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Synopsis

The flow properties of aqueous suspensions of thermosensitive latex particles are investigated as a
function of volume fraction and temperature. The particles consist of a solidspaigne core and

a shell composed of crosslinked p@Wrisopropylacrylamidg(PNIPA) chains. The PNIPA network
shrinks with increasing temperature leading to a denser layer of polymeric chains on the surface of
the core particles. The shear viscosity obtained from suspensions of these particles at low shear is
compared to the viscosity measured in the high-frequency limit. In the limit of dilute suspensions
the viscosity is modeled in terms of an effective hydrodynamic raRjys It is shown thalRy of

highly swollen particles depends markedly on frequency. The data indicate that the swollen network
on the surface of the particles is partially drained at high frequencies. For shrunken neRporks
measured in the low and high frequency limit coincides again. The high frequency shear modulus
G. measured at high volume fractions demonstrates that the thermosensitive particles may be
regarded as soft spheres. The repulsive interaction may be modeled in terms of a power law with an
exponent of 9. ©2001 The Society of RheologyDOI: 10.1122/1.1357820

I. INTRODUCTION

Suspensions composed of colloidal polymer particles play an important role in many
technical applications, as e.g., in paints or paper produ¢iistler, (2000]. The rheo-
logical behavior of these dispersions is relevant when processing these materials. Hence,
a number of studies have been conducted that aim at a basic understanding of the flow
properties of dispersiondviellema(1997]. In many cases the colloidal stability of the
suspension is effected through linear or cross-linked polymers attached to the surface of
the particle§ Russelet al. (1989 ]. The steric stabilization thus effected may be adjusted
within a wide range by changing the grafting density and the thermodynamic interaction
of the chains with the surrounding fluid in which the particles are embedded.

The influence of the polymeric layer on the viscosity of the dispersion can be modeled
in terms of an appropriate increageof the particle radiusa. This is followed by a
concomitant increase of the effective volume fractifg of the particle defined through
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where ¢ denotes the volume fraction of the uncovered particles. The effective volume
fraction of sterically stabilized particles may be determined from the relative zero-shear
viscosity g/ 75 by use of the expression of Batcheld@977 [Brady and Vicic(1995]
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where 74 denotes the viscosity of the solvent. If no draining of the surface layer takes
place the magnitude ok thus determined coincides with the radial expansion of the
shell. In this case the particles behave as hard spheres with an outer radius gaen by
+A. If, on the other hand, the surface layer is partially draire#ill be decreased and

the effective volume fraction will be lowered accordingly. The extension to which the
surface layer will be drained is therefore highly important for a quantitative understand-
ing of the flow behavior of sterically stabilized suspensions.

Sterically stabilized particles that may be used to investigate the above problem can be
obtained through adsorption of nonionic surfactants on narrowly distributed latex par-
ticles[Raynaudet al. (1996]. A recent study ofyq/ %5 of particles obtained in this way
has demonstrated thAtand the maximum extension of a thin steric layer determined by
small-angle x-ray scattering agree in good approximafideisset al. (1998]. In the
limit of high frequencies, however, partial draining of the surface layer must be taken into
account. Elliott and Russé€1998 have discussed the partial draining of polymer layers
in terms of a hydrodynamic screening lengthThese authors presented explicit calcu-
lations of the high-frequency viscosity,/ s as a function ofess for several ratios of
AJ&. Their prediction agrees qualitatively with recent experimental results).gfyps
measured by Weisst al. (1999 by use of a torsional resonatpBergenholtzet al.
(1998a]. No systematic study on the partial draining of steric layers attached to colloidal
particles is available yet, however.

Here we present a study of this problem by comparingybf 55 to 79/ 7s for a
suitable model dispersion. The particles used in these measurements consist of narrowly
distributed polystyreng (PS particles onto which cross-linked pdN-
isopropylacrylamide (PNIPA) chains are attached. The dispersion medium water is a
good solvent for PNIPA chains at ambient temperature but becomes a poor solvent at
temperatures above 35°C. As a consequence of this, the network attached to the surface
of the particles undergoes a volume transition around 32 °C similar to the volume tran-
sition of macroscopic network$hibayama and Tanak&993]: At low temperature the
network on the surface is highly swollen by the dispersion medium water and the exten-
sion of the surface layer attains its maximum. Raising the temperature leads to a gradual
shrinking of the surface layer and a concomitant raise of the volume fraction of the
polymer in the layer. In this way both the swollen and the shrunken state can be attained
for a single given system. Hence, measuring 7s and ../ 55 of a thermosensitive latex
at different temperatures may give quantitative information on the degree of draining at
different polymer densities on the surface of the particle.

