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Here we study the formation of sterically stabilizing ‘‘hairy” surface layers for a series of styrene–butyl-
acrylate and styrene–butadiene latexes copolymerized either with acrylic acid (AA), methacrylic acid
(MAA), itaconic acid (IA) or acrylamide (AM) using dynamic light scattering, steady shear and high fre-
quency rheology. This phenomenon is investigated under different conditions of pH, ionic strength,
and temperature. The AA copolymerized latex has the most extended hairy layer and is very sensitive
to pH and ionic strength. MAA yields a thinner hairy layer than AA due to higher hydrophobicity. IA
exhibits a hairy layer thickness of about 1 nm, since it terminates polymer chain growth. For the AM
copolymerized latexes high frequency viscosity reveals the existence of a thin hairy layer and the high
values of the low shear viscosity and the high frequency modulus are attributed to a weak, reversible floc-
culation. No significant effect of particle core composition or temperature on the formation of the hairy
layer was observed. High frequency rheology is most valuable for characterization of surface layers of car-
boxylated latexes, since it provides not only direct information about the effective volume fraction but
also characterizes the strength of colloidal interactions among particles and it is applied at high particle
concentration relevant during manufacturing and processing.

� 2010 Elsevier Inc. All rights reserved.
1. Introduction

Carboxylated latex dispersion provide a cost-effective basis for
the formulation of a large number of consumer products, including
adhesives, paints, coatings, carpet-backing, texture modifications,
etc. A carboxylated latex consists of a latex particle core with a
polymer brush on the particle surface that could be produced by
chemically grafting of functional polymers or by introducing func-
tional co-monomers during polymerization [1–5] (Fig. 1). The key
goal of using carboxylated latexes is to enhance dispersion stability
during manufacturing and processing since the polymer brush,
often termed ‘‘hairy” surface layer, provides steric repulsion among
particles and improves the stability of filler-latex systems in
complex formulations. Finally, it also improves the mechanical
strength of dried latex films [6].

It is well-known that the carboxyl layer dissociates upon
increasing the serum pH (typical values for pKa �4.5 for acrylic
and methacrylic acid while itaconic acid has two-step dissociation
with pKa of �3.85 and 5.5). This increases the solubility of the
copolymer on the particle surface resulting in a swollen ‘‘hairy”
surface layer. Since the degree of swelling also depends on electro-
ll rights reserved.
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static interaction among carboxyl groups, the thickness of the hairy
layer depends on ionic strength of the serum. Ortega-Venuesa et al.
[7] reported that electrosterically stabilized polystyrene particles
are sensitive to the background ionic strength. Their results could
be explained by classical DLVO theory where the importance of
the electrosteric effect needed to be properly incorporated into
the model including the thickness of the surface layer. Romero-
Cano et al. [8] reported that the stability of carboxylated polysty-
rene dispersion increased monotonically upon increasing pH from
5 to 10, clearly due to the dissociation of the carboxyl groups. Rey-
nhout et al. [9] reported that the dispersion stability of polystyrene
latex particles is improved when acrylic acid is introduced, partic-
ularly at high ionic strength beyond the critical coagulation con-
centration of the bare polystyrene latex. Guo and Ballauff [10,11]
investigated the effect of KCl salt on the hydrodynamic radius of
polystyrene particles with (poly)acrylic acid grafted onto the sur-
face with brush thickness, L on the same order of magnitude as
the core particle radius a. They used dynamic light scattering to
characterize the thickness of the acrylic acid layer, directly show-
ing the swelling of the brush with increasing pH and a monotonic
shrinkage with increasing ionic strength (at constant pH). Fritz
et al. [12] studied the limit of thin surface layers (L� a) grafting
short methacrylic acid chains (Mw � 7000 g/mol) onto styrene–n-
butylacrylate core particles (a = 53 and 68 nm). They determined
L for different pH and ionic strength from dynamic light scattering
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Fig. 1. Carboxylated latex particles with a core of polystyrene–butylacrylate or
polystyrene butadiene copolymer. The hairy layer on the surface results from the
dissociation of the carboxyl group as pH of the serum increases, hair length, d varies
with pH and ionic strength of the serum.
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(DLS), zero shear and high frequency viscosity measurements and
quantified the strength of steric repulsion based on high frequency
storage modulus. Technically relevant carboxylated latexes are
from copolymerization of functional co-monomers with the main
monomers during emulsion polymerization rather than by grafting
of appropriate polymer brushes. The distribution of these func-
tional monomers among particle core surface and liquid phase is
not known a priori and strongly depends on the choice of the
monomers and polymerization conditions. Nevertheless, such sys-
tems are of outstanding technical and commercial importance and
require improved characterization, especially under concentrated
conditions.

