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The electrophoretic mobility of poly(N-isopropylacrylamide) and poly(N-isopropylacrylamide-co-acrylic acid)
copolymer particles, as well as different core-shell microgel particles (neutral core with charged shell and
charged core with neutral shell) was investigated as function of microgel swelling. The swelling of the microgels
were varied with increasing the temperature. To interpret the experimental results, we used scaling arguments
to show that due to the strong hydrodynamic interactions the inner part of the microgel particles are non-
draining in low ionic strength media and only the outmost thin shell of the microgel contributes actively to the
electrophoretic mobility. We found that the experimental results were in good agreement with the prediction
of this model, while we found physical inconsistencies when the experiments were analysed in terms of the
draining models often used in the literature.

© 2019 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

In recent years, considerable interest has been focused on the devel-
opment of “smart” aqueous microgels whose properties change dra-
matically upon the application of a specific environmental stimulus
(e.g. temperature change). While a variety of polymer systems have
been explored, most attention has been payed to microgels that are
based on poly(N-isopropylacrylamide), pNIPAm [1]. Despite the fact
that the charge distributionwithin themicrogel particles has a profound
effect on their properties (e.g. swelling and colloid stability) the possi-
bilities for the characterization of the electrical structure of themicrogel
particles is rather limited. The total charge of the particles can be mea-
sured either by conductometric or potentiometric titration [2]. How-
ever, these measurements may only provide limited information on
the charge distributionwithin the particle. Anotherwidely usedmethod
to characterize the electrical properties of the microgel particles is to
measure their electrophoreticmobility. These data provide crucial infor-
mation to understand the colloid stability of these systems. However, if
we are interested in the relationship between the mobility and the

charge distribution within the soft gel particles the available literature
seems rather ambiguous. Two concepts have been used to interpret
the experimental mobility data of the microgel particles. Either the gel
beads are treated as non-draining hard sphere colloids [3] or as spheri-
cally symmetric, draining polyelectrolytes [4] that are permeable to the
solvent and mobile charged species. In the former case the electropho-
retic mobility is determined by the electrokinetic charge (charges local-
ized at the surface of the particle; i.e., the amount of charges, which are
compensated beyond the slipping plane of the moving particle in the
diffuse electric layer). However, in the latter case all fixed charges em-
bedded into the gel network contribute to the mobility of the gel
beads (for further details see below).

In the very first paper that investigated the temperature dependence
of the electrophoretic mobility of pNIPAm microgel particles, Pelton
et al. [3] have already used both a polyelectrolyte and a colloid particle
model to fit the experimental mobility data. They concluded that
though the surface chargemodel required 20 times less charge in a par-
ticle, the two fitted theoretical models resulted in rather similar curves
that were in reasonable agreement with the experimental data.

Ohshima et al. [5] studied the electrophoretic mobility of polysty-
rene particles covered by a pNIPAm shell as a function of the ionic
strength. They concluded that the draining model well describes the
mobility below and above the LCST temperature of pNIPAm. However,
it should be noted that when pNIPAm is in its collapsed state its water
content reduces below 50% [6], thus it is rather questionable if the me-
dium can indeed drain through the collapsed gel particle under these
circumstances. Later, an extensive study was performed by Pichot
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et al. [7] on the electrophoretic mobility of latex particles composed of a
polystyrene core and a pNIPAm or poly(NIPAm-co-aminoethyl methac-
rylate) shell. Theymeasured themobility of the latex particles as a func-
tion of pH, temperature and ionic strength. They concluded that the
uniform polyelectrolyte layer model proposed by Ohshima could not
describe their experimental data at low ionic strength but it worked at
high salinity. They attributed this discrepancy to ionic strength induced
charge distribution changes within the latex particles.

Fernandes et al. has investigated the electrophoreticmobility of ionic
microgel particles (2-vinylpyridine crosslinkedwith divinylbenzene) as
a function of pH in 1mMNaCl [8]. They used Ohshima's theory for poly-
electrolyte coated spherical particles [4] tomodel the experimental mo-
bility data. As they highlighted in this paper the main challenge in the
application of the draining polyelectrolyte models is that the hydrody-
namic friction of the polyelectrolyte network usually cannot be calcu-
lated as the sum of the independent Stokes friction of the
polyelectrolyte segments. To overcome this difficulty, they used an em-
pirical function to describe the friction coefficient with changing poly-
mer volume fraction in the gel particle. Finally, they concluded that
the model can provide a qualitative description of the experimental
data but quantitative fitting would require further refinements. In a
next paper they also investigated the electrophoretic mobility of the
same microgel particles as a function of the ionic strength both in the
swollen and the collapsed state [9]. They arrived to the conclusion
that the microgels behave as free-draining spherical polyelectrolytes
in their swollen state and as charged hard spheres when they are
collapsed.

Hoare et al. went one step further and investigated the electropho-
retic mobility of microgel particles having identical overall charge but
different internal charge distributions. Namely, they prepared carbox-
ylic group containing microgel particles where the charges resided at
or near the microgel surface (methacrylic acid/pNIPAm copolymer
microgel) as well as microgels that incorporated more than one third
of the carboxylic groups inside the gel beads (hydrolyzed acrylamide/
pNIPAm copolymer microgels). They measured the mobility of the
microgel particles in 1mMKCl as a function of pH [2]. Themost interest-
ingly they found that in a pH rangewhere carboxylic groups got charged
in the core of the gel particles only particle swelling occurred, but signif-
icantmobility change could not be detected. At the same timewhen the
charges are localized at the particle surface both particle swelling and
increasing electrophoretic mobility can be observed in the relevant pH
range. These results imply that only the surface charges contribute to
the electrophoretic mobility of the gel particles. It should also be men-
tioned that similar results were foundwhen the binding of an ionic sur-
factant (sodiumdodecyl sulfate)was investigated to pNIPAmmicrogels.
In that case the electrophoretic mobility of the gel beads also showed
changes only when the surfactant bindingwas going on into the loosely
crosslinked outer shell of themicrogels [10]. Later Hoare at al. extended
their investigation to an evenwider range of microgel particles by using
comonomers that accumulated in the shell of themicrogels (vinylacetic
acid and acrylic acid). They investigated the electrophoretic mobility of
the non-functionalized pNIPAm and all four types of carboxylic acid
functionalizedmicrogels as a function of ionic strength and temperature
[11]. Remarkably they observed non-zero plateau mobility values as a
function of increasing ionic strength even for the non-functionalized
pNIPAm in the fully collapsed state of the microgel particles. Based on
these results they concluded that the pNIPAm-based microgel particles
behave as soft (draining) particles even well above their collapse tem-
perature. Based on this result they used Ohshima's model to acquire
morphological information about the gel particles.

