Available online at www.sciencedirect.com

SCIENCE‘dDIRECTQ

polymer

ELSEVIER Polymer 46 (2005) 1006610076

www.elsevier.com/locate/polymer

Microstructure and rheological properties of pH-responsive
core—shell particles

B.H. Tan®, K.C. Tam*®>*, Y.C. Lam®®, C.B. Tan®

4Singapore-MIT Alliance, Nanyang Technological University, 50 Nanyang Avenue, Singapore 639798, Singapore
°School of Mechanical and Aerospace Engineering, Nanyang Technological University, 50 Nanyang Avenue, Singapore 639798, Singapore
“Dow Chemicals Pacific (Singapore) Pte Ltd, 16 Science Park Drive, The Pasteur, Singapore 118227, Singapore

Received 7 April 2005; received in revised form 19 July 2005; accepted 2 August 2005
Available online 19 August 2005

Abstract

The microstructure and rheological properties of core—shell pH-responsive microgels consisting of poly(methyl methacrylate) (PMMA)
particles grafted with a soft layer of methacrylic acid—ethyl acrylate (MAA—EA) cross-linked with di-allyl phthalate (DAP) were examined
using dynamic light scattering and rheological techniques. The validity and limitation of the semi-empirical approach to model charged soft
microgel particles developed by our group were tested on this core—shell system. The viscosity data for three different core—shell particles
showed excellent agreement with the modified Krieger—-Dougherty (K-D) model. Good agreement was also observed when our semi-
empirical approach was compared against a theoretical model, which confirmed the validity of the semi-empirical approach to model charged
soft particles. In addition, we confirmed that the new scaling law which relates the swelling ratio Q of microgels as a function of
neutralization degree, «, average number of monomers between two cross-links, N,, molar fraction of acidic units, y and concentration of
mobile counter-ions, Cx+ and Cy,+, represented as (N,/co)(Cy+ + Cnyt)Q + Q%2 is proportional to yN,. All the core—shell data at varying

ionic strength and mobile counter-ions concentrations fall onto a master curve.

© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Soft colloidal particles have attracted increasing atten-
tion in the past decade due to their excellent potential for a
variety of applications, such as drug delivery [1,2], water
purification [3] and microfluidic devices [4]. The under-
standing of these complex systems has come a long way
since their discovery and we need to develop simpler model
systems, where the fundamental science is better described.
Stimuli-responsive colloids based on latex particles are
ideal model system in the field of soft condensed matter due
to their relatively simple molecular structure.

In the last 15 years, significant progress was made where
theoretical and semi-empirical models were developed and
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extended to various hard sphere suspensions coated with a
soft polymeric layer and stimuli responsive microgels [5—
16]. This paper considers dispersions of core—shell particles
comprising of mono-dispersed PMMA particles grafted
with a soft layer of cross-linked copolymer chains, which
are swollen by water and exhibit both pH and salt-sensitive
properties.

It is a challenge to describe the swelling of polyelec-
trolyte systems, since the equilibrium swelling arises from a
delicate balance of several factors. In most of the common
approaches, an expression for the difference in the osmotic
pressure in the gel and the surrounding solution is
employed. Typically, such pressure differences include
terms describing (i) the network elasticity with expressions
dating back to the earliest molecular based theories of
polymer networks by Flory and Rehner [17,18], Wall [19]
(affine model) and James and Guth [20] (phantom model),
(ii) the enthalpic contribution from the polymer—solvent
interaction from Flory [21] and (iii) the osmotic pressure
originating from the simple ions using ideal conditions and a
Donnan equilibrium [22,23].
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The distribution of mono and divalent metal ions
between a polyelectrolyte microgel and the surrounding
solution can be modeled by ion-exchange model based on
the Donnan theory [24-28]. In the Donnan approach, the
microgel is regarded as an electrically neutral homogeneous
phase, which is separated from the external solution. The
presence of fixed charged functional groups on the microgel
induces a Donnan equilibrium, and as a result, the
concentrations of free cations inside and outside the
microgel phase are not equal [24,27]. This Donnan phase
has a particular volume throughout which there is a uniform,
averaged electrostatic potential known as the Donnan
potential, Y¥p. The volume of the Donnan phase can be
related to the swelling properties of the microgel
suspensions.