The particles studied here have been prepared in a two-step pfBiegenoutset al.
(1998]: In the first stage PS particles with a thin PNIPA shell were made by a batch
emulsion polymerization. The PS cores thus obtained are slightly negatively charged,
which ensures colloidal stability even at elevated temperature when the collapsed net-
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work does not provide sufficient steric stabilization anymore. In a second step these
particles were covered by a shell of PNIPA chains cross-linked by’ Masithylene
bisacrylamide(BIS). The radial structure of the resulting thermosensitive particles has
been studied in great detail by small-angle x-ray scatte(8&XS) [Dingenoutset al.
(1998, Seelenmeyeet al. (2001)] and by small-angle neutron scatterif§eelenmeyer

et al. (200))]. These investigations demonstrated that the shell consisting of the PNIPA
network is rather homogeneous. Furthermore, SAXS together with transmission electron
microscopy demonstrated that the size distribution of the particles is narrow and effects
of polydispersity can be neglected in good approximation.

Recently, a first study of suspensions of similar thermosensitive particles has been
presented by Senf#t al. (1999. Here the rheological properties of the suspensions have
been measured over a wide range of concentrations and temperatures as function of shear
rate. The results obtained from these measurements agree with data derived previously by
dynamic light scatteringDingenoutset al. (1998]. At sufficiently high effective volume
fractions (pef = 0.6) the suspensions became viscoelastic as expected. All results ob-
tained in this study agree qualitatively with data obtained by Senff and Richter@®9
for suspensions of spherical PNIPA microgels.

Previous measuremenfSenff et al. (1999] gave clear indication for the onset of
attractive interaction between the core—shell particles. The viscosity data for tempera-
tures above the volume transition did not fall on a master curve when plotted against the
effective volume fractionpes [see the discussion of Fig. 5 in Seeffal. (1999]. In this
regime nq/ ng increased more rapidly as a function ¢fs as compared to below the
transition. No derivation from the master curve was seen in the limit of high shear,
however[cf. Fig. 6 in Senffet al. (1999]. As discussed above water becomes a poor
solvent above the temperature of the transition, which impedes the steric stabilization of
the particles. Hence, flocculation may occur under these conditions as observed for ho-
mogeneous PNIPA particles indegskenff and Richtering(1999]. Attractive interaction
is therefore to be expected at higher temperatures and their influence must be discussed in
detail[see Rueb and Zukoski998].

Here these studies are extended to include the high-frequency viscosity and shear
modulus of suspensions of thermosensitive core—shell particles. All measurements are
done by the use of a torsional resonator. Recently, this device has been introduced to
measurey., and the high-frequency modul@., of electrostatically stabilized latexes
[Bergenholtzet al. (1998a, 1998K. These workers demonstrated that the measuring
frequencyw (8.9 kH2 is high enough so that the limiting valueg, and G., are ob-
tained. This is the case if the time scale of diffusive motion of the latex particles is long
as compared to the frequency of the measurements. Therefpre> Dglaz, whereDg
denotes the short-time self-diffusion coefficient. For the system under consideration here
the minimum frequency can be estimated to be0.5 kHz at most, which is far below
the measuring frequency of 8.9 kHz. The torsional resonance device hence probes the
high-frequency limits of the storage and the loss mod@ysand G, , respectively.

IIl. EXPERIMENT

A. Materials

The core-shell latex used in this study was prepared as described rdd2inty
enoutset al. (1998, Seelenmeyeet al. (2001 ]. The core particles had a diameter of 114
nm as determined by dynamic light scattering. The crosslinking was achieved by 2.5
mol % N, N'-methylene BIS with regard to NIPA. The latex was purified by repeated
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centrifugation and redispersion in 0.0025 M KCI solution. Possible traces of free PNIPA
in the serum are removed by this procedure. The maximum weight concentration of the
purified latex was 30 wt %.

B. Methods

The analysis of the size distribution was done by use of a Brookhaven DCP disk
centrifuge. The ratio of the weight—average diamdigto the number—average diameter
d,, was found to be 1.03, which was corroborated by transmission electron microscopy.
The latex crystallizes at an effective volume fraction of 0.53 which provides further
proof of the narrow size distribution.

Dynamic light scatteringdDLS) was done using a Peters ALV 4000 light scattering
goniometer. Zero-shear viscosities of dilute suspensions were determined using an Ub-
belohde viscometer. All measurements have been done with strict control of the tempera-
ture (£0.2°0.

