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1 Introduction

Gels composed of cross-linked poly(/N-isopropylacrylamide) (PNIPAM) chains can un-
dergo a phase transition as function of temperature in which the network shrinks in a
continuous or discontinuous fashion. The volume transition in macroscopic networks has
been studied extensively by T. Tanaka and others [1, 2|. A review on work done on these
macroscopic systems was given some time ago by Shibayama [3|. Starting with early work
by Tanaka [4], many groups have developed syntheses of colloidal thermosensitive network
by e.g. emulsion polymerization. Two types of particles can be prepared: Either the par-
ticles consist totally of a PNIPAM-network [5-12] or the PNIPAM-network is polymerized
onto a solid core [13-20]. A great number of possible applications have been discussed
for these systems that include widely separate fields as e. g. protein adsorption |19, 20|.
They have also been recently used as a template for the reduction of metal nanoparticles
[21-23| for applications in catalysis [22, 23|. A comprehensive review on the applications
was given by Lyon [24].

They present a versatile phase behavior: on one hand they can behave like hard sphere
with a liquid-crystal transition below the critical temperature |7, 9, 25, 26]. On the other
hand in the absence of electrostatic stabilization or in saturated salt concentrations the
particles become attractive after the low critical solution temperature. This leads to
a partially or totally reversible aggregation of the system in the dilute regime and to
the gelation of the system for higher concentrations [27-30|. The fine tuning of their
interparticular potential can also be used for the association with other particles [31, 32].

Recently, the thermosensitive core-shell particles have attracted renewed interest as model
colloids, in particular for a comprehensive study of the structure, dynamics, and flow be-
havior of concentrated suspensions [33-41]. Fig. 1.1 displays the overall structure and
the volume transition of these particles in a schematic fashion: Immersed in water the
PNIPAM-shell of the particles will swell if the temperature is low. However, raising the
temperature in the system beyond 32°C leads to a volume transition in which the network
in the shell shrinks by expelling water. Thus, the effective volume fraction ¢.;s determin-
ing the hydrodynamic volume of the particles can be adjusted through the temperature
in the system. Hence, dense suspensions can be achieved out of a rather dilute state by
lowering the temperature.

Senff et al. were the first to present investigations of the rheology of such core-shell
particles [34]. The advantages of these thermosensitive particles over the classical hard
sphere particles used in previous investigations |42, 43| of the flow behavior are at hand:
The dense suspension is generated in situ thus avoiding shear and mechanical deformation
during preparation and filling into a rheometric device. Also, all previous history caused
by shearing the suspension can simply be erased by raising the temperature and thus
lowering the volume fraction again. The high volume fraction can then be adjusted again
and a pristine sample being in full equilibrium at all length scales can be generated. Senff
et al |34]. showed that these "reversibly inflatable spheres" can be used to study the
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Good solvent conditions Poor solvent conditions
25°C 45°C
Figure 1.1: Schematic representation of the volume transition in core-shell micronetworks: The
polymer chains are affized to the surface of the core.

dependence of the viscosity n on the shear rate 7. If the effective volume fraction of
the particles is not too high, a first Newtonian region is observed if the shear rate 7 is
small. Here the viscosity 79 of the suspension measured in this first Newtonian regime
can be significantly larger than 7, the one of the pure solvent. At higher shear rates, the
perturbation of the microstructure of the suspension by the advective forces can no longer
be restored by the Brownian motion of the particles. Hence, significant shear thinning
will result in which the reduced viscosity 7/7, is more and more lowered until one may
speculate that a second Newtonian region is reached.

Recently, Senft’s data [34] have been used to check the predictions of mode-coupling
theory (MCT) [44, 45| for the flow behavior of concentrated suspensions [39, 40]. Good
agreement was reached in this comparison employing schematic MCT models [39]. Hence,
this comparison suggests that the thermosensitive particles shown in Fig. 1.1 present an
excellent model system for the study of the dynamics of suspensions in the vicinity of
the glass transition. However, no fully quantitative comparison of theory [44, 45| and
experiment including a discussion of the fit parameters could not have been done before
this work.

This work is dedicated to the study of this composite particles. The first part describes
the characterization of the particles. Here we present the first study of thermosensitive
core-shell particles and their volume transition (cf. Figure 1.1) by cryogenic transmission
electron microscopy (cryo-TEM). The dependence on the degree of crosslinking and on the
temperature has been first investigated. A new method was developed to quantitatively
analyzed the TEM and CryoTEM images in order to access to the internal structure
of colloids. The different observation are compared to data obtained by dynamic light
scattering and small-angle X-ray scattering. The last part of the chapter focus on the
colloidal crystallization of the particles.

The second part explores the dynamics of this system in the vicinity of the glass transition.
For this purpose a new rheological set up is presented in the first section to measure the
linear viscoelasticity of complex fluids on a bright frequency range. In the second chapter
of this part, an interpretation of the dynamics of the colloidal core-shell dispersion in
equilibrium and in flow biased on the mode coupling theory is developed.

The last part of the thesis investigates the field of the association. First the temperature
controlled self-association of the system is put under scrutiny. Then the association of



these composite microgels with gold nanoparticles will be discussed.



2 Characterization

2.1 Influence of the degree of crosslinking on the
structure and swelling behavior of thermosensitive
core-shell colloidal latexes.

2.1.1 Introduction

Environmentally sensitive microgels have attracted considerable interest due to their abil-
ity to swell and de-swell in response to external stimuli such as temperature, pH or
light radiation [46-48]. A great number of possible applications have been discussed for
these systems. A comprehensive review on the applications was given by Nayak and
Lyon [24]. Microgels of poly(N-isopropylacrylamide) (PNIPAM) crosslinked by N, N'-
methylenebisacrylamide (BIS) have been of particular interest. The temperature of the
volume transition is located at 32°C in aqueous solution which makes them suitable can-
didates for possible medical applications such as controlled release systems [19, 20]. Other
applications include e.g. the use of such systems as carriers for metallic nanoparticles in
catalysis [22, 23].

The volume transition in macroscopic networks has been studied extensively by T. Tanaka
and others [1-4]. A thermodynamic analysis of the transition can be done in terms of the
classical Flory-Rehner theory [49-53|. Hence, the volume transtition in macroscopic gels
seems to be rather well understood. For details the reader is deferred to the review of
Shibayama |3]. Microgels with dimensions in the colloidal domain have been the subject
of a large number of experimental studies in recent years. The investigations range from
measurements of the macroscopic properties, such as turbidity [54, 55|, high sensitive
scanning microcalorimetry [55-57|, rheology [7, 34|, to experiments probing molecular
interactions such as nuclear magnetic resonance |56, 58|, light scattering |7, 13, 34, 49,
55, 56, 58, 59|, small-angle X-ray and neutron scattering [17, 49, 59-64|. Compared to
macroscopic gels, the degree of understanding of microgels is much less advanced, however.

This chapter is devoted to a comprehensive study of thermosensitive core-shell particles
in aqueous solution. These particles have been synthesized by us |17, 63-65| and by
others [13, 59]. They have been used as model system for the study of the flow behavior
of concentrated suspensions [39, 40]. The results obtained so far provide an excellent test
for the mode-coupling theory of the dynamics of dense colloidal systems [39, 40, 44, 45].
A further point commanding attention is the crystallization of these particles. Given
the fact that the shell of these particles consist of a compressible network, this point is
certainly in need of further elucidation and will be discussed in the chapter 2.3.

In this chapter we demonstrate that cryogenic transmission electron microscopy (Cryo-
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thermosensitive core-shell colloidal latexes.

Table 2.1: Synthesis of the core particles.

Styrol |g] | 193.2
NiPAM [g] | 105

SDS [¢] 1.79
KPS [g] 0.39
H>0 [g] 706

TEM) was highly suited to study these core-shell particles in situ [22, 23, 65]. Cryo-
TEM allows us to visualize the particles directly in the aqueous phase by shock-freezing
of a suspension of the particles. The volume transition was for the first time directly
made visible at different temperatures, including temperatures below and above room
temperature, and can be compared to data obtained by small-angle X-ray scattering and
dynamic light scattering. Moreover, the swelling of the network is modeled in terms of the
Flory-Rehner theory. Special attention is paid to the interplay of the degree of crosslinking
of the particles and the phase behavior at high volume fractions and will be discussed in
the section crystallization.

2.1.2 Experimental
Synthesis and purification

The core-shell particles were synthesized in a two-step reaction as described in ref. [17].
The core particles were obtained by emulsion polymerization and used as seed for the
radical polymerization of the cross-linked shell.

Chemical

N-isopropylacrylamide (NIPAM; Aldrich), N, N'-methylenebisacrylamide (BIS; Fluka),
sodium dodecyl sulfate (SDS; Fluka), and potassium peroxodisulfate (KPS; Fluka) were
used as received. Styrene (BASF) was washed with KOH solution and distilled prior
to use. Water was purified using reverse osmosis (MilliRO; Millipore) and ion exchange

(MilliQ; Millipore).
Core latex

Emulsion polymerization has been done using a 1-L flask equipped with a stirrer, a reflux
condenser, and a thermometer. The recipe for the core latex is given in the following: SDS
and NIPAM were dissolved in pure water with stirring and the solution is degassed by
repeated evacuation under nitrogen atmosphere. After addition of styrene, the mixture
is heated to 80°C' under an atmosphere of nitrogen. The initiator KPS dissolved in
15 mL of water is added while the mixture is stirred with 300 rpm. After 8 h the
latex is cooled to room temperature and filtered through glass wool to remove traces of
coagulum. Purification was done by dialysis of the latex against 2.5-1073 M KCl solution
for approximately 3 weeks (Medicell, 12000-14000 Dalton). The masses of the different
reactants are summarized in the table 2.1.

Core-shell latex
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Table 2.2: Synthesis of the core-shell Latices.

Core-shell Latex KS1 KS2 KS3 KS4
(cross-linking [mol.%]) 1.25 2.5 5 2.5
Core Latex [wt.%)| 20.1 18.9 21 19.5
Core Latex [g] 199.0 | 211.5| 190.5| 205.1
NiPA |g| 38.0 38.0 38.0 19.0
BIS |¢] 0.6480 | 1.2959 | 2.5885 | 0.6470
KPS in 10 ml HyO |g] || 0.3834 | 0.3814 | 0.3812 | 0.3838
H,0 |g] 542.4 | 535.8 | 568.2 | 363.5
mpg/mshe” 1.06 1.03 - 1.05

The seeded emulsion polymerization for the core-shell system under consideration here
was done using 100 g of the core latex diluted with 320 g of deionized water together with
20 g of NIPAM and 1.43 g of BIS. No additional SDS was added in this step. After this
stirred mixture has been heated to 80°C', the reaction is started by the addition of 0.201
g of KPS (dissolved in 15 mL of water) and the entire mixture is allowed to stir for 4 h
at this temperature. After cooling to room temperature the latex has been purified by
exhaustive serum replacement against purified water (membrane: cellulose nitrate with a
0.10-um pore width supplied by Schleicher and Schuell). The cells contain 750 ml. The
purification was performed on circa 10 wt.% solution under 1, 2 bar nitrogen and used to
concentrate the initial solutions and to adjust the salt concentration. The masses of the
different reactants used for the synthesis of the different core-shell systems are summarized
in the table 2.2.

Methods

Transmission electron microscopy

Samples for TEM were prepared by placing a drop of the 0.2 wt.% solution on a carbon-
coated copper grid. After few seconds, excess solution was removed by blotting with filter
paper. The cryo-TEM preparation was done on dilute samples (0.2 wt.%). The sample was
kept at room temperature and vitrified rapidly by the method described previously [66].
A few microliters of diluted emulsion were placed on a bare copper TEM grid (Plano, 600
mesh) held by the tweezers of the Controlled Environment Vitrification System (CEVS).
The dimensions of the holes where the sample is absorbed and vitrified are 35 x 35 x 10
um. The excess liquid was removed with filter paper. Typically the film thickness where
the particles are investigated ranges between 1 pm and the diameter of the particles
(~100 nm). This sample was cryo-fixed by rapid immersing into liquid ethane cooled to
-180°C' in a cryo-box (Carl Zeiss NTS GmbH). The specimen was inserted into a cryo-
transfer holder (CT3500, Gatan, Munich, Germany) and transferred to a Zeiss EM922
EFTEM (Zeiss NTS GmbH, Oberkochen, Germany). Examinations were carried out at
temperatures around -180°C'. The TEM was operated at an acceleration voltage of 200
kV'. Zero-loss filtered images were taken under reduced dose conditions (<21000 e~ /nm?)
with an aperture oy = 10 mrad at a magnification of 16000X. All images were recorded
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thermosensitive core-shell colloidal latexes.

Table 2.3: Summary of the different parameters used for the normalization of the scattering in-
tensity profile (see text for further details).

Systems ¢ [g/em’] crosslinking [mol.%] rer= NJV [nm™?

Core 0.060 - - 9.62.1078
KS1 0.032 1.25 1.19 1.99.10~8
KS2 0.023 2.50 1.15 2.79.1078
KS3 0.035 5.00 1.04! 2.87.1078

digitally by a bottom-mounted 16 bit CCD camera system (UltraScan 1000, Gatan). To
avoid any saturation of the gray values all the measurements were taken with intensity
below 15000, considering that the maximum value for a 16 bit camera is 2!, Images
have been processed with a digital imaging processing system (Digital Micrograph 3.9 for
GMS 1.4, Gatan). The experiment at 45°C' were performed in an Oxford CT-3500 (now:
Gatan, Pleasanton, CA) cryo-holder, and were examined in an FEI (The Netherlands)
T12 G? dedicated cryogenic-temperature transmission electron microscope.

Dynamic light scattering

Dynamic light scattering (DLS) was done using a Peters ALV 5000 light scattering go-
niometer equipped with a He-Ne laser (A = 632.8 nm). The temperature was controlled
with an accuracy of 0.1°C’. The samples were highly diluted (c = 2.5.107% wt.%) to pre-
vent multiple scattering and filtered through a 1.2 um filter to remove dust. The salt
concentration in KCI was set to 107* mol.L~! and 5.1072 mol.L~!. The measurements
were performed at a scattering angle of 90° for temperatures between 10 and 50 °C.

Small-angle X-Ray scattering

Small-angle X-Ray scattering experiments have been performed on both core and core-
shell systems. Most of the SAXS measurements reported here have been performed at the
ID2 beamline at the European Synchrotron Radiation Facility (ESRF, Grenoble, France).
The diameter of the X-ray beam was 150 pm and the incident wave length equals to 0.1
nm. SAXS pattern were recorded with a two-dimensional camera located at a distance
of 5 m from the sample within an evacuated flight tube. The background scattering has
been subtracted from the data and corrections were made for spatial distortions and for
the detector efficiency. The concentrations of the latices varies between 2 and 6 wt.%
(see Table 2.3). For the latex concentrations used here we assume that the influence of
interparticular interferences can be dismissed without problems and that the structure
factor S(q) is equal to 1 [17, 67].

In order to check the detector the same core solution has been measured on a modified
Kratky camera for ¢ between 0.03 and 4 nm~!. The description of the camera and of the
evaluation of the scattering is given elsewhere [17].

The density of the shell has been calculated considering the value of the density of the
polystyrene core (1.0525 g/cm?), the density of the core-shell for the KS2 at 25 °C' (1.098
g/cm?) and the mass ratio mpg/mgpey determined gravimetrically (1.03) using the for-
mula:
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- 1 — (mps/Mshen) /(1 + mps/Mspen)
Oshell = ——7

(2.1)
Ocore—shell — Qeore (MPs [ Msnent) /(1 + mps/Mshen)

The shell density derives from this calculation is equal to 1.149 g/cm3. The same calcula-
tion performed this time considering the density of the core particles (1.059 g/cm?) and
the mass ratio between the core particles and the shell polymerized in the second step of
the polymerization meope/msnen (1.15) gives a value of 1.147 g/cm3. The same calculation
performed on the KSI considering the density of the core-shell measured at 20°C' (1.098
g/em?3) and the different mass-ratios (mpg/Mmanen = 1.06, Meore/Maney = 1.19) gives re-
spectively a density of 1.151 and 1.148 g/cm3. The different results for the two systems
obtained from the two calculations are in good agreement within the experimental error,
which is mostly coming from the determination of the mass ratio by gravimetry. For the
rest of the work the density for the PNIPAM and for the cross-linked shell will be con-
sidered equal to 1.149 g/cm?®. In this way the density value of the shell is slightly higher
than the density of pure PNIPAM in water as determined by Shibayama and al. (1.140
g/cm?) |1], which is natural considering the cross-linking of the system.

The electronic density has been calculated in electrons/nm? using the formula:

_ Na.one-

Oc i (2.2)

with p the density of the system, M and n.- the molecular weight and the number
of electrons per constituting molecules. From the density values the excess electronic
density A, of the cross-linked shell follows as 45.5 e~ /nm?. The respective quantity of
polystyrene is 7.5 e~ /nm? at 25 °C. These numbers define the contrast in SAXS of these
polymers in water.

The scattering density profile have been normalized by the number of particles per volume
N/V (in nm™3) in order to obtain the scattering of one single particle Iy. The quantity
N/V derives from the mass concentration of the dispersion ¢ (in g/cm?), from the ratio
core/shell meype /Mspen determined by gravimetry, and from the radius of the core R, and
its density (1.059 g/cm?) as follows:

mps/Msnenr)/ (1 + mps/Mshenr)

o
NIV = (4/3)70. 10

(2.3)

To this purpose the value of R, was considered equal to 52 nm from the gaussian fit of the
size distribution determined from the cryoTEM analysis (see section 2.2). The different
parameters for the normalization of the curves are indicated in the table 2.3. Note that
the mass ration core/shell of the KS3 has not been determined gravimetrically but derived
from the phase diagram present in the section crystallization (see section 2.3).



2.1 Influence of the degree of crosslinking on the structure and swelling behavior of
thermosensitive core-shell colloidal latexes.

2.1.3 Theoretical background
Flory-Rehner theory

The macroscopic state of a homogeneous neutral gel is described within the classical Flory-
Rehner theory. Here we follow the exposition of this model given in Ref. [49]. Hence, it
suffices to delineate the main steps.

The net osmotic pressure within the gel is given by

= {—cb ~ (1 ¢) - x6? + E (2)- (%)/3] } (24)

where kg is the Boltzmann constant, a is the monomer segment length, y is the Flory
interaction parameter, ¢ is the polymer volume fraction, ¢g refers to the polymer volume
fraction at a reference state and Ny is the average degree of polymerization of the polymer
chain between two crosslinking points. For systems undergoing isotropic swelling, the
swelling of the microgel can be described as the ratio of the average polymer volume
fraction ¢ and the average polymer volume fraction ¢,.; in the collapsed state

¢ [REWﬁ_‘Rf} (2.5)

¢ref B RH3 - ch

with Ry the hydrodynamic radius of the core shell at the temperature 7" and Ry ,.s the
radius et the reference state after the complete collapse of the shell measured at 45°C.
R, denotes the radius of the core particles determined from the cryogenized transmission
electron microscopy. The Flory interaction parameter y is given by

—-—A1-2

2.
kyT' kyT' 2 T (2:6)

AF AH-TAS 1 < @)
X = et
where A = (2AS + kg)/2kp and © = 2AH/(2AS + kp). AS and AH are the changes
in entropy and enthalpy of the process, respectively. It has been shown that y increases
nonlinearly with increasing concentration of polymer (see e.g. Ref. [68] and further
literature cited therein)

with x; corresponding to equation (3). Following Ref. [49] we will only consider the first
order of the ¢-expansion, which leads to the following expression for y

AF 1 ©
X_IQ,—T_§_A<1_?>+X2¢ (2.8)

Thermodynamic equilibrium for the gel is attained when II = 0, i.e., if the pressure inside
and outside the gel is the same. Combining eq. 2.4 and eq. 2.8, the equilibrium line in
the T' — ¢ phase diagram is given by
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Ag?0

Th—o = 1/3
—¢—In(l =)+ (A=3) & —od® + 55 {% (%) - (%) ]

Small-angle X-ray scattering

The scattering intensity /(g) measured for a suspension of particles with spherical sym-
metry may be rendered as the product of Iy(q), the scattering intensity of an isolated
particle, and S(q), the structure factor that takes into account the mutual interaction of
the particles:

I(q) = (N/V)1o(9)S(q) (2.10)

where N/V denotes the number density of the scattering objects. A previous discussion of
S(q) for systems of spherical particles has demonstrated that the influence of the structure
factor is restricted to the region of smallest ¢ values when the concentration of the particles
is small. Its influence onto the measured scattering intensity can therefore be disregarded
in the present analysis. Hence, S(q) = 1 will be assumed in the following [67].

The scattering intensity of one single particle can be decomposed in principle in three
terms [17, 63, 64, 67|:

[O(Q) - part(Q) + IflquS(Q) + [fluc,shell(Q) (2]-]-)

Lart(q) is the part of In(g) due to the core-shell structure of the particles (i.e., the
scattering intensity caused by composite particles having a homogeneous core and
shell) |63, 64]. The core and the shell are characterized by different electron densities.
Itiers(q) and Ifiyesnen(q) refer to the thermal fluctuation of the PS core and the
PNIPAM shell respectively. The shell, however, does not consist of a solid material but
of a polymeric network which exhibits static inhomogeneities and thermal fluctuations,
for this reason we neglected the contribution of the fluctuation of the PS core and we
only take into account Ifesnheu(q). For spherical symmetric particles with radius R,
Lurt(q) is equal to B?(q) where the scattering amplitude B(q) is given by.

R

B0) = 47 [ 60 eep(r) = eeul? Ly (2.12)

) q

The scattering contrast is the difference of the scattering length density of the polymer
and the surrounding solvent Ap.(r) = @cp(r) — 0ew. By multiplying the polymer
fraction ¢(r) profile by the scattering contrast respectively of the polystyrene for
the core (Ageps = 7.5 eu/nm3) and of the cross-linked PNIPAM for the shell
(Age.pnipan = 45.5 e.u/nm?; see section Methods), we obtained the electron density
profile necessary for the calculation of the scattering intensity.
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2.1 Influence of the degree of crosslinking on the structure and swelling behavior of
thermosensitive core-shell colloidal latexes.

Figure 2.1: Cryo-TEM micrographs of a 0.2 wt.% aqueous suspension of the PS/PNIPAM core-
shell particles for different degrees of crosslinking: (a) KS1 1.25 M%, (b) KS2 2.5 M%
and (¢) KS3 5 M%. The samples were kept at room temperature before vitrification.
The core consists of polystyrene and the corona of PNIPAM cross-linked with BIS.
The full and dashed lines show the hydrodynamic radii respectively of the core and
core-shell particles as determined by DLS.