High frequency rheology provides a great benefit to the under-
standing of the surface properties of such complex particle sys-
tems. In the high frequency regime, the applied oscillatory shear
field characterized by its angular frequency x, is much faster than
the Brownian motion of the particles, i.e. a2x/Ds� 1 where Ds

denotes the self-diffusivity of the particles. On the other hand
the solvent molecules are in phase with the external shear field.
Accordingly, hydrodynamic interactions determine the high
frequency viscosity, whereas the colloidal interactions show up
in the out-of-phase signal, the storage modulus G0. Since deforma-
tion is small, the equilibrium structure of the dispersion, including
the hairy layer, can be considered. For aqueous dispersions the
appropriate frequency range is on the order of x > 1000 s�1.

Considerable research efforts have been spent during the
past decades to study the surface properties of carboxylated la-
tex dispersions. However, the progress has been rather slow.
Classical electro-kinetic experiments are difficult to interpret
due to the complex structure of the particle surface. Rheological
measurements have provided great benefit in characterization of
surface properties of electrosterically stabilized dispersions
along with the development of elaborate statistical mechanical
theories taking into account hydrodynamic interactions, equilib-
rium particle distribution as well as colloidal interactions
[12–15].

Here, we apply high-frequency rheometry, steady shear and dy-
namic light scattering techniques to characterize latex particles
functionalized with different ‘‘hairy” surface layers. These include
latexes carboxylated with acrylic acid, methacrylic acid and ita-
conic acid as well as acrylamide (electrically neutral latex). Both
styrene–butylacrylate and styrene–butadiene latexes with the
same degree of the functionalization are compared in this study.
The effect of serum pH, ionic strength and temperature on the rhe-
ological properties is investigated.
2. Experimental procedure

2.1. Latex systems

Seven latexes with different monomer mixtures were made
using classical emulsion polymerization. Acrylic acid, methacrylic
acid, itaconic acid as well as acrylamide were used as functional
co-monomers at a level of 2 wt.% relative to the total monomer
concentration. In one set of samples styrene and butylacrylate
(1:1.1 mixing ratio) were used as main monomers (BASF SE, Lud-
wigshafen, Germany). Styrene–butadiene latexes in a second series
were prepared with the same degree of functional co-monomers
(BASF Corp., Charlotte, NC, USA). The particle size of all latexes is
�180 nm in diameter (controlled by seed polymerization) except
for the polystyrene-butadiene latex with acrylic acid which has
the diameter of 250 nm. The glass temperature, Tg of all latexes
studied here is 10 �C. After polymerization the dispersions were
dialyzed against deionized water in order to remove the electro-
lytes, surfactants and oligomers from the serum remaining from
the synthesis. Here, our dialysis setup allowed the distilled water
flow through the dialysis membrane (Carl Roth GmbH, Molecular
weight cut off limit: 4000–6000 g/mol), which was immersed in
the container filled with latex dispersion. The exit distilled water
would drain out through another end of the membrane. During
dialysis procedure, the electrolytes in the latex dispersion would
flow into the membrane and drain out at the exit. The flow rate
of the distilled water was controlled by attaching a small valve at
the exit. The decrease of the dispersion conductivity with time
indicated that the electrolytes were removed from the dispersion.
The limited volume of the container prevents the dilution of the la-
tex with distilled water. Dialysis procedure was carried out until
the conductivity of the dispersion and the exit water remained un-
changed with time, i.e. an equilibrium stage was reached. In this
case the dispersion pH has changed from 1.8 to 2.5 whereas the
conductivity dropped from 5 mS to 0.9 mS after about 15 days.
After that the pH was adjusted by adding 10 M NaOH solution until
the desired pH was reached. Series of concentrations were pre-
pared by dilution with deionized water.
2.2. Dynamic light scattering measurement (DLS)

Dynamic light scattering measurements were performed using
a Beckman Coulter (Model: N4 Plus) device. All measurements
were carried out under dilute conditions (between 104 and 106

counts per second). The wavelength of 658 nm was used with a
scattering angle of 90�. All samples were prepared with an ionic
strength controlled by an addition of 1:1 NaCl salt to achieve the
desired values (of 10 and 100 mM). After that the pH was further
adjusted using 1 M NaOH solution. The swelling of carboxyl groups
on the surface of the latex particles was deduced from the change
in hydrodynamic particle diameter upon increasing pH of the
serum.
2.3. Viscosity vs. shear rate measurement

Measurement of the viscosity, g, as a function of shear rate, _c
was done using a rotational rheometer with 35-mm plate-plate
geometry at three different pH of 4, 8 and 10 for all latexes. Sam-
ples with solids content ranging from 42 to 50 wt.% and an ionic
strength of 10 and 100 mM were studied. The ionic strength of
10 mM was achieved by dialysis against distilled water. The dis-
persions with the electrolyte level of 100 mM were prepared by
an addition of a concentrated NaCl solution into the latex disper-
sions. All viscosity measurements were done in the controlled
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stress mode with the stress varying from 0.2 to 100 Pa within
300 s.