As it is shown by the above summary the literature results are rather
contradicting in the question if themicrogel beads behave as draining or
non-draining particles during electrophoretic mobility measurements.
The main difficulty in testing these models is that as it has been
highlighted by Pelton [1,3] if suitable fitting parameters are chosen
than both models can reproduce the experimental mobility values of

the microgel particles. The motivation of our work was to gain further
insight how the charges incorporated into the microgel particles con-
tribute to the electrophoretic mobility of the gel beads and to test if ei-
ther of the draining or the surface charge model could provide a
physically consistent description of the experimental data. To achieve
this goal, we prepared a pool of pNIPAm-based microgel particles with
different but well-defined charge distributions: ‘uncharged’ pNIPAm
particles, ‘uniformly charged’ pNIPAm-co-10%AAc particles and core-
shell particles with either uncharged pNIPAm core and charged
pNIPAm-co-10%AAc shell or charged pNIPAm-co-10%AAc core and ‘un-
charged’ pNIPAm shell were prepared. We measured the electropho-
retic mobility and hydrodynamic size of these microgel particles as a
function of temperature. Finally, instead of fitting the mobility values
using the charge density and the electrophoretic softness as free fitting
parameters, an invariant quantity, the ‘electrokinetic charge’ of the
microgel particles was calculated from experimental data and the vari-
ation of the particle softness was determined as a function of microgel
swelling. Furthermore, based on recent literature results [12,13] we
present scaling arguments that imply that only the charges present in
a thin draining shell of the microgel contribute actively to the electro-
phoretic mobility while the inner part of the gel beads acts as a neutral
hard sphere. We show that the experimental data are in good agree-
ment with this physical picture.

2. Materials and methods

2.1. Materials

N-isopropylacrylamide (NIPAm, 99%)was purchased fromAcros Or-
ganics and was recrystallized from hexane. N,N′-methylenebis(acryl-
amide) (BA, 99+%) was purchased from Alfa Aesar and was
recrystallized from methanol. Acrylic acid (AAc, 99%, anhydrous) was
obtained from Sigma-Aldrich and was distillated twice prior use. So-
dium dodecylbenzenesulfonate (SDBS, technical grade) was purchased
from Sigma-Aldrich and was used as received. Ammonium persulfate
(APS, ACS Grade) was purchased from Amresco VWR and was used as
received. All solutions were prepared in ultrapure MQWater (Total Or-
ganic Content ≤ 5 ppb, Resistivity ≥ 18 MΩcm).

2.2. Synthesis of uniform microgels

The synthesis of the uniform microgel particles was based on the
free-radical, precipitation polymerization method developed by Wu
et al. [14] for the preparation of monodisperse pNIPAm microgel parti-
cles. The exact description of the synthesis procedure could be found
in a previous article by Kardos et al. [15] The polymerization reaction
was taken place in a double-walled reaction vessel which was con-
nected to a high precision thermostat. The inert atmosphere was en-
sured by nitrogen. First, 250 mL of filtered Milli-Q water was filled
into the reaction vessel and was purged for an hour at 80 °C. After an
hour 74 mL of purged water was taken out from the reaction vessel
and was stored under nitrogen until use. Calculated amount of NIPAm
(3,14 g) and BA (142 mg) monomers were measured into a vial and
was purged with nitrogen for 15 min before it was dissolved in 11 mL
of oxygen-free water. APS (0.28 g/10 mL) and SDBS (0.46 g/10 mL)
stock solutions were prepared in the same manner. All the stock solu-
tions were stored under nitrogen until use. First, calculated amount of
monomer stock solution (10 mL) was added into the reactor and was
additionally purged for 30min. This was followed by the addition of cal-
culated amount of SDBS stock solution (2 mL) into the reaction vessel.
The reaction mixture was additionally purged for 10 min. The reaction
was started by the addition of calculated amount (2mL) of APS stock so-
lution. The reaction mixture was stirred by a magnetic stirrer at
1500 rpm for the first 30 s after the initiation. Later the stirring speed
was decreased to 500 rpm. The reaction was continued for 4 h. The re-
action was quenched by fast cooling and bubbling air through the
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reaction mixture. The pNIPAm latex mixture was purified from
unreacted monomers and surfactant by extensive dialysis against
Milli-Q water for 4 weeks giving supernatant conductivity of less than
5 μS/cm.

The above protocolwas also used to prepare pNIPAm-co-10%AAc co-
polymer latex particles but in this case, 10mol% of the NIPAmmonomer
was replaced by acrylic acid.

2.3. Preparation of core-shell microgel particles

To prepare pNIPAm core/pNIPAm-co-10%AAc shell as well as
pNIPAm-co-10%AAc core/pNIPAm shell microgel particles a semi-
batch precipitation polymerization method was used. The method is
based on the semi-batch approach described by Antoniuk et al. [16]
and Kardos et al. [17], recently. Namely, 250mLMilli-Q water was filled
into a double-walled reaction vesselwhichwas connected to a high pre-
cision thermostat. The added water was purged with nitrogen for an
hour at 80 °C. After an hour, 69 mL of purged water was taken out
from the reaction vessel and was stored under nitrogen until further
use. Calculated amount of NIPAm (1,71 g) and BA (77,4mg) monomers
were measured into a vial andwas purgedwith nitrogen for 15min be-
fore it was dissolved in 6 mL of oxygen-free water (monomer stock so-
lution I.). APS (0.28 g/10 mL) and SDBS (0.46 g/10 mL) stock solutions
were prepared in the same manner. Additionally, a second monomer
stock solution was prepared in the same manner, but in this case
10mol% of theNIPAmmonomerwas replaced by acrylic acid (monomer
stock solution II.). All the stock solutions were stored under nitrogen
until use. First, 5 mL of monomer stock solution I. was added to the re-
action vessel and was additionally purged with nitrogen for 30 min.
This was followed by the addition of calculated amount of SDBS stock
solution (2mL) into the reaction vessel. The reactionmixture was addi-
tionally purged for 10 min. The reaction was started by the addition of
calculated amount (2 mL) of APS stock solution. The reaction mixture
was stirred by amagnetic stirrer at 1500 rpm for 30 s after the initiation.
Then the stirring speed was decreased to 500 rpm. After 40 min (~98%
conversion), the stirring speed was raised to 1500 rpm and 5 mL of
the acrylic acid-containing monomer stock solution (monomer stock
solution II.) was added to reaction mixture. The reaction was continued
for 4 h. The pNIPAm-shell-pNIPAm-co-10%AAc latex microgel particles
were purified from unreacted monomers and surfactant by extensive
dialysis againstMilli-Qwater for 4weeks giving supernatant conductiv-
ity of less than 5 μS/cm. pNIPAm-co-10%AAc-shell-pNIPAm core-shell
microgel particles were prepared with the same procedure, but in that
case the core monomer solution contained 10 mol% acrylic acid and
the addition time ofmonomer stock solution II. (NIPAm+BA)was cho-
sen to be 29 min (~90% conversion).