The Donnan equilibrium expression is given as [24]

CD,j = )9 C_] (1)

where Cp j is the molar concentration of the cation or anion j
present in the Donnan phase and z; is its charge, Cj is the
molar concentration of the cation or anion j present in the
bulk solution, A refers to the Donnan equilibrium constant,
and its relationship with the Donnan potential is

A =exp <_el//D) 2)

where e is the charge on the electron and k is Boltzmann
constant. It is assumed that the Donnan volume value
depends on the strength according to the Eq. (3)

log Vp = b(1 —logI)—1 3)

where [ is the ionic strength expressed in mol/L. b is an
adjustable parameter and its value was chosen to ensure the
maximum convergence of various titrations curves carried
out at different ionic strength [25,26].

The pH titration curves obtained under different salt
concentrations were converted into charge—pH curves. The
charge, O, of the microgel suspension, expressed in
equiv kg ', was calculated from the concentration of H™
released from the carboxylic groups on the addition of
NaOH solution using the charge balance condition as shown
in Eq. (4),

_ 1
_[OH ]} . @

+ VG, — VG,
¢= {[H TV
where V, is the initial volume, V,, V,, C,, and C, are,
respectively, the volume and concentration of acid and base
added in the suspension, and C is the microgel concentration
in kg/L. The value of the Donnan term, b, which ensures
maximum convergence of the different Q (pH) curves, is
determined by a least-squares procedure [25,26].

The expression for the ionic mass balance in the solution
is

l’lJ = CD,j VD + CJ(V - VD) (5)

where n; is the total mole number of ion j, and V is the total
volume of the solution expressed in litres (L). By using
Egs. (1)—(5), the partitioning of counter-ions between the
microgel and external solution in an aqueous suspension can
be obtained.

Recently, Cloitre and co-workers demonstrated that the
swelling ratio Q of the microgels as a function of
neutralization degree, «, molar fractions of acidic units, y
and cross-linked density, N, in salt free solutions can be
described by the scaling relation below [29],

Qo (yaN,)"? (6)

The swelling ratio, Q is defined as Q= (Ra/RD(=0)3 where
R, represents the hydrodynamic radius of the particle at a
particular « and R,_ represents the hydrodynamic radius
of the unneutralized (a«=0) particle, both measured using
dynamic light scattering technique.

They also showed that at high microgel concentration,
the fraction of free counter-ions in the solution, I is large
enough to induce an osmotic de-swelling of the microgels
and the expression for swelling ratio at finite concentration,
0, as a function of swelling ratio at infinite dilution Q is
described by 0/Q=1[1—T/(1—¢)]**. Subsequently, the
mass concentration, ¢ of the dispersion in g/ml and ¢ are
related through the simple relation given as,

_ 0
= e
VmCO Pp

)

where V,, is the molar volume of monomeric units, ¢ is the
polymer concentration inside the particles at collapsed state,
expressed in mol/L, p, and p,, are the specific mass of the
suspension and polymer, respectively. They investigated
microgels with different cross-linked density and showed
that the data collapsed nicely onto a single curve.

Tan et al. extended Eq. (6) to include data containing
model cross-linked MAA-EA microgels in varying salt
concentration solutions [KCl] [30]. The alkali used to ionize
the acidic groups in MAA is sodium hydroxide solution.
The new scaling law takes into consideration the salt
concentration and mobile counter-ions as shown in Eq. (8),

N
(G + Ca)Q + 0 o )N, )
0

which reduces to Q OC(ycv.Nx)y 2 when no salt is added, i.e.
CK+ + CNa+ =0.

Another significant contribution in the field of stimuli-
responsive microgels can be attributed to the pioneering
work of Ballauff and Richtering [12—15]. They reported that
the effective volume fraction, ¢. of microgels can be
determined using the Batchelor’s equation, n¢/n,=1+
2.5P e + 5.9¢§ff [71 at dilute regime where ¢ep is
substituted with the term kc. Here 7 is the viscosity of
the suspension and 7 the viscosity of the medium (or
solvent), ¢ is the mass concentration and k is the specific
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volume, which is a constant, and is the only adjustable
parameter.

Recently, Tan et al. confirmed that k£ determined at dilute
regime could not account for the prevailing physics of soft
colloidal particles at moderate to high concentrations.
Instead they anticipate that k should decrease with
increasing concentration until it approaches the hard sphere
limit. They proposed a semi-empirical approach where a
variable specific volume, k was introduced to convert ¢ to
Pesr [31,32].

In this present study, we examined the validity and
limitation of the semi-empirical approach on a different soft
sphere system, i.e. the core—shell pH-responsive particles
consisting of PMMA particles grafted with a soft layer of
cross-linked MAA-EA. Such systems are excellent soft
particle models since the particle size (hence the volume
fraction) can be readily controlled by pH. Two different
model systems were studied, i.e. CS-20-80-2 and CS-50-50-
1 where we manipulate the characteristics of particles and
their corresponding interaction potential by varying the
followings; (a) degree of neutralization of MAA groups, «,
(b) salt concentrations, and (c) molar ratio of MAA.