The polydispersity can be described by a normalized Gaussian number distribution |17,
67):

(R—(R))’

exrp | ——————— 2.13

p|-P o (213)

with (R) the average radius and o the standard deviation. Here, it suffices to mention

that the polydispersity smears out the deep minima of I,,,+(q) to a certain extent [63, 64].

For the evaluation of the part of the scattering caused by the thermal density fluctuations
within the shell I7,,.(q) it is appropriate to use the empirical formula [63, 64]:

o Ifluct(o)

Trwe = 2.14
fl 1+€2q2 ( )

where the average correlation length in the network is described by &. I, contributes
significantly only in the high ¢ regime.

2.1.4 Results and discussion
Cryogenic electron microscopy

The synthesis of the core-shell particles proceeds in two steps [17]: First a poly(styrene)
core is synthesized by conventional emulsion polymerization. The core particles thus
obtained are practically monodisperse and well-defined. A radius of 52.0 nm and a poly-
dispersity of 4% were derived from the cryoTEM micrographs (see section 2.2), whereas
the dynamic light scattering gives a value of 55.0 nm between 8 and 45°C'. As expected
the radius of the core particles as observed by DLS has no dependence on the temperature.
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Figure 2.2: Cryo-TEM micrographs of a 0.2 wt.% aqueous suspension of the PS/PNIPAM core-
shell particles. The sample was maintained at 25°C (left-hand side) and 45°C (right-
hand side) before wvitrification. The cores consists of polystyrene and the corona of
cross-linked PNIPAM with BIS. The circle around the core marks the core-radius
determined by dynamic light scattering in solution. The circles around the entire
particle gives the hydrodynamic radius Ry of the core-shell particles again determined
by dynamic light scattering taken from Fig. 2.7

It needs to be noted that the core particles bear a small number of chemically bound
charges on their surface. This is due to the synthesis of the cores which proceeds
through a conventional emulsion polymerization. These charges keep the solution stable
even at high temperature. In a second step the thermosensitive shell is polymerized at
higher temperatures (80°C') onto these core particles in a seeded emulsion polymerization.

Fig. 2.1 shows the micrographs obtained for different degrees of crosslinking by cryo-
TEM. For the analysis a suspension of the particles is shock-frozen in liquid ethane. The
water is supercooled by this procedure to form a glass and the particles can directly be
studied upon in-situ. Fig. 2.1 shows that the core-shell particles are indeed narrowly
distributed. Moreover, the PNIPAM shell is clearly visible in these pictures without
using any contrast agent. All the polystyrene cores observed are covered by the PNIPAM
shell leading to a partially spherical shape. This is accompanied by parts of the network
of higher and lower transmission which can be assigned to the density fluctuations
and the spatial inhomogeneities in the network. This corresponds to the additional
contribution seen in SAXS measurements of similar core-shell particles. As argued in ref.
[49, 63, 64], the scattering intensity contains a term related to spatial inhomogeneities
of the network found for macroscopic networks and predicted by theory [3|. Hence,
Figure 2.1 provides a direct visual proof of an important conclusion drawn from previous
scattering measurements. Moreover, the present micrographs suggest that these fluctu-
ations lead to a slightly irregular shape that may be also embodied in the contribution
to the scattering intensity measured at higher scattering angles. The buckling of the
shell which is decreasing with increasing crosslinking can be related to the instabilities of
swelling gels occurring at the surface of swollen gels affixed to solid substrate. A review of
the studies of this effect related to macroscopic systems was given by Boudaoud et al. [69].

Figure 2.1 also demonstrates that the thermosensitive shell is in some cases not fully
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2.1 Influence of the degree of crosslinking on the structure and swelling behavior of
thermosensitive core-shell colloidal latexes.

attached to the core. This sheds new light on the second step in the synthesis of the
core-shell particles: The analysis of the core particles by SAXS showed that the addition
of 5% NIPAM during the synthesis of the core leads to a thin shell of PNIPAM at the
surface of the core particles [17]. The shell will be bound to the core most probably
by chain transfer of the growing PNIPAM network to the thin PNIPAM-shell covering
the core. The micrographs demonstrate, however, that this binding is incomplete. At
high temperatures during the synthesis of the shell the growing network is collapsed onto
the core. Thus, the shell is expected to be rather homogeneous at temperatures above
the volume transition. This was shown experimentally by SANS [63|. It will also be
shown below that the volume fraction ¢, which follows from the Flory-Rehner analysis
will be high and demonstrate the small degree of swelling of the network during synthesis.
However, chain transfer does not lead to complete attachment of the shell to the cores in
this step. Hence, the three-dimensional swelling of the shell below the transition must lead
to a partial detachment of the shells. Fig. 2.1 demonstrates that this effect is decreasing
with increasing degree of cross-linking as expected.

The phase transition in the shell can be directly imaged by CryoTEM analysis. Fig. 2.2
is an example of the micrographs resulting from the system KS2 quenched from 45°C.
Here we chose a higher magnification to display the details of the particles more clearly.
Naturally, this experiment is more difficult because vitrification must be much faster than
the relaxation time characterizing the shrinking kinetics of the particles. However, Fig.
2.2b in comparison to 2.2a clearly shows that the particles have shrunken considerably.
Moreover, the shell has been compacted by this shrinking process and provides now a tight
envelope of the cores. This is expected given the fact that the shell has been attached to
the core at even higher temperatures. Moreover, the compactness of the shell had already
been deduced from SANS-measurements [63, 64].

Small-angle X-ray scattering

Core particles

First the scattering intensity profile has been evaluated for the core particles. Fig. 2.3
presents the experimental scattering intensity of one isolated particles Iy(¢q) obtained from
the synchrotron and from the modified Kratky camera. Both measurements superpose
until ¢ = 0.6 nm™!, even if the resolution of the synchrotron is better for the small
q. Above this ¢ value the signal is becoming to noisy to be evaluated in opposition
to the Kratky camera, which is more appropriate for the higher ¢ cause of its shorter
distance source detector. For this reason the following scattering intensities Iy(q) have
been evaluated only up to 0.6 nm=!. A simple fit considering an homogeneous polystyrene
particle of 52 nm succeeds to describe the position of the side maxima. At higher ¢-values
the measured scattering is considerably higher than the one calculated for a homogeneous
sphere. This fact confirms the presence of a thin PNIPAM layer at the interface.

The best fit was obtained for a core-shell profile with a dense polystyrene core of 48 nm.
The SAXS analysis of the core particles demonstrates furthermore that a small fraction
of PNIPAM is located in a thin 2 nm shell at the surface of the particles. The electron
density of this shell (23.0 e"nm™3) exhibits a considerably higher density than the core
(7.5 enm™3) and contributes considerably to the scattering intensity. The sensitivity of
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Figure 2.3: Scattering intensity of an isolated particle, In(q) = I(q)/(N/V') obtained for the core
particles from the synchrotron (circles) and from the modified Kratky camera (tri-
angles). The dashed line presents the scattering intensity profile of a pure 52 nm
polystyrene particles. The solid line is the best fit obtained for a core-shell system
with a 48 nm polystyrene core and a 2 nm thin PNIPAM shell with an electronic
density of 23 e~ /nm? (see inset).

the SAXS to detect thin polymer layer at solid core interface has been already found in
former studies for similar systems [64] and also in the adsorption of surfactant on core
latices [70]. The fit procedure also shows that the size distribution of the core particles
is rather small with a polydispersity of 5.0%. Considering the electron density of the
PNIPAM calculated formerly this value corresponds to a polymer volume fraction of 0.5.
The mass percentage of PNIPAM in the core deriving from this analysis is 6.7 %, which
remains rather close to the 5 % introduced at the beginning of the copolymerization of
the core particles. Moreover the average size of 50 nm is in good agreement with the
average value obtained by TEM and cryoTEM with a deviation of less than 4 % (see
section 2.2). The deviation with the hydrodynamic radius of 55 nm determined by DLS
is much higher. Nevertheless this value refers to an intensity weighted average whereas the
two others methods refer to number weighted average. A number distribution obtained
from the CONTIN analysis will thus lay around 50 nm in good agreement with the others
methods.

Core-shell particles

The same analysis has been performed on different core-shell systems. Fig. 2.4 presents
the different Iy(q) obtained for different degrees of crosslinking. Iy(q) describes a single
maximum for 1.25 mol.% crosslinking, then two maxima for 2.5 mol.% and three maxima
for 5 mol.%. Moreover the intensity in the low ¢ region is increasing. This clearly
indicates that increasing the degree of crosslinking leads to more defined and more compact
particles. Moreover the first maximum is slightly shifted to the left which is an indication
of a decrease in the size of the particles in agreement with the direct observation done by
cryoTEM. A parabolic profile has been considered for the shell as proposed by Berndt et
al. in their investigation of PNIPAM microgels |60|, PNIPAM/PNIPMAM |61, 71| and
PNIPMAM/PNIPAM composite microgels [62].
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Figure 2.4: Scattering intensities Io(q) = 1(q)/(N/V) obtained for the different degrees of
crosslinking: KS1 (1.25 mol. %) (squares); KS2 (2.5 mol.%) (circles) and KS3 (5
mol.% ) (triangles).

Table 2.4: Fit parameters used for the calculation of the scattering intensity profile Iy(q) (see fig.
2.5). Meore/Mshen, & and R are the mass ratio core/shell, the correlation length and the
overall size of the systems derived from this analysis. Ry is the hydrodynamic radius
derived from the dynamic light scattering at 23°C (see figure 2.7). The corresponding
polymer volume fraction profile are given in the fig. 2.6.

Systems K Ry, [nm] o [nm| PDI [%] 2= ¢ [nm] R [nm] Ry [nm]

Mshell
KS1 0.160 85 20 8.0 1.38 10 105 124.6
KS2 0.284 7 17 8.0 1.14 7 94 112.4
KS3 0.435 72 12 6.0 1.03 7 84 107.0

The following relation has been used to describe the polymer volume fraction profile for
the crosslinked shell [61, 62, 71]:

1 r < R.

) 1= (Rpw —1+0)?*/(20%) R. <1 < Rpy
Ko(r) = (r— Ryw+0)2/(20%) ¢ Ruw <1 < Bny+0 (2.15)

0 : Ry, +o<r

K is a prefactor, R, is the radius of the core and Rj,, is the half-width radius and o the
half-width.

The profile for the core has been kept identical to the one derived from the core analysis
in the precedent section. The profile of the core-shell particles has been then introduced
in equation 2.12 to calculate I,4,+(q). The polydispersity which is smearing the maximum
has been introduced in term of a Gaussian distribution. Fig. 2.5 displays the different
scattering intensity profiles normalized by N/V and the best fit obtained for each
system. The dashed lines refer to I,,.(¢) and the dotted lines refer to If;.(¢). The
best fit derives from the sum of these two contributions and is displayed by the solid
line. The fits provide a good description of the experimental set of data on the ¢ range
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Figure 2.5: Form factor P(q) = 1(q)/(N/V') obtained for different degree of crosslinking: KS1

16

(1.25 mol. %), KS2 (2.5 mol.%), KS3 (5 mol.%). The circles display the experimental
measurements. The long dashed lines are the calculated Ipqri(q), whereas the dashed
lines represent the contribution of the thermal density fluctuations Ifuc(q). The sum
of this two contributions are given by the solid lines, which correspond of the best

fit of the experimental data. The fit parameters are given in the table 2./ and the

corresponding polymer volume fraction profile in the fig. 2.6.
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Figure 2.6: Radial polymer effective volume fraction ¢(r) obtained from the SAXS analysis for the
different degrees of crosslinking: KS1 (1.25 mol.%) (dotted line); KS2 (2.5 mol.%)
(dashed line), KS3 (5 mol.%)(solid line). The profiles consist on a dense 48 nm
polystyrene core with a 2 nm thin PNIPAM shell onto which a the crossslinked shell
has been polymerized. The analysis considers a parabolic profile for the shell as given
in equation 2.15. The different fit parameters are given in table 2.4.

investigated. The different fit parameters are summarized in the table 2.4. The polymer
volume fraction profile can be extracted from the fit of the scattering experiments and
is presented in Fig. 2.6. As already observed by cryoTEM, increasing the degree of
crosslinking leads to a more compact structure and to a more pronounced depletion at
the core/shell interface . The core/shell mass ratio derived from the different profiles is
in good agreement with the value obtained by gravitometry, except for the lower degree
of crosslinking. This could be attributed by a lack of contrast for a too diffuse shell.
Moreover the size is also decreasing as already observed from the dynamic light scattering
experiments (see fig. 2.7). Nevertheless the radius is about 16, 16 and 21 % smaller
compared to the hydrodynamic radius of the KS1, KS2 and KS3 determined by dynamic
light scattering. This was attributed in a former study to the presence of dangling chains
which could not be detected by SAXS or SANS but only by DLS [63]. Nevertheless the
direct imaging of the particles by cryoTEM evidenced the strong buckling of the particles.

The discrepancy between the two methods can be explained as follows: Microgels are
dynamic structures which exhibit thermal fluctuations. Moreover, the synthesis leads to
the buckling up of the shell as discussed already. Hence, the shape of the particles is not
perfectly spherical. A rotational average hence will result in a larger size. This point will
be discussed in further details in the next chapter dedicating to the quantitative analysis
of the cryo-TEM micrograhs (see chapter 2.2).

Thermodynamics of the phase transition

The volume transition within the shell can easily be studied by dynamic light scattering
(DLS). Figure 2.7 shows the dependence of the hydrodynamic radius Ry of the composite
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Figure 2.7: Hydrodynamic radit of the core-shell latexes versus temperature for different degrees
of crosslinking, as determined by DLS (circles: 1.25 mol.%, squares: 2.5 mol.%,
triangles: 5 mol.%). Full symbols represent the measurements without addition of
salt, whereas hollow symbols display the measurements performed by adding 5.1072

mol.L~! KCI.

microgels determined by DLS as function of the temperature. Ry decreases gradually with
temperature until a sharp volume transition from swollen to unswollen states takes place,
reaching a final collapsed size at a transition temperature between 34 and 38°C' depending
on the degree of crosslinking. Increasing the degree of crosslinking the transition becomes
more continuous and the collapse state is shifted to higher temperatures. Without addition
of salt this process is thermoreversible without any hysteresis.

The comparison between the overall size observed from the micrographs and the hy-
drodynamic radius as determined by the DLS can be observed in the Fig. 2.7. The
hydrodynamic radius Ry as measured by DLS indicated in each case as a shed circle
around one particle evidently provides an appropriate measure of the average radius of
the particles. Moreover we found that the overall radius of the particles from these mi-
crographs is in good agreement with the hydrodynamic radius measured at 45°C' (dashed
circle). This indicates that the process of quenching is sufficiently fast to preserve the
high-temperature structure. This finding is quite important inasmuch it shows that the
method of preparation does not disturb the structure of the thermosensitive particles.
This fact is of great importance when determining the effective volume fraction of the
particles in a concentrated suspension. Addition of 5.1072 mol.L = KCI leads to a slight
shrinking of the particles. This phenomenon has been already investigated in a recent
study [72]. The addition of salt screens the residual electrostatic interaction of the parti-
cles. Hence, at higher temperatures the dispersions become unstable and aggregate [72].
For the systems under consideration aggregation takes place above 32°C' for the KS1 and
about 33°C for the KS2 and KS3. Evidently, experiments aiming at an understanding of
the flow behavior of stable suspensions must be done below these temperatures. On the
other hand, salt must be added for a sufficient screening of the electrostatic interaction
in order to obtain a model dispersions that interacts solely through steric repulsion.

We can now discuss the modeling of the swelling data shown in Fig. 2.7 in terms of the
Flory-Rehner theory. Parameter of the different sets of data is the degree of crosslinking.
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Figure 2.8: Ezperimental phase diagram T — ¢ for different degrees of crosslinkings (full circles:
1.25 mol. %, full squares: 2.5 mol.%, hollow triangles: 5 mol.%). Lines present
the fits obtained from eq.(2.9]. The vertical dashed line marks the reference volume
fraction ¢g = 0.7 in the collapsed state.
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Figure 2.9: Solvent parameter x as determined from the fits of fig. 2.8 for different degrees of
crosslinking (full circles: 1.25 mol.%, full squares: 2.5 mol.%, hollow triangles: 5
mol.%). Decreasing the degree of crosslinking the PNIPAM network shrinks upon
heating from a continuous to a discontinuous fashion to reach a collapsed state for
x =1. x =0.5 is indicated by the dashed line and lays approximately at 32°C', which
corresponds to the LCST of pure PNIPAM in aqueous solution.
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Table 2.5: Parameters of the Flory-Rehner fit. (eq. 2.9 and Fig. 2.8).

KS1 KS2 KS3
n(BIS)/n(NiPAM) [mol.%] 1,25 2,50 5,00

oo 0,7 07 07
A 8,7 -87 -87
X2 0,9 09 09
O [K| 312 314 316
Neer 80 45 22
LCST [°C] 31.7 323 322
T(x = 1) [°C] 35.1 36.2 382

The fit procedure used to model the phase transition is the same as reported recently [49].
The fits are presented together with the experimental data as shown in the T'— ¢ diagram
(Fig. 2.8). The resultant fitting parameters are summarized in the table 2.5. Considering
that only the amount of crosslinker is changing, we keep the same value for ¢y, A and y»
for all the systems and we only vary ¢ and N.

For the present system the best agreement for the reference polymer volume fraction in
the collapsed state has been found for ¢g = 0.7. This value has already been expected
from the previous analysis of the particles by SAXS and SANS [63|. Indeed as reported
by recent nuclear magnetic resonance measurements water molecules are still present in
the shell above the LCST but they are strongly confined [58].

The N values (see table 2.4) found are proportional to the degree of crosslinking but are
about two times larger than those corresponding to the crosslinking in a homogeneous
network. A content of 2.5 mol.% of the crosslinker BIS would correspond to Ny =20. This
discrepancy can be traced back to the inhomogeneities in the PNIPAM microgels. Indeed,
Wu et al. [73] investigated the polymerization of NIPAM and BIS during the microgel
synthesis. The crosslinker was found to be consumed faster than the NIPAM indicating
that the particles are unlikely to have a uniform composition. This finding has been
confirmed by SAXS and SANS, revealing that the segment density in the swollen state is
not homogeneous, but gradually decays at the surface [60, 63]. Moreover high-sensitive
calorimetric study have confirmed this assumption |55]. Given the various uncertainties of
the Flory-Rehner analysis, the present fits seem to provide a sufficient description of the
data. Moreover, it should be kept in mind that the original theory has been developed for
macroscopic, three-dimensional networks while it is applied here to microscopic systems
which can swell only along the radial direction.

Fig. 2.9 displays the evolution of the solvent parameter x derived from the fit from the
fig. 2.8 as function of the temperature for the three systems. The LCST then corresponds
to the temperature where y is equal to 0.5. We found that increasing the cross-linking
slightly shifts the LCST to higher temperature between 1.25 and 2.5 mol.% crosslinker,
but the LCST found from this analysis is rather close to 32°C" which corresponds to
the LCST of linear PNIPAM chains [55]. On the contrary the temperature where the
shell is totally collapsed obtained from y = 1 shifts from 35.1 to 38.2 °C' with increasing
crosslinking, which can be attributed to a higher rubber elasticity of the network. This
illustrates the transition from a sharp to a continuous volume transition by increasing the
crosslinking of the shell.
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The present analysis thus demonstrates that the core-shell microgels can be modelled in
the same way as macroscopic systems.

2.1.5 Summary

In this chapter, composite PS/PNIPAM core-shell microgels with different degrees of
crosslinking have been synthesized and characterized by cryogenic transmission electron
microscopy, small-angle X-rays scattering and dynamic light scattering. The analysis
demonstrates that the shell forms a well-defined network around the practically monodis-
perse core particles. Increasing the degree of crosslinking was also found to lead to smaller
and denser particles. Moreover, direct imaging of the particles by Cryo-TEM shows the in-
homogeneities within the network. Cryo-TEM shows also the buckling of the shell caused
by the one-dimension swelling of the shell. This buckling effect which is well-known from
macroscopic systems leads to a slightly irregular shape partially explaining the discrep-
ancies between the SAXS and the DLS. Moreover a parabolic density profile for the shell
has been evidenced by SAXS. The volume transition within the shell of these particles
can be described very well by the Flory-Rehner theory. All results demonstrate that the
two-step synthesis of the particles leads to well-defined particles suitable as model systems
for studying the dynamics of concentrated suspensions.
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2.2 Quantitative analysis of polymer colloids by
normal and cryo-transmission electron microscopy.

2.2.1 Introduction

For many decades, transmission electron microscopy (TEM) is one of the most important
techniques for the study of nanostructured materials. In recent years, cryogenic TEM
(cryo-TEM) has greatly enlarged the scope of this technique and has thus become an
indispensable tool of biological research [74-77]. Aqueous solutions containing e.g. viruses
are vitrified by shock-freezing in liquid ethane. Thus, thin films of vitrified solutions can
be analyzed by TEM. Evidently, cryo-TEM allows us to study sensitive biological and
colloidal [78-85| structures in-situ, that is, in aqueous solution. Thus, there is no need
for any further preparatory step. Up to now,there is a large number of morphological
studies using cryo-TEM [22, 66, 86-88]. However, there are only few investigations which
evaluate the cryo-TEM micrographs in a quantitative manner |75, 76, 78-82].

In a similar fashion, small-angle X-ray scattering (SAXS) [67, 88, 89| and small-angle
neutron scattering (SANS) [90] present well-established tools for the analysis of nanos-
tructures. There is a huge number of publications in which one of these methods has been
used to analyze particulate structures in solution and the literature in this field is hard
to overlook.

Both SAXS and Cryo-TEM are sensitive toward the local electron density in the object
and thus lead to similar information about the sample under scrutiny. In principle, the
gray scale of TEM-micrographs could be evaluated to yield the electron density of the
sample. This in turn will lead directly to the SAXS-intensities and vice versa. To the
authors’ best knowledge, this obvious relation between SAXS and TEM has hardly been
exploited yet. The reasons for this are given by the fact that the quantitative evaluation
of TEM-micrographs presents a difficult task because of the multiple scattering of the
electrons in thick samples |76, 91-93]. Moreover, any staining procedure or other prepa-
ration of the sample will lead to irreversible changes and render a quantitative comparison
between TEM and SAXS impossible.

