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ABSTRACT: Dielectric behaviors of spherical polyelectrolyte brush (SPB)
suspensions under various mass fractions of SPB and the pH of solution were
investigated in a frequency range of 40 Hz to 110 MHz. The SPB consists of a
polystyrene (PS) core grafted with poly(acrylic acid) (PAA) chains. Two unique
relaxations were found at either about 10 kHz or 1-10 MHz, respectively, with
the former due to the diffusion of counterions and the latter resulting from the
interfacial polarization. Using dielectric parameters of two relaxations, we
obtained information about the migration of counterion and the conformation
of polyelectrolyte chains. The PAA chains are fully stretched when pH is about 8
under the domination of the equilibrium between the penetration and diffusion
of counterions in the brushes. A dielectric model is proposed to describe the
high-frequency relaxation, and the permittivity and conductivity of SPB and its
volume fraction were also calculated on the basis of the model. The surface
conductivity of SPB, the Donnan potential, and the fixed charge density in the
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relaxation
b

brush layer were derived from these paramaters. The distribution of the Donnan potential was also simulated by using Poisson—
Boltzmann equations, and the result is in accordance with these obtained on the basis of the dielectric model.

1. INTRODUCTION

Spherical polyelectrolyte brushes (SPBs) have attracted
considerable attention since their synthesis by Ballauff et al.
in 1999." On the one hand, introducing charges through
polyelectrolyte chains on the particle surface offers wide
applications for SPBs as responsive biointerfaces, coatings,
composite materials, and controlled drug-delivery and release
systems.” On the other hand, it also created a model of a soft
particle in which the core and bulk solution are separated by a
brush layer. The model has been proven to play an important
role in the stability of colloidal particles.” Recently, studies on
the fundamental nature of SPBs have intensified.”°

The wide applications of SPBs have been extensively
reported in various fields. For example, the PS-PAA SPBs
were used to synthesize Ag nanoparticles in situ for the SPB in
order to improve its catalytic activity.” The thermosensitive
PNIPAM network attached to the surface of the core particles
has been reported to modulate the catalytic activity of Ag
nanoparticles.” The studies on SPB mostly focus on the charge
distribution” and the effect of solution conditions on the
conformation of polyelectrolyte chains in the brush layer.'"~"*
For a colloid particle, the surface charge can quantitatively
generate repulsion energy between particles,”” and the zeta
potential on the particle surface can also impact the repulsive
force and the stability of the whole suspension.”'* Long
polyelectrolyte chains were grafted on the hard-core surface,
and it becomes complex to assess the surface potential around
the core. First, it is difficult to measure a reliable potential value
from the electrophoretic mobility which is controlled by the
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valence, concentration, and distribution of counterions. More
specifically, changing the charge of ions will lead to a significant
collapse or spread of the chain, followed by the reduction of the
zeta potential and decreased colloidal stability.”'> Moreover,
such a shape change of the brush layer is also modulated by the
pH of the solution."”'® To find out how the chain stretches are
affected by the distribution, concentration, and kinds of
counterions, many fundamental studies have been done. In
fact, the morphology of the SPB brush is mainly determined by
dynamic light scattering (DLS), which gives the overall
dimensions of the particles in solution. Ballauff's group
measured the hydrodynamic radius of SPB in varying
polyelectrolyte chains using DLS and found that increases in
ion concentration or a higher counterion valence led to a
dramatic decrease in the zeta potential followed by the collapse
of the SPB brush layer."'~"* Cryogenic transmission electron
microscopy (cryo-TEM) was ideally suited to study the
structure of the polyelectrolyte surface layer.'” On the other
hand, the calculation method used to obtain the electrical
parameters of the brush layer of SPB has been developed by
Dukhin and Zimmermann.'®'? They found that the surface
conductivity at the grafted polyelectrolyte layer close to the
bulk solution originated from the tangential movement of
counterions, and the volume fixed charge density, an indication
of the three-dimensional distribution of counterions, was
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further estimated by combining with the Donnan potential and
surface potential.

In addition, dielectric spectroscopy was also chosen to study
the properties of the SPB suspension by Delgado and
coauthors.”® They found that the dielectric spectra of SPB
suspensions displayed enormous loss peaks in the kHz
frequency range, which was attributed to the dynamic mobility
of SPB, and expounded that the huge dielectric increment was
caused by the inhomogeneity of the counterion distribution in
the brush layer.”’ Another advantage of studying SPB is that it
has a well-defined core—shell structure, which is regarded as an
exact model for soft particles. Ohshima reviewed a theory of the
electrophoretic mobility of soft particles by focusing on the
theoretical electrophoretic potential distribution and conduc-
tivity of the concentrated soft particles and proposed that all of
these colloidal features are closely related to the dielectric
properties of soft particles.”” Recently, Cametti and colleagues
studied the dielectric properties of other types of soft particles,
such as ionic thiol-coated and PLGA-based nanoparticle
suspensions.””>* Furthermore, he elaborated how the structure
of the polymer soft layer might alter the dielectric response and
the electrokinetic properties of the soft layer.”®

It is well known that the dielectric theory of a typical particle
dispersion was developed nearly half a century ago,”® and has
been successfully applied in many practical systems.”” At
present, the well-developed dielectric theories and models can
give a good explanation of the relaxation behaviors of particle
dispersions. In particular, the relaxation mechanisms at low and
high fre(;_uencies have been established, attributed to surface
diffusion”® or volume diffusion for lower frequency™ and
interfacial polarization for higher frequency.’’ However, little is
known about the dielectric relaxations of SPB caused by a
polyelectrolyte brush, although Delgado et al. provide us an
instructive example as mentioned above.