2.4. Dynamic light scattering measurements

The dynamic light scattering measurements were performed by
means of a Brookhaven dynamic light scattering equipment consisting
of a BI-200SM goniometer and a BI-CrossCor cross correlation digital
autocorrelator. A Coherent Genesis MX488-1000 STM monomodal
laser emitting vertically polarized light was used as light source at a
wavelength of 488 nm. The signal analyser was used in the real-time
“multi-τ” mode. The time axis is logarithmically spaced over a time in-
terval ranging from 1 μs to 0.1 s. The correlator used 218 time channels.
The pinhole was 100 μm. The measurements were performed at a 90°
scattering angle. Prior to the measurements, the microgel samples
were cleaned of dust by filtering through a 0.8 μm pore-size membrane
filter. The intensity-intensity time-correlation functionsweremeasured
and then converted to the normalized electric field autocorrelation
functions bymeans of the Siegert relation. The autocorrelation functions
were analysed by the cumulant expansion and CONTINmethods. All the
samples proved to be practically monodisperse with a polydispersity
factor around 1.03.

2.5. Electrophoretic mobility measurements

Malvern Zetasizer Nano ZSP instrument from Malvern Instruments
was used to measure the electrophoretic mobility of the pNIPAm
microgels as a function of temperature. The instrument uses a combina-
tion of laser Doppler velocimetry and phase analysis light scattering
(PALS) in a technique called M3-PALS [18]. All measurements were
done in 1 mM NaCl as background electrolyte. A total of ten runs were
conducted for each measurement. Prior to each series, the instrument
was always tested with Malvern zeta-potential transfer standard.

2.6. Monomer conversion measurements

To follow the conversion of themonomers during the synthesis 3mL
samples were taken from the reaction vessel regularly. The samples
were taken with a syringe filled with 3 mL of 10 mmol/dm3 solution
of hydroquinone monomethyl ether to ensure immediate inhibition of
the polymerization reaction. The unreacted monomers were separated
from the polymer by centrifugal filters (Amicon Ultra-4 centrifugalfilter
devices containing regenerated cellulosemembraneswith 3 kDamolec-
ular weight cut off; the filter membranes were purified from wetting
agents by repeated centrifugation of Milli-Q water). Centrifugation
was done by Hettich 220R centrifuge at 6000 rpm and 25 °C. To avoid
any dilution of the samples by the water filling the dead volume of the
filter units remaining after their purification, the 6 mL samples were
centrifuged in three 2mLportions and only thefiltrate of the last sample
was collected for further analysis. Thefiltered sampleswere analysed by
HPLC-UV.

The HPLC system consisted of a Jasco UV-2070 Plus Intelligent UV/
VIS detector operating at a wavelength of 224 nm. A Jasco PU-4180
RHPLC one-head pump was used at a flow rate of 1 mL/min. The sam-
ples were injected with Model RheoDyne 7125 sample injector
equipped with a 25 μl sample loop. All the samples were separated on
a Supelco Analytical Discovery HS C18 (10 cm × 4.6 mm; 5 μm) reverse
phase column.

Two different eluents were used depending on the composition of
the kinetic samples. In the case of pNIPAm homopolymer microgel par-
ticles a mixture of 30 V/V% of methanol (VWR Int., HPLC grade) and
70 V/V% of Milli-Q water was used as eluent. In the case of pNIPAm-
co-AAc copolymer microgel particles a mixture of 20 V/V% of ethanol
(VWR Int., HPLC grade) and 80 V/V% of Milli-Q water was used, whose
pH was set to pH 2 by orto-phosphoric acid/sodium dihydrogen phos-
phate buffer system (the ionic strength of the mixture was set to
100 mmol/dm3). The eluent was filtered through 1 μm glass filter and
degassed in vacuum prior to use. All chromatograms were evaluated
with Data Apex Clarity software package.

3. Theoretical background

3.1. Surface charge model of a non-draining colloid particle

According to the classical theory of electrophoretic mobility of col-
loid particles, the steady state motion of charged, spherical, non-
draining particles in an electric field (E) can be described by taking
into account that the electric force is balanced by the friction force
exerted on the surface of the particle by the liquid. If the thickness of
the ionic atmosphere around the particle is negligible compared to the
particle size the equality of the forces can be written as:

QkinE � 6πηaνe ¼ 0; ð1Þ

where Qkin is sum of all charges present on the particle surface (electro-
kinetic charge), a is the radius of the particle, η is the viscosity of theme-
diumand ve is the particle velocity relative to the liquid (electrophoretic
velocity). Eq. (1) is the simplest approximation to the electrophoretic
velocity of a charged particle. When the ionic atmosphere around the
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particle is too thick it introduces a correction to Eq. (1) called the elec-
trophoretic retardation force. The applied field acts not only on the
charges present on the particle surface but also on the oppositely
charged small ions present in the diffuse layer. Since these ions move
to the opposite direction they cause a liquid flow which slows down
the movement of the central charged particle. Taking into account the
additional retardation force the electrophoretic velocity can be
expressed as:

ve ¼
QkinE

6πη
aþ

2E

3η

Z

∞

a

ρrdr; ð2Þ

where ρ is the charge density in the double layer. For relatively thin
double layer using the Smoluchowski solution the electrophoretic mo-
bility (ue = ve/E) of the particle can be expressed as:

ue ¼
Qkin

4πηκa2
1þ

1
κa

� �−1

; ð3aÞ

ue ¼
Qkin

4πηκa2
; if κa≫1; ð3bÞ

where κ−1 is Debey length (the thickness of the double layer) [19].

3.2. Electrophoretic mobility of draining polyelectrolytes

The electrophoretic mobility of liquid-swollen charged colloid parti-
cles has initiated several investigations. These particles may contain
charges distributed within their liquid swollen internal structure,
which can contribute to the electrophoretic mobility of the particles.
Ohshima has proposed a general theoretical framework that success-
fully combined the electrophoretic theories of spherical hard particles
and polyelectrolytes [4]. He treated the electrophoretic mobility of
spherical soft particles that have a rigid core of radius a, coated by a
polyelectrolyte layer with thickness d. To describe the frictional force
acting on a particle he adopted the model of Debey and Bueche [20]
that is the polymer segments were considered as resistance centres of
radius ap which are uniformly distributed within the polyelectrolyte
layer at a volume number density Np. This permeable porous layer ex-
erts an overall frictional force (–γu) on the liquid flow (u), where γ is
the frictional coefficient of the polyelectrolyte layer. The frictional coef-
ficient is related to the generally used drag coefficient (λ) via the ex-
pression:

λ ¼
γ

η

� �1=2

; ð4Þ

where η is viscosity of the liquid. λ−1 is also called the electrophoretic
softness of the particle, which is the characteristic distance required
for the flow to reduce from its value at the particle surface to the
value characteristicwithin a thickpolyelectrolyte layer. The generalmo-
bility expression derived by Ohshima assumes that the charge distribu-
tion of the polyelectrolyte layer has a spherical symmetry and the
electric potential is low enough, so the linearized Poisson-Boltzmann
equation can be used. Practically this means that the theory neglects
any polarization effect. Several limiting cases of the generalmobility ex-
pressions have been presented fromwhich the following cases are used
in the literature to interpret the experimental mobility data of microgel
particles.