C. Torsional resonator

All measurements have been done using a torsional resofRit@oswing, Physiga
described recentljBergenholtzet al. (1998a]. The device consists of a rod oscillating
(resonance frequency in air: 8.9 kHn the dispersion. The shear wave penetrates into
the dispersion up to~ 50 um. This ensures that the method probes the viscoelastic
properties of the bulk phase. The measuring cell, however, is much larger than this
penetration depth and no disturbance may result from the walls of the container. The
small amplitudes of the torsion of the cylindér~ 50 nm ensure that the maximum
strain is small. The measurements are hence taken in the linear viscoelastic regime.

The damping of the motion of the rod is due to the impedahoéthe liquid in which
the rod is immersed. Therefore the resonance curve is broadened &boaid the
resonance frequenayg is lowered compared to a measurement in air. The real and the
imaginary parts of the liquid impedanZe= R+iX are related to the damping and the
frequency shift, respectively,

R = Kj(Awo—Awgj),
_ ()

X = Kx(wp air~ @o),
with K; andK, being calibration constants. A series of Newtonian liquids, covering the
viscosity range 1< 7 < 80mPas, were used to calibrate the resonator. The constants
of Eq. (3) result inK; = 71.65kg/nf andK, = 127.06 kg/nf at all temperatures. The
radius of the rod6 mm) is much greater than the penetration depth of the shear wave.
Hence, the plane wave approximation applies Braashd X may directly be converted into
the shear and the loss modulus of the liquid:

G' = (R—X)p,

4
G’ = 5.0 = 2RXp. @

The torsional resonance device requires 25 mL latex. Thermal equilibrium was therefore

reached only after 60 min and the temperature range is restricted to 2043%°€°C).

IIl. RESULTS AND DISCUSSION

The present study aims at a quantitative comparison of the layer thickneisgined
at different frequencies. This quantity can be done in two ways: In the highly dilute
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FIG. 1. ThicknessA of the surface layer of the particles as measured as function of temperature by different
techniques:(crosses data of Ap| g determined by dynamic light scatteringhollow squarek thicknessAg
derived from the effective volume fractiape deduced by fits of Eq(2) to experimental datésee discussion

of Fig. 2); (filled circles high-frequency limitA 4 deduced from fits of Eq(6) to the data displayed in Fig.

3.

regime DLS allows us to determine the hydrodynamic raiysand hence the thickness
termedA p| g with high accuracy. Possible attractive interaction between the spheres will
play no role because of the exceedingly low concentrations. Measurements of the relative
zero-shear viscosity, on the other hand, will take place at concentrations of a few percent
and the thicknesA g deduced from these measurements via(Zgneed not necessarily
coincide withAp s.

The crosses in Fig. 1 display the variation/gf) g with temperature that is typical for
the core—shell particles under consideration Heee Kim and Ballauff(1999]: The
network affixed to the surface of the core particles shrinks in a continuous fashion and the
temperature of the volume transition is located-at33 °C. The volume transition is fully
reversible and the same valuesXf, 5 are obtained upon cooling. DLS measurements
are hence ideally suited to localize the transition temperature with high accuracy.

Figure Za) displays the relative zero-shear viscosity of the thermosensitive latex mea-
sured at different temperatures in the dilute regime. Here it can safely be assumed that the
dilute suspensions exhibit a Newtonian flow despite the fact that the average shear rates
in the Ubbelohde viscosimeters are 500—1000. sThis is borne out directly on the
rheological data obtained by Serdf al. (1999 on a very similar system.

At first we discussyg/ ns measured for swollen particles, which are obtained below
the temperature of the volume transition. The solid lines in Fig) Bisplay the fits
according to Eq(2) for T < 30°C. Itis apparent thatg can be derived from these data
without problems. Table | gathersg obtained for different temperatures. A comparison
of the layer thicknesa\g with Ap g is shown in Fig. 1. For temperatures below the
transition there is quantitative agreement within the limits of error despite the fact that
both sets of data derive from widely different concentrations regimes. The good agree-
ment of Ag andA p s therefore indicates that no disturbance of the radial structure of the
particles is induced in the concentration regime in whighhas been determined. More-
over, the good fits according to E@) demonstrate that repulsive interaction prevails and
there is no indication of a strong attraction between the spheres.
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FIG. 2. Analysis of the relative viscosity obtained in the zero-shear lifait.Relative zero-shear viscosity

1o/ s vs the volume fractionp. of the cores. The measurements have been done at five different temperatures
indicated in the graph. The solid lines display the fit of E).to the experimental data in order to obtain the
effective volume fractionpes valid at zero frequency. The dashed line gives the fit of the data taken above the
volume transition by Eq(5). (b) Reduced zero-shear viscosiiy, / s vs the effective volume fractiobes .