Here we present a quantitative comparison between the analysis of a colloidal system by
cryo-TEM and SAXS. Following previous work by Langmore et al. [80, 81|, we evaluate
the local excess electron density from the gray scale of the cryo-TEM micrographs. In
particular, we calculate the SAXS-intensity directly from the cryo-TEM micrograph and
compare these results to measured intensities.

As an example for this analysis we first chose aqueous dispersions of the core particles
described in the chapter 2.1, which serves as a simple model for particles with well-known
structure. Then we investigate the core-shell particles also presented in the previous
chapter. The reason for the choice of this system for the present purpose is given by the
fact that core-shell microgels PS/PNIPAM have already been the subject of a number of
studies employing SAXS and SANS [17, 63, 64] including the SAXS analysis described in
the section 2.1.4. In the section 2.1.4, it has been also demonstrated that cryo-TEM is well-
suited to investigate the volume transition and the structure of composite PS/PNIPAM

core-shell. Hence, this system is well-suited for a quantitative comparison of SAXS and
cryo-TEM.
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Figure 2.10: Plot T versus q? for the core (down triangles) and core-shell (circles) particles mea-
sured at 23°C. The diffusion coefficient Dy of both systems is obtained from the
slope of the linear extrapolation given by the dashed and solid lines.

This chapter is organized as follows: In section 2.2.2 the particles and methods used in
this study are presented while section 2.2.3 gives the theoretical background of contrast in
electron microscopy. In section 2.2.4 the analysis of the TEM and cryo-TEM micrographs
is first validated using homogeneous polystyrene particles carrying a thin layer of PNI-
PAM. Moreover, the effect of the focusing, dose, sample thickness and energy filtering will
be discussed. Finally, the quantitative comparison between the cryo-TEM micrographs
of the core-shell system with the respective SAXS-data described in the chapter 2.1 will
be given.

The object of the present chapter is three-fold: First, we present a method for the quanti-
tative evaluation of TEM and cryo-TEM pictures which is validated using a simple model
system (core V2). Second, we demonstrate that the analysis of such colloidal particles by
cryo-TEM and SAXS (see section 2.1.4) can be treated on equal footing and supplement
each other in a nearly ideal fashion. Third, the combination of these methods leads to
a detailed analysis of a microscopic thermosensitive network and can be compared to
earlier investigations by SAXS and SANS carried out on comparable core-shell particles
[17, 6064, 71, 94].

2.2.2 Experimental
Materials
All particles used herein have been synthesized and purified as described in a preceding

section (see section 2.1.2). The present analysis was performed on the core particles and
on the core-shell particles containing 2.5 mol.% crosslinker (KS2).

Methods
TEM and cryo-TEM were performed as described in the section 2.1.2 as well as the

density measurements. Dynamic light scattering experiments were carried out at 23°C' as
described in the section 2.1.2 except that in this case the decay rate I' was obtained from
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the second cumulant analysis for scattering angle from 30 to 150° with an increment of
10°. As I' = Dyq?, the diffusion coefficient was determined by linear extrapolation of T
versus ¢2, and the hydrodynamic radii of the core and of the core-shell were determined
at 55 nm and 113 nm via Stokes-Einstein equation (see fig. 2.10).

2.2.3 Theory
Contrast transfer function

In principle, the image formation in an electron microscope can be described in terms of
the first order theory for amplitude and phase contrast. The relationship between object
density, phase and scattering contrast is usually described by the contrast transfer function
CTF(a) as function of spatial frequency [78-81, 93|. Considering only the contribution
of electron optics, the relationship between object density and the electron intensity can
be written as [93, 95]

Fi(a,¢) = CTF () - Fo(o, ¢)2A(a) f(a) /A (2.16)

where F;(a, ¢) is the Fourier transform of the image intensities, Fy(a, ¢) the Fourier trans-
form of the object density, ¢ the azimuthal angle, A(«) the objective aperture function
(1 for @ < ay, 0 for a > ap) and f(«) the molecular scattering amplitude. The Broglie
wavelength A can be calculated relativistically in the case that the kinetic energy E used
for the measurement is close to the rest energy:

A = h2moE(1 + e/2Ey)| /2 (2.17)
with E the electron energy (here 200 keV'), and Ej the rest energy electron (Ey = moc? =
511 keV')(with mo = 9.10912.1073! kg: rest mass, ¢ = 2.9979.10% ms™!: speed of light).
Given the above approximations, the contrast transfer function CT F(«) can be expressed
through

CTF(a) = [sinx(a) + Q(a)cosx(a)] (2.18)

with y(a) = 27/A (—=Csa’ + Afa?/2) where C; is the coefficient of spherical aberration
and Af the defocus. The function sinx(«) is the phase contrast transfer function. Q(«)
refers to the amplitude contrast transfer function. It represents the maximum contri-
bution from amplitude contrast relative to that deriving from phase contrast. At low
resolutions f(«) and Q(«) can be considered constant and the effects of spatial and tem-
poral coherence are ignored, because they are expected to be negligible [96].

The ratios of the Fourier transformations of the core particles at different defoci have
been compared to the ratio of the theoretical values (equation 2.18) with @ as adjustable
parameter (see fig. 2.11). We determined the value of @) that best describes changes in
the images due to defocus as described by Langmore and Smith [80]. An empirical value
of @ = 0.14 was found. Fig. 2.12 presents the different C'T'F(a) obtained for different
defoci. For a defocus Af = 0 nm, the CTF(«) is almost constant up to approximately
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Figure 2.11: Determination of Q(«) assuming Q(a) = cste (low resolution). The micrographs
of a core particle are taken at different defoci and Fourier transformed. The ratio
of the Fourier transformations of different defoci (5 pm, 3 um and 1 um) are
compared to the theoretical values (equation 2.18) with Q) as adjustable parameter.
The theoretical values are plotted assuming the instrumental parameters of the Zeiss
EM922 (A = 0.0025 nm, aberration coefficient Cs = 1.2 mm). The best description
of the experimental data was obtained for Q = 0.14.

0.5 nm~!. Considering the good contrast of our pictures, there was no need to go out of
focus. Hence, a compensation of the CT F(«) was not required in the following study.

Thus, phase contrast can be neglected if the image are taken in-focus, that is, Af = 0 nm.
Moreover, the following analysis will be restricted to the region of low spatial resolution.
From the above discussion of the CT F'(«) it is evident, that the range of spatial frequencies
must hence be smaller than circa 0.5 nm~™!. This leads to circa 2 nm minimal spatial
resolution which is smaller than the smallest object which can be seen on the micrographs
presented in this study. Hence, it suffices to discuss the evaluation of the images solely in

terms of amplitude contrast.

Amplitude contrast

Amplitude contrast is brought about by scattering processes that can be elastic or inelas-
tic. The total electron scattering cross section op(g) therefore expressed as the sum of
the elastic and inelastic cross-sections [80, 81, 93|.

or(ag) = galan) + Tiner(n) (2.19)

Elastically scattered electrons are usually scattered through large angles and thus largely
contribute to the contrast [93|. The transmission depends on the objective aperture «y,
the electron energy FE, the mass-thickness © = ot (p: density, ¢: thickness) and the
material composition (atomic weight A and atomic number Z). The inelastic scattered
electrons are mainly transmitted through the objective aperture. In the case of energy
filtered electron microscope, the inelastic part will be removed nearly totally. This will
enhance the amplitude contrast considerably. Hence, both elastic and inelastic processes
must therefore be taken into account when calculating the gray scale of the images [80, 81].

The differential elastic cross sections do/dS) were calculated using the Dirac partial-wave

25



2 Characterization

1.0
- 4=10000m [\ A

05 7. A=100mm / -7 / .

—_ i {// \ 1
2 - /,/’/ \ | ]
5 0:_ SEEl— ]
i N 5/\\\\ | 1

i \ / \ [

_1_0- 1 L -\l /) L | 1 L ./ ! ]

0 0.4 08 1.2

o [nm'1]

Figure 2.12: Calculated contrast transfer function for different defoci. The values are plotted as-
suming the instrumental parameters of the Zeiss EM922 (A = 0.0025 nm, aberration
coefficient Cs = 1.2 mm [95]).

Table 2.6: Total elastic cross sections (o¢) and partial elastic cross-sections oe(ag) calculated
from the Dirac partial-wave analysis using the NIST electron elastic-scattering cross-
section database [103]. The inelastic cross-sections o;, have been calculated from eq.
2.24 with the expression given by Wall [104]. All cross-sections have been derived in
pm? for an acceleration voltage of 200 kV for an aperture ag = 10 mrad.

Z Ol g () Tin

1 2.26 118  32.41711.222
6 50.48 27.85 79.38

7 54.12 34.23 85.74

8 56.89 39.57 91.66

Vequation 9 2 empirical

analysis described by Walker [97]. The scattering potential was obtained from the self-
consistent Dirac Hartree Fock (DHF) charge density for free atoms |98, 99| with the
local exchange potential of Furness and McCarthy [100|. The numerical calculations were
performed with the algorithm described by Salvat and Mayol |[101]. Further details have
been given by Jablonski et al. [102]. The calculation was done using the NIST electron
elastic-scattering cross-section database (SRD 64) (version 3.1) for an energy of 200 keV
(see fig. 2.13 and table 2.6) [103]|. Given the differential cross sections do/dS2, the number
of electrons elastically passing through an aperture o can be expressed through the partial
elastic cross-section o(ayp):

oe(ag) = /j—gQWsinada (2.20)

@Q

Table 2.5 gathers all partial elastic cross-section o py .

An estimate of the total elastic cross section given by the integral over the entire solid
angle was proposed by Langmore [80]. It can be expressed by
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Figure 2.13: Differential elastic scattering cross section based on the single-atom complex partial
wave solutions to elastic scattering from a Hartree-Fock potential as obtained from

ref [101, 102, 105]. for different atoms: hydrogen (hollow circles), carbon (hollow
squares), nitrogen (hollow down triangles) and oxygen (full circles).
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32

where (3 is the ratio of the speed of the electrons to that of the light (5% = 1 — [Ey/(E +

FEy)?]). Furthermore, o, can be calculated for small angles to a good approximation:

[1—0.262/(1378)] (2.21)

Oel =

Uel(ao) = 0'617]6[(@0) = Uel[l - 50/10] (222)

where 7, defines the number of electrons scattered outside the aperture and is called the
elastic efficiency expressed as function of sy the maximum spatial frequency

so = 2sin(ag/2)/ A (2.23)
with the objective aperture half-angle ag = 10 mrad, the maximum spatial frequency
so = 4 nm~! and the electron wavelength A\ = 2.5.107% nm.

For the calculation of the inelastic scattering cross sections we used the expression derived
by Wall et al. [104]:

~ 15.107%2'2
=

where ¥, = E/[3?/(Vo + mc?)] and E is the average energy loss, assumed to be 20 eV
from the calculation of Wall et al. for organic materials [104].

In(2/9,) (2.24)

Oin

Eq. 2.24 is not valid for hydrogen [104]. Here we use an estimate of the cross-section given
by 11.2 pm? at 200 kV. This value was obtained from the apparent inelastic mean free
path of ice, the calculated inelastic scattering from oxygen and density for hyperquenched
glassy water (0.92 g/cm?) [106, 107]. We took the inelastic mean free path length of
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Table 2.7: Densities (in g/cm?) and TEM contrast ( ) (in nm™1) for the hyperquenched glassy

water (HGW) [106, 107], the polystyrene core and the crosslinked PNIPAM shell. The
quantity (SCk — :ciww) is the contrast in cryo-TEM calculated in nm™". Both contrasts
are calculated for an acceleration voltage U = 200 kV and an aperture ag = 10 mrad

with or without filtering of the inelastic contribution.

filter no filter
molecules 0 (m’%) (wi—p _ x@k_w) (m!%) (wi—p _ fk—w)
HGW 0.92 4.803-1073 0 1.546-1073 0

Polystyrene 1.0525 5.8281073  1.025-1073  1.702-10~%  1.57-10~4
PNIPAM-+BIS 1.1492 6.305-103  1.503-1073  1.869-1073  3.22.10~*

ice from the work of Langmore measured to 180 nm at 80 kV. The inelastic mean free
path length of ice then results to 284.6 nm at 200 £V if we consider its dependence on
the acceleration voltage given by U'/2 [108]. Table 2.6 gathers the inelastic scattering
cross-sections thus obtained for the elements of interest.

Calculation of the gray scales from cross sections

In the present approximation, the gray value obtained at a given point in an image is
solely related to the amplitude contrast, that is, to the weakening of the intensity I of
the electron beam by scattering processes. In principle, there are two different ways to
evaluate the gray scales from the images: One may treat this weakening in terms of the
difference AI between the rays passing through the sample and through the aqueous
phase [80]. Here we use a slightly different approach shown schematically in fig. 2.14:
The weakening of the intensity I of the electron beam passing through the sample may
be treated within the frame of the Lambert-Beer law. Therefore the ratio /Iy of the
rays passing through the particle and through the aqueous phase (marked in fig. 2.14),
respectively, is only related to the contrast within the particle. Other factors as e.g.
multiple scattering will weaken both rays outside the particle in the same way. Their
ratio is thus not affected by these effects. On the other hand, the colloidal objects under
consideration here have dimensions of the order of a few 100 nanometers only. Hence, the
prerequisites of theory, most notable the assumption that multiple scattering within the
particle can be neglected are fully justified.

When the inelastic scattered electrons are filtered both the elastic and the inelastic cross
sections obtained for atoms can be used to calculate the respective quantities of molecules
of known composition and molecular weight M. Without energy filtering only the elastic
cross-sections are taken into account. In absence of chemical shifts we can assume that
the scattering cross-section of a molecule composed of n; elements is the sum of the
cross-sections of the atoms (o7,;) weighted by their proportion in mass in the molecule
[80]. Thus, the decrease of the transmission with increasing mass-thickness = = ot can be
expressed by

I U
7 ~ — Z NAMUT’i(ao)dx (225)
=1
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Figure 2.14: (A) TEM evaluation of the gray scale of a homogeneous spherical particle dried
on a thin carbon film. Application of the Lambert-Beer law leads to eq. 2.28 (B)
Polystyrene core particle and its corresponding radial average: Considering the gray
value from the border to the center of the particle, enables the determination of its
radial density profile with a resolution of 0.61 nm given by Ar (pizel resolution).
(C) Radial average of the intensity G(r). The dashed line represents the value of
the average intensity Go outside the particles. The solid line displays the fit from eq.
2.28 (Go = 1.37.10*, R =50 nm, ¢ = 1, Q—p = 5.828-1073 nm =" (polystyrene) (see
Table 2.7)). (D) CryoTEM evaluation of the gray scale of a homogeneous spherical
particle embedded in a thin film of hyperquenched glassy water (HGW). Application
of the Lambert-Beer law leads to eq. 2.29. (E) Core particle and its corresponding
radial average. (F') Radial average of the intensity G( ). The solid line displays the
fit from eq. 15 (Go = 1523, R =52 nm, ¢ =1, (3= =1.025-1073 nm~!
(polystyrene) (see Table 2.7)).

Tk,p - xk,'w)
where v; is the stoichiometric coefficient of the i"* element in the compound. We can then
define the contrast thickness z;, of the material as follows:

1

()

Nk

Vi
~ — o, 2.26
;NAMUT, () (2.26)

The image intensity I can be obtained by integration

= Iyexp (— of ) (2.27)

x ()

ten(-5)

where I is the intensity of incident electron beam. The quantity (o/zx(ag))™! is the
total mean free path length of the respective material through which the electron beam
is passing (see Table 2.7).

In the case of the normal TEM, where a sphere with a radius R is absorbed and dried
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on a thin carbon film for example (see fig. 2.14 A). The gray values in the image are
proportional to the respective intensities. The transmitted electron beam crossing the
particles is characterized by the gray value G(r) dependent on the distance to the center
of the particle r. Out of the particles and thus for » > R the gray value is constant. This
defines the contribution of the film Gy. We can derive the following relation:

) _ o (—2«5\/@ (&)) (2.28)

GO xk,p

where ¢ is the volume fraction of the material in the particle. For dense sphere, ¢ is equal
to 1. It is then important to remark that in a normal preparation the contrast is defined
by the reciprocal mean free path length in the material (o,/xy,). The radial gray value
profile is obtained by an azimuthal average of the gray values of one isolated particle.
An example is given in fig. 2.14 B) in form of one core particle with the corresponding
azimuthal average of the gray scale. The resulting radial gray scale values are displayed
by the symbols in fig. 2.14 C). The dashed line represents the average value Gy out of
the particle. The full line presents a direct application of the equation 2.28 considering
the contrast of pure polystyrene.

For the cryoTEM analysis we have to consider a thin layer of vitrified water in which
spherical particles are embedded (see Fig. 2.14 D). For r > R the ray passes only through
vitrified water. Hence, it corresponds to the contribution of the vitrified water only and
is characterized by the gray value Gy o< lpexp(—0wt/xr ). Thus, for spheres embedded
in glassy water we obtain from eq. 2.28:

G) _ o (_wm (& _ Q_W))) (2.29)

GO 'rkVP xkﬂ”

For systems impenetrable by the solvent water, ¢ = 1. In this experiment the contrast is
not defined by the contrast of the system itself but by the difference of the reciprocal mean
free path length in the material and in glassy water, respectively (0,/%kp — 0w/%kw)- Fig.
2.14 E) presents an example in the form of one core particle embedded in vitrified water
and the corresponding azimuthal average of the gray values. The dashed line represent
the average value Gy out of the particle. The symbols in the figure 2.14 F) present the
resulting radial gray scale values. The full line corresponds to a fit with the equation 2.29
considering the contrast of pure polystyrene.

Table 2.7 provides values of the TEM and cryo-TEM contrasts k obtained from the partial
wave calculation of the elastic cross-section and from the equation 2.24 as described above
for hyperquenched glassy water, polystyrene and the PNIPAM crosslinked shell with or
without energy filtering. The table clearly shows the difference of contrast between the
different experiments. If we take as a reference the polystyrene with energy filter, TEM
experiments have a contrast approximately 5.7 times higher than in the Cryo-TEM. The
same comparison without filter gives a factor around 10.8. Comparing now the contrasts
with and without filter gives a factor of 3.4 for the TEM and 6.5 for the CryoTEM.
This clearly indicates the great advantage of the energy filtered microscopy respect to
conventional instruments.

If the polymer is porous or has taken up water, the volume fraction of the polymer within
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Figure 2.15: Schematic representation of the spherical multilayer model for the determination of
complex material volume fraction ¢(r) and contrast profile k(r). The analysis is
performed from R to the center of the particles. The relative gray values (G, /Gg)
in each layer is successively calculated by recurrence (equation 2.30) from the value
of the contrast k,, and the material volume fraction ¢,, following the distance to the
center of the particle r,,.

the particle is no longer unity but ¢. For complex radial volume fraction profile, like
microgels in solution for instance, ¢ is no longer constant but is varying as a function of
r. Moreover in the case of composite core-shell particles the contrast is also depending
on the different materials composing the particles and also depends on r.

The profile k(r)¢(r) has then to be determined. To this purpose we have to applied a
multilayers approach. The size of each layer is restricted by the size of the pixel. We
have to consider G(r,)/Gy for r varying from R to 0. Fig. 2.15 shows a schematic
representation of the multilayer model applied to a spherical geometry. We can calculate
numerically the normalized gray value G(r,)/Gq by recurrence with the contrast k,, and
the material volume fraction ¢, following the distance to the center r,, considering ro = R,
¢o = 0 and kg = 0. We can then used the recurrence:

G(r,) =2
go ) _ ; exp(—2kndn(r?_y — r2)1?) (2.30)

In this approach the function k(r)¢(r) can be introduced in equation 2.30 to fit the
normalized gray values.
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Figure 2.16: (A) TEM micrographs of the core particles. (B) Distribution in size obtained from
the TEM analysis, the population can be described by a Gaussian distribution ((R) =
51.5 nm, o = 2 nm) (solid line).

2.2.4 Results and Discussion

Core particles

TEM analysis

A monodisperse core solution used for the synthesis of the core-shell system described in
the section 2.1.2 has been first put under scrutiny. The particles were obtained by emulsion
copolymerization of styrene and NIPAM (about 5 wt.%). The particles thus consist on a
polystyrene core of constant density with a thin layer of PNIPAM [17]. The dispersion
has been first investigated by transmission electron microscopy. Fig. 2.16 presents the
TEM micrographs obtained from this analysis and the normalized distribution of the
radius obtained on a population of more than 200 particles. All the micrographs were
taken as close as possible to the focus with the same dose conditions. The particles
appear spherical and monodisperse. The average radius was found equal to 51.3 £+ 2.6
nm. The distribution can be described by a Gaussian considering an average radius of
51.5 nm and a standard deviation of 2 nm. This results are in good agreement with the
polydispersity of 5 % determined from the SAXS analysis. The normalized gray values
has been calculated for more than 100 particles as described in the preceding section in
order to check the theory. The average gray values are depicted on the fig. 2.17. The
variation between the measurement represented by the size of the error bars is rather small,
which attests on the reproducibility of the measurement from one picture to another. The
experimental result has been directly compared to the theory considering the sphericity
of the particles, an average radius of 51.5 nm determined from the Gaussian distribution
and first the contrast of pure polystyrene particles. The theory described relatively well
the experimental results, nevertheless the experimental G(r)/G, values are lower between
30 and 45 nm and higher below 30 nm. This was attributed to the adsorption and drying
of the particles on the grid. The gray value can then simply be converted in height t as
considering the equation:

G 0
t=—In|—) /=2 2.31
( Go) 2 (231)
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Figure 2.17: Radial relative gray values G(r)/Gq of the core particles analyzed by TEM (circles).
The full line refers to the theoretical calculation considering a contrast 5.8.1073
nm~! (see table 2.7) and an average radius of 51.5 nm determined from the statistic
(see fig. 2.16). The dotted line is the calculation for a core-shell system with 49.5
nm polystyrene core and a dense 2 nm thin PNIPAM shell. The dashed refers
to polydisperse polystyrene particles considering the distribution of the fig. 2.16.
The inset presents a comparison of the profile of the particles determined from this
analysis with a spherical profile. The small deviation can be attributed to a small
deformation of the particles following the adsorption and the drying on the carbon
grid.

The inset of fig. 2.17 displays the average thickness of the particles deriving from equation
2.31 considering a pure polystyrene core. This profile was then directly compared to the
profile obtained for a sphere.