In conclusion, almost all studies on SPB agreed on the
potential distribution in the brush layer and the effect of ion
concentration on the zeta potential, while several questions
remain unclear. Moreover, it is difficult to measure the exact
charges inside brushes and define the true nature of the soft
particle—solution interface.”>" Undoubtedly, the new work is
expected to depict the electrokinetic properties of the spherical
polyelectrolyte brush layer. In this article, dielectric spectros-
copy of typical SPB which consists of polystyrene (PS) particles
and grafted poly(acrylic acid) (PAA) is recorded as a function
of the mass fractions of SPB and pH. We identified two specific
dielectric relaxations displayed by SPBs, which are linked to the
interpretation of the migration of the counterion inside the
brush layer and the deformation of the layer. We analyzed the
high-frequency relaxation in terms of interface polarization
theory and calculated the electrical and structural parameters
based on the Hanai equation. We also simulated the
relationship between the potential and the charges in the
brush layer based on Poisson’s equation. Our study will be very
helpful in understanding the impact of the dielectric properties
of SPB on the movement of counterions around SPB and along
the polyelectrolyte chains.

2. EXPERIMENTAL SECTION

2.1. Materials and Methods. 2.1.1. Materials. Styrene (BASF)
and acrylic acid (Fluka, AA) were distilled under reduced pressure to
remove the inhibitor and stored at 4 °C before they were used.
Potassium persulfate (KPS, Sigma-Aldrich) and sodium dodecyl sulfate
(SDS, Sigma-Aldrich) were used without further purification. All
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reagents were analytical grade. Doubly distilled water was used in the
experiment.

2.1.2. Synthesis and Characterization of the SPBs. The synthesis
of the SPBs was perfomed according to the method developed by
Xiang et al.* First, submicrometer monodisperse PS particles were
prepared by emulsifer-free emulsion polymerization, and the radius of
the PS core was determined to be 200 nm using dynamic light
scattering (Peters ALV 4000). Second, HEMA was anchored on the
surface of the above PS particles using “starve” addition, so hydroxyl is
loaded on the particle surface, which induces it to form a stable
suspension and proceed to the next step. Then the RAFT agent was
anchored on the surface of the cross-linking PS particles through the Z
group. The purpose of this step is to introduce the double bond on the
particle surface through the esterification reaction between hydroxyl
on the particle surface and carboxyl in the RAFT agent. In this way,
functional monomers can be grafted onto the particle surface. Finally,
functional monomers AA and photoinitiator were added, and pH-
responsive brushes were obtained by UV-light-initiated surface
polymerization. The radius of SPBs was determined to be 250 nm
using DLS, indicating that the thickness of PAA was 50 nm. The
specific preparation method has been reported elsewhere.*”

2.1.3. Preparation of Samples. A series of different concentrations
of SPB suspensions were prepared by adding a given volume of
deionized water to a known mass fraction of an SPB suspension. The
mass fraction ranges from 9.4 to 1.3%. The SPB suspensions with
different pH values were adjusted by carefully adding a very small
concentrated NaOH droplet to the suspensions to lower the ion
concentration, and the pH (from 3.9 to 10.5) was monitored using a
microprocessor pH meter. The dielectric spectrum for each SPBs
suspension was measured directly after preparation.

2.2. Dielectric Measurements. Dielectric measurements (40 Hz
to 110 MHz) of an SPB suspension were carried out using an
HP4294A precision impedance analyzer from Agilent Technologies. A
measurement cell (a detailed description is provided in the Supporting
Information (SI)) with concentrically cylindrical platinum electrodes
was employed and was described in detail in the previous work.*® The
applied electric field strength in the dielectric measurements is around
50 V m™', which is not capable of forming particle chains through
dipole—dipole interaction. All measurements were carried out at room
temperature (25 + 0.5 °C). According to Schwan’s lumped circuit
method,** the experimental data errors arising from the terminal leads
and measurement cell were corrected (see SI).

2.3. Determination of Dielectric Relaxation Parameters.
Under the ac field, the complex permittivity of the SPB suspension is
defined as

(@) = e(@) — 152 = e(w) - j(e"<w> " i]

£, [OLN (1)
where &(w) and k(w) are the frequency-dependent real parts of the
complex permittivity and conductivity, respectively, ¢”(w) is the
frequency-dependent dielectric loss, k; is the low-frequency limit of
conductivity, and j* = —1. The total dielectric loss contains two parts:
the effective dielectric loss of the suspension and the low-frequency
conductivity. The contribution of the low-frequency conductivity can
be subtracted from the conductivity spectra through the equation

8”((0) — (K(CO) - Kl)
& 2)
Accordingly, the following function including two Cole—Cole terms
combined with an electrode polarization term Aw™™ (where A and m
are adjustable parameters) was employed to analyze the experimental
spectra® because two relaxations were observed in our measuring
frequency window
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where Agy,, = & — &, and Aéeyg, = €, — &, refer to low and high
frequency dielectric increments, respectively, and /3 is the Cole—Cole
parameter (0 < f# < 1) indicating the distribution of relaxation times.
Subscripts 1, m, and h denote low-, medium-, and high-frequency
limiting values, respectively. Here, high-frequency conductivity limits
k, and medium-frequency conductivity limits k, were calculated
through eqs 4a and 4b:*°

Kn = ((& — €,)27f &) + K (4a)

K, = ((en — &)27f &) + K (4b)

Usually, the electrode polarization (EP) perturbs the measurement
especially for the solution systems with higher ion concentration. The
EP effect leads to the absence of a clear low-frequency plateau in the
permittivity as shown in the inset of Figure 1. Many methods or
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Figure 1. Frequency dependence of derivative dielectric loss &” (@)
(hollow circles) and corrected data after subtraction of the EP effect
(solid circles) of pH 3.85 for an SPB mass fraction of wt = 0.536% at a
salt concentration ca. 107* mol/L: red solid line, best fit with EP; black
solid line, best fit without EP; dotted line, low-frequency relaxation;
dashed line, high-frequency relaxation. The inset shows the fitting
result of the relative permittivity & by using the same fitting
parameters.