2. Experiment

2.1. Polymer synthesis

Model swellable core—shell pH-responsive microgels
consisting of PMMA particles, grafted with a soft layer of
MAA-EA cross-linked with DAP, were prepared by Dow
Chemicals using the conventional semicontinuous emulsion
polymerization. 4.57 g of polystyrene seed latex was
charged together with 428.5 g of distilled de-ionised water
(total solid content ~25 wt%) to the reaction vessel. In a
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second container, 1 g of sodium persulfate was dissolved in
30 g of water to form the initiator solution. Ten percent of
this solution was charged to the reactor, which contained the
seed latex and the mixture was agitated continuously. The
85 °C under nitrogen purge. A mixture
of 42 ¢ MMA monomer together with 0.69 g of surfactant
solution of ammonium salt and 108 g of distilled de-ionised
water were dispersed with vigorous shaking in a third
to form the MMA monomer pre-

reactor was heated to

monomer container
emulsion.

Next, the monomers that form the corona shell were
prepared by charging a monomer mixture of total weight of
62 g of EA, MAA and DAP in the desired molar ratios,
together with 0.82 g of surfactant ammonium salt of sulfated
alkylphenol ethyoxylate and 100 g of distilled de-ionised
water to a container. The contents were dispersed with
vigorous shaking and then charged to a fourth graduated
monomer-feed cylinder. A post initiator mixture comprising
of 0.57 g sodium formaldehyde sulfoxylate, 0.57 g ¢-
butylhydroperoxide and 85 g distilled de-ionized water
was prepared in a fifth container.

When the reactor temperature reached 85 °C, the initiator
solution from the second container was charged to the
reactor over 110 min. Simultaneously, the MMA monomer
pre-emulsion from the third cylinder was also charged to the
and post heat for another 30 min at
MMA core diameter is approximate
150 nm. Next, the sequential feed of the shell monomers
charging the monomer pre-emulsion
from the fourth cylinder to the reactor over 50 min while the
initiator feed from the second container was still being
charged. When completed, the content in the reactor was
post heated at 85 °C for 30 min. The reactor was then cooled
slightly to 80 °C which was followed by the post catalyst
feed from the fifth container over 30 min while the reaction

reactor over 30 min
85 °C. The targeted

was carried out by

o
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Fig. 1. Chemical structure of model pH-responsive core—shell particle (a) core comprising of MMA and (b) shell comprising of cross-linked MAA-EA.
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mixture was under continuous stirring. The solid product
was cooled and filtered through a 200-mesh nylon cloth and
the final solid content was approximately 10% by weight.

The polymer latex at low pH of 1.8-2.5 was dialyzed in
distilled de-ionized water using regenerated cellulose
tubular membrane over a 1-month period. The chemical
structure of MMA used as the core is schematically shown
in Fig. 1(a) while the cross-linked MAA-EA shell has a
chemical structure as shown in Fig. 1(b). The properties of
this core—shell system are tabulated in Table 1.

These core—shell particles are designated as CS-y—x—z,
where CS represents core—shell while the subscript y and x
correspond to the mole percent of MAA and EA whereas z
denotes the weight percent of cross-linker DAP present in
the shell. For example, the particles with corona shell
consisting of MAA/EA molar ratio of 20/80 and amount of
grafted DAP of 2 wt% is designated as CS-20-80-2. It is also
convenient to characterize the cross-linked density by the
average number of monomers between two cross-links, N,,
where N, can be calculated by assuming that one cross-link
connects two chain segments and that the different
monomers are homogenously distributed inside the
microgels.

2.2. Physical characterization

The suspensions were neutralized with sodium hydroxide
solutions. The degree of ionization can be characterized by
the degree of neutralization, «, which is the molar ratio of
added base to acid groups on the particles. Potentiometric
titration experiments were conducted and revealed that the
actual molar ratio of MAA and EA in the particles is very
close to the targeted value. The effect of ionic strength on
the swelling behavior and rheological properties of our pH-
responsive core—shell systems were examined using
potassium chloride (KCI) where the salt concentration in
the bulk solution of the microgel suspension was varied
from 0.1 to 100 mM KCI.