The average profile of the dryed particles thus present a maximum deviation of 7 nm in
the center of the particles respect to a perfect sphere of 103 nm diameter. As mentioned
before in the section dedicated to the SAXS analysis, a thin layer of PNIPAM of about
2 nm is adsorbed on the the particles. The relative gray values G(r)/Gq of the core
particles has been compared to the theory calculated for a core-shell system with a
polystyrene core with a radius of 49.5 nm and a PNIPAM layer of 2 nm. As can be seen in
the fig. 2.17 no significant deviation can be observed from the TEM. The polydispersity
has been introduced considering the gaussian distribution determined previously and
pure polystyrene particles. This partially explained the deviation observed for r > 51.5
nm, on the other hand the results for »r < 51.5 are not significantly affected by the
polydispersity. The remaining discrepancy can be mainly explained by the uncertainty
on the determination of the center of the particles during the rotational average and
on the deviation from the sphericity. Nevertheless this approach described the TEM
experiments within the experimental error.

As an application, this kind of analysis can by directly applied on the TEM images to
obtain a three dimensional representations of the particles absorbed on the grid. This
simply requires a constant background with an average gray value Gy and the knowledge
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Figure 2.18: (A) TEM micrographs of the core particles. (B) Transformation considering the
equation 2.31 to access to the height of the particles adsorbed on the grid (see text
for further details). (C) Tomographic representation of the grid. The color bar is a
linear scale of the height between 0 and 110 nm.
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Figure 2.19: (A) CryoTEM micrographs of the core particles. (B) Distribution in size obtained
from the CryoTEM analysis, the population can be described by a Gaussian distri-
bution ((R) =52 nm, o =2 nm) (solid line).

of the contrast of the particles absorbed on the grid gi—”p.

An example is given in the fig. 2.18, which presents the treatment performed on a
TEM micrographs of our core particles (assimilated to polystyrene particles) to access
to the tomography of the sample. First the initial picture (fig. 2.18 A) is transformed
following the equation 2.31 (fig. 2.18 B)). In this sense the gray value correspond to
the height of the particles absorbed on the film. Fig. 2.18 C) presents a 3 dimensional
representation of the tomography of the grid thus obtained. Due to its simplicity
this kind of analysis presents an elegant way to access to the third dimension without
requiring complex tomographic methods and can complement other analysis such as
scanning force microscopy performed on the dried state.

CryoTEM

Cryogenic electron microscopy was then performed on the same system. Fig. 2.19 displays
the micrographs obtained and the resulting normalized distribution of the radius of the
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Figure 2.20: (A) CryoTEM micrographs of the core particles. (B) Micrographs of a hole per-
formed in the film by electronic irradiation in the vicinity of the caption A. The
picture is taken under the same conditions as in the caption A, and the average gray
values in the hole are defined by Go. C) 3D representation of the thickness of the
HGW film (only the points outside of the particles can be considered) deriving from
Go and equation 2.32 The color bar is a linear scale of the height between 250 and
450 nm.

particles. The same feature as in the TEM analysis can be observed. The particles
appears as spheres with a narrow size distribution. The average radius from this analysis
also determined over more than 200 particles is equal to 51.4 4+ 3.2 nm. The distribution
can be described by a Gaussian centered on 52 nm with a standard deviation of 2 nm,
which is in good agreement with the TEM, with the SAXS analysis of the core (50 nm)
and the dynamic light scattering (55.0 nm). The contrast between the particles and
the background is less pronounced than in the TEM as expected from the theoretical
calculation. Indeed the contrast is this time determined by the difference between the
contrast of the polystyrene and water (0,/%xp — 0w/%kw), Which is approximately under
our experimental conditions six times smaller than the one of the pure polystyrene o,/xy,,
(see Table 2.7). Moreover the background is not constant on the whole micrographs, which
is directly related to the variation of the thickness of the film. This parameter is crucial
for the rest of the analysis. Indeed the film has to be sufficiently thick to embedded the
whole particles.

A simple method has been applied to estimate the thickness of the vitrified water film
(see fig. 2.20). An identical approach is described in the ref. [80]. First the micrographs
were captured as close as possible to the focus (fig. 2.20 A)). Then in an area close to the
particles a hole was done in the film following an excessive irradiation. A picture of the
hole was taken in the same conditions as the particles before, the gray value inside the
hole then define our Go (see fig. 2.20 B)). Considering the contrast of the HGW film 2=
it is possible to determined its thickness in all the points outside of the particles in the
first picture following the same approach as described for the TEM analysis. This time
we can use the relation:

t=—In <§> Lu (2.32)

Gy Tkw

Fig. 2.20 C) is a colour representation of the film thickness following the equation 2.32.
Only the values out of the particles have to be taken into account. A strong variation
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Figure 2.21: Cryo-TEM micrographs of one core particle with (A) and without (B) filter of the
inelastic scattered electrons. G(r)/Go has been calculated in the two cases (with filter
(hollow circles), without filter (hollow squares)) and fitted following the equation
2.29 and the contrast values of the table 2.7 (full and dotted lines) assuming a pure
polystyrene core of 55 nm.

of the thickness from approximately 250 to 450 nm within 1.7 um was observed in this
example. Considering the average size of the particles this thickness should be sufficient
in order to perform a correct analysis. Particles observed in very thin film present a strong
contrast in their center. This effect can be attributed to a film thickness which is smaller
than the diameter of the particles, or to the deformation of the film by the particles. In
this case the prerequisites of eq. 2.29 are no longer given. If the film is sufficiently thick
and not deformed by the particles, the thickness gradient does not play a role because
it will be compensate by the rotational average of the gray values. In the rest of the
analysis only particles embedded in a film with a thickness superior as the diameter of
the particles have been processed.

The effect of the focusing has been investigated by taking different pictures for different
defocusing. If taken in focus, the micrographs exhibit a sharp interface with the sur-
rounding solvent. With increasing defocus, diffraction phenomena occur at the edge of
the particles under the form of Fresnels fringes as expected. Considering the picture taken
in the focus as reference, the defocusing can be relatively estimated for the other pictures.
Evidently, these micrographs would need a correction through the CTF(«) before doing
a qualitative evaluation. Fig. 2.19 demonstrates, however, that the contrast between
the particles and the vitrified water is sufficient. As mentioned above, no defocusing is
needed to enhance the contrast and the evaluation of the gray scale proceeds from micro-
graphs taken in focus. The effect of the energy filtering has also been investigated. Fig.
2.21 presents the cryo-TEM micrographs of one single particles taken with (fig. 2.21 A))
and without (fig. 2.21 B)) energy filter. The normalized gray values have been derived
for the two micrographs and fitted following the equation 2.29 considering the contrasts
presented in the table 2.7 considering a 55 nm polystyrene particle (fig. 2.21 C)). Equa-
tion 2.29 gives a good description of the radial normalized gray values in the two cases.
Nevertheless the experiments without energy filtering clearly lack of contrast, which is
more than six times lower than with filter (see table 2.7). Thus any small variations of
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Figure 2.22: G(r)/Gyo of the core particles analyzed by cryoTEM (circles). The full line refers to
the theoretical calculation considering the contrast of pure polystyrene particles (see
table 2.7) and a radius of 52 nm determined from the statistic (see fig. 2.19). The
dotted line us the calculation for a core-shell system with 50 nm polystyrene core and
a swollen 2 nm thin PNIPAM shell (¢ = 0.5). The dashed refers to polydisperse
pure polystyrene particles considering the distribution of the fig. 2.19.

the transmitted electron intensity will induce a dramatic error in the evaluation of the
relative gray values. For this reason we only consider zero loss images in the rest of the
analysis.

The normalized gray values shown in fig. 2.22 have been obtained by averaging over 100
particles. The symbols displays the mean values while the error bars gives the standard
deviation in each point. The results has been then directly compared to the theoretical
values. The average size was directly taken equal to 52 nm from the statistic performed
on the cryo-TEM micrographs and we first have considered the contrast (i—”p — é—ww) of
pure polystyrene in HGW. The obtained values presented by the full line described the
experimental result very well confirming the sphericity of the particles in solution and the
interest of the cryo-TEM respect to normal TEM. The small deviation between the two
results can be attributed to possible errors in the determination of the absolute density of
the HGW and of the inelastic cross section of hydrogen. We also investigated the influence
of the thin PNIPAM shell on the absorbance. This time a swollen PNIPAM shell has been
considered as obtained during the SAXS analysis (see section 2.1.4). The normalized gray
values were calculated for a 50 nm dense polystyrene core, and a 2 nm thin PNIPAM
shell in the swollen state (¢ = 0.5))(dotted lines). The deviation between the two results
is rather small as already observed by TEM. The method presents herein to evaluate the
micrograph is thus not sensitive enough to reveal this thin layer of PNIPAM in term of
contrast. For this reason we only consider pure polystyrene particles. The polydispersity
obtained from the statistic was also introduced, and partially explained the deviation for
r > 52 nm as observed for the TEM analysis.

As a conclusion a new method for extracting the excess electron density of colloidal
particles from TEM and cryo-TEM micrographs has been developed. This method has
been applied to the core particles which can be assimilated to pure polystyrene particles.
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The calculated contrast as well as the size is in good agreement with the experimental
values both for TEM and cryoTEM analysis. On another hand, the normalized gray values
can be directly used to access to the tomography of the particles investigated by TEM as
long as the contrast of the particles is known. The results obtained for the cryoTEM are
even closer to the theory as the particles are investigated in solution and not absorbed
and dried on a surface. Good agreement is found between the microscopy and the SAXS,
even if the SAXS was more sensitive to the presence of a thin layer of PNIPAM at the
surface of the particles and presents about 2 nm smaller particles.

Core-shell particles

Figure 2.23 displays the micrographs of the core-shell microgels obtained by cryo-TEM in
pure water. The samples have been kept at 23 °C prior cryogenization (see section 2.1.4).
The thermosensitive shell is clearly visible in these pictures because of sufficient contrast
between the shell and the core. Moreover, the micrographs show directly the thermal
fluctuations and inhomogeneous cross-linking which lead to a further contribution to the
scattering intensity [3, 63, 64|. This is directly obvious from fig. 2.23 A), which presents
a zoom-in on a particle to evidence the inhomogeneities of the shell.

As discussed in the section 2.1.4 a feature directly visible in the cryo-TEM images is
the buckling of the shell (see fig. 2.23 and fig. 2.1). This finding can be related to the
instabilities of swelling or deswelling gels occurring at the surface of swollen gels affixed
to solid substrates |69, 109-114]. This results corroborates recent small-angles neutron
scattering analysis performed on core-shell PNIPAM/PNIPMAM also synthesized in a
seed emulsion polymerization, which pointed out the presence of a depletion zone at the
interface core-shell [62].

As a consequence, the core-shell particles deviate from an ideal spherical symmetry. In
order to demonstrate this, we have evaluated the relative gray scale G(r)/Gy along the
lines indicated in fig. 2.23 A). Fig. 2.23 B) shows that the size along these lines may differ
appreciably. As already discussed above, this difference is mainly due to the buckling of
the shell. Fig. 2.23 C) displays the polymer volume fractions that have been evaluated
using eq. 2.30 together with the contrasts of polystyrene (core) and PNIPAM (shell). For
specimens embedded in HGW, the calculated ratio of the contrast between polystyrene
and PNIPAM is 0.682 (see Table 2.7). Note that the ratio calculated with the approxima-
tion given by Langmore for the elastic cross-section (eq. 2.21 and eq. 2.22 [80] would give
a ratio of 0.650. Fig. 2.23 C) demonstrates that the strong fluctuations of the shell lead to
strong local variations. This fact must be kept in mind when considering the comparison
with SAXS-data discussed further below.

In order to arrive at an average profile that can be compared to a profile deriving from
SAXS-measurements, the analysis of the particles has been performed on 45 particles
taken from different micrographs similar to fig. 2.23 A). Only isolated particles were
be analyzed in this way. Prior to taking the gray values, a rotational average has been
performed as shown in Fig. 2.14 B) and E). The average relative gray values resulting
from this analysis are displayed in the figure 2.24. G(r)/Gy can be decomposed in two
parts: the contribution of the core and the contribution of the shell. The average result
has been fitted considering a dense polystyrene core and a parabolic density profile for
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Figure 2.23: Comparison of cryo-TEM and SAXS. A) Average profile ¢(r) evaluated from
G(r)/Go according to eq. 2.29 and the contrasts of polystyrene and PNIPMAM
giwen in Table 2.7. The inset gives the average relative gray scale that has been
used for this calculation. B) Measured SAXS-intensity and the profile ¢(r) deriving
therefrom. C) Comparison of the overall size as determined by DLS and cryo-TEM
(solid line) and by SAXS (dashed line). See text for further ezplanation.

the shell. This parabolic profile follows the same description as for the SAXS analysis
and is given by the equation 2.15 (see discussion in section 2.1.4).

The same procedure was repeated this time after fitting each particle individually. The
average k(r)¢(r) over the 45 particles is presented by the open symbols in the inset of the
fig. 2.24. The full line in fig. 2.24 presents the corresponding calculation of G(r)/Gy. Both
approaches lead to the same results which can be attributed to the low polysdispersity of
the system.

Fig. 2.25 A) presents the average density profile obtained from the fit of the average
G(r)/Go shown in the inset. As expected, this profile exhibits a plateau within the core
up to R, =54 nm which is in good agreement with the 52 nm of the core found in the
previous section. The average profile can be fitted by the eq. 2.15 with K = 0.23,
Ry = 94 nm and o = 19 nm. Between 55 and 75 nm the contrast increases to reach
a maximum at 75 nm showing that the shell is not totally attached to the core. After
this, the contrast decreases parabolically until » = 113 nm is reached. This value closely
matches the hydrodynamic radius of the particles at 23°C equals to 113 nm. The average
volume fraction ¢ of PNIPAM in the shell is 0.116 in good agreement with data derived
from a combination of SANS and SAXS [63].

As a comparison the density profile used for the SAXS analysis (see section 2.1.4) is also
displayed in Fig. 2.25 A). The weight percent of the core in the particle derived from this
analysis was found equal to 53.3 % which is in good agreement with the 53.4 % from the
gravitometry and with the 50 % from the cryo-TEM.

The overall size obtained from the SAXS has been compared from the results obtained
from the Cryo-TEM micrographs. Fig. 2.25 B) displays the micrograph of a single particle
together with the overall size determined by cryo-TEM (solid line) as well as by SAXS
(dashed line). The difference between both methods amounts to ca. 13 %. However, this
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Figure 2.24: Average relative gray values G(r)/Gq of the composite microgels (circles). The full
line refers to the fit obtained considering the function k(r)é(r) of a core-shell with
a solid polystyrene 54 nm core (full line in the inset) and a parabolic PNIPAM shell
(dashed line in the inset) described by equation 2.15. The relative gray values have
been fitted for each particles using equation 2.30 and the average k(r)p(r) is repre-
sented by the symbols in the inset. The corresponding G(r)/Go values are indicated
by the dashed line. The thin dashed lines of the inset display the hydrodynamic ra-
dius from the DLS at 55 nm and 113 nm obtained for the core and the core-shell
particles at 23°C.

marked discrepancy has already observed before when comparing the overall size from
DLS and SAXS/SANS and explained by single polymer chains protruding from the shell
[63]. Now the origin of the discrepancy becomes obvious from close inspection of fig. 2.25
B): SAXS is only sensitive to the average structure of the particles while cryo-TEM takes
fully account the deviations from this average caused by the buckling of the shell. In
this way the present analysis corroborates the previous conjecture of ref. [63] to a certain
extend.

The buckling of the PNIPAM-shell must be a dynamic phenomenon. This is supported
by recent investigations performed on similar system by dynamic light scattering (DLS)
and depolarized dynamic light scattering (DDLS). The latter method requires a non-
centrosymmetric particle. From a strong DDLS signal the deviations from spherical sym-
metry could be inferred directly which was most pronounced in the swollen state [115].
In this investigation a strong coupling of the rotational diffusion and the translational
diffusion was found which could only be explained by the dynamic fluctuations of the
shell.
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Figure 2.25: Comparison of cryo-TEM and SAXS. A) Average profile ¢(r) evaluated from
G(r)/Go (see fig. 2.24) according to eq. 2.29 and the contrasts of polystyrene and
PNIPMAM given in table 2.7 (dashed lines). The full line presents the profile ¢(r)
deriving from the SAXS analysis in the section 2.1.4. B) Color representation of a
single core-shell particle and comparison of the overall size as determined by DLS
and cryo-TEM (solid line) and by SAXS (dashed line). See text for further expla-
nation.

2.2.5 Summary

A new method for extracting the excess electron density of colloidal particles from TEM
and cryo-TEM micrographs has been developed. The method rests on the application of
the Lambert-Beer law to the TEM and the cryo-TEM images, respectively. The contrast
leading to different gray values inside and outside the particles could be calculated from
the elastic and the inelastic scattering cross sections of the material. This new way
of evaluation of the images has been validated using spherical polystyrene particles. A
analysis of these particles by DLS leads to the same overall size of the particles. However,
SAXS is sensitive to the presence of a thin layer of PNIPAM at the surface of the particles
which cannot be seen in the cryo-TEM images.

The method has also been applied to core-shell particles consisting of a polystyrene
core and a shell of crosslinked poly(N-isopropylacrylamide) (PNIPAM). The shell is
partially swollen by the solvent water. Using the calculated contrast of PNIPAM in
hyperquenched glassy water (HGW) in which these particles are embedded, the volume
fraction and the average radial profile of the polymer in the shell could be determined
quantitatively. The resulting radial profile demonstrates that the swollen PNIPAM-shell
can buckle off the surface of the core particles. The particles are also analyzed by SAXS.
We find that SAXS "sees" mainly the bulk part of the shell while Cryo-TEM together
with dynamic light scattering is also sensitive to small parts and protrusions of the shell.
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2.3 Crystallization

2.3.1 Introduction

Crystallization of colloidal systems provides not only the knowledge of complex fluids
but also insights into the phase transitions in atomic systems [116-136]. On the other
hand , colloidal crystals have been extensively used in recent years for the fabrication
of nanostructured materials such as photonic crystals and membranes for device applica-
tions |137-140|. Monodisperse colloidal particles that interact through a steep repulsive
potential follow the so-called hard spheres diagram, which is the simplest system to show
a freezing/melting transition (see Fig. 2.26). At a low volume fraction, the particles show
a disordered liquid-like structure. When ¢, is increased to the freezing volume fraction
¢r, an ordered crystalline phase can coexist with the liquid phase. Above the melting
volume fraction ¢, the complete system assumes crystalline order [116-118]. Finally,
above the volume fraction for glass formation ¢¢ the motion of particles becomes so much
hindered that the formation of the crystalline phase takes an “infinite” time and a mainly
disordered glassy structure remain [117]|. For charge stabilized colloids we can, in addition
to the volume fraction, also vary the ionic strength of the solvent. Decreasing the ionic
strength effectively increases the range over which the particles interact, causing the phase
transitions to occur at a lower volume fraction.

Most works on the kinetics of colloidal crystallization have been focused on weakly charged
or hard-sphere-like colloids using light scattering methods [116, 118, 122-124, 133-135| or
UV light spectroscopy |134]. Only recently direct imaging of the nucleation and growth
by bright field light microscopy [124, 135] or by confocal microscopy [120] has been used
to investigated the crystallization of colloidal systems. Meanwhile, the phase behavior
of the aqueous dispersions of poly-N-isopropylacrylamide (PNIPAM) spheres has been
intensively investigated |7, 10, 18, 27, 34, 134, 141-149|. In particular, it was found
that the volume transition of microgel particles affects the solvent-mediated interparticle
forces and leads to a novel phase behavior |28, 29|. Furthermore, due to the temperature-
responsive shrinkage of PNIPAM particles [2, 28, 29] the attractive interparticle potential
increases with temperature, resulting in phase behavior that deviates from the hard sphere
systems at high temperatures [28, 29]. The kinetics of crystallization at different volume
fractions can be conveniently measured by varying the temperature.

The equilibrium crystal structure for colloidal hard spheres systems should be face cen-
tered cubic (fce) [150] but if the volume fraction is low enough or in the first step of the
crystallization a body centered cubic structure (bce) should dominate. But it is rarely
the case even in the most ideal conditions [132|. Instead, a random hexagonal close-
packing structure, energetically close to fcc is usually observed [118]. Nevertheless it has
been shown by neutron scattering experiments that the crystal of PNIPAM dispersions
exhibits a face-centered cubic (fcc) structure [141-143].

The crystallization influences, among other things, the rheological properties of the dis-
persion and is itself, in return, affected by the shearing of the solution [151, 152]. The
relation between rheology and crystallization is a complex process which will be discussed
here and in the section dynamics. This section is dedicated to the crystallization of the
thermosensitive core-shell particles. The phase diagram has been investigated for different
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Figure 2.26: Phase diagram of a hard spheres dispersion [116-118].

degrees of crosslinking. The nucleation and growth of the crystallites has been visualized
by polarized light microscopy and the influence on the rheological properties is discussed.

2.3.2 Experimental

The different core-shell latices presented in the chapter 2.1 were used in this section.
Following the systems the crosslinking defined by the amount of BIS in the shell was
adjusted to 1.25 mol.% (KS1), 2.5 mol.% BIS (KS2) and 5 mol.% (KS3) (see section
2.1.2).

The flow curves and the dynamic measurements performed on the KS2 suspensions have
been investigated using a strain-controlled rotational rheometer RF'S I from Rheometrics
Scientific, equipped with a Couette system (cup diameter: 34 mm, bob diameter: 32
mm, bob length: 33 mm). Measurements have been performed on 12 mL solution and
the temperature was set with an accuracy of 0.05°C. A stress controlled rheometer MCR
301 (Physica) has been used for the experiment performed on the KS3.

Polarized microscopy has been performed with a Leica DMRXE. Sample were filled into
a 0.1 mm thick capillary thermostated with an accuracy of 0.05°C. In order to follow the
crystallization process a thermostated cell was designed for 0.1 and 0.5 mm thick capillary
(see fig. 2.27). The cell is thermostated and the temperature within the cell is controlled
by a thermocouple with a precision of 0.1 °C'. The large surface of contact between the
cell and the capillary allows a fast quenching of the sample and makes it ideal for the
direct observation of the crystallization process. Images of the samples were taken in a
dark room without filter.