3.2.1. Spherical polyelectrolyte

In the case of vanishing particle core a→0 the particle becomes a
spherical polyelectrolyte (a porous, permeable, charged sphere of uni-
formly distributed resistance centres). The exact form of the mobility
expression is determined by the charge distribution within the particle.

If it is assumed that the polyelectrolyte particle is uniformly charged the
following mobility expression can be derived:

ue ¼
ρ f ix

ηλ2

"

1þ
1
3
λ

κ

2

1þ e−2κb−
1−e−2κb

κb

þ
1
3
λ

κ

21þ 1=κb

λ=κ2−1

λ

κ

1þ e−2κb−1−e−2κb
�

κb

1þ e−2λb=1−e−2λb−1=λb
−1−e−2κb

)( #

;

ð5Þ

where b is the radius of the spherical polyelectrolyte and ρfix is its uni-
form charge density. However, if all charges are accumulated at the sur-
face of the particle providing a uniform surface charge density (σfix) for
the permeable particle the resulting mobility expression is [8]:

ue ¼
σ f ix

ηλ

2 3
b
þ
8π
b
1−

λb

3
sinh λb½ �

cosh λb½ �− sinhλb½ �=λb
þ

8πbλ2

31þ κb

#

:

"

ð6Þ

3.2.2. Large diameter particles with thick polyelectrolyte shell

In this case the mobility expression is based on the observation that
the potential within the polyelectrolyte layer can be approximated by
the Donnan potential if κa»1, λa»1 as well as κd»1 and λd»1 hold and
the polyelectrolyte layer has a uniform charge density (ρfix) [4,21]. The
model yields the following mobility expression:

ue ¼
εrε0
η

ψ0=κm þ ψDON=λ

1=κm

þ 1=λþ
ρ f ix

ηλ2; ð7Þ

where εr is the relative permittivity of the solution, εo is the permittivity
of a vacuum,ΨDON is the Donnan potential in the polyelectrolyte layer,
Ψo is the potential at the boundary between the polyelectrolyte layer
and the solution and κm is the effective Debye–Hückel parameter of
the polyelectrolyte layer that involves the contribution of the polyelec-
trolyte charges:

ψDON ¼
kT

ze
ln

ρ f ix

2zen∞ þ
ρ f ix

2zen∞

� �2

þ 1

( )1=2
2

4

3

5; ð7aÞ

ψ0 ¼
kT

ze
ln

ρ f ix

2zen∞ þ
ρ f ix

2zen∞

� �2

þ 1

( )1=2
2

4

3

5þ
2zen∞

ρ f ix

1−
ρ f ix

2zen∞

� �2

þ 1

( )1=2
2

4

3

5;

ð7bÞ

κm ¼ κ 1þ
ρ f ix

2zen∞

� �2
" #1=4

: ð7cÞ

In the above equations k is the Boltzmann constant, T is the absolute
temperature, e is the elementary charge, z is the valency of a symmetri-
cal electrolyte present in n∞ concentration in the bulk phase.

In our calculations the temperature dependence of the permittivity
was taken from Lide [22], while the data by Bingham and Jackson [23]
were used to calculate the temperature dependence of the viscosity.

4. Results and discussion

To investigate the effect of internal charge distribution on the elec-
trophoretic mobility of soft particles, we prepared pNIPAm microgels
with four different internal charge distributions: 1. ‘uncharged’microgel
particles (N), 2. uniformly charged microgels (C), and core/shell
microgels 3. with uncharged core and uniformly charged shell (N–C)
and 4. with uniformly charged core and uncharged shell (C–N). The ‘un-
charged’ microgel particles as well as the uniformly charged microgel
particles were prepared by the classical batch precipitation polymeriza-
tion method [14]. In the first case N-isopropylacrylamide (NIPAm)
monomers were copolymerized with N,N′-methylenebis(acrylamide)
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(BA, 4,31 wt%), while in the latter case the reaction mixture also
contained 10% acrylic acid (AAc) monomer. To investigate if the AAc
monomers are incorporated uniformly into the growing polymer net-
work, samples were taken regularly from the reaction mixture. The
progress of the polymerization reaction was followed by measuring
themonomer concentrations in the reactionmixture by HPLC as a func-
tion of reaction time. The results of these measurements are shown in
Fig. 1a. As it can be seen in the figure the monomer concentrations
sharply decrease with increasing reaction time. In agreement with pre-
vious results it is also clearly shown that the concentration of BA de-
creases faster than the concentration of NIPAm giving rise to the
formation of a highly crosslinked microgel core. At the same time the
concentration of the AAc varies practically parallel with the concentra-
tion of NIPAm, which means that the carboxylic groups are distributed
uniformly within the polymer network.

In order to synthesize the core shell microgel particles a semi-batch
polymerizationmethodwas used. In this case the reactionmixture con-
taining the monomers of the particle core was initiated and when most
of the monomers have already reacted the monomers of the particle
shell were added to the reaction mixture. Since the locus of the poly-
merization is on the surface of the growing microgel particle [1,15],
the particle growth occurs from inside to outside, thus the radial com-
position of the growing outer shell of the microgel particles can be con-
trolled by the composition of the reaction mixture [16,17,24]. The
progress of these polymerization reactions was also followed by mea-
suring the monomer concentrations in the reaction mixture by HPLC
as a function of reaction time. The results of these measurements are
shown in Fig. 1b and c. As it is shown in the figure the monomers
added to the reaction mixture to form the microgel shell reacted on a
similar timescale as the monomers of the particle core. Furthermore, it
is also indicated that the polymerization rates of NIPAm and AAc are
practically identical, implying the formation of uniformly charged parti-
cle core or shell. At the same time, it should be noted that when the
microgel particles with charged core and ‘uncharged’ shell were pre-
pared the monomers of the ‘uncharged shell’ were added when ~10%
of the AAc was still in the reaction mixture. This means that in this
case AAc was also copolymerized into the microgel shell but in an
order magnitude smaller concentration than into the particle core.