The concentration of mobile sodium (Na™) ions, Cy,+
and potassium (K*) ions, Ck+, expressed in mol/L, were
determined by electromotive (EMF) measurements using a
Na® and K% ion selective electrodes (Na® ISE and K™
ISE), respectively, and an Ag/AgCl electrode as the
reference. The titration experiments were conducted using
the Radiometer Copenhagen ABU93 Triburette system.
Titration of NaCl and KCI solution into water was
conducted to calibrate the electrode Na™ ISE and K™

Table 1
Characteristic of model pH-responsive core—shell colloidal particles

ISE, respectively. The Nernst equation, which was used to
calculate the mobile K™ ion concentration, Cy+ is given as
EMF = 241.17 + 49.26 log Cx+ and the mobile Na* ion
concentration, Cy,+ is given as EMF = 241.17 4 49.26 log
Cny+ Where electromotive force (EMF) is measured in volts.

Rheological studies of semi-dilute to concentrated
solutions were carried out using the Carri-Med CSL500
controlled-stress rheometer and Contraves LS40 controlled
rate rheometer. Cone and plates with (40 mm, 2°), cup and
bob geometry were employed to measure high and low
viscosity solutions. All experiments were conducted under
the temperature of 25+0.1 °C. The steady shear viscosity
data presented in this paper was conducted under
equilibrium viscosity condition.

A Brookhaven BIS200 laser scattering system was used
to perform the dynamic light scattering experiments. The
light source is a power adjustable vertically polarized
350 mW argon ion laser with a wavelength of 488 nm. The
inverse Laplace transform of REPES supplied with the
GENDIST software package was used to analyze the time
correlation function (TCF), and the probability of reject was
set to 0.5.

3. Results and discussion

3.1. Swelling and rheological behavior

The pH-responsive core—shell particles, CS-20-80-2 and
CS-50-50-1 were characterized in dilute solution using the
Brookhaven dynamic light scattering (DLS) system for «
ranging from O to 1.0 and in salt concentration ranging from
0.1-100 mM KCI. In the unneutralized state, the particles
exhibit a microstructure close to that of a model hard sphere
with a hydrodynamic radius, R, of ~100 nm and the
schematic representation is shown in Fig. 2(a).

In Fig. 3, the thickness of the surface layer containing the
pH-responsive network (MAA-EA) for both CS-20-80-2 and
CS-50-50-1 was plotted against o for varying [KCI]
concentrations. This shell thickness was derived from the
hydrodynamic radius (R, — R.), where R, is the radius of the
core (PMMA) particles with a value of ~84 nm also
measured using the dynamic light scattering system. The
core sample was taken from the reaction mixture prior to the
polymerization of the shell. The pH-dependent (R}, —R..) for
both CS-20-80-2 and CS-50-50-1 show a continuous
increase as « increases from 0 to 1.0, representing the steady

Name of MAA/EA DAP (wt%) N, pH Weight ratio R ore (nm) R, (a=0) Solid content
microgel molar ratio core:shell (nm) (Wt%)

(%)
CS-20-80-2 20:80 2 165 1.67 1:1.43 84.2 89.5 11.0
CS-50-50-1 50:50 1 264 1.98 1:1.43 83.5 93.5 10.7
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(a) Core (PMMA) (b)

Shell (cross-linked MAA-EA)

Fig. 2. Schematic representation of the pH-responsive core—shell particles
at different state, (a) unneutralized («=0) and (b) fully neutralized (¢ =1).
The black core represents the PMMA particle and the full dots between
chain segments in the shell represent the cross-linker. The counter-ions
from the base (NaOH) used to neutralize the microgels are represented by
the symbol Na* and the symbol © represents the neutralized carboxylic
groups, COO™. The outer shell represents the region where electro-
neutrality is not satisfied locally.

100

—
Q
=

Shell Thickness (nm)

20 —t . + —t . + —
0.0 0.2 0.4 0.6 0.8 1.0

Neutralization degree,o

(b) 300

250

200

150

100

Shell Thickness (nm)

50

0.0 0.2 0.4 0.6 0.8 1.0
Neutralization Degree,o.

Fig. 3. (a) Dependence of shell thickness, R,—R. on « for core—shell
particles with different mole percent MAA, (a) CS-20-80-2 and (b) CS-50-
50-1, in different salt concentrations (mM); ((A) 0.1 mM; (O) 10 mM;
(O) 100 mM).

expansion of the shell due to enhanced osmotic pressure
exerted by the counter-ions trapped within the shell of the
polymeric network by the electrostatic attraction exerted
from charged carboxylate groups as depicted in Figs. 2(b)
and 3. As anticipated, microgels with higher amounts of
charged carboxylate groups (CS-50-50-1) exhibit a larger
swelling behavior. The maximum (R, — R.) for CS-50-50-1
is ~267 nm, compared to ~92 nm for CS-20-80-2.