The changes of hydrodynamic particle size with pH could be ob-
tained directly from the zero shear viscosity data according to the
classical Quemada equation [16]:

g0 ¼ l0 1�
/eff

/max

� ��2

ð1Þ

where g0 is the zero shear viscosity and the l0 is the viscosity of the
aqueous phase. /eff is the effective particle volume fraction which
includes the dissociated carboxyl groups on the surface as a hairy
layer. The zero shear viscosity diverges at a concentration /max,
which for colloidal hard sphere dispersions is controlled by the
so-called colloidal glass transition, /glass. As the particle concentra-
tion increases, their mobility reduces and finally they are trapped in
a cage provided by surrounding particles, which prevents long
range motion and results in a divergence of the zero shear viscosity
at a particle concentration, /glass = 0.58 [17]. This concentration is
significantly below the random close packing, /rcp = 0.64, which is
often identified with /max.

With the adsorbed co-monomers on the surface of latex parti-
cles, the volume fraction of the core particle, / is related to the
effective volume fraction, /eff according to:

/eff ¼ / 1þ d
a

� �3

ð2Þ

where d is the length of the hairy layer, and a is the core radius of
the particle which is obtained by dynamic light scattering at
pH = 3, here the change of d is based on the reference value at this
low pH. Using Eqs. (1) and (2) the hairy particles are thus treated as
hard spheres with an increased particle radius and volume (so-
called hard-sphere mapping). We demonstrate the validity of using
the Quemada equation and the hard-sphere mapping concept
studying the dependence of the zero shear viscosity on particle
loading for one of our latex system (styrene–butylacrylate latex
functionalized with itaconic acid). Fig. 2 clearly shows that these
data can be fitted with Quemada’s model using the exponent,
a = �2, /max = 0.58, and /eff = /, i.e. of d = 0 nm. The exponent,
a = �2.55 suggested by mode coupling theory [18] for the diver-
gence of g0 close to the glass transition is not appropriate in the
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Fig. 2. The relative zero shear viscosity as a function of particle volume fraction
with the data plotted for styrene–butylacrylate latex copolymerized with itaconic
acid as a functional co-monomer. Solid line follows Quemada’s equation (Eq. (1))
with /eff = /. Dashed lines are calculated using either /max = /rcp = 0.64 and
exponent of �2.55 as indicated in the graph.
concentration range investigated here. Nevertheless, /max = /glass

should be chosen, setting /max equal to /rcp would result in higher
d values in all cases investigated here. For the IA-systems shown
in Fig. 2, /max = /rcp would lead to d = 2 nm. This gives a confidence
range for the determination of d and we conclude that we can deter-
mine this quantity with an experimental error of ±1 nm.

2.4. High frequency rheology using torsional resonators

We have used two torsional resonators operating at the fre-
quencies of 19, 58 kHz (cylinder-type) and 8, 31 kHz (dumbbell-
type) in order to determine the linear viscoelastic moduli G0 and
G00 in the high frequency range (Fig. 3). The temperature for all
measurements was controlled by a thermostat device connected
to the resonators within ±0.01 �C. Upon immersion of the resonator
in a liquid its resonance frequency decreases and the width of the
resonance curve increases compared to the free oscillation in air.
The resonance frequency, f and the width of the resonance curve,
D are measured using a lock-in amplifier. The difference between
values for free (fAir, DAir) and loaded (fSample, DSample) oscillation,
Df = fSample � fAir and DD = DSample � DAir, is then used to calculate
the rheological quantities G0 (storage modulus) and G00 (loss modu-
lus) as follows [15]:

G0 ¼ k
q

DD
2

� �2

� Df 2 þ 2cDDDf
1þ c2

" #
þ d ð3Þ

G00 ¼ k
q
�DDDf þ 2c

1þ c2

DD
2

� �2

� Df 2

" #( )
ð4Þ

where q is the fluid density and k, c, and d are instrument constants.
For the resonators used here d is set to be zero, and k and c are ob-
tained by calibration with a series of silicon oils: AK 5, AK 10, AK 50,
AK 100, AK 200, and AK 500. These fluids cover a viscosity range
from 5 mPa s to 500 mPa s. It should be noted, that the viscosity
range covered here is expanded to higher values compared to the
calibration presented by Fritz et al. [15]. At low shear rates or oscil-
lation frequencies the fluids used here behave Newtonian, but in the
high frequency range, especially the higher viscosity grade silicon
oils exhibit significant viscoelasticity. Therefore, the calibration pro-
cedure has to account for G0 as well as G00. This is different from the
previous calibration assuming purely Newtonian behavior of the
calibration liquids.