The presented kinetic data clearly indicate that the polymerization
was successfully performed in each case. To provide evidence for the
formation of the desired internal microgel structures, we measured
the temperature dependent swelling of the prepared microgel particles
in a slightly basic (pH= 9) solutionwithout adding an inert electrolyte.
Under these conditions all carboxylic groups were dissociated
(charged) and the system had a minimum ionic strength to maximize
the swelling of the microgel particles. The results are plotted in Fig. 2.
As it is indicated by the figure the four different types of microgel
showed dramatically different temperature dependent swelling. The
uncharged microgel particles (N) exhibited the typical swelling behav-
ior of pNIPAm [1] showing a volume phase transition ~35 °C. At the
same time the uniformly charged microgel particles (C) showed much
larger swelling at room temperature and remained in their swollen
state in the entire investigated temperature range owing to the pres-
ence of the large amount of carboxylic groups (~10% AAc) incorporated
uniformly into the polymer network. Due to the dissociation of these
carboxylic groups the polymer network becomes charged and remains
swollen in the entire investigated temperature range in its total volume.
The swelling of the core/shell microgels showed a transition behavior
between the uncharged and uniformly charged microgels and showed
the typical behavior of core-shell microgels [25]. The room temperature
swelling of the charged core/neutral shell microgel (C–N) is signifi-
cantly larger than the swelling of the uncharged microgel indicating
the presence of the charges in the polymer network. The collapse tem-
perature of the ‘uncharged’ shell is also increased, which is not surpris-
ing taking into account that this shell also contains ~1% copolymerized
AAc. It is also interesting to note that the final particle size in the

Fig. 1. Relative concentration of the unreactedmonomers (NIPAm – red sphere, BA – black
square, AAc – green triangle) plotted as a function of reaction time (normalized by their
initial concentration in the reaction mixture): (a) homogeneously charged, (b) charged
core/uncharged shell, (c) uncharged core/charged shell pNIPAm microgel synthesis. The
solid lines are only guide to the eyes. The dotted lines indicate when the monomers of
particle shell were given to the reaction mixture. The errors of the data points are
commensurate to the size of the symbols in Panels (a), (b) and (c) and not plotted. (For
interpretation of the references to colour in this figure legend, the reader is referred to
the Web version of this article.)
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investigated temperature range is much larger than the size of the col-
lapsed pNIPAm microgel indicating that the core of the particles re-
mains in swollen state. The microgel particles prepared with
uncharged core and charged shell (N–C) showed larger swelling than
the other core/shell microgel. This can be rationalized by taking into ac-
count that in this case the loosely crosslinked but highly charged outer
shell can swell in a larger extent than the charged core surrounded by
a highly crosslinked uncharged shell. To summarize, we can conclude
that the swelling characteristics of the prepared microgel particles con-
firmed the formation of the expected electric structure of the
synthetized microgels.

Since the electrophoretic mobility of the microgel particles is
strongly dependent on the ionic strength of the mediumwe performed
all of our furthermeasurements in 1mMNaCl solutions to ensure a con-
stant ionic strength. Furthermore, the pH of all samples was set to 7 to
guarantee the dissociation of all carboxylic groups in the polymer net-
work without affecting the ionic strength of the medium. The electro-
phoretic mobility and the hydrodynamic size of the microgel particles
were measured as a function of temperature (pH = 7, I = 1 mM) and
the results are plotted in Fig. 3. It is interesting to note that in agreement
with the literature the ‘neutral’ pNIPAm particles also have an electro-
phoreticmobility because they contain charges originating from the ini-
tiator [3,15].

At room temperature the mobility of the uniformly charged (C) and
charged shell (N–C) microgel particles is practically the same with sig-
nificantly higher negative value than that of the ‘uncharged’ microgel
(N). The mobility of the charged core – uncharged shell (C–N)microgel
is between the mobility values of the neural core – charged shell (N–C)
andneutral particles. Since the core/shell particles have practically iden-
tical size (see Fig. 3a), furthermore they contain similar amount but dif-
ferently localized charges, this observation implies that when the
charges are localized in the core of the gel particle they contribute to
the electrophoretic mobility in a smaller extent than the charges in
the shell. The mobility increases with increasing temperature in all
cases due to the decreasing size of the particles.

To gain a better insight how the charges distributed within the
microgel particles contribute to the electrophoretic mobility of the
microgels first we used the non-draining hard sphere model (Eq. (3))

to evaluate the experimental mobility data of the microgels. If this
model is strictly valid then due to the non-draining (hard sphere) na-
ture of themicrogel particles only the surface localized charges contrib-
ute to the electrokinetic charge, which should remain constant
regardless of microgel swelling. Since Eq. (3) allows the unambiguous
calculation of the electrokinetic charge of the microgels from the avail-
able experimental data, as a first step we determined the electrokinetic
charge predicted by this model in the function of themicrogel swelling.
To highlight the relative changes of the predicted charge, the calculated
values are normalized by the charge calculated at 50 °C for each type of
microgel. The results are plotted in Fig. 4.

In the case of the ‘uncharged’ microgel particles (N) the calculated
electrokinetic charge does not show any systematic changes with in-
creasing microgel size, which is in agreement with the physical model
assumption of a non-draining hard sphere with charges localized on
its surface. The calculated electrokinetic charge corresponds to ~600
charged groups on the particle surface, which is ~50% of the number
of charges found by titration on similar type of microgel particles

Fig. 2. The hydrodynamic size of the fully charged microgel particles as a function of
temperature measured in a slightly basic solution (pH ˜ 9) in the absence of inert
electrolyte. The acronyms indicate the following microgel electric structure: N –

uncharged (neutral), C – uniformly charged, N–C – neutral core with charged shell, C–
N – charged core with neutral shell. The lines are only guide to the eyes.

Fig. 3. (a) The hydrodynamic size and (b) the electrophoretic mobility of the microgel
particles as a function of temperature at pH = 7.0 in 1 mM NaCl solution. The acronyms
indicate the following microgel electric structure: N – uniform uncharged, C – uniform
charged, N–C – neutral core with charged shell, C–N – charged core with neutral shell.
The lines are only guide to the eyes. The errors of the data points are commensurate to
the size of the symbols in Panel (a) and not plotted. Furthermore, the errors of the data
points in Panel (b) were found to be around ue ±0.15 μmcm/Vs but for the clarity of the
figure are not plotted.
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[6,26]. However, this observation is consistent with the non-draining
character of the particle, because some of the charges can be localized
in the non-draining core of the microgel without contributing to the
electrophoretic mobility.

In the case of the homogeneously chargedmicrogel (C) and the core/
shell microgel with homogeneously charged shell (N–C), the charged
hard-sphere model indicates similarly increasing surface charge with
increasing microgel swelling. This observation implies that as the
microgels swell new charges are ‘generated’ on the particle surface.
This can be interpreted within the framework of the charged hard
spheremodel if we assume that the particle ‘surface’ is a finite thickness
surface layer of themicrogel particle, whose thickness varies with vary-
ingmicrogel swelling. In this case with increasingmicrogel swellingwe
can expect that the thickness of the surface layer increases and more
charges can contribute to the electrokinetic charge of the microgel par-
ticle, while the inner part of themicrogel still behaves as a non-draining
hard sphere. At the same time the electrokinetic charge does not level
off with increasing swelling even in the case of the most swollen core/
shell microgel, which indicates that the thickness of the surface layer re-
mains smaller than the thickness of the outer charged shell of the core/
shell microgel.