technologies are used to correct the EP effect. Serghei et al.’’
described a detailed analysis of the dielectric data of EP based on the
charge-transport mechanism at an ion—metal interface. We used the
logarithmic derivative method””***° based on the following derivative
to optimize the fitting and determine the characteristic frequency

T de
20hw

al0) = =TS (@) ®

where €"4.,(w) and ¢’ (w) denote the derivative dielectric loss based
on the logarithmic derivative and the dielectric loss free of dc
conductivity, respectively. This method has been proven to be effective
in separate relaxations from the EP effect and also offers a good way to
resolve overlapping relaxation peaks due to peak sharpening.** By
introducing the real part of eq 3 into eq S, we derived the expressions

(A& (@0n) cos| 2 — (1 + p)6,
g e A -

214 1+ 2(wz)” cos ﬁ‘—; + (o)

sin(?)
((J)Ti)ﬂ‘ + cos(?) (6b)

The two equations have the same set of variables as those in eq 3
and can be used to fit the derivative dielectric loss spectra. First, the
raw permittivity data were fitted using eq 3, by which the values of A
and m were determined. The EP effect was then subtracted from the
raw permittivity data at every frequency by use of A and m. Then, the
new permittivity & was transferred into &g, using eq S (solid circles in
Figure 1). The relaxation parameters were determined by fitting eq (6)
to €”4., & f data.

Figure 1 represents an example of the frequency dependence of
& (@) (hollow circles) of pH 3.85 of a 0.536% SPB suspension and
the result after the subtraction of the EP effect (solid circles). The
solid black line is the best fitting by eq 6. The inset of Figure 1 shows
the frequency dependency of & (hollow circles) and that after
subtraction of the EP (solid circles). The solid black line is the result
calculated by use of the relaxation parameters obtained from fitting the
€" 4e(w) = f curve. Figure 1 shows the good agreement between the
calculation and the data after subtracting EP, indicating the appropriate
application of the logarithmic derivative method to our data.

(6a)

6, = arctan

3. RELEVANT MODEL AND THEORY

3.1. Dielectric Model of the SPB Suspension and
Hanai Equations. Spherical polyelectrolyte brushes (SPBs) in
this study can be depicted as in Figure 2(b), where R and L are
the radii of the PS core and the thickness of the polyelectrolyte
layer, respectively. The fixed charge in the polyelectrolyte layer
is —COO7, and the counterion is H*. Figure 2(a) shows the
schematic of the SPB suspension: the SPB particles with radius
R, (= R + L) and complex permittivity ey are dispersed in a
continuous media of permittivity € in a volume fraction ¢.

On the basis of the model, the following Hanai equation40
can appropriately describe the present SPBs suspension

© O O

(a)

(b)

Figure 2. (a) Schematic of SPB suspension consisting of a PS core and a PAA polyelectrolyte chain as well as the schematic sketch according to the
Kuwabara cell model. R, is the radius of Kuwabara’s cell, £* and & are the complex permittivities of SPB suspensions and continuous media, and ¢ is
the volume fraction of SPBs in the suspension. (b) A single SPB, where R is the radius of the PS core and L is the thickness of the PAA
polyelectrolyte chain. @, H"; ©, —COO™. e is the complex permittivity of SPB.
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Figure 3. Three-dimensional representations of mass fraction dependence of the derivative dielectric loss spectra (a) and pH dependence of the
dielectric loss when the mass fraction is 0.536% (b) for a salt concentration range of 10~*—107° mol/L. They have been processed by eliminating the
electrode polarization. The arrows indicate the low and high relaxation frequencies. The inset is the best-fitting curve fitted by eq 6.

Table 1. Relaxation Parameters for SPBs Suspensions of Different Mass Fractions (a) and Different pH Values of 0.536% SPBs

(b)
(a) wt % £ €m €y Aégjg,, Aggn Tiow/ HS Thigh/ S Prigh
13 163.3 + 4 81.5 +2 80.02 + 0.3 81.8 148 444 + 0.09 24.30.9 0.9620.08 1
1.6 1783 £ 5 81.5 + 2 79.95 + 0.3 96.8 1.5 4.37 + 0.09 2120.8 0.9530.07 1
1.8 1853 + 4 80.6 + 3 78.72 £ 0.2 104.7 1.55 4.14 + 0.07 18.90.8 0.9630.05 1
2.1 2085 + S 803 + 1 7833 + 0.4 128.2 1.97 4.06 + 0.08 17.50.7 0.9640.05 1
2.5 2355+ S 80.0 + 2 77.99 £ 0.5 155.5 2.01 3.99 + 0.07 16.80.8 0.9640.06 1
3.1 250.5 + 6 80.4 + 3 77.98 + 0.4 170.1 2.42 391 + 0.07 15.10.8 0.9630.05 1
3.8 2693 + 6 793 +3 7698 + 0.3 190.0 232 3.64 + 0.08 12.70.6 0.9550.06 1
4.7 2815 £ 7 784 + 2 7592 + 0.3 203.1 2.48 3.54 + 0.09 12.20.6 0.9570.06 1
6.2 2975 £ 8 76.0 + 1 7333 £ 0.5 221.5 2.67 2.81 £ 0.08 11.80.7 0.9710.05 1
9.4 305.5 + 8 740 £ 3 7125 + 0.4 231.5 2.75 2.65 + 0.07 10.90.7 0.9700.05 1
(b) pH & €m &n Agy,, Agyg, Tiow/ HS Thigh/ ns Prow Prigh
3.9 122.6 + 2 829 + 2 8092 £ 0.3 39.7 2.61 8.72 £ 0.5 517 £ 1.0 0.893 + 0.07 0.923 + 0.08
4.7 132.6 + 7 83.7 2 80.94 £ 0.3 489 2.76 6.24 + 0.3 39.6 + 0.8 0.832 + 0.0S 0.903 + 0.08
5.7 1477 + 6 85.6 + 4 81.00 + 0.3 62.1 4.60 455+ 02 26.3 + 0.6 0.842 + 0.04 0.884 + 0.07
6.7 1741 % 5 883+ 3 81.09 + 0.4 85.8 721 435 £ 03 18.8 + 04 0.852 + 0.06 0.794 + 0.08
74 1841 + 8 883 + 4 80.25 +£ 0.3 95.8 8.05 434 + 0.3 162 + 04 0.834 + 0.0S 0.771 £+ 0.0
8.1 188.1 + 8 904 + S 82.30 + 0.4 97.7 8.10 3.92 +£ 0.2 13.8 + 0.3 0.827 + 0.04 0.791 + 0.0
10.5 198.1 £ 7 89.1 S 83.39 + 0.5 109 571 3.08 £ 0.2 13.3 £ 0.3 0.807 + 0.03 0.851 + 0.04
e — ek [ X 1/3 The phase parameters can be calculated from the relaxation
x| o =1-¢ parameters using eqs 8—10 by a systematic numerical method*'
& — Epp\ € (7)