The requested high frequency values for G0 and G00 were deter-
mined as follows: since the analyzed silicon oils are un-entangled
(as their molecular-weight is below the critical molecular-weight
for entanglements of 24,000 g/mol), their relaxation behavior is
well described by the classical Rouse model [19]. Respective G0

and G00 data have been measured in the frequency range up to
10 kHz using an oscillatory squeeze flow device [20]. Then the
Rouse model was fitted to these experimental data and finally
the values relevant for the resonators were extrapolated as shown
for AK 200 in Fig. 4.

Consequently, the values of k and c were then obtained by min-
imizing the difference, D, between measured and calculated (as de-
scribed above) values for G0 and G00 for the N = 6 silicon oils
simultaneously by:

D ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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 !2
2
4

3
5

vuuut ð5Þ

Here we use the complex viscosity g� = g0 � g00 which is related
to G� = G0 + iG00 according to g0 = G00/x and g00 = G0/x.

The high frequency viscosity, g01 for suspensions of hard
spheres is solely controlled by particle loading. Lionberger and



Fig. 3. High frequency torsional resonators operated at different frequencies in the range 8–57 kHz. The diagram on the right hand side shows the oscillation amplitude
normalized to its maximum value A(v = fAir). The rheological properties are calculated for the difference of measured values for the free (fAir, DAir) and the loaded
(fSample, DSample) resonator.
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Fig. 4. The elastic and loss modulus, G0 and G00 for silicon oil AK 200, fit of the Rouse
model (lines) to the experimental data from oscillatory squeeze flow, OSF
(symbols). The arrows indicate the resonance frequencies of the torsional resona-
tors used here.

Table 1
Thickness of hairy layer, d (nm) obtained from dynamic light scattering (DLS), steady
shear (SS) and high frequency (HF) technique for the styrene–butylacrylate latexes
with an ionic strength of 10 mM. The confidence range is ±1 nm for all data.

Latexes/pH 4 8 10

DLS SS HF DLS SS HF DLS SS HF

SA–AA 1 1 1 3 2 2 4 3 3
SA–MAA 0 0 0 1 1 1 2 2 2
SA–IA 0 0 1 1 1 1 1 1 1

10-1

1

SA-AM

SA-AA

45 %

45 %

Viscosity / Pa s

 pH 4
 pH 8
 pH 10
 pH 4
 pH 8
 pH 10
 pH 4
 pH 8
 pH 10

42 %
SA-AA
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Russel [21] have provided a semi-empirical model relating
g01 ¼ lim

x!1
g0 and volume fraction /.

g01
l0
¼

1þ 3
2 /eff 1þ /eff � 0:189/2

eff

� �
1� /eff 1þ /eff � 0:189/2

eff

� � ð6Þ

This relationship is used here to determine /eff and then d using
Eq. (2).
1 10 102 103 104
10-2

Shear rate / s-1

Fig. 5. The pH dependence of viscosity as a function of shear rate for styrene–
butylacrylate with acrylic acid or acrylamide as a co-monomer. Solids content as
shown in the figure, ionic strength: 10 mM.
3. Results and discussion

DLS results are summarized in Table 1. It should be carefully
noted that the thickness of ‘‘hairy” surface layer reported in the table
is relative to the reference value at pH = 3. Therefore, no changes of
the d values at pH = 4 for SA–IA and SA–AM does not mean that there
is absolutely no ‘‘hairy” layer on the surface. The carboxyl groups of
itaconic acid can dissociate even at pH less than 3. Acrylamide
functionalized latex exhibits the presence of a thin hairy layer
independent of pH as will be discussed below. Furthermore, the
thickness of the collapsed functional group layer on the particle
surface can be estimated to be�0.5 nm assuming that all functional
monomers are densely packed on the particle surface.