The dashed lines denotes the mastercurve obtained by Meektr(1997 for suspensions of hard spheres.

The layer thicknesd p, g may now serve for the calculation of the effective volume
fraction ¢ as defined by Eql). Figure Zb) shows that plotting the relative viscosity
againstoes thus determined leads to a master curve for data obtained below the transi-
tion. The dashed line displays, / 75 for a suspension of hard spheres as established by
Meekeret al. (1997). The relative viscosity of the composite particleg/ 75 is signifi-
cantly smaller than expected for hard spheres at the shgpe This points to a certain
softness of the repulsive interaction that will be discussed further below. For tempera-
tures above the volume transition, i.e., at 35 °C, Fip) emonstrates that these data do
not lie anymore on the master curve defined#y/ 75 versusges obtained below the
transition. The respectivag deduced by application of E@R) to the relative viscosity
would in consequence lead to a value much higher thgps. As reasoned above this
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TABLE |. Thickness of polymer layer as determined by different methods.

T/°C Ag/nnf Apg/nnmP Apg/nm®
10 83 81 -
20 74 71 62
25 68 64 -
30 54 53 47
35 - 24 25

8\ : thickness of layer determined from fits of EQ) to 7/ ns measured

in dilute suspension&ee Fig. 2

bADLs: thickness of layer as determined from the hydrodynamic radius
measured by dynamic light scatterifgge Fig. 1L

CAye: thickness of layer determined from fits of E@) to 7., / 7s mea-
sured in dilute suspensiofsee Fig. 8)].

finding may be traced back to the onset of weak attraction between the particles operative
above the volume transition. This conjecture is corroborated by a comparison with rheo-
logical data obtained for weakly attractive partic[€&ueb and Zukosk{1998]. More-

over, the dashed line in Fig.(@ displays a fit with the expression of Baxt&€r969
derived for a system of sticky spheigichocki and Felderhafl990, Rueb and Zukoski
(19981

7
= = 1425¢+

s

19
5.9+ . bett - (5

Here the parameter provides a measure of the attractive forces between the particles.
The data taken at 35 °{&rosses in Fig. @] may be satisfactorily described by E&)
if the effective volume fractionpe¢ is calculated fromAp g, i.e., using the hydrody-
namic radius that has been determined at very small concentratiasked line in Fig.
2(a)]. The resultingr = 0.022 indicates at 35 °C a maximum attraction on the order of a
few kT. The weak attraction is also evident from a slow coagulation of the latex at
temperatures above 32 °C and concentrations abevi) wt %. Given the weakness of
the attractive interaction, possible disturbances of the rheological measurements come
only into play at highest temperaturé35 °C) and the highest concentrations. They are
directly evident from a drift of the readout of the torsional resonator with time.

Figure 3a) gives the relative high-frequency viscosities/ »s as a function of the
core volume fraction. Here the strong variation with temperature becomes directly obvi-
ous. In order to evaluate the appropriate effective volume fractions for the high-frequency
limit we use the expression given by Lionberger and Ru&k@94) for suspensions of
hard spheres:

7, 1+15¢en(1+ de—0.18%%) ©

s 1-en(l+ ber—0.18%%)
The dashed lines in Fig.(& display the corresponding fits of E(f) to the measured
data, which are described by theory in a satisfactory manner. From the effective volume
fractions thus obtained and the core radiuthe layer thicknes& g as a function of
temperature can be deduced by fitting the data upbdg = 0.5. Table | gathers the
respective data.

Figure 3b) demonstrates the influence of partial draining oAtge at 20 °C: The

lower solid curve displaysy./ s calculated for a suspension of hard spheres having the
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FIG. 3. Relative high-frequency viscositieg./ s as function ofé. , the volume fraction of the core particles.

(a) Measurements done at three different temperatures indicated in the graph. The dashed lines display the fits
of Eq. (6) to the data in order to obtain the effective volume fraction of the particles in the high-frequency limit.

(b) Data obtained at 20 °C together with the relative high-frequency viscosity calculated according@pf&q.

a system of hard spheres having the radiwf the core particleslower curvg and the radiuga+Ap.g, i.e.,

the hydrodynamic radius effective at zero frequency.

radiusa of the cores, whereas the upper solid line givgd 55 for hard spheres with
radiusa+ Ap| s. The latter curve therefore refers to the low-frequency limit discussed in
conjunction with Figs. 1 and 2. It is obvious thapr is smaller than the low-frequency
limits Ag andAp . This points directly to a finite draining of the surface layer.