2.3.3 Effective volume fraction and crystallization

The established liquid-crystal coexistence domain for hard spheres lays between the freez-
ing volume fraction ¢ at ¢.rr — 0.494 and the melting volume fraction ¢ur at geppr —
0.545 as obtained from computer simulation [153|. An experimental phase diagram could
be achieved by determining the crystal fraction of the samples from the position of the
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Figure 2.27: Thermostated cell.

coexistence liquid-crystal boundaries after sedimentation. This can be linearly extrapo-
late to determine the beginning and the end of the coexistence domain [117, 154]. To this
purpose solutions with weight concentrations ranging between 6 and 14 wt.% have been
prepared. The samples KS1 and KS3 were shaken after preparation to destroy residual
crystallites and stored for more than one month at room temperature 20.5°C' + 0.5°C'. In
the case of the KS2 the suspensions have been heated to 30°C in order to destroy possible
crystals that may have formed at room temperature . These suspensions are subsequently
cooled down quickly to 21 °C' and kept at this temperature for a time of typically two
months.

After screening of the electrostatic interactions by adding 5.1072 mol.L~!, all the samples
crystallize at defined concentrations. This hints to the low polydispersity of the particles.
The hydrodynamic radius of the microgel Ry can be used to calculate the effective volume
fraction ¢.s¢ for temperatures below 25°C' by

_ RH ’
¢eff — ¢c (F) (233)

(o

where R, is the core radius calculated from the cryo-TEM and ¢, is the volume fraction
of the cores in the system. The latter quantity can be approximated from the weight
concentration of the particles in the system and the mass ratio between the core and the
shell of the particles. To avoid possible errors due to the small experimental uncertainty of
Ry, averaged values have been taken from this graph by approximating Ry by a straight
line in this region of temperatures.

The density of the particles and their size is not high enough to ensure rapid sedimentation
of the crystalline phase. Only after two months, crystals which can be seen by eye by
means of the Bragg-reflections, have sedimented. Fig. 2.28 exhibits the liquid-crystalline
region of the different samples and the corresponding phase diagram. The experimental
phase diagram was taken from the change in the position of the coexistence boundary
indicated by the dashed lines. As expected the experimental points describe a linear
dependence in the biphasic region. The data have been rescaled to ¢ = 0.494 in order to
compare the different experimental phase diagrams. For the KS1, the coexistence domain
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Figure 2.28: Different core-shell suspensions in the biphasic region with 1.25 mol.% (KS1), 2.5
mol. % (KS2) and 5 mol.% (KS3) crosslinking after two months and their corre-
sponding experimental phase diagram. The crystal fractions determined from the
height of the coexistence boundaries indicated by the dashed lines on the photographs
were fitted by a linear regression (solid line) for the KS2 (hollow triangles) and
the KS3 (hollow circles). The results obtained for the KS1 are indicated by hollow
squares. The data have been rescaled to ¢ =0.494. The coexistence domain for the
KS2 and KS3 is indicated by the green area.
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Figure 2.29: Crystallization of a 9.48 wt.% solution at different temperatures corresponding to
different effective volume fractions

manifested by the presence of distinct crystals has been observed for effective volume
between 0.494 and 0.535, which is smaller as what is expected for hard spheres. This can
be related to the softness of the system as already observed for PNIPAM microgel [7]. At
higher degrees of crosslinking (KS2 and KS3) the rescaled coexistence domain has been
found between 0.494 and 0.556. This is in accord with the theoretical values ¢, = 0.545
[153].

Fig. 2.28 shows also that the crystallization study of the thermosensitive particles is
partially hampered by the strong turbidity of the system. This motivates the use of thin
capillary for a direct observation of the crystallites. In this case polarized microscopy
can be used to investigate the crystallization kinetics [135]. These experiments have been
performed on the KS2, for a concentration of 9.48 wt.% (see fig. 2.29) and 8.22 wt.%
(see fig. 2.30) at different temperatures. The same experiment was repeated for the KS3
at a concentration of 13.01 wt% at 20°C' and will be discussed in the next section. The
samples were first maintained at about 30°C in the 0.1 mm thick capillary and then
quickly cooled-down to the temperature of investigation in the thermostated cell (see fig.
2.27).

Below the melting temperature the crystallization process of colloidal particles can be
interpreted in the framework of nucleation and growth. The first crystals have been
observed around ®.;y = 0.50. Considering the time of observation of one hour, this
value is in good agreement with the phase diagram. The onset of the crystallization
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Figure 2.30: Crystallization of a 8.22 wt.% solution at different temperatures corresponding to

different effective volume fractions
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Figure 2.31: Viscoelastic behavior of crystallizing suspensions vs. glassy systems: The storage
modulus G' (filled symbols) and the loss modulus G" (open symbols) are measured
as function of time in the linear viscoelastic regime at 1Hz and 1% after 5 min of
shearing at 100 s~ for a crystallizing system (circles) and a glassy system (squares).
The triangles refer to the liquid state (¢pepy = 0.49), The circles to a volume fraction
of 0.52 (two-phase regime) whereas the squares give the results for the glassy state

(bess = 0.65).

is manifested by the apparition of large crystals growing on the walls of the capillary.
At lower temperatures corresponding to higher ®.;y most crystals are formed in bulk,
the nucleation increases, whereas the size decreases. Above ®.ry = 0.542 no crystal
was observed in the 9.48 wt.% solution. This is in good agreement with observations
performed on colloidal hard spheres assimilated suspension by light scattering [123|. It
was demonstrated that when the melting concentration is exceeded, nucleation events
become correlated and high nucleation rate densities suppress crystal growth. At higher
effective volume fractions the crystals are indeed strongly compressed impeding their
growth. On the contrary some crystals can still be observed until ®.¢; = 0.57 for the 8.22
wt.% solution, which can be attributed to a slight variation of the softness of the particles
for the lower temperatures.

2.3.4 Linear viscoelastic behavior

The previous section has clearly revealed that the thermosensitive suspensions crystallize
if the effective volume fraction ¢.ys is above 0.49. Moreover, the evolution of the samples
as function of the time suggests that the induction time until crystallization occurs
depends on ¢.s¢ as expected for hard spheres system. Crystallization strongly affects
the mechanical properties of the solution. For this reason rheological measurements were
carried on concentrated suspensions to explore the crystallization kinetics in further
details.

The linear viscoelastic behavior is studied first for different KS2 solutions. For this
purpose the storage modulus G’ and the loss modulus G” is measured from a suspension
with 9.48 wt.% at different temperatures, corresponding to different volume fractions
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Figure 2.32: Comparison between the linear viscoelasticity measurement and the polarized mi-
croscopy during the crystallization process of a 13.01 wt. % KS3 solution at 20°C
(pefs = 0.54). The storage modulus G' (filled symbols) and the loss modulus G”
(open symbols) are measured as function of time in the linear viscoelastic regime at
1Hz and 1% after 5 min of shearing at 100 s~'. The results are compared to the
polarized microscopy observations at 20°C for different times after a fast quenching

from 30°C' to 20°C.

Gefs- A deformation of 1 % and a frequency of 1 Hz has been chosen. Additional
measurements have shown that the linear viscoelastic regime is attained for these
parameters. To remove the samples history, all suspensions were sheared for 5 minutes
with a shear rate of 100 s~! prior analysis. In all cases reported here the time of
observation was more than one hour.

The solution was measured at 22°C' which corresponds to an effective volume fraction
derr = 0.49. G’ is higher than G” for the entire time of observation indicating a stable
fluid phase. Lowering the temperature to 19 °C' leads to a regime where G < G”
where no crystallization is expected. However after an induction time of 700 s a marked
increase in G’ is observed as shown in fig. 2.31. G” goes through a slight maximum and
finally decreases markedly so that G’ > G” in the final stage attained after ca. 1 hour.
The highest effective volume fraction 0.65 was reached by lowering the temperature to
8 °C'. Note that this very high volume fraction can easily be reached by adjusting the
temperature. In this case fig. 2.31 demonstrates that G’ >> G” as expected for the
glassy state. At this high volume fraction local rearrangements are slowing down which
is marked by a slow increase of G’ with the time.

The same experiment has been performed for the KS3. Fig. 2.32 presents the timesweep
obtained for a 13.01 wt.% solution at 20°C' (¢.ss = 0.54) and is compared to the ob-
servation by polarizing microscopy. The increase of G’ follows the apparition of the first
crystallites after 420 s. After 720 s corresponding to the crossover of G’ and G” no further
change can be observed from the polarized microscopy even if the G’ is still increasing.
The same observation was done on the others solutions investigated in the coexistence
domain. This underlines the good agreement and the complementarity of this two tech-
nics. We determined the induction time of the crystallization. This time was estimated
from timesweep experiments as the time where crystallization induces a 10% increase of
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Figure 2.33: Beginning of the crystallization described by the dependence of the characteristic
time 7; on the effective volume fraction ¢crs for different concentrations (12.1 wt.%:
circles, 13.01 wt.%: down triangles, 13.58 wt.%: squares) at different temperatures.
The dashed line is here to guide the eyes.

the complex modulus G*. This time was then normalized by the diffusion time defined
as R% /Dy, where Ry is the hydrodynamic radius and Dy the free-particle diffusion con-
stant. This gives the characteristic time 7;. Fig. 2.33 presents the dependence of 7; on
¢ fs obtained for different concentrations at different temperatures.

7; first decreases with increasing volume fractions and reaches a minimum around
®erf = 0.55. An increase is observed again for higher effective volume fractions. The
minimum is in good agreement with the literature [123|. This corroborates the frame-
work of crystallization and growth. Close to ¢.ss s the growth process predominates as
the nucleation is slow. This results in a slow crystallization and in the formation of
large crystals. The growth process decreases with increasing volume fraction in the ben-
efit of a faster nucleation. The crystallization kinetics reaches then a maximum around
®efrs = 0.55, which corresponds to the maximum of the nucleation rate for hard spheres
colloidal suspension as found experimentally in ref. [123] and theoretically [119]. To higher
¢crs the crystallization is slowed down as the self diffusion of the particles is decreasing.
Moreover the proximity of the nuclei hinders the growth of the crystals. For ¢crr > ¢4
the suspensions still crystallize, at least partially, by the slow growth of large and irreg-
ularly shaped crystals on secondary nuclei, such as the container walls and regions of
shear-aligned structures remaining from the tumbling action [121].

Hence, we conclude that the rheological experiments shown in fig. 2.31 and fig. 2.32
corroborates all findings of the previous section: Crystallization takes place at sufficiently
high volume fractions. However, the kinetics of crystallization depends markedly on ¢.¢
as expected from previous investigations [122, 123, 155, 156]. The study of the viscoelastic
behavior therefore gives direct information on the time scale in which the systems remains
in the nonergodic state.

This indicates that the thermosensitive core-shell particles behave as hard spheres when
considering their crystallization. Moreover, the fact that these systems crystallize again
points to the narrow size distribution.
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Figure 2.34: Shear melting of crystallized suspensions. Shear stress as function of shear rate
for a thermosensitive suspension containing 9.48 wt.% of the particles. The open
symbols mark the measurements with increasing shear rate whereas the filled symbols
show the results with decreasing shear rate. Parameter of the different curves is
the temperature adjusting the effective volume fraction ¢orr. The effective volume
fractions ¢epy are: triangles up: 0.49; circles: 0.52; triangles down: 0.57; squares:
0.64.

2.3.5 Flow curves and shear melting

The study of the linear elastic behavior demonstrates that crystallization may intervene
at time scales which are typical for rheological experiments necessary for measuring flow
curves. Evidently, crystallization leads to a marked change of the flow behavior and must
be excluded in a meaningful study of the flow curves. However, crystallites formed at
sufficiently high concentrations may be shear-melted: Fig. 2.34 displays the shear stress o
as the function of the shear rate 4, that is, the flow curves of the suspensions. Parameter
of the curves is the effective volume fraction. For all volume fractions the solutions were
aged for more than one hours. Hence, we used the systems discussed in conjunction with
fig. 2.31. This means that the shear flow was started after crystallization has taken
place for the intermediate volume fractions. The hollow symbols in fig. 2.34 indicate flow
curves measured by raising 7 slowly (5 s per point) from 0.02 to 1000 s~! whereas filled
symbols indicate the results obtained by slowly lowering the shear rate. In case of the
fluid phase (¢.rr = 0.49) both sets of data agree and practically superimpose. The same
holds true for the highest volume fraction studied here (¢.;; = 0.64). Fig. 2.34 hence
demonstrates that flow curves present meaningful data for the present system even at
exceedingly high volume fractions. However, there is a strong hysteresis for the partially
crystalline sample having an effective volume fraction ¢.sr = 0.52. A critical shear stress
is obviously needed to shear-melt the crystals and to attain a fluid state. Lowering
the shear rate again then leads to a flow curve exhibiting a first Newtonian regime at
sufficiently low 4. The same observations were made when adjusting the same effective
volume fraction by a different concentration and temperature. This demonstrates that
the flow curves represent fully reproducible data once the crystallites are molten by shear
(see also Ref. [151] and the discussion in the section 3.2).
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2.3.6 Summary

Concluding this section and the preceding one we can state that suspensions of the ther-
mosensitive core-shell particles behave expected for hard spheres for crosslinking higher
than 1.25 mol.%. Thus, the effective volume fraction of the particles as derived from
their hydrodynamic radius Ry provides the base for all further analysis. The effective
volume fraction can be adjusted by quenching the system at different temperatures, and
the crystallization kinetics can be investigated by polarizing microscopy and by rheolog-
ical measurements in the linear viscoelastic regime. Thus this composite system present
a good candidate for the crystallization study of pseudo hard spheres colloidal systems.

Quenching samples to effective volume fractions above the freezing effective volume frac-
tion may still lead to the formation of crystallites that must be shear-molten prior to
measurements of the flow curves. This problem of shear-melting will be addressed in
another section (see section 3.2).
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3.1 Characterization of the viscoelastic behavior of
complex fluids using the piezoelectric axial
vibrator

3.1.1 Introduction

Rheological properties of complex fluids as, e.g., polymer solutions or suspensions of colloid
particles give important information about the microstructure and the dynamics of these
systems |157|. They thus provide the base for the applications of these systems. Complex
fluids exhibit structural features that range over many orders of magnitude [158|. Their
relaxation times span over an equally broad range as well. Measurements of the rheological
properties as the storage modulus G’ and the loss modulus G” must therefore cover an
enormous scale in the time or in the frequency domain in order to capture all relaxation
processes in these materials. Considering G’ and G” as functions of the frequency f it
is obvious that low values of f are necessary to attain the first Newtonian region. On
the other hand, the modulus G’ measured at high frequencies provides insight into the
interparticular forces [159]. Hence, the highfrequency limiting values G'(w) and 7/(w) of
colloidal suspensions can be used to probe the magnitude of hydrodynamic interactions
between the particles and their repulsive potential. Moreover, G’ and G’ of suspensions of
hard spheres measured over a sufficiently wide range of frequencies may be evaluated to
yield information about the structural arrest of the spheres at high volume fractions that
can be related to the theory of the glass transition in these systems [39, 40, 160-165].

This brief introduction demonstrates that techniques capable of measuring viscoelasticity
of complex fluids over a wide range of frequencies are needed [159, 166]. Conventional
mechanical rheometers, however, can only access the range of low frequencies (<50 Hz)
because of the inertial effects. Mellema and co-workers have introduced the use of torsional
resonators for the study of colloidal suspensions [167|. More recent developments in this
field have been summarized by Romoscanu et al. [168|. In particular, Willenbacher and
co-workers demonstrated that torsional resonators can be used for measurements at high
frequencies in the kilohertz range [159]. The obvious disadvantage of torsional resonators is
the fact that these devices can be used only at given frequencies. Intermediate frequencies
have often been accessed by use of the time-temperature superposition principle [157]. An
example for this approach in the field of suspension rheology is the work of Shikata and
Pearson on hard sphere colloids [169]. But in general, the time-temperature superposition
principle is not applicable for complex fluids. Therefore measurement techniques that
span the entire frequency range without resorting to the time-temperature superposition
principle are of central interest in the field of complex fluids. Microrheological techniques
recently introduced by Mason and Weitz [160, 170, 171| give access to a wide range
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of frequencies. Moreover, the mechanical spectra are derived for a continuous range of
frequencies. Microrheology, however, relies on the so-called “generalized Stokes-Einstein
relation” which may hold only for certain systems. It has been shown to be inadequate
for charged colloids [172], and its applicability to complex fluids must be checked in
each case. Finally, for the intermediate frequency only a few instruments were able to
give a continuous and reliable measurement as, e.g., the piezorheometer described in the
work of Cagnon and Durand [173-175| or the piezoelectric rotary vibrator [176] both
working in shear strain. Recently, Pechhold and co-workers introduced a new device
named “piezoelectric axial vibrator” (PAV). It consists of a dynamic press with a thin gap
in which the liquid is confined. A squeeze flow is generated by a piezoelectric drive and
the answer of the system measured by piezosensors can be evaluated to lead to G’ and
G" between 10 and 3000 Hz. In this way the PAV closes the gap in the frequency range
of conventional rheometers and the torsional resonators. In principle, the concept of the
PAV is very appealing and the frequency range accessible by this instrument is exactly in
the range that must be probed for the study of typical complex fluids. Based on earlier
work by Kirschenmann [177] we present a comprehensive test of the PAV as applied to
typical complex fluids as polymer solutions and colloidal suspensions. The results obtained
with this instrument are compared to data from conventional rotational rheometry at low
frequencies and from a set of torsional resonators at high frequencies. Moreover, the data
obtained from rotational rheometry at various temperatures are shifted according to the
time temperature superposition principle in order to cover the same frequency range as
the PAV. The purpose of this study is twofold: (i) At first to examine the reliability of the
PAV and its possible limitations and (ii) to demonstrate that the combination of the three
rheometers, namely the mechanical spectrometer, the PAV, and the torsional resonators
provides a convenient and reliable access to the viscoelastic properties of complex fluids
over 57 orders of magnitude in frequency. This will be further demonstrated by analyzing
the viscoelasticity of a suspension of thermosensitive particles.

3.1.2 Theory

The general theory of squeeze flow is well exposed in standard textbooks of rheology [178|
and the theory of the PAV has been already presented in the work of Kirschenmann [177].
Here it suffices to delineate the main features. Figure 3.1 gives a scheme of the PAV. The
lower plate oscillates with constant force amplitude F. When the PAV is unloaded, the
dynamic displacement & of the lower plate is measured at a given frequency leading to
the compliance z/ F. The same measurement is repeated at the same frequencies with
the material under consideration filling the gap (see fig. 3.1). This gives the modulated
compliance i’/ﬁ’ From the complex ratio Zo/Z, the complex squeeze stiffness K* of the
material can be calculated by use of an appropriate mechanical equivalent circuit (see fig.
3.1) and solving its equations of motion [177]:

—w2m1x1 = —K*(l’l — .]70) — lel
—w2m0x0 = —K*(IO — .]71) — K()l(.l’o — LUQ) + F (31)
0 = —K()l(l'g - .]70) - KOQ.Z’Q —F

For linear viscoelasticity this calculation leads to the formula
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Figure 3.1: Mechanical equivalent model of the PAV. The material with the complex stiffness
K* is enclosed in the gap (shaded area) of radius R and thickness d. The lower
plate oscillates with a given frequency with constant force amplitude F. The dynamic
displacement of the lower plate leads to K* and in turn to the complex modulus G*.
See text for further ezplanation.
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where R is the radius of the plate, (d < R) is the gap width, p is the density of the
squeezed material, and G* is its complex shear modulus. The expression of the numerator
agrees with that derived in the literature [178, 179]. The denominator contains the first
term (slit approximation) of a series expansion that takes into account the inertia of
the material in the gap. This effect may become important at very high frequencies.
Equation 3.2 tacitly assumes an incompressible material and hence only considers the
complex shear modulus G* or the complex compliance J* = 1/G*.

For precise measurement, however, the dynamic compressibility x* must be introduced as
well. For squeeze flow (in the limit of small amplitudes) one obtains [177]:

1 24 /1 3R,
T (a toEr ) (38:3)

Equation 3.3 demonstrates that the correction due to a finite compressibility depends
strongly on the ratio R/d. Its magnitude can be obtained through performing measure-
ments at different gap thickness d.
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Figure 3.2: A) Piezoelectric azial vibrator used in this study. The upper lid is removed to show
the plate moved by the piezodrives. B) Longitudinal cut of the PAV (left-hand side)
and transversal cut (right-hand side) of the quadratic tube containing the actor and
the sensor piezoelements. Four actor piezoelements elements are stuck on both side
of two opposite tube walls. Another four sensor piezoelements elements are stuck on
both of the remaining walls. Four partial cuts avoid direct coupling between actor and
sensor elements.
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3.1.3 Instruments

The PAV is a dynamic press working at frequencies between 10 and 3000 Hz. The
actor/sensor is a thin-walled quadratic copper tube carrying on top a thick stainless steel
plate, which serves as the lower boundary of the sample gap (see fig. 3.2).

As shown in fig. 3.2(b), four piezoelements are attached to two opposite walls of the tube
in order to exert the vibrations while four additional piezos are fixed to the remaining
sides in order to pickup the response signal. Direct coupling of excitation and detection is
avoided by four lengthwise cuts of the tube (see fig. 3.2(b)). This lower part of the device
is surrounded by a double walled cylinder allowing the circulation of a thermostating fluid.
The whole setup is covered by a thick metal lid, which is the upper boundary of the gap
and provides a complete sealing of the fluid. The rigidity K, of the cylinder must at least
attain 1.108 Nm~! to assure a high resonance frequency for the head of the probe and
the sensor cylinder. Therefore the sample rigidity, K*, should be lower than 109 Nm ™.
The PAV is operated by a lock-in-amplifier. The exciting voltage of the driving piezos
is proportional to the axial force. The measured voltage of the piezos that monitor the
deformation is the signal used for determining K*. The width d of the gap of the squeeze-
flow rheometer is defined by the lid mounted onto the rheometer (see fig. 3.2). In order to
vary the gap, several rings of 10, 35, 50, 100 um thickness can be used. The variation of
the gap turned out to be necessary in order to perform the measurements in the correct
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Table 3.1: Viscosities of different glycerol/water miztures at 20 °C' [180] used for the calibration

of the PAV.
Weight fraction of glycerol n at 20°C' (mPas).

0 2.26

35 3.040

20 6.050

65 15.54

75 36.46

85 112.9

95 245
100 1499

range. Systems with low viscosities must be measured using a small d whereas higher
viscosities needed a wider gap (see later). Hence, variation of the gap width between 20
and 200 um covers measurements of the viscosity in the range between 1 and 2000 mPas.
The required sample volume is on the order of 100 mL depending on the width of the
gap. In all case the amount of liquid was accurately adjusted by a microsyringe. The
temperature was controlled with an accuracy of £+ 0.02°C.