where e§ = espp — jkspp/ @€ and €F = g, — jk,/we,. The
electrical parameters of SPB and the medium, ie., phase
parameters named in this work (¢, &gpp, kgpp, and k,) are
related to the relaxation parameters of the dielectric measure-
ment (&, &, Ky, and K):

3 1 € — Esp €spp
el ———— - —|[=3] 2 +
Km — Kspp Km K, — Kspp Km — Kspp
_&
K, (8)
" 3 1 _ o K K N Ko K
€, — €spB &L € — Espp €y — Espp &
)
1/3
Km — Kspp| Ki —1-¢
Ky = Kspp \ Kin (10)

if the permittivity of the medium solution, ¢,, is given.

3.2. Cell Model. Kuwabara’s cell model*" is frequently used
to describe a concentrated suspension. According to the cell
model, each individual particle (e.g., a soft particle consists of
the particle core of radius R covered with a polyelectrolyte layer
of thickness L) in a dispersed system is considered to be a cell
with a radius of R, = R + L. In other words, it is thought that
each soft particle can be regarded as being surrounded by a
concentric spherical shell of an electrolyte solution with an
outer radius of R, (Figure 2(a)). Hence, the particle/cell
volume ratio in the unit cell is equal to the particle volume
fraction ¢ throughout the entire suspension via

3

Ry,
p=|2
R, (11)
It is worth noting that ¢ in Kuwabara’s cell model has the same
value as ¢ in the Hanai equation.
8569 DOI: 10.1021/acs.langmuir.5b01408

Langmuir 2015, 31, 8566—8576


http://dx.doi.org/10.1021/acs.langmuir.5b01408

Downloaded by BEIJING NORMAL UNIV on September 8, 2015 | http://pubs.acs.org
Publication Date (Web): July 28, 2015 | doi: 10.1021/acs.langmuir.5b01408

Langmuir

4. RESULTS AND DISCUSSION

4.1. Dependency of Relaxation Parameters on Mass
Fraction and pH. After the elimination of electrode
polarization according to the equations in section 2.3, the
derivative dielectric loss spectra of SPB suspensions were
shown over a frequency range from 40 Hz to 110 MHz either
in a mass-fraction-dependent way (Figure 3(a)) or in a pH-
dependent way (Figure 3(b)). Two dielectric relaxations were
found at around 10* Hz and 10’ Hz, which were well fitted by
eq 6 as shown in the inset of Figure 3. We derived various
relaxation parameters of SPBs of different mass fraction in the
pH range of 4—10 based on the dielectric model described in
section 3 (Table 1).

Both Ag,, and Agy, increased with either the increasing
mass fraction of SPBs or the increasing pH of the solution, with
a larger value of Agy,, compared to that of Agyy, (Table. 1).
On the other hand, 7, and 7y decreased when the mass
fraction of SPB and the pH of the solution increased. We also
found that the distribution parameters at low and high
frequencies of the two relaxations, fi,, and Sy, were different.
For the suspensions of varying mass fraction, f,,, and Sy, were
very close to 1, implying the homogeneity of structural and
electrical properties of brushes layer of SPB. As for the pH, f,,,
and [, were in the range of 0.9—0.8, which might reflect the
heterogeneity of brush layers and the change in the interfacial
property. The heterogeneity possibly originated from the
nonuniform distribution of segment density and charge density
in the PAA brush, where a dense layer of larger charge density
was close to the core but a sparse layer of smaller charge density
was far away from the core. In general, the ionic polarization on
the order of kHz and interfacial polarization at higher frequency
was considered to be less responsible for the relaxation
behavior displayed by the particle suspension.”” Therefore,
some valuable information about the particles and the solution
in suspension can be obtained by analyzing the high-frequency
relaxation, and on this basis the electrical properties of the
electric double layer (EDL) and the brush layer around the
particle can be estimated by identifying the mechanism of low-
frequency relaxation.*”**

4.2. Migration of Counterions in the Brush Layer.
4.2.1. Low-Frequency Relaxation Mechanism: Counterion
Diffusion. For a conventional hard particle, low-frequency
relaxation is caused by the tangential or longitudinal motion of
the counterion around the particle, called the counterion
polarization. Under the electric field the ion concentration
gradient in EDL gives rise to a unsymmetrical distribution, and
the ions recover a symmetrical distribution by diffusion when
the electric field disappears. The time for the counterions to
recover the equilibrium distribution was related to the
concentration of the solution and the construction of the
EDL.>” However, for SPB, the existing EDL around the hard
particle was replaced by a permeable and charged polyelec-
trolyte chain layer.”>** Therefore, the low-frequency dielectric
relaxation might consist of more than one polarization mode.