Swelling is reduced when the salt concentration, [KCI]
increases as depicted in Fig. 3(a) and (b). When [KCI]
increases from 0.1 to 100 mM, (R,—R.) may decrease by
nearly one third, i.e. from ~267 to ~ 175 nm for CS-50-50-
1, which is attributed to the charge shielding effect of
counter-ions (salt) on the negatively charged carboxylate
groups, thus reducing the osmotic pressure inside the corona
shell.

It is evident from Figs. 3(a) and (b) that the shell
thickness increases largely as reflected by the sharp increase

0.4 —t
0.0 0.2 0.4 0.6 0.8 1.0
Neutralization degree,o

(b)

Hard Sphere Value

0.2

0.0 0.2 0.4 0.6 0.8 1.0
Neutralization degree, o

Fig. 4. The ratio of R,/Ry, as a function of « obtained from static and
dynamic light scattering for core—shell particles, (a) CS-20-80-2 and (b)
CS-50-50-1, in different salt concentrations (mM); ((A) 0.1 mM; (O)
10 mM; (J) 100 mM).
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at «>0.4, which further points to a transition region
reflecting the conformational change of particles during the
neutralization process. The hydrophobic attraction between
EA blocks preserves the existing particle conformation,
whereas the osmotic pressure exerted by the counter-ions
attracted to the charged carboxylate groups expands the
particles to a swollen state. Consequently, a transition
region reflecting the conformational change of particles
caused by the competition of these two types of interactions
is observed. Below this transition point «<<0.4, the
increment in Ry, is smaller because the osmotic pressure
exerted by the counter-ions is not sufficient in overcoming
the hydrophobic attraction between the EA blocks. As «
increases beyond this transition point, the osmotic pressure
exceeds the hydrophobic attraction, resulting in a rapid
increase in Ry,.

The microgel solutions were further investigated by
static light scattering. This allows the apparent radius of
gyration, Ry app, t0 be determined. The dimensionless ratio
Ro/Ry, has characteristic values for different polymer
architectures, for hard spheres Ry/R,=0.778 and for
microgels R, /Ry, is usually smaller than the hard sphere
value [14]. The ratio R,/Ry, of the particles are shown in
Fig. 4(a) (CS-20-80-2) and Fig. 4(b) (CS-50-50-1). In the
unneutralized state, the ratio is in the range of the hard

@ 10
1024
—~ 101
(l! 0
é'_; 1074
= 10
107
1 O e
10*  10%  10° 10°
Shear Rate (1/s)
A 1wi% O 2wi%
B 3wt% A& 4wt%
® 5wt%

—~
(2)
-

n(Pa.s)

10° T
10*  10®
Shear Rate (1/s)

10°  10°

® 0.1lmM A 1mM
H 10mM O 100mM

sphere value, when the particles are in a collapsed state.
With increasing «, R,/Ry, decreases where microgels with
higher MAA content and lower salt concentrations
experience larger drop. R, is sensitive to the refractive
index distribution (mass distribution) within the microgel,
while Ry, is sensitive to hydrodynamics. The deviation of R,/
Ry, from the hard sphere value at high «, suggests that the
particles are significantly swollen and the network density
decreases at the particle surface because the core is covered
with dangling chains that increase the hydrodynamic radius,
Ry, which have a smaller effect on R, and hence, the ratio
R,/Ry, decreases.

Fig. 5(a)—(d) display the flow properties of core—shell
particles at four different conditions, namely; (a) varying
particle concentration, ¢ (wWt%); (b) varying neutralization
degree () of MAA groups; (c) varying salt concentration
[KCI]; and (d) varying molar ratio of MAA groups. At low
¢, low a (<0.5), high salt environment and low content of
MAA, the samples display a Newtonian behavior with a low
shear viscosity close to that of water. The effective volume
of the microgels in solution is small due to insignificant
degree of swelling.