3.1.4 Calibration of the instrument and accuracy

The instrument was calibrated using Newtonian liquids of different viscosity to determine
the optimal gap for each range of viscosities. For this purpose a set of different glyc-
erol /water mixtures was used. The viscosities of these mixtures are summarized in Table
I. In order to compare the viscosities obtained by the PAV to data from other systems,
two rheometers have been employed: A rheometrics fluid spectrometer for the range
of low frequencies (0.01-15 Hz), and the torsional resonators introduced recently by
Willenbacher and co-workers for the region of high frequencies [159]. In the following we
give a brief description of the measurements using these devices. The Fluids Spectrometer
RFS II from Rheometrics Scientific is a strain-controlled rotational rheometer equipped
with a Couette system (cup diameter: 34 mm, bob diameter: 32 mm, bob length: 33 mm).

Strains are applied in the range starting from 500 % for the low viscosity liquids
to provide an accurate response up to 0.5% for the more viscoelastic solutions. For
each measurement the deformation was set to remain in the linear viscoelastic regime.
Measurement were performed on 10 mL of the fluid and the temperature was set with an
accuracy of £+ 0.05°C". Two torsional resonators supplied by the Institut fiir dynamische
Materialpriifung, Ulm, Germany, have been used to obtain data at high frequencies [159].
Two geometries are available (cylinder or double-dumbbell) allowing for measurements
at 13, 25, and 77 kHz. The penetration depth of the shear wave is typically on the
order of 50 nm for the samples investigated here. 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 cylinder (< 50 nm) ensure that the
maximum strain is small. The measurements are hence taken in the linear viscoelastic
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Figure 3.3: Viscosities of water-glycerin miztures measured with fluid spectrometer RFS II (open
squares), PAV (filled symbols), and torsional resonators (open triangles). The weight
percent of glycerol is varied between 0% and 100% as indicated in the graph in order
to adjust a wide range of viscosities. The values of Table I are indicated by the dashed
lines. Different gap thickness were used for the PAV: 20, 35, 50, 100, and 200 nm
to obtain the optimal measurement. An experimental value of the true gap thickness
was also calculated for each gap and given directly in the graph.

regime. The experimental procedure and the evaluation of data have been described
recently [159]. The real part of the complex viscosity of water-glycerine mixtures is
plotted against the frequency in fig. 3.3. Here data obtained by all the three devices are
presented. The gaps of the PAV was varied (d =20, 35, 50, 100, and 200 pum) in order
to adjust for the viscosity of the sample ranging from 1 to 1500 mPas (dashed lines in
fig. 3.3). The viscosity was calculated using eq. 3.2 and the width d of the gap was
slightly adjusted so that the experimental value was matched. This calibration of the
width of the gap is used in subsequent measurements. Moreover, results obtained for one
sample but different gap widths demonstrated that the contribution due to the dynamic
compressibility (cf. eq. 3.3) is negligible for these Newtonian liquids as expected. Figure
3.3 also delineates the optimal domains of the measurement of the PAV by dashed lines.
In these domains the measured viscosity is independent of the frequency.

In the following only data from these optimal domains will be shown. The good correspon-
dence between the three apparatus illustrates the quality of the measurements provided
by the PAV for the Newtonian solutions.

3.1.5 Viscoelastic fluids

Polystyrene solution

A commercial polystyrene grade (PS 148 H from BASF) dissolved in ethylbenzene is used

as a benchmark system to check the accuracy of the measurements of G’ and G” by the
PAV. Concentrated polymer solutions present well-studied examples of viscoelastic fluids
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Figure 3.4: Validation of G’ (full symbols) and G" (hollow symbols) measured with fluids spec-
trometer RFS II (quadrangles), PAV (circlesd), and torsional resonators (triangles)
obtained for a 30% polystyrene solution in ethylbenzene. The data are compared to
results derived from the time temperature superposition principle. Values of G' are
indicated by dashed lines whereas G" is given by solid lines. The data obtained by the
PAYV have been measured at the optimal gap thickness.

that exhibit moduli varying over many orders of magnitude with increasing frequency
[181]. The ethylbenzene used was of commercial grade without special purification. The
solution contains 30% polystyrene with M,, = 148000 g.mol~!. Solutions of polystyrene
were carefully studied and precise data based on the time-temperature superposition
principle are available [181, 182]. G’ and G” of this solution as the function of frequency
was obtained as follows: Rheological measurements with a mechanical rheometer were
done at -80, -50, and 24°C. In order to obtain a wide range of frequencies, the frequency-
temperature superposition principle has been used as already discussed by Baumgartel
and Willenbacher [182]. The temperature dependence can be described by a universal,
concentration invariant Williams-Landel-Ferry-shift parameter ar [183|:

—Cl(T — Tref)

. 3.4
(&) + T — Tref ( )

logipar =

We have chosen T,.; = 20°C' and obtain ¢; = 1.47 and ¢, =143 K. Figure 3.4 displays
G' and G” as the function of the frequency. Data at low frequency have been obtained
by the mechanical spectrometer RFS II whereas the three points referring to the highest
frequencies have been measured using the torsional resonators.

The data at intermediate frequencies have been obtained with the PAV using the optimal
width of the gap (see the discussion of Fig. 3.3). The data obtained by the three widely
different instruments fit together within the limits of error of the respective devices. The
lines give the respective values of G’ (dashed) and G” (full) derived from eq. 3.4. Good
agreement is seen over six orders of magnitude. There are only small deviations between
the measured data and the spectra calculated from the time-temperature superposition
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Figure 3.5: Enlarged portion of Fig. 4 showing G' and G" measured by the PAV with different
width d of the gap: 100 (down triangles), 150 (squares), 185 (up triangles), and 200
um (circles).

principle. We assign these small discrepancies to the limitation of eq. 3.4 and to the
experimental uncertainties in obtaining the moduli in such a wide temperature range.
Figure 5 demonstrates that the width d of the gap has a minor influence on the resulting
values of G’ and G”. Here G’ and G” obtained from the polystyrene solution by the PAV
for different width of the gap are plotted against the frequency f. Evidently, G’ and G”
do not depend on d within the given limits of error. The maximum of error amounts to
20% if the width of the gap is not optimal. This further confirms the reliability of the
instrument and justifies the neglect of the dynamic compressibility (cf. eq. 3.3). Thus,
the earlier discussion has established two criteria for the accuracy of the measurement:
First, the optimal width of the gap is obtained by measurement of Newtonian liquids.

The small corrections for the width of the gap, which followed from this calibration
demonstrates that eq. 3.3 provides a accurate description of the flow in the instrument.
Second, the measured spectra of G’ and G” must be independent of the width d. This
is seen indeed in Fig. 3.5 and the residual discrepancies at low frequency can be traced
back to a width of the gap which is not optimal. From these data and the foregoing
comparison using a polystyrene solution as a benchmark system we conclude that the
PAV gives reliable data for polymer systems that exhibit a marked viscoelastic behavior.
The range of concentrations that can be studied is only limited by the smallest gap
available (see the discussion of fig. 3.3). Hence, highly dilute polymer solutions in which
the viscosity exceeds hardly the one of the solvent cannot be measured with the PAV with
sufficient accuracy (see the discussion of this problem in Stokich et al. [184]).
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Figure 3.6: Elastic (full symbols) and loss (hollow symbols) modulus of a 1.5 wt.% methylcellulose
solution at 20°C measured with fluids spectrometer RFS II (squares), PAV (circles);
measured at optimal thickness of the gap 100 pm, and torsional resonators (triangles).
The fit was done using the generalized Mazwell’s model including the high frequency
contribution [Eq. (5)]. The fitted parameters are: ny =1.4 Pas, Ne =2.5 mPas,
70 =0.002 s, h =0.32.

Methylcellulose in solution

Aqueous solutions of methylcellulose (MC) gel upon heating [185]. The gelation is ther-
moreversible and ascribed to the presence of hydrophobic interactions. The rheology of
this system was already investigated in a study of Desbriéres [186| and the rheological
experiments were carried out on the piezorheometer built by Palierne [173-175]. Hence,
these solutions provide another benchmark system. Methylcellulose has been purchased
from Sigma-Aldrich. The weight average molecular weight of MC is 86000 g.mol~*. The
degree of substitution is ranging from 1.6 to 1.9 as indicated by the manufacturer. It was
purified by dialysis in order to remove salts and other low molecular weight impurities.
Solutions of 0.2 wt.% of methylcellulose were prepared in de-ionized water and stirred for
2 days to ensure a homogeneous solution. This solution was then packed in Spectra/Por®)
dialysis tube membranes which were bought from Spectrumlabs (MWCO-2000). Dialysis
was carried out until the conductivity of water became equal to pure de-ionized water.
Later the solution was dried in a vacuum oven at 80°C. The pure methylcellulose was
then stored for further use. The measurements were performed on a solution of 1.5 wt.%
at 20°C. Again the range of frequencies was covered by measurement using the three
instruments. The rheogram shown in Fig. 6 is typical of an entangled polymer solutions.
As can be seen from Fig. 3.6, a good correspondence between the three instruments is
seen. The residual differences between the instruments are within their respective limits of
error. This demonstrates again that concentrated polymer solutions can be measured by
the combination of the three instruments. Following earlier work [186] a general Maxwell’s
model was used to describe the data. The expression that includes the high-frequency
contribution reads
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where 7 is the zero-shear viscosity and 7., denotes the high-shear viscosity. Finally, £, is
the average time of relaxation and the parameter h describes the width of the relaxation
time distribution. Figure 3.6 demonstrates that eq. 3.5 provides a good description of the
results over the entire range of frequencies under consideration here. This is in agreement
with the earlier studies [186].

Thermosensitive latex particles.

As an example for a complex fluids we analyze here a thermosensitive latex that has been
under scrutiny recently [34, 35]. The particles consist of a solid polystyrene core and a
shell composed of crosslinked poly-N-isopropylacrylamide (PNIPAM) chains. Suspended
in water these particles swell when lowering the temperature below room temperature
through the uptake of water in the shell. Going to temperatures above 25-30°C' leads
to a marked decrease of the particles radius because the water is expelled from the
thermosensitive PNIPAM-layer again. This swelling transition within the layer is fully
reversible [17, 63] and can be used to adjust the effective volume fraction ¢.rs of the
particles by increasing or lowering the temperature [34]. Evidently, the time-temperature
superposition principle cannot be applied for determining G’ and G”. The core-shell
latex used in this study was prepared as described in the section 2.1.2 and corresponds to
the KS4. The core particles has a radius of 52.0 nm and the shell a thickness of 53.3 nm
at 10°C as determined by light scattering. The degree of crosslinking was 2.5 mol.% with
regard to monomer N-isopropylacrylamide. The latex was purified by ultrafiltration. The
weight concentration of the latex was 10.85 wt.% and the corresponding effective volume
fraction ¢ s was calculated as described in the section 2.3. For the suspension under
consideration here ¢, =0.585 at a temperature of 10°C". The rheological measurements
were realized with the set of the three instruments. A period of 1 A was allowed for
thermal equilibrium before starting each measurement. Figure 3.7 displays G'(w) and
G"(w) obtained in this way over the entire range of frequencies. As already discussed by
Mason et al. [160, 161], a suspension of hard spheres in the vicinity of the glass transition
should exhibit the features seen in Fig. 3.7: The storage modulus G’ is expected to
exhibit a marked plateau for a rather wide range of frequencies while G” is expected to
go through a pronounced minimum.

The model proposed by Mason and Weitz [160, 161] has been first used for the qualitative
description of the data thus obtained. It is based on the combination of three major
effects. The low frequency behavior is described within mode coupling theory [162-165].
It assumes that the stress autocorrelation function has the same functional form as the
density autocorrelation function. The high-frequency the data analysis is complicated due
to an anomalous contribution to both G’ and G” proportional to w®? which arises from
a diffusional boundary layer between the spheres [187]. The high frequency suspension
viscosity 7., 8 leads to a contribution to G” that is proportional to w. [t can be taken from
the experimental data obtained at highest frequencies by use of the torsional resonators.
The resulting expressions for G’ and G” are [160, 161]:
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Figure 3.7: Elastic (full symbols) and loss (hollow symbols) moduli of a concentrated thermosen-
sitive latex 10.85 wt.% at 10°C (¢pepy =0.585) measured with fluid spectrometer RFS
II (squares), PAV (circles), and torsional resonators (triangles). The data obtained
by the PAV have been measured at the optimal thickness of the gap. The ezperimental
data are fitted by the model proposed by Mason and Weitz (eq. 3.6-3.7) with Gp =21
Pa, G, =0.4 Pa, t, =1 srad™', ¢.fr =0.585, Dg =4.107" m?s~!, and n., =3
mPas.

/ /

G'(w) = Gp + G, {F(l —a')cos (%) (wt,)¥ — BL(1 +V)cos (%) (wto)bl] + G (w)
(3.6)

and

G"(w) = G, [P(l —ad')sin (%“/) (wt,)” — BT(1 + V)sin (%b/) (wto)b’] +G(w) 415 (W)
(3.7)

where I'(x) is the gamma function, ' =0.301, B =0.963, as and &’ =0.545 are parameters
predicted for suspensions of hard spheres [162]. G, is a fit parameter. The storage mod-
ulus has an inflection point at the plateau value Gp, and the frequency at the minimum
of the loss modulus is set by the value of the plateau, 1/¢,. Following the approach
of Mason et al. [160, 161] the frequency dependence of G, and G7, for hard sphere
suspensions is used here as given by Lionberger et al. [187| and by De Schepper et al. [188|:

6 kT
Gpw) =Gp(w) = 577&9(2&, ¢)lwrp]"? (3.8)
where 7p = a?/D,, is the diffusional time determined by the ¢-dependent short-time
diffusion coefficient with a being to the radius of the particles. The radial pair distribution
function at contact is approximated by g¢(2a,¢) = 0.78/(0.64 — ¢) again mapping this
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suspension onto an effective hard sphere system (see the discussion of this point by Mason
[171]). Moreover, we equate ¢ = ¢.ss. Hence, G, and D, are the only free fit parameters
remaining here. Figure 3.7 demonstrates that there is good agreement between the data
obtained by the three instruments. Moreover, good agreement is seen over eight orders
of magnitude. The lines give the respective values of G’ (solid line) and G” (dashed line)
derived from eqs. 3.6 and 3.7. This agreement is more remarkable when considering that
only two fit parameters had to be used in this comparison. Hence, the model of Mason
et al. [160, 161] based on the mode-coupling theory explains the measured viscoelasticity
of suspensions very well. Nevertheless it fails to describe the relaxation of the system for
the very long times below the glass transition. Biased on this pioneer work a new model
proposed by Fuchs has been developed to come to a quantitative description of the linear
viscoelasticity of hard spheres suspensions in the vicinity of the glass transition and will
be presented in the next section of this chapter.

3.1.6 Summary

A new rheometer, the PAV, has been introduced and tested by using Newtonian liquids
and viscoelastic polymer solutions. The data presented here demonstrate that the PAV
works reliably between 10 and 3000 Hz. It thus closes the gap between conventional
mechanical spectrometers and the torsional resonators. The combination of all three
devices gives access to G’ and G” as the function of frequency over 7-8 orders of magnitude.
This provides a sound basis for a comprehensive study of the viscoelasticity of complex
fluids as was shown for the case of polymer solutions and suspensions of colloidal particles.
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3.2 Shear stresses of colloidal dispersions at the glass
transition in equilibrium and in flow

3.2.1 Introduction

Complex fluids and soft materials in general are characterized by a strong variability in
their rheological and elastic properties under flow and deformations [158, 189]. Within
the linear response framework, storage- and loss- (shear) moduli describe elastic contribu-
tions in solids and dissipative processes in fluids. Both moduli are connected via Kramers-
Kronig relations and result from Fourier-transformations of a single time-dependent func-
tion, the shear modulus ¢g"(#). Importantly, the linear response modulus g"(¢) itself is
defined in the quiescent system and (only) describes the small shear-stress fluctuations
always present in thermal equilibrium [33, 158|.

Viscoelastic materials exhibit both, elastic and dissipative, phenomena depending on ex-
ternal control parameters like temperature and/ or density. The origins of the change be-
tween fluid and solid like behavior can be manifold, including phase transitions of various
kinds. One mechanism existent quite universally in dense systems is the glass transition,
that structural rearrangements of particles become progressively slower [164]. It is accom-
panied by a structural relaxation time which grows dramatically. Maxwell was the first to
describe this fluid-solid transition phenomenologically. Dispersions consisting of colloidal,
slightly polydisperse (near) hard spheres arguably constitute one of the most simple vis-
coelastic systems, where a glass transition has been identified. It has been studied in
detail by dynamic light scattering measurements [155, 156, 190-195|, confocal microscopy
[126], linear [161, 196], and non-linear rheology |7, 34, 197-201|. Computer simulations are
available also [202-204|. Mode coupling theory (MCT) has provided a semi-quantitative
explanation of the observed glass transition phenomena, albeit neglecting ageing effects
[205] and decay processes at ultra-long times that may cause (any) colloidal glass to flow
ultimately [162-165]. Importantly, MCT predicts a purely kinetic glass transition and de-
scribes it using only equilibrium structural input, namely the equilibrium structure factor
Sy [33, 206] measuring thermal density fluctuations.

The stationary, nonlinear rheological behavior under steady shearing provides additional
insight into the physics of dense colloidal dispersions [33, 158|. A priori it is not clear,
whether the mechanisms relevant during glass formation also dominate the nonlinear
rheology. Solvent mediated interactions (hydrodynamic interactions), which do not affect
the equilibrium phase diagram, may become crucially important. Also, shear may cause
ordering or layering of the particles [207]. Simple phenomenological relations between
the frequency dependence of the linear response and the shear rate dependence of the
nonlinear response, like the Cox-Merz rule, have been formulated, but often lack firm
theoretical support or are limited to special shear history [158, 208|.

On the other hand, within a number of theoretical approaches a connection between
steady state rheology and the glass transition has been suggested. Brady worked out a
scaling description of the rheology based on the concept that the structural relaxation
arrests at random close packing [209]. In the soft glassy rheology model, the trap model
of glassy relaxation by Bouchaud was generalized to describe mechanical deformations
and ageing [210-212]. The mean field approach to spin glasses was generalized to sys-
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tems with broken detailed balance in order to model flow curves of glasses under shear
[213, 214]. The application of these novel approaches to colloidal dispersions has lead
to numerous insights, but has been hindered by the use of unknown parameters in the
approaches. MCT, also, was generalized to include effects of shear [215-217|, and, within
the integrations through transients (ITT) approach, to quantitatively describe all aspects
of stationary states under steady shearing |41, 44, 45|, Some aspects of the ITT approach
to flow curves have already been tested [218], but the connection, central in the approach,
between fluctuations around equilibrium and the nonlinear response, has not been inves-
tigated experimentally up to now.

In the present chapter the connection between structural relaxation close to glassy ar-
rest and the rheological properties far from equilibrium is explored. We used the theory
developed by the Prof. Matthias Fuchs and his coworkers. Within the scope of this col-
laboration we crucially test the ITT approach, which aims to unify the understanding
of these phenomena. It requires, as sole input, information on the equilibrium struc-
ture (namely S,), and, first gives a formally exact generalization of the shear modulus
to finite shear rates, g(¢,%), which is then approximated in a consistent way. We inves-
tigate a model dense colloidal dispersion at the glass transition, and determine its linear
and nonlinear rheology. Thermosensitive core-shell particles consisting of a polystyrene
core and a crosslinked poly(N-isopropylacrylamide)(PNIPAM) shell were synthesized and
their dispersions characterized in detail. Data over an extended range in shear rates and
frequencies are compared to theoretical results from MCT and I'TT.

This chapter is organized as follows: first the experimental and methods are presented as
well as an introduction of the linear and non linear rheology. The next part summarizes
the equations of the microscopic I'T'T approach in order to provide a self-contained presen-
tation of the theoretical framework. Afterwards some of the universal predictions of I'TT
are discussed in order to describe the phenomenological properties of the non-equilibrium
transition studied in this work. Building on the universal properties, a simplified model
which reproduces the phenomenology is introduced. The comparison of combined mea-
surements of the linear and non-linear rheology of the model dispersion is then compared
with calculations in microscopic and simplified theoretical models.

3.2.2 Experimental system and methods

The core-shell particles with 5 mol.% crosslinking (KS3) are used in this study. The
synthesis and characterization of this system are described in chapter 2.1. Different solu-
tions were prepared between 10.75 and 13.58 wt.%. The concentration in salt (KCl) was
adjusted to 5.1072 molL.~! KCI to screen the remaining electrostatic interactions. The de-
pendence of ¢.f¢ on the temperature is given by the hydrodynamic radius Ry determined
from the dynamic light scattering in the dilute regime. Ry was linearly extrapolated
between 14 and 25°C (Ry = —0.859257" + 123.78 with T the temperature in °C and ¢.f¢
was calculated following eq. 2.33 following the procedure described in chapter 2.3.

Three instruments were employed in the present study to investigate the rheological
properties of the suspensions. The flow behavior and the linear viscoelastic properties
for the range of the low frequencies were measured with a stress-controlled rotational
rheometer MCR 301 (Anton Paar), equipped with a Searle system (cup diameter: 28.929
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mm, bob diameter: 26.673 mm, bob length: 39.997 mm). Measurements have been
performed on 12 mL solution and the temperature was set with an accuracy of + 0.05°C'.
The shear stress o versus the shear rate % (flow curve) was measured after a pre-shearing
of 4 =100 s~! for two minutes and a timesweep of 1 hour at 1 Hz and 1 % deformation
in the linear regime. The flowcurve experiments were performed setting , first with
increasing 7 from ¥ = 107% — 103 s~! with a logarithmic time ramp from 600 to 20 s, and
then with decreasing 4. The frequency dependence of the loss G” and elastic G’ moduli
has been measured for 1 % strain from 15 to 1073 Hz with a logarithmic time ramp
from 20 to 600 s. The measurements were first performed without pre-shearing after the
timesweep, before the flowcurves experiments, and then after the flowcurves experiments
10 s two minutes after pre-shearing at ¥ = 100 s~! to melt eventual crystallites. We
only considered experiments performed after pre-shearing in the following discussion of
G’ and G” for the lowest frequencies.

Additional rheological experiments were carried out on Piezoelectric vibrator (PAV) and
cylindrical torsional resonator described in the previous chapter (see chapter 3.1). The
PAV was operated from 10 to 3000 Hz. The gap was adjusted with a 100 pum ring.
Only the measurements in the glassy state have been performed with the PAV as the
instrument does not allow any pre-shearing. The cylindrical torsional resonator used was
operated at a single frequency (25 kHz). The experimental procedure and the evaluation
of data have been described recently [35, 159].