In this study, given that the acrylic acid of polyelectrolyte
brush was partially ionized, the fixed charges could be carboxyl
groups on a polyelectrolyte chain, while the hydrogen ion
served as the counterion. According to the strength of their
interaction with the fixed charges, the counterions could be
divided into condensed counterions and free counterions.
Hence, most of the condensed counterions were trapped in the
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brush layer, while the free counterions can go inside the brush
layer relatively freely under the effect of the Donnan potential.

Delgado et al. found that the low-frequency relaxation was
caused by counterion exchange between the polyelectrolyte
brush and the bulk, ie., the diffusion of counterions driven by
the concentration gradient.”” Theoretically, when the poly-
electrolyte chains are fully stretched, the fixed charges are
equally distributed along the chain with the identical potential
inside the chain layer, and the distribution of counterion
resembles the EDL with the existence of the diffusion layer in
the boundary between SPB and the bulk solution. The potential
distribution and counterion distribution could be expressed by
Poisson’s equation.*”*° For the particular case of a planar soft
interface (equivalently, R > L), Ohshima simplified Poisson’s
equation in the symmetrical valence electrolyte:**

ez.n. Pl
—Z#—L'fR<r<R+L

& j=1 &m0 &m0
=
drz N ez n.:
- "Lifr>R+1L
j=1 Em®0 (12a)
zey
ni(r) = n}-(oo)exp(—k]—T]
B (12b)

Figure 4 shows the simulation of the potential distribution
and counterion distribution around the SPB using eq 12. The

200 250 300 r/nm
counterion concentration '
s @
t
®
® s\ P
& &
=)
) s O
b o @
Se
S
®
t
potential/V %1 W,
006
007
200 250 30 r/nm

Figure 4. Equilibrium potential distribution around SPB particles
simulated by using the following parameters: core radius R = 200 nm,
polyelectrolyte thickness L = 50 nm with Q = 1 X 107"*=3.8 x 10™"*
C (bottom to top), ionic strength 1 mM KCl, and volume fraction ¢ =
0.08.

potential distribution along the radius direction of SPB is found
to be consistent with that of the counterion concentration
distribution, which is in accordance with the literature.*” When
an ac field is applied to the charged SPB particles, the diffusion
of counterion H* (as indicated by the arrow in Figure 4) driven
by the concentration gradient leads to ion polarization of two
sides of the particle, leading to low-frequency relaxation derived
from the volume diffusion of free counterions.”” On the other
hand, potential distribution zone II in Figure 4 is related to the
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Donnan potential determined by the fixed charge density, and it
can be obtained by analyzing the high-frequency relaxation
later. In addition, zone III is an extension of the polyelectrolyte
brush zone, similar to the diffuse layer of EDL in a hard particle.

According to volume diftusion theory established by Delgado
et al,”” the relaxation time Ttheory Of the low-frequency
relaxation is controlled by the characteristic distance L. The
relationship between 7y, and Ly, can be described by Einstein’s
equation:

2
Ttheory = LD /DH+ (13)

Here, Dy is 9.311 X 107 m’™" according to ref 47. In the
moderately concentrated suspension, L, could be defined as

1 —-1/2
Lp=R|1+ —F——
? [ (@73 - 1>2) (14)

where ¢ (= (R,/R.)*; the meanings of Ry, and R, are depicted in
Figure 2) is the volume fraction of SPBs in suspension and can
be calculated from eqs 8—10 which will be discussed in later
sections. According to eqs 13 and 14, Ty, and Ly were
calculated and summarized in Table 2, as were the values of 7,
in Tables 1 and 2.

Table 2. Characteristic Distance L, and Relaxation Time
Tiheory Of Different Mass Fractions of SPBs (a) and Different
pH Values of 0.536% SPBs (b) Based on Volume Diffusion
Theory

(a) wt % Lp/nm Tiheory/ S Tiow/ HS
1.3 143 221 4.44
1.6 133 191 4.37
1.8 126 1.71 4.14
2.1 118 1.50 4.06
2.5 107 1.23 3.99
3.1 85 0.779 391
3.8 72 0.565 3.64
4.7 62 0.414 3.54
6.2 45 0.224 2.81
9.4 35 0.132 2.65
(b) pH Lp/nm Tiheory/ HS Tiow/ HS
3.9 154 2.57 8.72
4.7 151 245 6.24
5.7 148 2.37 4.55
6.7 142 2.17 4.35
74 136 1.98 4.34
8.1 130 1.81 3.92
10.5 130 1.81 3.08

We found that the calculated relaxation times 7y, of the
two systems decreased as either the mass fraction of SPBs, i.e.,
volume fraction, or the pH of the medium. The possible reason
is that as the mass fraction increases, the distance (Lp) between
the SPBs is equivalently shortened, leading to decreased 7oy
based on eq 13. On the other hand, on the basis of eq 14,
increasing pH means increasing the degree of ionization, which
leads to the increasing repulsive interaction between PAA
chains, resulting in the increase in both the radius and volume
fraction of SPBs. Although the calculated values are smaller
than that from dielectric observation, they are comparable in
order of magnitude. The error might derive from the volume
fraction in the model which contains the polyelectrolyte layer.
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4.2.2. Specific Low-Frequency Dielectric Increment. On the
basis of the above discussion, we confirmed that the low-
frequency relaxation was caused by the volume diffusion of free
counterions, hence the dielectric increment is considered to be
related to the charge distribution and the thickness. The values
of the dielectric increment are about 80—230 for the case of the
mass fraction change and about 40—110 for the case of the pH
change (Table 1), which are similar to that of bare particles,**’
partially because of the assumption that the radius R was much
larger than L in this work. If L were much larger than R, then
there would be a giant dielectric increment at low frequency as
was reported by Delgado, who found the strong dielectric
relaxation behavior at low frequency for the SPB suspension.”’