Fig. 5 presents the viscosity data against shear rate using steady
shear measurement for a carboxylated styrene–butylacrylate latex
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with acrylic acid as functional co-monomer. Data are shown for 42
and 45 wt.% particle loading at pH values of 4, 8 and 10. We ob-
serve a monotonic increase of viscosity as pH increases from 4 to
10 as expected due to dissociation of acrylic acid on the particle
surface. At 42% solids content a plateau is clearly seen in the low
shear limit, which refers to the zero shear viscosity, g0. The thick-
ness of the surface layer has been extracted using Quemada equa-
tion (Eqs. (1) and (2)) and the results of these calculations are also
included in Table 1.

In Fig. 5, viscosity data vs. shear rate are also shown for the sty-
rene–butylacrylate latex with acrylamide as a functional co-mono-
mer. In contrast to the results of acrylic acid functionalized latex
discussed above, the viscosity of acrylamide based latex is insensi-
tive to the pH within experimental error, as expected since acryl-
amide is an electrically neutral monomer, i.e. there is no
dissociation of surface charge groups, however, this does not mean
that there is no ‘‘hair” on the particle surface. A first indication for
the existence of a protective surface layer is, that the pH of the la-
tex could be adjusted by an addition of concentrated 10 M NaOH
solution without observable local coagulation. On the other hand,
it is clearly seen, that the absolute value of the viscosity is signifi-
cantly higher for the SA–AM latex than for the SA–AA latex com-
pared at similar particle loading. The zero shear viscosity if it
exists at all is not reached in the shear rate range investigated here,
but we can take the highest viscosity value measured as a lower
boundary for g0, but then application of Quemada’s equation
would lead to unphysically high values of /eff indicating that the
simple concept of hard-sphere mapping does not apply and we
do not calculate a hairy layer thickness, d for the SA–AM latex.
The reason for this will be discussed below in the context of the
high frequency rheology results.

The high frequency rheological measurement were carried out
for styrene–butylacrylate latexes functionalized with different
co-monomers on the surface as discussed earlier in the experimen-
tal section. Fig. 6 represents the high frequency viscosity, g0 vs. x
for latexes copolymerized with acrylic acid and acrylamide, respec-
tively. In analogy to the steady shear viscosity (Fig. 5), the high fre-
quency viscosity increases with an increase of pH in the case of
acrylic acid, and no significant pH dependence of g 0 is observed
with acrylamide. The slight decrease of high frequency viscosity
with x is typical for ‘‘hairy particles” due to the permeability of
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2

4

6

8

10
η' / mPa s

 pH 4
 pH 8
 pH 10
 pH 4
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 pH 10

ω / rad / s
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SA-AM

Fig. 6. High frequency viscosity, g0 as a function of angular frequency, x for
styrene–butylacrylate with acrylic acid or acrylamide as a co-monomer. Solids
content: 45%, ionic strength: 10 mM.
hairy surface layer [22]. However, we also observe a decrease of
high frequency viscosity vs. x for the AM functionalized latex
and the absolute values for g0 are similar to that for the SA–AA latex
at pH = 4, therefore we conclude, that there is a thin hairy layer or
swollen particle surface of about 1 nm, also for the SA–AM latex,
which is attributed to the hydrophilicity of the acrylamide groups.
Obviously, high frequency viscosity measurements are more sensi-
tive to such subtle surface modifications than DLS data. The low d
value in the AM case is either due to the low solubility of the AM
similar to the non-dissociated acid groups or it is due to a preferred
polymerization of AM in the aqueous phase as shown by Kawagu-
chi et al. [2].

Fig. 7 shows how the serum pH affects the high frequency elas-
tic modulus, G0 of acrylic acid functionalized latex. By increasing
the pH from 4 to 10, it is observed that the elastic modulus in-
creases monotonically as a result of the dissociation of carboxyl
groups on the particle surface. Fig. 7 also shows the elastic modu-
lus, G0 for acrylamide functionalized latex. In contrast to the acrylic
acid based latex, we do not observe a change of G0 with pH, since
acrylamide has no charge on the surface as mentioned above. Nev-
ertheless, the absolute value of G0 is higher for the AM functional-
ized latex than for the one copolymerized with AA. This directly
reveals that the colloidal interaction among particles is stronger
in the AM case than in the AA case. This is important information
complementary to the thickness of the hairy layer. While the range
of the steric interaction is determined by d, its strength depends on
the density of the monomer units in the hairy layer and on the sol-
vent quality of the liquid phase usually expressed in terms of the
Flory Huggins mixing parameter v [23]. In a poor solvent the steric
interaction due to a hairy surface layer can even be attractive. High
frequency viscosity measurements, which are solely determined by
the effective particle volume fraction, /eff, clearly show that the
particles copolymerized with AM do not form extended hairy sur-
face layers. Therefore, we conclude, that the total interaction,
which is the sum of the steric repulsion and van der Waals attrac-
tion exhibits a minimum as schematically sketched in Fig. 8. The
interaction energy between acrylamide functionalized latex parti-
cles has also been estimated using a model for the steric interac-
tion valid in the limit of thin hairy surface layers with constant
monomer density proposed by Vincent and coworkers [12,24].
104 105 106
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SA-AM

