial compensation of the negative silica charge and the pos-
itive charge of the soft cationic layer leads to a reduced relaxation
amplitude (Fig. 8¢,9¢), as compared to that of the negative soft
layer (Fig. 8a, 9a). No such effect is observed when the coating is
brush-like, as the layer extends so much from the surface that its
charge becomes dominant.

Regarding the variation with KCI concentration of the behaviour
described, comparison of Figs. 8 and 9 allows us to conclude that
the qualitative dependences are very similar for both ionic
strengths, and, as expected from the theory of dielectric dispersion
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of suspensions [47], the larger concentration of ions enriches the
polarization clouds and give rise to an increase in the dielectric
decrement around the a-relaxation for 0.5 mM KCl as compared
to 0.1 mM. A similar effect occurs when it is the particle concentra-
tion that is increased [31], as long as the volume fraction of solids
is not too high as to reduce the polarization clouds of neighbor
particles.

4.6. Comparison with model predictions

For the sake of brevity, only some cases will be considered
regarding the performance of the model described in explaining
the experimental data. The fitting strategy included to obtain the
best-fit parameters from the (better-defined) mobility results and
using the thus obtained parameters for predicting the dielectric
relaxation. A minimization of the relative sum of squares of differ-
ences between predicted and measured values was used as best-fit
criterion. It must be considered that the simultaneous fitting of
two sets of data covering separate frequency ranges is in this case
hampered by the already mentioned polydispersity of the suspen-
sions brought about by possible formation of structures mediated
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Fig. 10. Experimental (data points) and calculated (lines) frequency dependences of the real part of the dynamic mobility (a) and the dielectric constant (¢': b; &2™: c) of 2 %
suspensions of silica spheres coated by a soft (adsorbed) layer of anionic or cationic polyelectrolytes. KCl concentration: 0.5 Mm.

Table 1
Best-fit parameters used for the theoretical predictions displayed in Fig. 11, 12.
Sample Core radius, R, (nm) Layer thickness, L (nm) Friction parameter*, / (nm™!) Total charge of the polymer layer, Q,, (1074C)
Soft (+) 400 30 0.18 +4.0
Soft (-) 370 30 0.09 -3.0
Brush (+) 180 70 1.67 +1.2
Brush (-) 200 100 0.51 -0.2

*Corresponds to the surface value, o (Eq. (8)) in the case of brush structures.
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Fig. 11. Same as Fig. 10, but for grafted polyelectrolytes.

by the polymer chains. It is worth mentioning that the calculations
of ¢ (w) tend to overestimate the experimental data. This is a well-
known feature of dielectric dispersion modelling, as the complete
elimination of electrode polarization cannot be guaranteed [39]
by any method, and, furthermore, polarization mechanisms other
than those associated to the ionic atmosphere have not been con-
sidered in the model. It is in these complex systems that the pro-
posed ac electrokinetic techniques show their power in
explaining and predicting the colloidal behavior of the suspen-
sions, as discussed below.

Fig. 10 shows the measured and predicted values of the two
quantities of interest when the coating layer is adsorbed (soft).
Note the goodness of fit (best in the case of the mobility, as men-
tioned) for very reasonable values of the model parameters
(Table 1). Let us point out that the core radius Rc used for fitting
is larger than that measured for bare particles (Fig. 2), confirming
our hypothesis that the adsorbed layer engulfs more than one par-
ticle (Fig. 3). The adsorbed layers show a high charge (comparable
in absolute values for the two polymers), and they are relatively
thin both for the positive and negative polyelectrolytes. Its result-
ing compact structure justifies the relatively high values of the fric-
tion parameter /R, estimated from the fittings.

Regarding the brush-like coating (Fig. 11), the goodness of fit is
equally significant for both quantities. Note that the model
explains very well the MW elevation of the mobility (Fig. 11a)
and the huge dielectric relaxation amplitude attained with the pos-
itive coating (Fig. 11b), a manifestation of the presence of the
extended and highly charged structure of the polyelectrolyte layer.
The wide ¢ (w) relaxation and the suggested low-frequency peak of
the logarithmic derivative &®"(w) cannot be captured by the

10

model, as this considers monodisperse suspensions with the size
of single particles. This confirms, as mentioned above, that such
features of the dielectric spectra are associated to the formation
of aggregates (probably dimers, see Fig. 3) bound by the polymer
chains of adjacent particles. These effects are not so clearly appar-
ent in the case of soft coatings, an indication of the fact that the ac
response is dominated in these systems by the aggregates:
although they will coexist with individual particles, the contribu-
tion of the latter is not so appreciable because of the limited exten-
sion of the coating layer.

In the case of negative polyelectrolyte coatings, similar facts are
observable regarding the width of the dielectric relaxation and the
presence of two peaks (note the shoulders in &%"(w)) in Fig. 11b,c,
although they are weaker because of the smaller charge of the neg-
ative brush (Table 1).

5. Conclusions

The electrokinetic study described in this paper demonstrates
that dynamic electrophoretic mobility and dielectric constant of
suspensions, determined as a function of the frequency of the AC
external field, can provide worth a lot of information on the nanos-
tructure of coated particles. Furthermore, a clear distinction can be
established between charged polymer layers adsorbed on the par-
ticles in the form a soft, rather compact layer, and polymers grafted
on the particles upon growing of the monomers in a brush-like
fashion. This is because, as demonstrated with the model elabo-
rated to that aim, the electrokinetic behaviour (AC electrophoresis
and dielectric dispersion) differs significantly for both types of
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coatings. Simple dc electrophoresis does not allow to distinguish
such features, as AC fields disclose much wider information. Exper-
iments performed on suspensions of silica particles coated by
either cationic or anionic (soft and brush-like), demonstrate that,
in general, a grafted layer magnifies the electrokinetic response.
The fact that the friction experienced by the ions decreases when
increasing the distance to the core can explain this. The model
elaborated for both cases, and different volume fractions of solids
and ionic concentrations explains most of the experimental ten-
dencies and provides reasonable values for the parameters charac-
terizing the nanostructure in the unperturbed state in suspension.
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