The effect of the shear rate 4 on the particle dynamics is measured by the Peclet number
[33], Peg = Y¥R% /Dy, which compares the rate of shear flow with the time an isolated
particle requires to diffuse a distance identical to its radius. Similarly, frequency will
be reported in the following rescaled by this diffusion time, w’ = wR%/D,. The self
diffusion coefficient Dy at infinite dilution was calculated from the hydrodynamic radius
Ry and the viscosity of the solvent 7, with the Stokes-Einstein relation so that Dy =
kpT/6mnsRy. In dense dispersions, however, the structural rearrangements proceed far
slower than diffusion at infinite dilution, and therefore, very small Peclet numbers and
rescaled frequencies w’ are of interest in the following. Stresses will be measured in units
of kgT/R% in the following.

3.2.3 Linear and non linear rheology

This section presents the basics of the rheology of colloidal suspensions. In the rest of
the chapter the mode coupling theory is introduced to give a quantitative description
of the viscoelasticity of the system in the linear regime and of the flow behaviour in
the stationary regime. By linear viscoelasticity we consider a system experiencing an
oscillatory strain. The dependence of the stress to the amplitude v and frequency of
the solicitation is used to estimate the elastic and loss contribution usually represent by
the moduli G’ and G”. If we fix the frequency, the linearity is considered per definition
for strains « where these two moduli are constant. At this point the structure of the
system is not disturbed and the system is in equilibrium. If the strain exceeds a certain
value 7, this condition is not respected anymore and the structure is disturbed leading
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Figure 3.8: A) step flow experiment performed at different shear rate with different time incre-

68

ments: 50 ms (crosses), 100 ms (squares), 200 ms (circles). The lines present the
fits obtained from equation 3.10. B) Comparison of the flowcurves measured experi-
mentally with increasing and decreasing shear rates (full and dashed lines) with the
stresses measured for different waiting times from the step flow experiments: 50 ms
(down triangles), 100 ms (checked bozes), 1 s (up triangles), 10 s (hollow squares),
100 s (hollow circles) and stationary regime (full circles). C) Strain sweep at differ-
ent frequencies. D) Shear stress measured as function of the strain from the step flow
experiments at different shear rates (hollow symbols) and frequencies (full symbols).
The same symbols are used for the same values of the frequency and shear rates. The
dashed lines present the fits from equation 5.10.
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to the relaxation and flow of the system. The simplest representation of such a system
is the model of Maxwell. In the rest of the experiments the theory was applied to the
frequency dependent measurement of G’ and G” in the linear regime. For this reason the
moduli have been measured as function of the strain for different frequencies in order to
ensure that the deformations used in the frequency dependent experiment belong for all
the frequencies to the linear regime. An example is given by the figure 3.8 C). A dense
solution with an effective volume ¢y = 0.622 is subject deformationsweep experiment is
presented for a dense 13.01 wt% solution at 14°C for different frequency. The moduli are
constant until a strain around 4 %. This solution represents the highest effective volume
fraction investigated in this work, for this reason a strain of 1 % fulfil the condition of
linearity in all the frequency sweep experiments presented in this chapter.

The flow curves have been measured in the stationary regime. This means practically
that the solution is sheared at a constant shear rate 7 long enough, to ensure a laminar
flow resulting in a constant stress that we will define as o(¥), which is the prerequisite
of the theory. The stationarity has been checked by step flow experiments also for the
highest effective volume fraction (13.01 wt% solution at 14°C, ¢.ry = 0.622). Figure
3.8 A) presents the experiments performed for different shear rates, with different time
increments (50, 100, 200 ms). No significant variations could be observed between the
different times. For the lowest shear rates (¥ = 107* — 107! s71). The stress o(¥, ) first
decreases in the very small time, and then increases again to reach the constant value
o(¥). The experimental values of o(¥) (solid circles) have been reported in the figure 3.8
B) and compared to the flow curves measured with increasing and decreasing shear rates
(full and dashed curves) in the experimental conditions described above and with the
measurement, for different time. No significant difference can be observed which proves
that the flow curves are measured in the stationary regime. On the contrary a marked
discrepancy can be observed if the time of measurement is not long enough. This result
can be directly compared to the work of Heymann et al. [219, 220] where the authors
investigated the influence of the measurement time on the flow curves of concentrated
suspensions of spherical particles.

Step flow and strain sweep experiments are very close in the sense that they describe the
evolution of the system as function of the time and strain and have been the object of
recent studies [208, 221, 222|. If we consider the step flow experiments of the figure 3.8 A)
the origin of the first decay in the short time is not fully understood and must be related to
short time relaxation process. Nevertheless the experimental points in the short times for
the low shear rates superpose into a master curve, which can be described as a power law
with an exponent -0.4. Then the stress increases again quasi linearly for the slowest shear
rate to finally relax and reach a constant value. The two experiments can be compared,
if we consider the evolution of the stress as a function of the strain. For this the moduli
of the strain sweep are first transformed into complex modulus G* = ((G')? + (G")?)%®
and then converted in stress 0* = G* /. Concerning the step flow experiments the strain
is obtained by multiplying the time ¢ with the shear rate 4. To this high volume fraction
the system is in the glassy state and the complex modulus is almost constant between
1072 and 10 Hz and the value at the plateau G, is approximately equal to 23 Pa. The
comparison is presented in the figure 3.8 D). o* is increasing linearly with the strain for
the small strain and relax for the higher strain. This kind of rescaling underlines the
correspondence of the two experiments in the linear regime. For the non linear regime a
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direct comparison is obtained if the stress is measured for both experiments are done at
the same strain and shear rate. For this purpose we have to define the strain-rate defined
as y9 = Yw. The comparison is done on the figure 3.9, where both experiments superpose
each other to describe the second relaxation of the stress.

A simple approach close to the one proposed by Wyss et al. [208] was used to account
of the linear viscoelasticity defined by the complex modulus G*(4y = %) (in the linear
regime) at the lower strains and of the stationarity and flow at higher strains defined by
the constant stress o (7).

The model consists on a simple Maxwell element, defined with its general equation of
movement:

dy ldo o

B 3.9

dt G dt * n (39)
We consider now a steady shear (dy/dt = 7), G = G*(} = *) the linear viscoelastic
contribution, n = o (%) /4 with o(¥) the stress in the stationary regime. Considering that
at t = 0, o(t) = 0, the resolution of this equation gives the following expression for the
stress:

o(y,t) = o(¥) (1 — exp(=G" (0 = )3t/a(7))) (3.10)

This expression have been used for the step flow and strain sweep experiments considering
G*(90 = 7) = G}, = 23 Pa (see fig. 3.8 A) and D) and fig. 3.9). This simple approach
describes very well the second relaxation observed experimentally in the glassy regime
for both experiments. Of course this kind of experiment is much more complicated and
the correlation between the time, frequency, strain and shear rate has to be addressed
more in depth. Nevertheless it shows clearly the connection between linear and non linear
rheology which will be presented in the rest of the chapter.

3.2.4 Theory

Microscopic approach

The next sections provide a full description of the theory developed as mentioned in the
introduction by the professor Matthias Fuchs and his coworkers. We consider N spherical
particles with radius Ry dispersed in a volume V' of solvent (viscosity 7s) with imposed
homogeneous, and constant linear shear-flow. The flow velocity points along the x-axis
and its gradient along the y-axis. The motion of the particles (with positions r;(¢) for
i=1,...,N) is described by N coupled Langevin equations [206]

¢ (% — VSOlv(ri)) =F, +f . (3.11)

Solvent friction is measured by the Stokes friction coefficient ¢ = 67nsRy. The N vectors
F, = —0/0r; U({r;}) denote the interparticle force on particle ¢ deriving from potential
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Figure 3.9: Shear stress measured as function of the strain from the strain sweep (full symbols)
and step flow experiments (hollow symbols). The same symbols are used for the same
values of shear rates vy and strain rates vy = w-y.

interactions with all other particles; U is the potential energy which depends on all par-
ticles’ positions. The solvent shear-flow is given by v*°I¥(r) = §y %, and the Gaussian
white noise force satisfies (with «, 5 denoting directions)

(FR(0) £7(E) = 20 kpT dap 655 8(t — ')

where kgT is the thermal energy. Each particle experiences interparticle forces, solvent
friction, and random kicks. Interaction and friction forces on each particle balance on
average, so that the particles are at rest in the solvent on average. The Stokesian friction
is proportional to the particle’s motion relative to the solvent flow at its position; the
latter varies linearly with y. The random force on the level of each particle satisfies the
fluctuation dissipation relation.

An important approximation in Eq. (3.11) is the neglect of hydrodynamic interactions,
which would arise from the proper treatment of the solvent flow around moving particles
[33, 206]. In the following we will argue that such effects can be neglected at high densities
where interparticle forces hinder and/or prevent structural rearrangements, and where
the system is close to arrest into an amorphous, metastable solid. Another important
approximation in Eq. (3.11) is the assumption of a given, constant shear rate 5, which
does not vary throughout the (infinite) system. We start with this assumption in the
philosophy that, first, homogeneous states should be considered, before heterogeneities
and confinement effects are taken into account. All difficulties in Eq. (3.11) thus are
connected to the many-body interactions given by the forces F;, which couple the N
Langevin equations. In the absence of interactions, F; = 0, Eq. (3.11) leads to super-
diffusive particle motion termed "Taylor dispersion’ |206].

While formulation of the considered microscopic model handily uses Langevin equa-
tions, theoretical analysis proceeds more easily from the reformulation of Eq. (3.11) as
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Smoluchowski equation. It describes the temporal evolution of the distribution function
U({r;},t) of the particle positions

U({r;},t) = QU({r:} 1), (3.12)

employing the Smoluchowski operator |33, 206],

N
0 0 1 .0
Q:Z[Doa—q.(a—q_l@—TFj)_va—%yj} J (3.13)

J=1

built with the (bare) diffusion coefficient Dy = kpT'/( of a single particle. We assume that
the system relaxes into a unique stationary state at long times, so that V(t — oo) = W,
holds. Homogeneous, amorphous systems are studied so that the stationary distribution
function W, is translationally invariant but anisotropic. Neglecting ageing, the formal
solution of the Smoluchowski equation within the I'TT approach can be brought into the
form [41, 44|

U, = LT/ dt U, o,y e (3.14)
0

where the adjoint Smoluchowski QF operator arises from partial integrations. It acts on
the quantities to be averaged with W,. W, denotes the equilibrum canonical distribution
function, ¥, oc e"U/#57) wwhich is the time-independent solution of Eq. (3.12) for 4 = 0;
in Eq. (3.14), it gives the initial distribution at the start of shearing (at ¢ = 0). The
potential part of the stress tensor o,, = — Zf\il F? vy, entered via QU, = vy 0,, V.. The
simple, exact result Eq. (3.14) is central to the ITT approach as it connects steady
state properties to time integrals formed with the shear-dependent dynamics. The latter
contains slow intrinsic particle motion.

In ITT, the evolution towards the stationary distribution at infinite times is approxi-
mated by following the slow structural rearrangements, encoded in the transient density
correlator @ (t). It is defined by [41, 44]

Dq4(t) = (d0g et 004(1) Y= (3.15)

NS,

It describes the fate of an equilibrium density fluctuation with wavevector q, where o4 =
Zj.v_l ¢'a7s under the combined effect of internal forces, Brownian motion and shearing.
Note that because of the appearance of ¥, in Eq. (3.14), the average in Eq. (3.15) can
be evaluated with the equilibrium canonical distribution function, while the dynamical
evolution contains Brownian motion and shear advection. The normalization is given by
S, the equilibrium structure factor [33, 206] for wavevector modulus ¢ = |q|. The advected

wavevector enters in Eq. (3.15)

qt) =a -t ¢y, (3.16)
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Figure 3.10: Shear advection of a fluctuation with initial wavevector in z-direction, q(t=0) =
q(1,0,0)7, and advected wavevector at later time q(t>0) = q (1, —4t,0)T. At all
times, q(t) is perpendicular to the planes of constant fluctuation amplitude. Note
that the magnitude q(t) = q+/1+ (¥t)? increases with time. Brownian motion,
neglected in this sketch, would smear out the fluctuation.

where unit-vector y points in y-direction) The time-dependence in q(t) results from the
affine particle motion with the shear flow of the solvent. Translational invariance un-
der shear dictates that at a time ¢ later, the equilibrium density fluctuation 0oy has a
nonvanishing overlap only with the advected fluctuation doqu) (see fig. 3.10), where a
non-decorrelating fluctuation is sketched under shear. In the case of vanishing Brownian
motion, viz. Dy = 0 in Eq. (3.13), we find ®4(t) = 1, because the advected wavevector
takes account of simple affine particle motion [223]. The relaxation of ®q(t) thus her-
alds decay of structural correlations. Within I'T'T', the time integral over such structural
decorrelations provides an approximation to the stationary state:

o0

gl koky Sy, .
VUV, = Vet ——F [ dt VR $2(t) (W, ’ 1
! QkBT/ ;kNSﬁ(t) k(t) (Ve iy oxo) (3.17)

0

with S}, = 05k /0k |224]. The last term in brackets in Eq. (3.17) expresses, that the expec-
tation value of a general fluctuation A in ITT-approximation contains the (equilibrium)
overlap with the local structure, (o} o A)'=. The difference between the equilibrium
and stationary distribution functions then follows from integrating over time the spatially
resolved (viz. wavevector dependent) density variations.

The general results for Wy, the exact one of Eq. (3.14) and the approximation Eq. (3.17),
can be applied to compute stationary expectation values like for example the thermody-
namic transverse stress, o(¥) = (04,)/V. Equation (3.14) leads to an exact non-linear

Green-Kubo relation:
o0

o (%) Zﬁ/dtg(tﬁ), (3.18)

0
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where the generalized shear modulus ¢(¢,%) depends on shear rate via the Smoluchowski
operator from Eq. (3.13)

. 1 Of Y=0

g(t, ”)/) = m <0my e t Oy >(’\/ ) . (319)
In ITT, the slow stress fluctuations in g(¢,7) are approximated by following the slow
structural rearrangements, encoded in the transient density correlators. The generalized
modulus becomes, using the approximation Eq. (3.17), or, equivalently, performing a

mode coupling approximation [44, 45, 216|:

/

kT / @k K2hyky(t) S0 g (t)
2 J@m? kk(t)  SE, 7

g(t.7) = (3.20)

Summation over wavevectors has been turned into integration in Eq. (3.20) considering
an infinite system.

The familiar shear modulus of linear response theory describes thermodynamic stress
fluctuations in equilibrium, and is obtained from Eqgs. (3.19,3.20) by setting ¥ = 0 [33,
158, 225]. While Eq. (3.19) then gives the exact Green-Kubo relation, the approximation
Eq. (3.20) turns into the well-studied MCT formula. For finite shear rates, Eq. (3.20)
describes how affine particle motion causes stress fluctuations to explore shorter and
shorter length scales. There the effective forces, as measured by the gradient of the direct
correlation function, S},/S? = ncj, = ndcy/Ok, become smaller, and vanish asymptotically,
Choo — 0; the direct correlation function cj is connected to the structure factor via the
Ornstein-Zernicke equation Sy = 1/(1 — n¢g), where n = N/V is the particle density.
Note, that the equilibrium structure suffices to quantify the effective interactions, while
shear just pushes the fluctuations around on the ’equilibrium energy landscape’.

Structural rearrangements of the dispersion affected by Brownian motion is encoded in
the transient density correlator. Shear induced affine motion, viz. the case Dy = 0,
is not sufficient to cause ®y(t) to decay. Brownian motion of the quiescent correlator
<I>§j:0) (t) leads at high densities to a slow structural process which arrests at long times
in (metastable) glass states. Thus the combination of structural relaxation and shear
is interesting. The interplay between intrinsic structural motion and shearing in ®y(t)
is captured by (i) first a formally exact Zwanzig-Mori type equation of motion, and (i7)
second a mode coupling factorisation in the memory function built with longitudinal stress
fluctuations |41, 44]. The equation of motion for the transient density correlators is

0, Dq(t) + Dy(t) { Dg(t) + / dt' mq(t,t') 8y Dg(t') » =0, (3.21)

where the initial decay rate I'q(t) = Do ¢*(t)/ Sy generalizes the familiar result from lin-
ear response theory to advected wavevectors; it contains Taylor dispersion. The memory
equation contains fluctuating stresses and similarly like ¢(¢,5) in Eq. (3.17), is calculated
in mode coupling approximation

1
malt, ) = 5223 Vet ) B (£ = #) it = 1) (3.22)
k
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where we abbreviated p = q — k. The vertex generalizes the expression in the quiescent
case [44]:

, Sa(t) Sk(t) Sp(t ,
qup(tat) = qg;(t;(;z)(t/;;(t) qup(t) qup(t )>

Varp(t) = q(t) - (k(t) nek + P(t) nep ) ) (3.23)

With shear, wavevectors in Eq. (3.23) are advected according to Eq. (3.16).

Equations (3.17,3.21,3.22), with the specific example of the generalized shear modulus
Eq. (3.20), form a closed set of equations determining rheological properties of a sheared
dispersion from equilibrium structural input [41, 44|. Only the static structure factor
Sy is required to predict (i) the time dependent shear modulus within linear response,
g™ (t) = g(t,¥ = 0), and (i7) the stationary stress o(7) from Eq. (3.18). The loss and
storage moduli of small amplitude oscillatory shear measurements |33, 158| follow from
Eq. (3.19) in the linear response case (%)

o0

G'(w) +i1G"(w) = iw /dt e "l g(t,4=0). (3.24)

While, in the linear response regime, modulus and density correlator are measurable quan-
tities, outside the linear regime, both quantities serve as tools in the I'TT approach only.
The transient correlator and shear modulus provide a route to the stationary averages,
because they describe the decay of equilibrium fluctuations under external shear, and
their time integral provides an approximation for the stationary distribution function,
see Eq. (3.17). Determination of the frequency dependent moduli under large amplitude
oscillatory shear has become possible recently only [226], and requires an extension of the
present approach to time dependent shear rates in Eq. (3.13) [221].

Universal aspects

The summarized microscopic ITT equations contain a bifurcation in the long-time be-
havior of ®(t), which corresponds to a non-equilibrium transition between a fluid and
a shear-molten glassy state. Close to the transition, (rather) universal predictions can
be made about the non-linear dispersion rheology and the steady state properties. The
central predictions are introduced in this section and summarized in the overview given
by fig. 3.11. It is obtained from the schematic model which is also used to analyse the
data, and which is introduced in section 3.2.4.

A dimensionless separation parameter € measures the distance to the transition which
is situated at ¢ = 0. A fluid state (¢ < 0) possesses a (Newtonian) viscosity, no(e <
0) = lim;_o0(¥)/7, and shows shear-thinning upon increasing 4. Via the relation 7, =
lim, o G"(w)/w, the Newtonian viscosity can also be taken from the loss modulus at
low frequencies, where G”(w) dominates over the storage modulus. The latter varies like
G'(w — 0) ~ w? A glass (¢ > 0), in the absence of flow, possesses an elastic constant G,
which can be measured in the elastic shear modulus G’(w) in the limit of low frequencies,
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Figure 3.11: QOverview of the properties of the Fg)—model characteristic for the transition between
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fluid and yielding glass. The upper panel shows numerically obtained transient cor-
relators ®(t) for e = 0.01 (black curves), ¢ = 0 (red), e = —0.005 (green), and
e = —0.01 (blue). The shear rates are |y/T| = 0 (thick solid lines), |y/T| = 1076
(dotted lines), and |¥/T'| = 1072 (dashed lines). For the glass state at ¢ = 0.01
(black), |/T| = 1078 (dashed-dotted-line) is also included. All curves were calcu-
lated with v. = 0.1 and s = 0. The thin solid lines give the factorization result
Eq. (5.25) with scaling functions G for |¥/T'| = 1075; label a marks the critical
law (3.27), and label b marks the von Schweidler-law (3.28). The critical glass
form factor f. is indicated. The inset shows the flow curves for the same values
for e. The thin black bar shows the yield stress of for e = 0. The lower panel
shows the viscoelastic storage (solid line) and loss (broken line) moduli for the same
values of €. The thin green lines are the Fourier-transformed factorization result
Eq. (3.25) with scaling function G taken from the upper panel for ¢ = —0.005.
The dashed-dotted lines show the fit formula Eq. (3.39) for the spectrum in the
manimum-region with Gmin/ve = 0.0262, wyin /T = 0.000457 at e = —0.005 (green)
and Gmin/ve = 0.0370, wpin/T" = 0.00105 at € = —0.01 (blue). The elastic constant
at the transition GS, is marked also.
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G'(w — 0,6 > 0) — G (€). Here the storage modulus dominates over the loss one, which
drops like G”"(w — 0) ~ w. Enforcing steady shear flow melts the glass. The stationary
stress of the shear-molten glass always exceeds a (dynamic) yield stress. For decreasing
shear rate, the viscosity increases like 1/7, and the stress levels off onto the yield-stress
plateau, (¥ — 0, > 0) — o™ (e).

Close to the transition, the zero-shear viscosity 7, the elastic constant G, and the yield
stress ot show universal anomalies as functions of the distance to the transition: the
viscosity diverges in a power-law 19(e — 0—) ~ (—¢)~7 with material dependent, exponent
v around 2 — 3, the elastic constant increases like a square-root G (¢ — 04) — G, ~ /g,
and the dynamic yield stress 0% (¢ — 0+) also increases with infinite slope above its value
o} at the bifurcation. The quantities G, and o} denote the respective values at the
transition point € = 0, and measure the jump in the elastic constant and in the yield
stress at the glass transition; in the fluid state, G (¢ < 0) = 0 and o7 (¢ < 0) = 0 hold.