 pH 4
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ω / rad/s
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Fig. 7. Elastic modulus with pH variation for acrylic acid functionalized styrene–
butylacrylate (SA–AA) latex showing swelling of the hairy layer as the serum pH
increases (filled symbols) and acrylamide functionalized styrene–butylacrylate
latex (SA–AM) showing no swelling of surface layer (opened symbols). Latex solids
content: 45%, ionic strength: 10 mM.
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Fig. 8. Interaction energy vs. separation distance between two particles. Schematic
sketch of the difference between the AA- and AM-functionalized latexes.

Table 2
A table summarizes of all scaling exponent from G0 vs. x with ionic strength of
10 mM. Solids content: 45%. The relative error is ±15% for all data.

Latexes/pH 4 8 10

SA–AA 0.65 0.76 0.75
SA–MAA 0.79 0.66 0.69
SA–IA 0.62 0.57 0.57
SA–AM 0.78 0.72 0.62
SB–AA 0.72 0.73 0.45
SB–AM 0.48 0.62 0.62
SB–IA 0.69 0.79 0.81

Table 3
A table summarizes of all scaling exponent from G0 vs. x with ionic strength of
100 mM. Solids content: 45%. The relative error is ±15% for all data.

Latexes/pH 4 8 10

SA–AA 0.67 0.83 0.72
SA–MAA 0.52 0.84 0.49
SA–IA 0.66 0.50 0.51
SA–AM 0.45 0.43 0.59
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The electrostatic contribution to the interaction potential due to a
small fraction of sulfate groups from the initiator is neglected and
the total interaction energy (VT) is the combination of attractive
van der Waals, Vvdw and repulsive steric interactions, Vstr as
follows:

VT ¼ Vvdw þ Vstr ð7Þ

Vvdw

kT
¼ � A

6kT
2a2

Hð4aþ HÞ þ
2a2

ð2aþ HÞ2
þ ln

Hð4aþ HÞ
ð2aþ HÞ2

" #
ð8Þ

Vstr

kT
¼ 0 2L 6 H

Vstr

kT
¼ 4pa

m1
/2

p
1
2
� v

� �
L� H

2

� �2

L 6 H < 2L

Vstr

kT
¼ 4pa

m1
/2

p
1
2
� v

� �
L2 H

2L
� 1

4
� ln

H
L

� �� �
H < L ð9Þ

where A is the Hamaker constant, H is the surface-to-surface dis-
tance between particles, v is the Flory–Huggins solvency parame-
ter, /p is the volume fraction of acrylamide within the layer, L is
the surface layer thickness, m1 is the volume of one solvent molecule
and a represents the core radius of the particles. Using the Hamaker
constant of polystyrene A � 2.2 � 10�20 J [23], Flory Huggins sol-
vency parameter, v � 0.41 [25], assuming a volume fraction of
acrylamide within the layer of 0.50 and taking the thickness of
the surface layer of 1 nm, results in a secondary minimum in VT

with a depth of around 10 kT at about 2 nm surface-to-surface sep-
aration distance between particles. Consequently, we conclude that
the presence of an interaction energy minimum leads to a weak,
reversible aggregation of particles, which accounts for the high
low shear viscosity of the SA–AM latex compared to the other sys-
tems functionalized by different acid groups. So in the light of these
high frequency rheology experiments, it is not appropriate to deter-
mine d from g0 data in this case as already stated above. It should be
noted, that this aggregation does not lead to irreversible large scale
coagulation. Instead, the dispersion is stable for at least 6 months
and it easily flows if exposed to external shear forces. There is no
indication of a weak aggregation in the case of the IA-modified la-
tex, which has a similarly thin hairy layer and we attribute this to
the additional contribution of the electrostatic repulsion due to
the dissociated acid groups. It is also well-known that the high fre-
quency modulus can be related to the colloidal particle interactions,
and it has been used extensively for repulsive as well as hard sphere
systems [12–15,20–22,26]. For our electrostatically stabilized
repulsive latexes investigated here, the high frequency modulus fol-
lows the expected trends as pH and volume fraction are varied. For
AM-modified latex, an unexpected high G0 modulus was found inde-
pendent of pH, and in the light of the viscosity and DLS data, it is
adequate to interpret this as a signature of attractive particle inter-
action, but unfortunately there is no statistical mechanical theory
available for further data analysis.