Finally, we should note that the electrokinetic charge of themicrogel
particles preparedwith a charged core and uncharged shell (C–N) show
only a small non-monotonous variation with particle swelling. These
variations are also consistent with the physical picture that with in-
creasing swelling the particle core remains non-draining and only a
thin surface layer contribute to the electrokinetic charge. The small ini-
tial increase of the electrokinetic charge can be explained by the increas-
ing thickness of this surface layer. However, as it was explained
previously in this case the charge density of the external ‘neutral’ shell
of the microgel is an order of magnitude smaller than in the case of
the microgels with charged outer shell (C and N–C), which explains
that only a moderate increase of the electrokinetic charge is indicated
with increasing swelling by the model. At the same time at an interme-
diate swelling the calculated electrokinetic charge suddenly drops to a
smaller value than the initial charge at 50 °C. To interpret this result,
we have to remember that the pNIPAm microgel particles are not

uniformly crosslinked but there are less crosslinked dangling chains
both on the outer surface if the charged core and on the uncharged
shell. Furthermore, at high temperature the outer uncharged shell is in
a collapsed state. This may allow some of the outer dangling chains of
the charged core to reach the surface layer that provides the surface
charge. With decreasing temperature, the outer uncharged shell may
swell beyond the range where the dangling charged chains of the parti-
cle core can reach, thus the charge density of the outer shell drops with
the swelling of the uncharged shell as it is indicated by the results.

To summarize by assuming that the surface charges of practically
non-draining microgel particles are localized in a surface layer that
has a varying thickness with varying microgel swelling the experimen-
tal electrophoretic behavior of the microgel particles prepared with dif-
ferent internal charge distributions can be interpreted physically
consistently in terms of the charged hard sphere model. However, as
it has already been demonstrated in the literature, both the hard sphere
model (Eq. (3)) and the draining polyelectrolyte models (Eqs. (4)–(6))
can befitted to the experimentalmobility data of themicrogels. Thus, as
a next stepwe alsowanted to test if the drainingmodels could provide a
physically consistent interpretation of our experimental results. How-
ever, as it is indicated by Eqs. (4)–(6), the electrophoretic mobility of a
draining particle is dependent on the internal charge distribution of
the particle. Since in the case of the prepared core/shell particles we
cannot derive reliable radial charge density distribution functions as a
function ofmicrogel swelling our analysis on the electrophoretic mobil-
ity of the draining particles is restricted to the homogeneously charged
and ‘uncharged’ microgels.

The electrophoretic mobility of the draining microgel beads is
constrained by two limiting cases. One of them is the free draining
limit of the gel beads. In the free-draining limit the polymer segments
present in a gel particle are regarded as independent resistance centres
of radius as distributed uniformly within the gel bead at a segment den-
sity Ns. It is assumed that the hydrodynamic interaction of the polymer
segments can be neglected, thus each segment contributes the same
Stokes resistance to the frictional coefficient (γ) of the microgel bead
[4]:

γ ¼ 6πηasNs: ð8Þ

The free draining limit is expected to be valid while the density of
the polymer segments is low within the draining particle (high poros-
ity). However, if the segment concentration increases hydrodynamic in-
teractions develop, the flow slows down within the particle and the
segments in the particle core experience smaller drag force than the
ones close to the particle surface. The other limiting case is the non-
draining limit when there is no flow through the gel bead due to the
strong hydrodynamic interactions. The water present inside the
microgel particlemoves together with the gel bead, thus the inner poly-
mer segments does not experience the drag force. This means that in
this case only the surface segments contribute to the friction coefficient.
As it is implied by the above summary the level of draining through the
microgel particles has a profound effect on the drag force and thus on
the electrophoretic mobility. Though, Ohshima's model provides a for-
mal description of this effect with some limitation, it does not provide
any guidance on the level of hydrodynamic interactions. Thus, in litera-
ture investigations the drag coefficient (λ) is usually described in terms
of the polymer chain density either by using Brinkman's model [27], or
empirical expressions [8,28].

However, taking into account that the total charge of a gel bead
(Qgel) is a physically invariant characteristic of the microgel particle re-
gardless of its swelling, instead of using a priory assumption about the
swellingdependence of the drag coefficient (λ), it can be determined di-
rectly from experimental data and analysed. Namely, if the charges are
localized at the surface of, or distributed uniformly within a draining
particle, then the surface charge density (σfix in Eq. (6)) or the volume
charge density (ρfix in Eq. (5)) can be expressed in terms of the

Fig. 4. The electrokinetic charge of the microgel particles given by the non-darning hard
sphere model and normalized by the value calculated at t = 50 °C in the function of
particle swelling. The acronyms indicate the following microgel electric structure: N –

uniform uncharged, C – uniform charged, N–C – neutral core with charged shell, C–N –

charged core with neutral shell.
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analytical charge (Qgel) and the hydrodynamic radius (Rh ≈ b) of the
particle:

σ f ix ¼
Qgel

4πRh
2 or ρ f ix ¼

3Qgel

4πRh
3; ð9Þ

Substituting these expressions into Eqs. (5) and (6), the drag coeffi-
cient (λ) acting on the gel particle can be determined once the electro-
phoretic mobility (ue), the hydrodynamic size (Rh ≈ b) and the
analytical charge (Qgel) of the gel beads have been determined.

To facilitate the analysis of the electrophoretic data in terms of the
draining models we determined the analytical charge of the ‘neutral’
and the homogeneously charged microgel particles. We used potentio-
metric titrations to determine the charge of the microgel particles,
which were found 3.8 μeq/g and 805 μeq/g, respectively. In previous in-
vestigations the microgel molar mass was found to be in the range of
2–5x108 g/mol [29]. Using these values as lower and upper limits we
converted the titration results into the charge of the individual microgel
particles. The results are plotted in Fig. 5a where the estimated range of
particle charge is plotted as a light blue and a light-yellow band for the
‘uncharged’ pNIPAm and the homogeneously charged pNIPAm-co-10%
AAc microgels, respectively.

As a next step we also calculated an upper and a lower limit of the
electrokinetic charge of themicrogel particles based on the experimen-
tal mobility data. Since the charges of the ‘uncharged’ pNIPAmmicrogel
particles are originating from the persulfate initiator, which tend to ac-
cumulate at the particle surface the surface charged particle model
(Eq. (6)) was used to calculate their electrokinetic charge. At the same
time in the case of homogeneously charged pNIPAm-co-10%AAc
microgels the kinetic measurements indicated that the AAc monomers
are incorporated uniformly in the polymer network, so in this case the
homogeneously charged particle model was used (Eq. (5)). The lower
limit of the electrokinetic charge of the draining particles was deter-
mined by assuming that the microgel particles behave as free draining
particles. The drag coefficients of the free draining particles were esti-
mated using Eqs. (4) and (8). To ensure that the calculated values rep-
resent a lower limit for the electrokinetic charge the radius of the
resistance centres (as) was given as 1 nm, while the segment density
in the gel beads (Ns) was calculated from the monomer density (NMon

=nMon/VMG, where nMon is the number of monomers in the VMG volume
of the microgel particle) by overestimating the number of monomers
forming a polymer segment (100 monomers/segment). It should be
noted that the choice of these parameter values had only a small effect
on the calculated free draining limit of the electrokinetic charge and
did not affect our conclusions. The upper limit of the electrokinetic
charge of the draining particles is represented by the non-draining
limit of themodel, which is characterized by a diverging drag coefficient
(λ→∞). It is straightforward to show that in this case Eq. (5) reduces to
(assuming that Rh = b):

ue ¼
ρ f ix

3ηκ2 1þ e−2κRh−
1−e−2κRh

κRh

 !