The filled circles in Fig. 1 give the entire set &f;r as a function of temperature. The
data deduced for 20 and 30 °C lie significantly lower thanAhealues deduced for the
zero-frequency limit. Only at 35 °C déyr andAp s coincide within the limits of error.
For the latter temperature the shell of the spheres has undergone the volume transition
and the network has been shrunken considerably. Hence, in this rather dense state the
residual solvent water within the network is immobilized and the nondraining limit is
reached. If the particles are cooled down below the volume transition, the network swells
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FIG. 4. (a) Relative high-frequency shear modutaé,a3/kT as function of the effective volume fractiapys -
(b) Same data but as a function of the average distarimtween the particles as defined through @X4.

again. Here the solvent within the network is immobilized only in the zero-frequency
limit (cf. the discussion of Fig.)lbut considerable draining takes place at high frequen-
cies. The present data therefore point to a direct connection between the volume fraction
of the polymer in the surface layer of the particles and the degree of draining.

The above discussion rests on the comparison.dfys with 7/ 75 taken below and
above the volume transition of the particles. Here the question arises as to what extent the
measurements of../ 7s are disturbed by the weak attraction between the particles that
have been deduced from a discussiomgf 75 (see the discussion of Fig).Data taken
from a similar system by Senét al. (1999 had indicated that there is no influence of
attraction when going to high shear rates. The same should hold true for the high-
frequency limit under consideration here as already shown by etoah (2000 for other
systems. From these arguments it is evident that attractive interaction between the par-
ticles may be disregarded when going to the limit of high frequencies and the above
comparison ofA obtained by various methods is valid.

The analysis of the latex by the torsional resonance oscillation also @iyeas a
function of ¢4 at different temperatures. Figure 4 gives the respective data scaled by
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a%/kT to ensure better comparison with the literat{diott and Russe[1998, Weiss
et al. (1999 ]. Only the data obtained for 20 and 30 °C are given. Data taken at 35 °C did
not lead to meaningful values @&_., because the concentrations necessary to see signifi-
cant viscoelasticity were too high and slow flocculation occurred under these conditions.
We reiterate thaty./7s could well be measured under these conditions since these
measurements could be done at much lower concentrations.

The modulusG., decreased with temperature as expected and a master curve was
obtained wherG_ a%/kT is plotted versus the effective volume fractidns [see Fig.
4(a)]. Obviously, a power laviz., « ¢g”ﬁ with m =~ 4 is found. The quantitative evalu-
ation of these data can be done as follows: First of @], is obtained in a frequency
range in which the mobility of the particles was so small that no significant diffusion was
possible within an oscillatory cycle. On the other hand, the employed frequencies were
too small in order to probe internal dynamics of the crosslinked polymer shell. Therefore
the elastic modulus is related to the interaction potential and can be descri@daas
zig and Mountain, 196b

, 27 (= d | ,du(r)
G,, = NkT+—N f g(r)y—|r dr. (7
15 0 dr dr

HereN is the particle number densitl,the Boltzmann constang(r) the radial distri-
bution function withr the center—center separation, an¢t) the pair interaction poten-
tial. If a lattice-like microstructure is assum@&l, can directly be related to the second
derivative ofU(r) [Buscallet al. (1982)]

o 1{fu
GOOOCF{;_Z_' (8)

The average distanaebetween the particles can be related to the volume fraction at
closed packing afPaulinet al. (1996 ]

d’eff max
Q) ——,

¢eff

where ¢eff max denotes the maximum packing fraction set to 0.64. The effect of swelling
on the modulus is canceled out when the effective volume fraction is used which is a
temperature-dependent quantity. This is observed indeed as evident fron(aFigidure
4(a) clearly demonstrates, however, that it is a small but finite elasticity of the suspension
even at volume fractiongbe below 0.6. This is a clear indication of hydrodynamic
interaction as discussed previously by Wag(i93. Figure 4b), however, shows that
a strong raise of the modulus occurs only if the average distanEg. (9)] is smaller
than the hydrodynamic diameter of the spheres measured at the given temperature, that is,
when the particles start to touch each other.

For high volume fractions, however, Eq¥)—(9) may be used to study the details of
the repulsion between the particles. Paeliral. (1996 have modeled the particle poten-
tial U(r) as a power lawJ(r) « r ~". This leads to the observed power law dependence
of G, on ¢ef. The exponenin is related ton asm = 1+ n/3 and the data displayed in
Fig. 4@ lead ton =~ 9. This result indicates the finite softness of the particles under
consideration here. Similar findings have been reported recently for related systems
[Senffet al. (1999, Senff and Richtering2000].

=2 9
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