Fig. 7 also shows, that the frequency dependence of elastic mod-
ulus can be estimated by a power-law: G0 �xa. The results of all
exponents, a are summarized in Table 2 and 3 for the case of ionic
strength of 10 and 100 mM, respectively. The exponent is related to
the particle interaction [15], e.g., for charge stabilized systems
a = 0 and for hard sphere suspensions a = 0.5 [21,26]. For electros-
terically stabilized systems, the scaling exponents of 0 < a < 0.5
have been reported [21]. The values for a obtained here mostly
lie in the range of �0.5–0.7. This indicates that our latexes behave
very close to hard sphere particles despite of their functionaliza-
tion. It should be kept in mind, that not all acid monomers used
in the polymerization are located on the particle surface, they are
partly present inside the particles or in the serum phase. Also,
the amount of the acid groups adsorbed to the particle surface
has possibly been reduced in the stage of dialysis.

The reason for the large values for a > 0.5 is not yet really clear.
There is no systematic change of a with pH or variation of co-
monomer and particularly for the systems SA–AM and SA–IA,
which should be close to hard sphere systems, there is no rational-
ization of these results. We are not aware of any theory predicting
such large scaling exponents.

Fig. 9 compares the results for the thickness of the surface layer
from three different techniques, i.e. high frequency (HF), steady
shear (SS) and dynamic light scattering (DLS), respectively when
introducing different co-monomers on the particle surface. It is ob-
served that all techniques yield similar results. However, in general
the high frequency viscosity measurement is of advantage over
DLS, since the hydrodynamic particle size obtained from DLS mea-
surement is based on unperturbed diffusivity of the particles, thus
DLS has to be performed in very dilute stage, whereas viscosity
measurements are done with concentrated dispersions. On the
other hand, the high frequency viscosity, g 0 from which the hair
length information is deduced is independent of colloidal interac-
tions, which show up in the elasticity term, G0. Therefore, the inter-
pretation of g0 and the determination of /eff is straight forward and
in addition, G0 measurements yield supplementary information
about particle–particle interactions. In contrast, the zero shear vis-
cosity is determined by Brownian motion, hydrodynamic, as well
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Fig. 9. Thickness of the surface layer of styrene–butylacrylate latex functionalized
with acrylic acid (AA), methacrylic acid (MAA) and itaconic acid (IA) as well as
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latex.
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as colloidal interactions. The contributions from these phenomena
are hard to separate and a simple hard-sphere mapping and deter-
mination of /eff and d from Eqs. (1) and (2) can lead to erroneous
results as shown here for the AM-modified latexes.

The high frequency rheological measurements were also done
for the latexes with other functional co-monomers, i.e. methacrylic
and itaconic acids. The effect of these functional groups on the high
frequency viscosity, g0 is now summarized in Fig. 10, where g0 eval-
uated at the highest frequency accessible fmax = 57 kHz is plotted
against pH. When the carboxyl groups dissociate, it results in an in-
crease of particle effective volume, therefore the high frequency
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Fig. 10. High frequency viscosity with pH variation obtained at,
xmax = (2p) 	 57 kHz for acrylic (AA), methacrylic (MAA) and itaconic acid (IA) as
well as acrylamide (AM). Latex solid contents content: 45% and ionic strength:
10 mM.
viscosity is expected to increase with increasing pH. Generally,
these results agree very well with those from DLS and steady shear
viscosity measurements. It is clearly seen that at pH above neutral,
the acrylic acid functionalized latex has the strongest increase in
effective volume fraction, i.e. the most extended hairy surface layer
among the latexes investigated here. Our results are rationalized as
follows: the acrylic acid copolymerizes with other monomers, i.e.,
butadiene, buthylacrylate (BA), etc. and tends to make random
copolymers, therefore there would be a chain AA-BA-BA-AA-BA-
AA-BA-attaching on the latex surface. This makes the acrylic acid
easier to extend [1,27]. A direct proof of hairy layer in the acrylic
acid case is shown in Fig. 11, where Fig. 11a and b depicts the elec-
tron micrograph images of dried latex film for pH = 4 and 10,
respectively. The films were stained with uranyl acetate for proper
image contrast. It is clearly seen that the formation of hairy layers
around particles is more pronounced at high pH. The methacrylic
acid is more hydrophobic than acrylic acid, so it tends to go inside
of the particle [27], which results in a thinner ‘‘hairy” surface layer
compared to the AA case.