At high ¢, (¢>2wt%), high « (>0.5), low salt
environment and high content of MAA, the enhanced
osmotic pressure exerted by the counter-ions trapped inside

(b) 10°3
103
@ 10°
]
[
:10_
2]
10 A AAAAAAA
ST A
10" 10 10°  10°
Shear Rate (1/s)
A o=0 0ua=02

W o=05 Aa=06
® =08 Oo=10

—~
o
=g

n(Pa.s)

10" 10 10° 10
Shear Rate (1/s)

CS-20-80-2

A0=02 @o=05 MW o=10
CS-50-50-1

A a=02 QOoa=05 O o=10

Fig. 5. Viscosity versus shear rate of model core—shell particles at four different conditions; (a) varying ¢ (wt%) of CS-50-50-1; (b) varying « of CS-50-50-1; (c)
varying [KCl] of CS-50-50-1 and (d) varying molar ratio of MAA (%MAA). The solid lines denote mathematical fittings according to Eq. (9).
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the polymeric network by the large number of charged
carboxylate groups causes an increase in the effective
volume occupied by the particles. Such increase decreases
the inter-particle distance, where the interaction forces
between the swollen particles increase sharply, resulting in
the shear-thinning behavior. The low shear viscosity can
change by nearly four orders of magnitude with increasing
«, for example, CS-50-50-1 at 4 wt% particle concentration
at =0 possesses a low shear viscosity of ~0.004 Pa s and
it increases to ~40Pas at a«=1. The low shear rate
viscosity plateau, 1y was determined from a regression fit to
the cross model,

1o ©)
no 1+ ky)

which is known to provide a good description of the
viscosity of colloidal suspension. The fits according to Eq.
(9) are represented by the solid lines in Fig. 5.

3.2. Review of semi-empirical approach

Here we extended the semi-empirical approach
developed by our group, for predicting the viscosity of

(@) 1.0 -

0.9 1
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x 06T
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A 0=0
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O a=0.2
@ 0=0.8
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dilute and concentrated soft particles where the specific
volume, k is inversely proportional to volume fraction [31,
32]. The values of k were determined from the mathematical
fitting of the data to the form of the modified Krieger—
Dougherty equation, 7¢/n, = (1 —kc/¢,,) M where the
intrinsic viscosity, [7] is 2.5 and maximum volume fraction,
¢m is 0.63 for hard spheres [5].

Figs. 6(a)—(d) show the specific volume, k as a function
of concentration of particles, c for three different systems of
the core—shell particles, namely; (a) varying o of MAA
groups; (b) varying [KCl]; and (c) varying molar ratio of
MAA groups. The solid lines in Fig. 6 denote the
mathematical fittings according to Eq. (10) [31,32],

29— M
K Kin [1 + (i) ] (10)
ko = Kmin Co
with ki, describes the limiting condition when the soft
particles are compressed to the hard sphere equivalent
volume at high concentration. The constant ¢, denotes the
critical concentration at which the concentration of free

counter-ions in the solution is large enough to induce an
osmotic de-swelling of the soft particle, resulting in a

(b) 1.0 1
0.9 1
0.8 1

min

0.7

0.6
0.5 1

K-Kmnin/Ko-k

0.4 t U T T T T T 1
0.00 0.01 0.02 0.03 0.04
Concentration, ¢ (g/ml)

0.1mM A 0=0.5 A =10
10mM O 0=0.5 ® 0=1.0
100mM o 0=0.5 m 0=1.0

0.00 0.01
Concentration, ¢ (g/ml)

0.02 0.03 0.04

CS-20-80-2 A a=0
CS-50-50-1 A a=0

Oa=1.0

moa=10

Ooa=05
®a=05

Fig. 6. Specific volume, k as a function of concentration of particles for three different systems namely; (a) CS-50-50-1 at varying «; (b) CS-50-50-1 at varying
[KCI] (mM); and (c) varying molar ratio of MAA (% MAA). The solid lines denote mathematical fittings according to Eq. (10).
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smaller k. The decrease in k with particle concentration is
described by the parameter m, which can also be obtained
from the slope of the (k— kuin)/(ko— kmin) VErsus c curve on
a log-log plot. Microgels are highly swollen at large «, low
[KCI] and high MAA content thus exhibiting strong
dependence of k on ¢, where (k/ky) may decrease from 1.0
to 0.5.

Figs. 7(a) and (b) summarizes the dependence of ¢, and
m on « at three different [KCl] of CS-20-80-2 and CS-50-
50-1 determined from the mathematical fitting of the data to
Eq. (10). As « increases and [KCl] reduces, ¢, decreases and
m increases because the enhanced osmotic pressure causes
the shell of the particle to swell further, which decreases
the inter-particle distance resulting in an increase in the
interaction forces between the swollen particles. Thus, the
critical concentration, ¢, at which the soft particle starts to
de-swell decreases and the degree of de-swelling, m
increases.