We studied the correlation of the specific dielectric
increment (5, = (g — &,)/wt) of the low-frequency relaxation
with either the mass fraction of SPBs (Figure S(a)) or the pH

70

60

50+

30

20

4 6 3456 7.8 9 1M
wt% pH
Figure S. Mass fraction dependence of the specific dielectric increment

(a) and the pH dependence of the specific dielectric increment when
the mass fraction of SPBs is 0.536% (b).

of the solution (Figure 5(b)). The specific dielectric increment
8e; was inversely proportional to the mass fraction (Figure
5(a)), being coincident with the prediction of volume diffusion
theory.”” In contrast, 8¢, increased as the pH of the solution
increased (Figure 5(b)), which is opposite to the trend
observed for the mass fraction of SPBs. This phenomenon
suggests that the degree of ionization increases as the pH of the
solution increases, and the increasing fixed charge density of
carboxylic acid in PAA chains allows more counterions to
permeate the brush layer, leading to the rise of the Donnan
potential. As a result, the increasing concentration gradient
between the brush layer and the bulk solution enhanced the
diffusion migration of counterions from the bulk to the brush
layer, leading to the increase in Je;.

4.2.3. Fluctuation of Counterions in the Brush Layer. We
found a distinct dielectric relaxation at about 10 MHz for both
suspensions (Figure 2). In fact, the diffusion of free counterions
to the brush layer of SPB can generate a low-frequency
relaxation as mentioned above. In addition, the mobility
fluctuation of the condensed counterion along the polyelec-
trolyte chain was found to contribute to dielectric relaxation,
which is generally observed at a higher frequency range of
about 1-10 MHz>® According to Einstein’s equation,”’ the
relaxation time is expressed as

2 ’
7'-high = Rs /ZDH+ (15)

where Dy, is the diffusion coefficient of H' along the
polyelectrolyte chain, which is reduced by a factor of 1.5 in
the soft layer’”> compared to Dy (= 9.311 X 107 s7!) in
solution as mentioned above. R, is the distance of the
condensed counterion fluctuation along the chain. Using eq
15, Ry is calculated using 7y, The values of R, ranged from 17
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to 11 nm when the mass fraction of SPBs varied from 1.3 to
9.4%, while they decreased from about 25 to 13 nm when the
pH of the solution increased from 3.9 to 10.5.

The space occupied by an individual SPB particle decreases
as the mass fraction of SPB increases, which leads to the
collapse of polyelectrolyte chains, ie. the folding of PAA
chains. Although the amount of fixed charge is unchanged, the
position of fixed charge changes in PAA chains and the distance
between the fixed charges in the PAA layer decreases. As a
result, the distance of the counterion fluctuation decreases
because the length of the subunit is shortened.> And when the
pH increases, more —COOH on PAA chains are ionized and
the amounts of fixed charge COOH™ on the chains increase
correspondingly, which resulted in a decrease in the distance
between fixed charges. Consequently, the high-frequency
relaxation time obviously decreases with the increase in the
pH of the solution.

Our results support the assumption®* that the fluctuation of
counterions along the polyelectrolyte chain contributes to high-
frequency relaxation. Moreover, our result implies that the PAA
chain is not fully stretched in certain ranges of SBP mass
fractions, which is expatiated in the next section.

4.3. Stretch and Collapse of Polyelectrolyte Brushes.
4.3.1. Dielectric Analysis Model of High-Frequency Relaxa-
tion. By means of the dielectric model and analysis method
introduced in section 3.1, we calcualted phase parameters by
using eqs 8—10 from the dielectric parameters (&}, &, & Koy Kiy
and ¢,) listed in Table 1. The calculated phase parameters are
listed in Table 3 for either SPB suspensions of different mass

Table 3. Phase Parameters Calculated for SPB Suspensions
of Different Mass Fractions (a) and for 0.536% SPB
Suspensions of Varying pH (b) from the Dielectric
Parameters Listed in Table 1 Using Equations 8—10

(a) wt % ¢ B Kgpp/S m™! K,/S m™!
1.3 0.2036 86.34 0.02171 0.0116
1.6 0.2307 85.07 0.02465 0.0134
1.8 0.2515 79.51 0.02608 0.0145
2.1 0.2753 78.00 0.02805 0.0160
2.5 0.3114 76.96 0.03056 0.0178
3.1 0.3954 7725 0.03377 0.0193
3.8 0.4517 75.21 0.03609 0.0214
4.7 0.5041 75.54 0.04043 0.0240
6.2 0.5996 70.03 0.04754 0.0286
9.4 0.6720 67.90 0.05161 0.0308
(b) pH ¢ L/nm B Kepp/Sm™'  k,/S m™!
39 01749 500 9329 001242 0.005606
47 01838 542 9262 001631  0.006677
5.7 0.1897 56.9 92.51 0.02878 0.009886
6.7 0.2068 64.4 91.75 0.03974 0.01148
7.4 0.2239 71.5 86.68 0.04361 0.01280
8.1 0.2402 77.9 95.316 0.04778 0.01352
10.5 0.2397 77.7 100.46 0.06519 0.02098

fractions (Table 3(a)) or 0.536% SPBs suspensions of varying
pH (Figure 3(b)). It is clearly shown that the length of the PAA
chains, i.e, the thickness of brush layer L calculated from ¢, was
controlled by the pH of the solution (Figure 3(b)).