In contrast, the swelling of itaconic acid based latex is relatively
small at high pH compared to other acid groups, since itaconic acid
terminates the polymer chain, so only one IA attaches at the parti-
cle surface. This makes very dense charge groups on the surface
but, however cannot stretch out. This also limits the hairy layer
if itaconic acid to less than 2 nm thickness. The acrylamide func-
tionalized latex is insensitive to the pH changes as already dis-
cussed above.

No significant difference in the rheological properties was found
when styrene–butylacrylate and styrene–butadiene latexes were
studied with the same functionalization.

3.1. Effect of ionic strength of the serum

To study the effect of ionic strength of the serum, additional
high frequency viscosity measurement was carried out for an ionic
strength of 100 mM. The thickness of the hairy layer, d calculated
from Eq. (6) reduces from 3 nm to 2 nm for acrylic acid and from
2 to 1 nm for methacrylic acid upon increasing ionic strength from
10 to 100 mM. The itaconic and acrylamide based latexes show no
significant effect on the ionic strength, particularly the itaconic
acid based latex has relatively short and dense hair while the acryl-
amide based latex has no surface charged groups. From these re-
sults we find an expected shrinkage of the hairy layer upon
increasing the serum ionic strength, basically for those latexes with
an extended hairy layer like acrylic and methacrylic acid.

3.2. Effect of temperature

We have investigated the temperature dependence of the rheol-
ogy of all four functionalized latexes performing steady shear vis-
cosity as well as high frequency modulus measurements at 20, 40
and 60 �C using solid contents of 40 wt.% and pH = 10. In Fig. 12 we
display the relative zero shear viscosity, g0/l0, normalized to the
solvent viscosity in order to account for the effect of temperature,
as well as the elastic modulus, G0 obtained at the highest accessible
frequency, xmax = (2p) 	 57 kHz as a function of temperature. Obvi-
ously, both quantities do not change with temperature in the range
investigated here. Therefore, we conclude, that the ‘‘hairy” surface
layer and the colloidal interactions among particles also do not al-
ter significantly upon variation of temperature.
4. Conclusion

Dynamic light scattering, steady shear and high frequency vis-
cosity measurements have been used to characterize the surface



Fig. 11. Electron micrograph of films formed from SA–AA dispersion at pH 4 and 10.
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layer thickness, d of carboxylated latex particles. We compare the
results obtained from these methods and conclude that these tech-
niques provide consistent and complementary results. The benefit
of using high frequency rheology is that it is done at high concen-
trations relevant for manufacturing and application of such disper-
sions and that it provides additional information about type and
strength of colloidal interactions.

We analyzed the effect of different co-monomers including ac-
rylic acid, methacrylic acid and itaconic acid as well as the electri-
cally neutral acrylamide on the formation of hairy layer and found
that the acrylic acid copolymerized latex is very sensitive to the pH
and ionic strength with acrylic acid expands to 3–4 nm by increas-
ing the pH from 4 to 10 while methacrylic functionalized latex
shows shorter hair of less than 3 nm. The difference is attributed
to a stronger hydrophobicity of MAA compared to AA and a corre-
sponding higher tendency to polymerize inside the latex particles.
Itaconic acid based latexes have relatively short hairs of below
2 nm even at pH = 10, this can be rationalized by the fact that IA
terminates the polymerization and thus cannot form extended
chain sequences swollen in the aqueous phase. In contrast, the la-
texes with acrylamide are insensitive variation of pH. However
they have high viscosity values even at low pH. Together with
the high G0 and the low g0 values obtained in high frequency mea-
surements, this leads to the conclusion that the AM-functionalized
latexes are weakly flocculated since there is no electrostatic repul-
sion among particles, the AM layer is not extended enough to bal-
ance van der Waals attraction. Nevertheless, AM provides a
protective surface layer preventing irreversible coagulation.

Shrinkage of the hairy layer was found upon increasing the
background ionic strength from 10 to 100 mM. Of around 33% de-
crease in the hairy layer thickness was observed for acrylic acid
functionalized latex and �50% decrease for methacrylic functional-
ized latex. But as expected, there is no effect on the hairy layer
thickness for itaconic and acrylamide based latexes.

No significant difference in hairy layer thickness and rheological
properties was found between styrene–butylacrylate and styrene–
butadiene latexes when comparing samples with similar function-
alization. Moreover, steady shear and high frequency rheology do
not indicate any significant effect of temperature on hairy layer
thickness and latex stability within the investigated temperature
range 20 �C < T < 60 �C.
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