; ð10aÞ

ue ¼
ρ f ix

3ηκ2 ¼
Qgel

4πη
κRhð Þ2Rh; if κRh≫1 ð10bÞ

for the homogeneously charged particles, while Eq. (6) reduces to:

ue ¼
σ f ix

η

8πRh

3 1þ κRhð Þ
; ð11aÞ

ue ¼
8π
3ηκ

σf ix ¼
2Qgel

3ηκRh
2; if κRh≫1 ð11bÞ

for the charged surface particles.

The calculated lower and upper limits of the electrokinetic charge
values are also plotted in Fig. 5a for both the ‘uncharged’ (solid blue
symbols) and for thehomogeneously chargedmicrogels (open red sym-
bols). In the case of the ‘uncharged’ microgel particles the analytical
charge of the microgel particles determined from titration is within
the limits of the electrokinetic charge determined from the mobility
values. Practically this means that the constant (electrokinetic/analyti-
cal) charge of the draining particle can be ensured byfitting the drag co-
efficient in Eq. (6), while keeping the electrokinetic charge of the

Fig. 5. (a) The electrokinetic charge of the ‘uncharged’ (solid blue symbols) and the
homogeneously charged (open red symbols) microgels determined from experimental
electrophoretic mobility values in the free-draining limit (spheres) and in the non-
draining limit (stars) of draining particle model. The electrokinetic charge used to fit the
electrophoretic softness of the microgels is plotted by black solid triangles for the
uncharged pNIPAm and by black open triangles for the charged ones. The physically
realistic range of the microgel analytical charge estimated from titration is plotted as
light blue and light-yellow bands for the ‘uncharged’ and for the homogeneously
charged microgels, respectively. (b) The electrophoretic softness fitted for the
‘uncharged’ microgel (black stars) and for the homogeneously charged microgels (green
diamonds). (For interpretation of the references to colour in this figure legend, the
reader is referred to the Web version of this article.)
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microgel particle fixed in the entire range of microgel swelling. To de-
termine how the drag coefficient of pNIPAmparticle varieswith particle
swelling we have fixed the electrokinetic charge value in the middle of
the range expected from the titration (2 × 10−16 C/particle). The recip-
rocal values of the fitted drag coefficients (the electrophoretic softness
values – λ−1) are plotted in Fig. 5b. As it could be expected the fitted
electrophoretic softness value increases with microgel swelling and
the fitted values are in good agreement with previous results.

In the case of the homogeneously charge pNIPAm-co-10%AAc
microgel particles the physically realistic analytical charge range
(light-yellow region in Fig. 5a) indicated by the titration coincides
with the upper limit of the electrokinetic charge determined by the ex-
perimental electrophoretic mobility values (open red stars in Fig. 5a).
This means that a physically realistic constant microgel charge that
falls within the range allowed by the titration but remains lower than
the upper limit determined from the electrophoretic valuemust be lim-
ited for the lower limit allowed by the titration (open black triangle).
We used this value (2.6 × 10−14 C/particle) to determine the drag coef-
ficient of pNIPAm-co-10%AAc microgel particles in the investigated
range of particle swelling. The determined electrophoretic softness
data (λ−1) are also plotted in Fig. 5b (greendiamonds). Though,with in-
creasing swelling the softness of the microgel particles again increases,
the electrophoretic softness of the charged microgel is found signifi-
cantly smaller than the values fitted for the ‘uncharged’ particles. Taking
into account that the chargedmicrogels are highly swollen in the inves-
tigated temperature range, while the ‘uncharged microgel’ is fully col-
lapsed at high temperatures these results seem to contradict to the
physical model that the level of draining (the electrophoretic softness)
is related to the segment density within the particle. It should also be
noted that the highly swollen state of the charged microgel at the
highest investigated temperature has another implication: with further
temperature increase themicrogel can further shrink and consequently
its electrophoretic softness should also further decrease. However, ac-
cording to Fig. 5b this is not possible since the electrophoretic softness
has already reached itsminimum value, which is an evident physical in-
consistency. In principle this inconsistency could be resolved if the ho-
mogeneously charged microgel particles have a smaller molecular
weight than we used as a lower limit in our estimation of the microgel
charge, thus the microgel charge would be smaller and the correspond-
ing softness higher. However, taking into account that the homoge-
neously charged microgel particles have a larger collapsed size at pH
= 3 than the collapsed size of the ‘uncharged’microgels used to deter-
mine themicrogelmolecularweight [29] this does not seemaphysically
solid explanation. To summarize we can conclude that though the pa-
rameters of the draining models can be fitted to the experimental mo-
bility values measured for the investigated microgels, the results seem
to be physically inconsistent for the different microgel particles and
with the model assumptions.

To rationalize our results, it should be highlighted that recently new
scaling arguments have been presented in the literature to interpret the
molecular weight independence of the thermophoretic mobility of high
molecular weight polymers [12,13]. It is a well-established fact that
when themolecularweight of a polymer becomes large enough its ther-
mal diffusion coefficient becomes molecular weight independent. This
is often interpreted as the proof of the free-draining character of the
polymer coil during thermal diffusion. The presented model however
demonstrated that with increasing segment number the hydrody-
namic interactions within the polymer coil diverge and the polymer
coil becomes non-draining in a thermophoretic experiment. It was
also shown that this leads to the experimentally observed molecular
weight independence of the thermophoretic mobility. Since in the
case of an electrophoretic mobility experiment the draining charac-
teristics of the microgels also play an outstanding role, here we
adopt the presented arguments to gain a better insight into the effect
of hydrodynamic interactions on the electrophoretic mobility of the
microgel particles.