The ¢ of our model core—shell series at various particle
concentrations can be determined from Eq. (11) by
substituting Eq. (10) into ¢.g=kc,

29—Mm
¢eff = kmin + (kO _kmin) |:1 + (£> :l c (1 1)

Co

where this expression corrects for the changes in the volume
fraction of soft particles to that of equivalent hard sphere.
Excellent agreement with the K-D model, ny/n,=
(1 — plep,,) M¥m was observed for moderate to high volume
fraction where a common curve was obtained when the
viscosity data were plotted using the modified @
determined from Eq. (11) (Figs. 8(a) and (b)). This strongly
suggests that the semi-empirical approach is able to capture
the physics of soft core—shell particles and the form of Eq.
(11) has the capability of predicting the relative viscosity of
this core—shell system.

0.010

Neutralization Degree,a

0.0 0.2 0.4 0.6 0.8 1.0

0 100 mM
| 100 mM

CS-20-80-2 A 0.1 mM
CS-50-50-1 A 0.1 mM

o 10 mM
® 10 mM

(@ 141
124
104

o 87

61
44
21

0 t

0.0 041 02 03 04
eff = kC

05 0.6

00 01 02 03 04 05 06 0.7
¢eff= ke

Fig. 8. Relative viscosity versus ¢.g of core—shell systems; (a) CS-20-80-2
and (b) CS-50-50-1 at three different «’s; ((A) a=0; (O) «=0.5; (1) a=
1.0) and three different salt concentrations, [KCl]; no salt (open), 10 mM
(grey) and 100 mM (black). Solid line denotes the K—-D model.

3.3. Review of theoretical approach

As a comparison, the ¢.g of this pH-responsive core—
shell system was determined using Eq. (7) as proposed by
Cloitre and co-workers. To examine the validity of the
theoretical scaling law, Q°<(yosz)3/2 on our model
particles, we plotted the variations of the normalized
swelling ratio, Q/Q,, as a function of o as shown in
Fig. 9(a) as well as the swelling ratio, Q against (yaNx)3/ 2 as
depicted in Fig. 9(b). Similar to results by Cloitre [29], we
observed a discontinuous volume transition at «<0.3

(b) 030

0.25 +

0.20 1

0.15 4

0.10 4

0.05

0.00+ t t t t
0.0 0.2 0.4 0.6 0.8 1.0

Neutralization Degree,o

o 10 mM
e 10 mM

0 100 mM
= 100 mM

CS-20-80-2 A 0.1 mM
CS-50-50-1 o 0.1 mM

Fig. 7. (a) ¢o and (b) m, as a function of « for CS-20-80-2 (open symbols) and CS-50-50-1 (filled symbols) at three different salt concentrations, (mM KCI).
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Fig. 9. (a) Variations of the normalized swelling ratio Q/Q,, as a function of
a, of core-shell particles with varying y and different N, in salt free
solutions. The solid line represents the master curve. (b) Variations of the
swelling ratio, Q as a function of (yaNx)S/ 2 for core—shell particles with
varying N,, y and « in salt free solutions. The solid line and the dotted line
represents two different master curve at «>0.4 and o <0.3, respectively.

suggesting the conformational change of particles during
the neutralization process, as discussed above. Above the
volume transition (a>0.4), the data measured for CS-20-
80-2 and CS-50-50-1 fall onto a single master curve
(represented by the solid line), which agrees with the
theoretical prediction.

We also tested the expanded scaling law that takes into
consideration the salt concentration and mobile counter-ions
(Eq. (8)) [30] on our current model particles as shown in
Fig. 10(a) (CS-20-80-2) and Fig. 10(b) (CS-50-50-1). The
concentrations of mobile K™ and Na™* ions were
determined using electromotive measurements for a
100 mL solution of microgels with polymer concentration
of ~0.05wt% at varying o« and three different salt
concentrations, [KCl] of 0.1, 10 and 100 mM. All the data
at «>0.4 fall on a master curve, which confirmed that,
(N, /co)(Cx+ + Cnat)Q + 03 is proportional to yN,« for the
core—shell systems. Similarly, two regions with different
proportionality constants were observed at «<0.3 and
a>0.4, which represents the difference in the degree of
swelling during the neutralization process.