The conductivity of SPB, kgpg, is found to be several times
larger than that of bulk x,, and both of them increased as the
SPB mass fraction of the SPB suspension and the pH of the
solution increased, directly reflecting the existence of highly
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concentrated counterions in the polyelectrolyte brush layer>®
(zone I in Figure 4). The motion of the counterions is a direct
consequence of the increase in kgpp. From the microscopic
view, when SPB particles are added to suspension, dynamic
deformation of PAA chains leads to the collapse of the brush
layer and increases the fixed charge density, resulting in the trap
of more counterions in the brush layer. While the pH of the
solution increases, more and more —COOHs on the PAA
chains are neutralized and cause an increase in the number of
charge sites (—COO~) on the PAA chains. Consequently, a
larger number of counterions penetrate the brush layer, and the
additional counterion fluctuation along the PAA chains gives
rise to a larger conductivity."®

The permittivity egpy of SPB with varying mass fraction
shows a value close to the permittivity of pure water (¢, =
7835, 25 °C) and a value larger than the pure water
permittivity for varying pH, which might relate to the hydrogen
bond between a water molecule and a polyelectrolyte chain. In
general, the water content in the polyelectrolyte is approximate
to 95%, and it increases when the swelling of the polyelectrolyte
brushes occurs. Therefore, it is acceptable that the value of egpy
approaches that of water. Furthermore, the hydrogen-bond
interaction was found between the water molecule and the
carboxyl group on the chains®® and organized a confined space
as depicted in Figure 6(a). In the space, the ordered array of
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~ 'ozyk/\g
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— W %
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Figure 6. (a) When the pH is lower, a confined space is formed by the
hydrogen-bonding interaction between carboxyl and the carboxyl
group on the PAA chain. (b) When the pH is higher, a continuous
conductive structure is constructed by carbonyl group and H'.

water molecules forms an apparent dipole, resulting in an
additional permittivity because of the reorientation under the ac
electric field. On the other hand, with increasing pH, more and
more carboxyl groups (—COOH) were turned into carbonyl
groups (—COO7™) and led to formation of a construction as
shown in Figure 6(b). The —COO~ charge sites are
continuously arranged on the skeleton of the PAA chain, and
the condensed counterions along the PAA chain constitute a
continuous electrically conductive structure. In other words, a
series of small dipoles form between the carbonyl group
(—COO7) and H*, which accumulates a huge apparent dipole
and also contributes to the apparent permittivity of the SPB
particle.*®

4.3.2. Stretching and Collapse of PAA Brushes. The volume
fraction calculated from the high-frequency relaxation increases
with the SPB mass fraction and pH of the solution (Table 3).
Under a given volume, the increase in mass fraction means an
increasing number of SPBs in suspension. According to the cell
model, R, decreased when ¢ increased, indicating that the
thickness L is compressed and became thinner because of the
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interaction between SPBs particles'” or L remained unchanged
but the medium space (R, — (R + L)) decreased. Our results
showed the possibility of the latter; at least the compression of
the medium space (R, — (R + L)) is larger than that of the
polyelectrolyte brush because of the increasing number of SPB
particles. It is inevitable because we indeed added the SPB
particles in the experiment for the case of varying SPB mass
fraction. However, it is interestingly found that the calculated
volume fraction ¢ also increased as the pH of the solution
increased at a given mass fraction of 0.536% for SPB. It is clear
that R, was kept unchanged because of the constant number of
SPBs at a certain mass fraction of 0.536%. Therefore, the result
suggests that at lower pH, most of the carboxylic acid groups
—COOH in the PAA chain are undissociated, leading to the
slight stretching of the PAA chain because of the interaction
between adjacent chains; as the pH increases, the degree of
dissociation of —COOH and the fixed charge density increase,
resulting in an increase in the electrostatic repulsion between
chains until the chains are fully outstretched. On the other
hand, the increasing fixed charge density also caused the
osmotic pressure of the brush layer, which facilitated the
permeation of more hydrated counterions into the brush layer,
resulting in swelling. The two effects possibly made L thickened
and (R + L) increased (Table 3(b)).

In general, for the SPB suspension, it is hard to confirm the
nature of the true interface between the SPB particle and the
outer electrolyte solution. Therefore, analyzing dielectric
spectra theoretically become more difficult.”> In this sense,
the analysis results listed in Table 3 become especially
important. The discussions above suggest that the exact
boundary between a soft particle and the external medium
may be located at the junction of the soft layer and the solution.

4.4, Electrical Parameter of the Polyelectrolyte Brush
and the Interface. It is generally known that the structure and
the resulting function of polyelectrolyte brushes depend on the
degree of ionization of the polyelectrolyte and the surface
charges characterized by the Donnan potential which directly
decides the electrostatic stabilization of the colloidal particle."
In addition, surface conductivity is directly related to the
electrokinetic property of SPBs because it provides information
about the number of ions and their distribution.”” According to
Dukhin’s theory,'® the surface conductivity of polyelectrolyte
layers «° is directly related to Donnan potential yg, as expressed
by the equation

o FCd o s o
K —?[D (CW —1)+D(€W —1)] (16)

Here, D* = u*RT/F is the diffusion coefficient of the cation or
anion and u* is the mobility. k3 and T are the Boltzmann
constant and the absolute temperature, respectively; C, is the
electrolyte concentration; R is the gas constant; and F is
Faraday’s constant. {ip, = ewp/kT (e is the elementary charge) is
the dimensionless Donnan potential, where yy, is the actual
Donnan potential and is negative (yp, & —0.05 V; see Figure 4).
Therefore, the second term D™(¢”® — 1) of eq 16 was dropped
and eq 16 is approximated as