Now, let us consider a microgel particle immersed into a dilute elec-
trolyte solution. Let us assume that themicrogel particle is built up byNs

polymer segments and each of them has the same Qs charge compen-
sated bymonovalentmobile ions (M).When themicrogel particle is ex-
posed to an electric field (E) it experiences a driving force (fMG), which
causes the relative motion of the microgel particle to the liquid phase
with a velocity vMG= μMG∙fMG, where μMG is themobility of themicrogel
particle, which can be related to the diffusion coefficient of themicrogel
(DMS) by the Stokes-Einstein relationship, μMG = DMS/kBT. Furthermore,
since the polymer segments are connected with each other the total
driving force acting on the gel network is equally shared among the
polymer segments, thus fMG = Ns* fs, where fs is the force on each seg-
ment. If hydrodynamic interactions were not present, then the water
molecules and the small ions present in the solution could flow freely
within the microgel particle and the microgel could move with a veloc-
ity characteristic for the individual segments. However, the moving
segments drag liquid with themselves that produces a hydrody-
namic drag force (fh) on each segment and small ion within the
microgel particle. Let us consider a spherical monovalent small ion
(M) with radius aM within the microgel particle. As a first approxi-
mation the force on this small ion (fM) can be calculated as the sum
of the electric force originating from its interaction with the external
electric field (fE,M) and the hydrodynamic drag force induced by the
moving microgel segments (fh,M). The movement of the small ion
will be determined by the relative magnitude of these forces: when
fE,M » fh,M, then the small ion can move freely and practically does
not experience the effect of the polymer segments (free draining);
however, if fh,M » fE,M, then the ion is dragged with the microgel par-
ticle. The total hydrodynamic force exerted by the moving polymer
network on a small ion within the microgel particle can be expressed
as follows [12,13]:

f h;M ¼ 6πηaM⟨∑ ju jrMj⟩ ¼ μ−1
M ⟨∑ ju jrMj⟩ ð12Þ

where aM is the small ion radius, uj is the flow field around segment j,
rMj is the distance of segment j from the small ion M, b.N is the aver-
age over polymer configurations and μM is the mobility of the small
ion. As it was shown by Yang et al.:

⟨∑ ju jrMj⟩ ¼ −
Ns

6πη
Rh;MG

−1

f s ¼ NsasμsRh;MG−1 f s; ð13Þ

where Rh,MG is the hydrodynamic radius of the microgel and μs is
the mobility of a microgel segment. Substituting Eq. (13) into
Eq. (12):

f h;M ¼ μ−1
M NsasμsRh;MG−1 f s: ð14Þ

Taking into account that all segment in the microgel particle move
with the same average speed (vs), which is equal to the speed of the
moving microgel particle (vMG):

μs f s ¼ vs ¼ vMG ¼ ue;MGE; ð15Þ

f h;M ¼ μ−1
M Nsasue;MGERh;MG−1; ð16Þ

where ue,MG is the electrophoretic mobility of the microgel and E is the
external electric field.

To express the electric force acting on the small ion (fE,M)
we should remember that the velocity of the small ion can be
expressed either as ve;M ¼ ue;ME; or as ve;M ¼ μM f E;M; which
gives rise to:

f E;M ¼ μ−1
M ue;ME: ð17Þ
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Taking the ratio of the driving force values acting on the small ion
(M), we get:

f h;M
f E;M

�
ue;MG

ue;M

Nsas
Rh;MG

�
Nsas
Rh;MG

; ð18Þ

since the electrophoretic mobility of the small ion (ue,M) and the
microgel (ue,MG) is the same order of magnitude and do not scale with
Ns. To interpret Eq. (18), we have to take into account that a microgel
particle is a chemically crosslinked polymer network, which is built up
by nch ≫1 pieces of sub-chains connected by the cross-links. For the
sake of simplicitywemay assume that each polymer sub-chain contains
Ns,ch segments between two cross-links, thus the number of polymer
segments within the microgel can be written as Ns = nch*Ns,ch, while

the volume of the microgel can be expressed as V � R3
h � nchRs; ch3;

where Rs; ch � asNs; ch
v; is the hydrodynamic radius of a sub-chain,

where the exponent ν is ~3/5 in a good solvent, ½ in Θ solution and 1/
3 in a bad solvent.

f h;M

f E;M
� n2=3

ch
� N1−v

s;ch ≫1; ð19Þ

since both nch ≫1 and Ns,ch ≫1.
What Eq. (19) tells is that the hydrodynamic force dominates within

the microgel particle, thus the relative motion of the small ions is
prevented compared to the polymer network, they are dragged with
the microgel particle. In other words, the microgel core is non-
draining, and the flow lines are pushed out of the particle inner core
to its surface layer. This also means that if κ−1

bbRh any volume element
within the microgel core must be electro-neutral. Combining the non-
draining character of the particle core and its electroneutrality, we can
conclude that the charges present in themicrogel core do not contribute
to its electrophoretic mobility.

Between the non-draining core and the external fluid there must be
a transition layer. As it has been shown the thickness of this layer (L) is
inversely proportional to the square root of the segment density within
the polymer (L ~ ns

−1/2) [30]. This means that its actual magnitude is
strongly affected by the swelling of the microgel particle, which in
turn depends on the cross-link density of the gel (Ns,ch), and the swell-
ing of the sub-chains Rs; ch � asNs; chvð Þ that is affected by e.g. the tem-
perature, pH and ionic strength. Altogether, as the particle swelling
increases (the segment density decreases) the transition layer becomes
thicker and as a consequence more charges contribute to the electro-
phoretic mobility of the microgel. However, it is straightforward to
show that the thickness of this layer will be small compared to the
size of the microgel particle even if the microgel is in its swollen state
(ν = 3/5):

L

Rh;MG
�

ns
−1=2

Rh;MG
�

Ns;ch

R3
s:ch

!−1=2
1

Rh;MG
� as

1=2n
−1=3
ch � N

v−1ð Þ=2
s;ch

≪1:

0

@ ð20Þ

To summarizewe can conclude that the above arguments reveal that
the microgel particles behave as compact colloid (non-draining) parti-
cles regardless of their swelling state and only the charges present in a
thin surface layer contribute to the electrophoretic driving force. At
the same time with increasing swelling the thickness of this layer in-
creases facilitating the increase of the electrokinetic charge when the
charges are distributed in the outer shell of the microgel. These argu-
ments are in very good agreement with experimental mobility data
we determined formicrogel particleswith four different internal charge
distributions in the function of the microgel swelling.

5. Conclusions

In thisworkweprepared four different pNIPAm-basedmicrogel par-
ticleswith different internal electric structures andmeasured their elec-
trophoretic mobility and hydrodynamic size as a function of microgel
swelling. Our data show that though the draining particle models can
be used to fit the experimental electrophoretic mobility data and to de-
termine the electrophoretic softness of the microgel particles, the fitted
parameter values are not coherent with the physical model assump-
tions when the results gained for an ‘uncharged’ and for a
homogenously charged microgel are compared. At the same time
when it is assumed that the microgel particles have a non-draining
core and a thin draining shell whose thickness increases with particle
swelling, the experimental data are in good agreement with the
model predictions.

To rationalize these observations, we also presented scaling argu-
ments to show that the hydrodynamic drag force acting on the small
ions in the core of a microgel particle far exceeds the electrophoretic
driving force. As a consequence, the core of the gel particle becomes
non-draining and it is expected that the counterions of the charged net-
work present in this non-draining core are dragged with the microgel
particle and the particle core behaves as a neutral hard core in an elec-
trophoretic experiment. The electrophoretic charge of the microgels is
provided by a thin draining shell, whose thickness increases with parti-
cle swelling.
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