As a comparison, the Donnan equilibrium approach (Egs.
(1)—(5)) was used to model the distribution of counter-ions
inside the microgel and the surrounding solution. pH
titrations were conducted for the microgels at varying

—
o

QN,/c,(C+Cyo) + Q22

QN,/cy(Cx+Cyy) + Q%3

0 20 40 60 80 100 120 140

Fig. 10. Variations of (N,/co)(Cy+ + Cxat)Q + Q? as a function of yN,« at
three different salt concentrations, [KCI]; ((A) 0.1 mM; (O) 10 mM; (1)
100 mM) of (a) CS-20-80-2 and (b) CS-50-50-1. The solid line represents
the master curve.

ionic strengths and the charge-pH curves (Eq. (4)) for the
four different salt concentration solutions were utilized to
determine the Donnan term, b from a least-square
procedure, which ensures maximum convergence of the
four different curves. The value of b obtained experimen-
tally is 0.35 and hence the Donnan volume, Vp determined
from Eq. (3) for the four different salt concentrations
solutions, i.e. 0.1, 1, 10 and 100 mM KClI are 5.62, 2.51,
1.12 and 0.50, respectively. Subsequently, the partitioning
of counter ions between the microgel and external solution
in an aqueous suspension can be obtained from Eq. (5)
where the molar concentration of counter ions in the bulk
solution, Cx+ and Cy,+ were determined by electromotive
(EMF) measurements using a Na® and K7 ion selective
electrodes (Na™ ISE and K™ ISE), respectively, and an Ag/
AgCl electrode [30,32].

The accuracy of the expanded scaling law (Eq. (8)) [30]
was tested by comparing the total concentration of counter-
jons (Na™ and K ) inside the microgels, Cj, given as Cj,=
ayce/Q [30] with the total concentration in the Donnan
phase (microgel phase), Cp n,+ and Cp g+ obtained from the
Donnan theory (Eq. (5)). Fig. 11(a) and (b) demonstrates
that the values of Cj, agrees well with the total
concentration, Cpy,+ and Cpg+ for the two core—shell
systems, CS-20-80-2 and CS-50-50-1 at four different salt
concentrations. This observation suggests that the expanded
scaling law (Eq. (8)) has taken into consideration the
distribution of counter-ions inside the microgel and the
surrounding solution.
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Fig. 11. Comparison of values of C;, determined from the scaling law [30] (filled symbols) with the total concentration, Cp n,+ and Cp g+ obtained from the
Donnan theory (Eq. (5)) (open symbols) in four different salt concentrations of core—shell systems; (a) CS-20-80-2 and (b) CS-50-50-1 at a=1.

The viscosity data of our pH-responsive core—shell
particles in salt free solutions (Figs. 8(a) and (b)) were
replotted in Fig. 12 using the effective volume fraction, ¢eg
computed from Eq. (7) and Q determined from Q/Q=
[1—T/(1 —¢)]3/2 [29]. It is known that a more accurate
method to determine I" is to measure the concentration of
free counter-ions as a function of microgel concentration
using the sodium (Na™) jon selective electrode [30,32].
Within the experimental accuracy, the data agrees well with
the K-D model for dilute to high volume fraction of core—
shell particles.

Fig. 13 shows a comparison of ¢.¢ determined using the
semi-empirical approach (open symbols) proposed by our
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Fig. 12. Relative viscosity versus ¢.g of core—shell particles in salt free
solutions; (a) CS-20-80-2 and (b) CS-50-50-1 at two different &’s ((A) a=
0.5; (O) a=1.0). ¢ei was calculated from Eq. (7) where I" was measured
using Na™ ISE and the solid line denotes the K-D model for hard sphere
behavior.

group (Eq. (11)) with the theoretical approach (closed
symbols) proposed by Cloitre and co-workers (Eq. (7)) for
two core—shell systems, CS-20-80-2 and CS-50-50-1. The
¢y determined from these two methods are in good
agreement and strongly suggests that the semi-empirical
approach captures the physics of soft core—shell particles
and the form of Eq. (11) has the capability of predicting the
relative viscosity of different systems. Note that we have
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Fig. 13. Comparison of values of ¢ determined using the semi-empirical
approach (Eq. (11)) (open symbols) with the theoretical approach (Eq. (7))
(filled symbols) of core—shell systems in salt free solutions; (a) CS-20-80-2
and (b) CS-50-50-1 at two different «.
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also demonstrated in our previous publication [32], the good
agreement between the two methods when using data of a
different soft sphere system, i.e. the cross-linked MAA-EA
microgels. The validity of our semi-empirical approach is
further enhanced when tested on various soft sphere
systems.

4. Conclusions

The validity and limitations of the semi-empirical
approach to predict the viscosity of dilute and concentrated
soft sphere systems was tested against two different core—
shell pH-responsive microgel systems. Excellent agreement
was obtained when the viscosity data was compared with
the modified Krieger—Dougherty (K—D) model. In addition,
good agreement was observed when our new semi-empirical
approach was compared against a theoretical model, which
confirmed the validity of the proposed semi-empirical
approach to model charged soft microgel particles.
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