F*Cc.d s
o _ - T0" yt Yo 1
K= g DD (17)

The relation between Donnan potential y;, (or §;,) and fixed
charge density p is given by
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(pH—pK)
oo = O g Pl e
CoF

(18)

where pK is the dissociation constant of acrylic acid at 25 °C. k°
can also be expressed by the relation with the electrical
parameters of SPB and the medium (egpp, 6, and «,):>*
2k,
Oywo = ———(Du + 1)
€P + 2€a (19)

Du = k7 /Ryk, (20)

Here, Ry, is equivalent to R + L of our model, and @y is from
the high-frequency relaxation (Oywo = 1/ Thigh Thign is listed in
Table 3). In this way, surface conductivity k%, Donnan potential
Wp, and fixed charge density p of the brush layer (including the
charges Q which are calculated from the geometry of the brush
layer) are estimated through eqs 17—20 using the parameters of
the high-frequency relaxation egpy, k,, and 7y, in Table 3, and
the results are summarized in Table 4.

Table 4. Electrical Parameters of PAA Brushes in SPB
Suspensions of Varying pH for 0.536% SPBs

pH K X 10%/S yo/V px10°/Cm™>  Qx 10%/C
4.7 6.98 —0.0356 9.98 1.11
5.7 10.05 —0.0461 7.09 1.24
6.7 14.61 —0.0546 8.28 2.02
7.4 16.73 —0.0581 9.29 2.96
8.1 2048 —0.0633 11.3 3.61
10.5 21.79 —0.0649 12.0 3.84

It is shown in Table 4 that when the fixed charge is about 1.0
X 107" C, the corresponding Donnan potential yy, is
approximately —0.036 V. With the increase in pH, the charges
Q increased gradually up to 3.84 X 107" C and the
corresponding yp decreased to —0.065 V, suggestin§ the
increasing osmotic pressure in a polyelectrolyte brush.'” The
possible reason is that —COOH in the PAA chain is neutralized
by OH, leading to the accumulation of more —COOQO™ as the
brush increases. These values of p (or Q) obtained here from
dielectric analysis are comparable to that reported in other
research by means of conductivity measurements or theoretical
simulations.'”* Simultaneously, the diffusion rate driven by the
Donnan potential yrp, is also accelerated, resulting in a higher
conductivity k°. These results are in accordance with that of the
PAA brush and surface-grafted poly(L-glutamic acid) brush
determined by electrokinetic experiments.'”*” In addition, the
calculated «? is several orders of magnitude larger than that of a
polystyrene sphere, which is equivalent to the core of SPB in
our work,”’ possibly attributed to the higher charge density of
the brush layer. In the comparison between Table 4 and Figure
4, it is clear that the simulating values for the Donnan potential
and fixed charges were completely consistent with that
calculated by eqs 17—20 by using the same phase parameters.
It indicates that the dielectric model we proposed in this work
is appropriate for the PBS particles and supports Dukhin’s
theory that describes the electrokinetic characterization of
polyelectrolyte brushes.

5. CONCLUSIONS AND PERSPECTIVES

In this work, we thoroughly investigated the dielectric
properties of a polystyrene (PS) core-poly(acrylic acid)
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(PAA) spherical polyelectrolyte brush (SPB) suspension. Two
remarkable dielectric relaxations were first observed, which are
associated with counterion diffusion and interfacial polarization
between SPB and the bulk solution, respectively. We confirmed
the low-frequency relaxation mechanism through the theoreti-
cal simulation based on the Poisson—Boltzmann equations. We
further identified two kinds of modes of movement of
counterions in the SPB suspension: the diffusion of free
counterions from the bulk to the brush layer, which is
responsible for the low-frequency relaxation, and the fluctuation
of condensed counterions along the polyelectrolyte chains
which contributes to the high-frequency relaxation. We also
proposed a dielectric model to describe the high-frequency
relaxation and consequently calculated the volume fraction,
apparent permittivity, and conductivity of the SPB with
different mass fractions and the pH of the solution.
Furthermore, by combining phase parameters and the
theoretical equations, we found that fixed charges and the
Donnan potential increased as the pH of the solution increased,
resulting in increasing degrees of dissociation and polyelec-
trolyte brush swelling. These results show that a typical weak
acid PAA brush will provide a possibility for developing
functional SPBs and their applications to more actual fields.

In addition, we determined the relaxation mechanism that
verified the existing speculation about the morphology of
spherical polyelectrolyte brushes. Through the calculation of
the electrical parameters of SPBs and the resulting electro-
kinetic parameters, we described in detail the brush layer and
interface properties between the brush and bulk solution at
different pH values, which will enhance our understanding of
the sensitivity of the PAA-type polyelectrolyte brush in solution
to acidity.

We also obtained ” for an imaginary interface by using high-
frequency relaxation parameters. All of these parameters are
incredibly meaningful to researchers to understand the
electrical properties of polyelectrolyte brushes, especially the
electrokinetic properties of ions inside polyelectrolyte brushes
under different medium environments, which is also helpful in
understanding the colloidal stability. Also, we estimated the
fixed charges and Donnan potential in polyelectrolyte brushes.

In conclusion, our work provides new insights on dielectric
behaviors of typical weak acid PAA brushes and will be helpful
in the development of functional SPBs and their practical
application in various fields. It is proven that dielectric studies
can derive a lot of valuable information from the analysis of the
dielectric spectrum of SPBs and provide the unique advantage
and feasibility of obtaining quantitative information about soft
particles.
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