The described results follow from the stability analysis of Eqs. (3.21,3.22) around an
arrested, glassy structure f, of the transient correlator |44, 45|. Considering the time
window where ®4(¢) is metastable and close to arrest at f,, and taking all control pa-
rameters like density, temperature, etc. to be close to the values at the transition, the
stability analysis yields the 'factorization’ between spatial and temporal dependencies

By(t) = fC+ hy G(t/to, &, k0 ) + - - (3.25)

where the (isotropic) glass form factor f and critical amplitude h, describe the spatial
properties of the metastable glassy state. The critical glass form factor f; gives the long-
lived component of density fluctuations, and h, captures local particle rearrangements.
Both can be taken as constants independent on shear rate and density, as they are eval-
uated from the vertices in Eq. (3.23) at the transition point. All time-dependence and
(sensitive) dependence on the external control parameters is contained in the function G,
which often is called ’(-correlator’ and obeys the non-linear stability equation

t

e (1P £ G0 = o /dt’ G(t—t) G(t) | (3.26)
0
with initial condition
Gt —0) — (t/tg)™". (3.27)

The two parameters A and ¢ in Eq. (3.26) are determined by the static structure
factor at the transition point, and take values around A ~ 0.73 and ¢(¥) ~ 3 for S, taken
from Percus-Yevick approximation [33] for hard sphere interactions |44, 45, 227|. The
transition point then lies at packing fraction ¢, ~ 0.52 (index ¢ for critical), and the
separation parameter measures the relative distance, ¢ = C' (¢ — ¢.)/¢. with C' ~ 1.3.
The ’critical’ exponent a is given by the exponent parameter A via A = I['(1—a)?/T'(1—2a)
162, 164].

The time scale ¢y in Eq. (3.27) provides the means to match the function G(¢) to the
microscopic, short-time dynamics. The Eqs. (3.21,3.22) contain a simplified description
of the short time dynamics in colloidal dispersions via the initial decay rate I'q(t). From
this model for the short-time dynamics, the time scale ty ~ 1.6 1072R% /D is obtained.
Solvent mediated effects on the short time dynamics are well known and are neglected
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in I'q(¢) in Eq. (3.21). If hydrodynamic interactions were included in Eq. (3.21), all
of the mentioned universal predictions of the I'TT approach would remain true. Only
the value of ¢ty will be shifted and depend on the short time hydrodynamic interactions.
This statement remains valid, as long as the hydrodynamic interactions do not affect the
mode coupling vertex in Eq. (3.23). In this sense, hydrodynamic interactions can be
incorporated into the theory of the glass transition, and amount to a rescaling of the
matching time ¢, only.

Obviously, the matching time ¢, also provides an upper cut-off for the time window of the
structural relaxation. At times shorter than ¢, the specific short-time dynamics matters.
The condition ¥ty < 1 follows and translates into a restriction for the accessible range of
shear rates, ¥ < 7., where the upper-cut off shear rate 7, is connected to the matching
time.

The parameters ¢, A and ¢ in Eq. (3.26) can be determined from the equilibrium
structure factor S, at or close to the transition, and, together with ¢y, and the shear rate
4 they capture the essence of the rheological anomalies in dense dispersions. A divergent
viscosity follows from the prediction of a strongly increasing final relaxation time in G in
the quiescent fluid phase

G(t — 00,2 < 0,4 = 0) — —(t/7) , with ’%0 x (=€) . (3.28)

The entailed temporal power law, termed von Schweidler law, initiates the final decay of
the correlators, which has a density and temperature independent shape i)q(f). The final
decay, often termed a-relaxation, depends on ¢ only via the time scale 7(g) which rescales
the time, ¢ = ¢/7. Equation (3.26) establishes the crucial time scale separation between
to and 7, the divergence of 7, and the stretching (non-exponentiality) of the final decay; it
also gives the values of the exponents via A = I'(1+b)?/T'(1+2b), and v = (1/a+1/b)/2.
Using Eq. (3.20), the divergence of the Newtonian viscosity follows [162, 164]. During
the final decay the shear modulus becomes a function of rescaled time, §(f = /7,4 = 0),
leading to 19 o 7(¢); its initial value is given by the elastic constant at the transition,
gt <1l,e = 0—,%=0)=Ge.

On the glassy side of the transition, € > 0, the transient density fluctuations stays close to
a plateau value for intermediate times which increases when going deeper into the glass,

Gty < t < 1/3],2 > 0) H,/%+0(5>. (3.29)

Entered into Eq. (3.20), the square-root dependence of the plateau value translates into
the square-root anomaly of the elastic constant G, and causes the increase of the yield
stress close to the glass transition.

Only, for vanishing shear rate, ¥ = 0, an ideal glass state exists in the I'TT approach for
steady shearing. All density correlators arrest at a long time limit, which from Eq. (3.29)
close to the transition is given by ®4(t — 00,6 > 0,9 =0) = f, = f& + hg/e/(1 = A) +
O(e). Consequently the modulus remains elastic at long times, g(t — 00, > 0,7 =0) =
Gs > 0. Any (infinitesimal) shear rate, however, melts the glass and causes a final decay
of the transient correlators. The function G initiates the decay around the critical plateau
of the transient correlators and sets the common time scale for the final decay under shear
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)

G(t — 00,e>0) — — I9t| . (3.30)

_1
2

Under shear all correlators decay from the plateau as function of |§t|. Steady shearing
thus prevents non-ergodic arrest and restores ergodicity. This aspect of Eq. (3.26) has
two important ramifications for the steady state of shear molten glasses [44, 45|. First,
ITT finds that shear melts a glass and produces a unique steady state at long times.
This conclusion is restricted by the assumption of homogeneous states and excludes the
possible existence of ordering or layering under shear. Also, ageing was neglected, which
could remain because of non-ergodicity in the initial quiescent state. Ergodicity of the
sheared state however suggests ageing to be unimportant under shear [212, 213|. Second,
all stationary averages, which in ITT are obtained from integrating up the transient
fluctuations, do not exhibit a linear response regime in the glass. Rather they take
finite values for vanishing shear rate, which jump discontinuously at the glass transition.
This holds because the shear-driven decay of Eq. (3.30) initiates a scaling law where the
transient correlators decay as function of |¥¢| down from the plateau f, to zero, denoted as
¥ (t¥]). When entered into Eq. (3.17), time appears only in the combination together
with shear rate and thus after time integration the shear rate dependence drops out,
yielding a finite result even in the limit of infinitesimal shear rate. Prominent example
of a stationary average that has no linear response regime with respect to < in the glass
phase is the shear stress o(%,e > 0). It takes finite values for vanishing shear rate,
ot(e) = o(§ — 0,e > 0), and jumps at the glass transition from zero to a finite value.
Because of Eq. (3.29) it increases rapidly when moving deeper into the glass.

Schematic model

The universal aspects described in the previous section are contained in any ITT model
that contains the central bifurcation scenario and recovers Eqgs. (3.25,3.26). Equation
(3.25) states that spatial and temporal dependences decouple in the intermediate time
window. Thus it is possible to investigate I'TT models without proper spatial resolu-
tion. Because of the technical difficulty to evaluate the anisotropic functionals in Egs.
(3.20,3.22), it is useful to restrict the description to few or to a single transient correlator.
In the schematic Fl(;/)—model [45], a single “typical’ density correlator ®(t), conveniently
normalized according to ®(t — 0) = 1 — I't, obeys a Zwanzig-Mori memory equation
which is modeled according to Eq. (3.21)

9,0(t) + T { O(t) + / At m(t—t) 9yd(t) $ = 0. (3.31)

The parameter I' mimics the microscopic dynamics of the ’typical’ density correlator
chosen in Eq. (3.31), and will depend on structural and hydrodynamic correlations. The
memory function describes stress fluctuations which become more sluggish together with
density fluctuations, because slow structural rearrangements dominate all quantities. A
self consistent approximation closing the equations of motion is made mimicking Eq.
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(3.22). In the F?-model one includes a linear term (absent in Eq. (3.22)) in order to (1)
sweep out the full range of A values in Eq. (3.26), and (i¢) retain algebraic simplicity:

m(t) _ U1 cb(t) + Vo @2(t)
L+ (3t/7)°

This model, for the quiescent case 4 = 0, had been suggested by Gotze in 1984 [162, 228|,
and describes the development of slow structural relaxation upon increasing the coupling
vertices v; > 0; they mimic the dependence of the vertices in Eq. (3.22) at % = 0
on the equilibrium structure given by S,. Under shear an explicit time dependence of
the couplings in m(t) captures the accelerated loss of memory by shear advection (see
eq. Eq. (3.22)). Shearing causes the dynamics to decay for long times, fluctuations
are advected to smaller wavelengths where small scale Brownian motion relaxes them.
Equations (3.31,3.32) lead, with ®(t) = f°+ (1 — f°)2G(t,,7), and the choice of the
vertices vy = v§ = 2, and v; = v + ¢ (1 — f)/f¢, where v{ = 0.828, to the critical glass
form factor f¢ = 0.293 and to the stability equation (3.26), with parameters

A =0.707, ¢ =0.586/42, and ty, = 0.426/T .

(3.32)

The choice of transition point (v§,v§) is motivated by its repeated use in the literature.
Actually, there is a line of glass transitions where the long time limit f = ®(f — oo) jumps
discontinuously. It is parameterized by (v, vS) = ((2A — 1),1)/A? with 0.5 < A < 1, and
the present choice is just a typical one, which corresponds to the given typical \-value.
The separation parameter € is the crucial control parameter as it takes the system through
the transition. The parameter 7, is a scale for the magnitude of strain that is required in
order for the accumulated strain 4t to matter [229]. In Eq. (3.26), it is connected to the
parameter ¢(¥)

For simplicity, the quadratic dependence of the generalized shear modulus on density
fluctuations is retained from the microscopic Eq. (3.20). It simplifies because only one
density mode is considered, and as, for simplicity, a possible dependence of the vertex
(prefactor) v, on shear is neglected

g(t) = vy P2(t) + 100 6(2) . (3.33)

The parameter 7, characterizes a short-time, high frequency viscosity and models viscous
processes which require no structural relaxation. Together with T" (respectively t), it is
the only model parameter affected by solvent mediated interactions. Steady state shear
stress under constant shearing, and viscosity then follow via integrating up the generalized

modulus:
o o0

oc=ny=7 /dt g(t) =+ /dt VP (t) + 4 Moo - (3.34)
0 0
Also, when setting shear rate ¥ = 0 in Eqgs. (3.31,3.32), so that the schematic corre-
lator belongs to the quiescent, equilibrium system, the frequency dependent moduli are
obtained from Fourier transforming:

o0

G(w)+iG"(w)=iw /dt e vy, (IDQ(t)‘#:O + W Moo - (3.35)
0
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Because of the vanishing of the Fourier-integral in Eq. (3.35) for high frequencies, the
parameter 7., can be identified as high frequency viscosity:

lim G"(w)/w=n2 , with 5% =71 . (3.36)
At high shear, on the other hand, Eq. (3.32) leads to a vanishing of m(t), and Eq. (3.31)
gives an exponential decay of the transient correlator, ®(t) — e~** for 4 — 0. The high
shear viscosity thus becomes

m = lim 0(3)/4 = N + o2 =1, + ~Z . (3.37)
A—00 21

Representative solutions of the Fg)—model are summarized in fig. 3.11, which bring out
the discussed universal aspects included in all ITT models.

Extended model including hopping

The ITT equations contain the feed back mechanism that the friction increases because
of slow structural rearrangements. In the schematic Fg)—model this is captured by the
approximation for the generalized friction kernel m(t) in Eq. (3.32). For 4 = 0 it leads
to non-ergodic glass states at large enough vertices vy 2. A dissipative process explain-
ing the fluidity of glassy states should renormalize the diffusion kernel A(t). Moreover,
this mechanism should become more important the longer the relaxation time in m(t).
If, however, the additional dissipative process is too strong, all effects of the bare ITT
approach are smeared out and the described phenomenology of the glass transition can
not be observed.

Gotze and Sjogren found when considering (possibly unrelated) dissipative processes in
simple liquids that this can by achieved by splitting the diffusion kernel into two decay
channels, one connected to the original m(t), and the other one connected to the new
dissipation mechanism. In order for the second decay channel to take over in glassy states,
it suffices to model it by one additional parameter J in a linear ansatz AYSP(¢) = §m(t).

This leads to the following replacement of Eq. (3.31) in the Fg)—model

9D(t) +T (1) + / At m(t—t) [ ®(E)+ 5] S = 0 (3.39)

The memory function m(t) is still given by Eq. (3.32) because shearing decorrelates
arbitrary fluctuations via shear-advection. All parameters of the model are kept and
solutions of this extended model with parameter § given in the caption are included in
fig. 3.14. Importantly, the fluid like behavior in the rheology at exceedingly small ¥ and
w can now be captured without destroying the agreement with the original I'T'T at higher
parameters. As it will be shown later in this study, a single parameter § is not sufficient to
model the non-exponential shape of the final relaxation process in the glass. Yet, further
extensions of the model in order to describe this non-exponentiality go beyond our present
aim.
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3.2.5 Comparison of theory and experiment

Shear stresses measured in non-linear response of the dispersion under strong steady shear-
ing, and frequency dependent shear moduli arising from thermal shear stress fluctuations
in the quiescent dispersion were measured and fitted with results from the schematic Fg)—
model. Some results from the microscopic MCT for the equilibrium moduli are included
also; see section 3.2.5 for more details [230]. In the following discussion, we first start
with more general observations on typical fluid and glass like data, and then proceed to
a more detailed analysis. Figures 3.12 and 3.13 show measurements in fluid states, at
e = 0.540 and ¢ = 0.567, respectively, while fig. 3.14 was obtained in the glass at
¢err = 0.627. From the fits to all ¢eg, the glass transition value ¢S = 0.58 was obtained,
which agrees well with the measurements on classical hard sphere colloids [121, 191, 194].

Crystallization effects

We start the comparison of experimental and theoretical results by recalling the interpre-
tation of time in the ITT approach. Outside the linear response regime, both ®(¢) and
g(t) describe the decorrelation of equilibrium, fluid-like fluctuations under shear and in-
ternal motion. Integrating through the transients provides the steady state averages, like
the stress. While theory finds that transient fluctuations always relax under shear, real
systems may either remain in metastable states if 4 is too small to shear melt them, or
undergo transitions to heterogeneous states for some parameters. In these circumstances,
the theory can not be applied, and the rheological response of the system, presumably, is
dominated by the heterogeneities. Thus, care needs to be taken in experiments, in order
to prevent phase transitions, and to shear melt arrested structures, before data can be
recorded.

The small size polydispersity of the present particles enables the system to grow crystal-
lites according to its equilibrium phase diagram. Fortunately, when recording flow curves,
viz. stress as function of shear rate, data can be taken when decreasing the shear rate.
We find that the resulting ’"down’ flow curves correspond to amorphous states and reach
the expected low-% asymptotes (o = 197, see fig. 3.12), except for very low 4, when
an increase in stress indicates the formation of crystallites. "Up’ flow curves, however,
obtained when moving upwards in shear rate during the measurement of the stress are
affected by crystallites formed after the initial shearing at 100 s~! during the timesweep
and the first frequency sweep experiments. See the hysteresis between 'up’ and ’down’
flow curves in figs. 3.12 and 3.13, where measurements for two fluid densities are reported.
Above a critical shear stress 4. ~ 47! no hysteresis has been observed, which proved that
all the crystallites have been molten. In the present work we focus on the ’down’ flow
curves, and consider only data taken either for 4 > 4., or (for 4 < 4.) before the time
crystallization sets in. This time was estimated from timesweep experiments as the time
where crystallization caused a 10% deviation of the complex modulus G*. Thus, only
the portions of the flow curves unaffected by crystallization are taken into account. In
fig. 3.12fig. 3.13,fig. 3.15 and fig. 3.19 vertical bars denote the limits. We find that the
effect of crystallization on the flow curves is maximal around ¢ = 0.55 and becomes pro-
gressively smaller and shifts to lower shear rates for higher densities as discussed in the
chapter crystallization (see chap. 2.3 and fig. 2.33). This agrees with the notion that
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Figure 3.12: The reduced flow curves and the corresponding moduli for a fluid state at 13.01wt%,
T=20°C, and ¢eg = 0.540. Flow curves measured proceeding from higher to lower
shear rates (called ’down’ flow curves) and dynamic experiments were fitted where
effects from crystallization can be neglected; the lower limits of the unaffected-data
regions are marked by vertical bars. The red lines show the fits with the schematic
Fl(;)—model while the blue lines show the results from microscopic MCT (solid G,
broken G"), with parameters: ¢ = —0.05, g—i = 0.14, and ns = 0.3kgT/(DoRpy);
the moduli were scaled up by a factor ¢, = 1.4.
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the glass transition slows down the kinetics of crystallization and causes the average size
of crystallites to shrink [191]. For the highest densities, which are in the glass without
shear, the hysteresis in the lowest 4 has been attributed to a non stationarity of the up
curve (see fig. 3.14). This effect has been confirmed by step flow experiments, but does
not affect the back curves (see section 3.2.3).

The linear response moduli similarly are affected by the presence of small crystallites at
low frequencies. G'(w) and G”(w) increase above the behavior expected for a solution
(G'(w — 0) = pw and G"(w — 0) — cw?) even at low density, and exhibit elastic
contributions at low frequencies (apparent from G'(w) > G"(w)) (see figs. 3.12 and 3.13).
This effect follows the crystallization of the system during the measurement after the
shearing at 4 = 100 s~!. The data have only been considered before the crystallization
time. For higher effective volume fraction other effects such as ageing and an ultra-slow
process had to be taken into account and will be discussed more in detail in the next
section.

Shapes of flow curves and moduli and their relations

The flow curves and moduli exhibit a qualitative change when increasing the effective
packing fraction from around 50% to above 60%. For lower densities (see Fig. 3.12),
the flow curves exhibit a Newtonian viscosity 79 for small shear rates, followed by a
sublinear increase of the stress with +; viz. a region of shear thinning behavior. For
the same densities, the frequency dependent spectra exhibit a broad peak or shoulder,
which corresponds to the final or a-relaxation discussed in section 3.2.4. Its peak position
(or alternatively the crossing of the moduli, G’ = G”) is roughly given by wr = 1 (see
fig. 3.13). These properties characterize a viscoelastic fluid. For higher density, see fig.
3.14, the stress in the flow curve remains above a finite yield value even for the smallest
shear rates investigated. The corresponding storage modulus exhibits an elastic plateau
at low frequencies. The loss modulus drops far below the elastic one. These observations
characterize a soft solid. The loss modulus rises again at very low frequencies, which may
indicate that the colloidal solid at this density is metastable and may have a finite lifetime
(an ultra-slow process is discussed in section 3.2.5).

Simple relations, like the ’Cox-Merz rule’, have sometimes been used in the past to com-
pare the shapes of the flow curves o(¥) with the shapes of the dissipative modulus G”(w).
Both quantities can be interpreted in terms of a (generalized) viscosity, on the one hand
as function of shear rate n(¥) = o(%)/%, and on the other hand as function of frequency
n(w) = G"(w)/w. The Cox-Merz rule states that the functional forms of both viscosities
coincide.

Figures 3.12 to 3.14 provide a sensitive test of relations in the shapes of ¢(§) and G”(w).
Figure 3.13 shows most conclusively, that no simple relation between the far-from equi-
librium stress as function of external rate of shearing exists with the equilibrium stress
fluctuations at the corresponding frequency. While o () increases monotonically, the dis-
sipative modulus G”(w) exhibits a minimum for fluid states close to the glass transition.
It separates the low-lying final relaxation process in the fluid from the higher-frequency
relaxation.

As shown in Fig. 3.11, the frequency dependence of G” in the minimum region is given by
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Figure 3.13: The reduced flow curves and the corresponding moduli for a fluid state at 13.01wt%,
T= 18°C, and ¢eg = 0.567. The vertical bars mark the minimal Peclet number or
rescaled frequency for which the influence of crystallization can be neglected. Mi-
croscopic parameters: € = —0.01, g—i = 0.14, and 1o = 0.3kpT/(DoRy); moduli
scale factor c, = 1.4.
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the scaling function G of section 3.2.4, which describes the minimum as crossover between
two power laws. The approximation for the modulus around the minimum

Gmi w \* Winin \ ?
" . Ymin min
¢(w) ~ {b (wmm) +a< . ) ] (3.39)

has been found in the quiescent fluid (¢ < 0, 4 = 0), and works quantitatively if the
relaxation time 7 is large, viz. time scale separation holds for small |¢| [162|. The
parameters in this approximation follow from Eqs. (3.27,3.28) which give G, < v/—¢
and wpy, X (—5)1/2“. For packing fractions too far below the glass transition, the final
relaxation process is not clearly separated from the high frequency relaxation. This holds
in fig. 3.12, where the final structural decay process only forms a shoulder. Closer to the
transition, in fig. 3.13, it is separated, but crystallization effects prevent us from fitting
Eq. (3.39) to the data.

Asymptotic power-law expansions of o () exist close to the glass transition, which were
deduced from the stability analysis in section 3.2.4 [45, 231, 232|; yet we refrain from
entering their detailed discussion and describe the qualitative behavior in the following.
For the same parameters in the fluid, where the minimum in G”(w) appears, the flow
curves follow a S-shape in a double logarithmic plot, crossing over from a linear behavior
o =1y at low shear rates to a downward curved piece, followed by a point of inflection,
and an upward curved piece, which finally goes over into a second linear behavior at very
large shear rates, where o = 1] 4. This S-shape can be recognized in figs. 3.12 and 3.13.
Because of the finite slope of log,, o versus log,, at the point of inflection, one may
speculate about an effective power-law log,, o ~ ¢+ ¢’ log;,¥. In Fig. 3.12 this happens
at Pey ~ 1072, Yet, the power-law is only apparent because the point of inflection moves,
the slope changes with distance to the glass transition, and the linear bit in the flow curve
never extends over an appreciable window in ¥ [232].

A qualitative difference of the glass flow curves to the fluid S-shaped ones, is that the
shape of (%) constantly has an upward curvature in double-logarithmic representation.
The yield stress can be read off by extrapolating the flow curve to vanishing shear rate.
In Fig. 3.14 this leads to a value 0™ & 0.24 kgT/ R3; at ¢og = 0.622, which is in agreement
with previous measurements in this system over a much reduced window of shear rates
[39]. While this agreement supports the prediction of an dynamic yield stress in the ITT
approach, and demonstrates the usefulness of this concept, small deviations in the flow
curve at low 7 are present in fig. 3.14. We postpone to section 3.2.5 the discussion of
these deviations, which indicate the existence of an additional slow dissipative process in
the glass. Its signature is seen most prominently in the loss modulus G”(w) in fig. 3.14.
On the contrary the storage modulus of the glass shows striking elastic behavior. G'(w)
exhibits a near plateau over more than three decades in frequency, which allows to read
off the elastic constant G, easily.

Microscopic MCT results

Included in figures 3.12 to 3.14 are calculations using the microscopic MCT given by Egs.
(3.20) to (3.24) evaluated for hard spheres [230]. This is presently possible without shear
only (4 = 0), because of the complications arising from anisotropy and time dependence
in Eq. (3.22). The only a priori unknown, adjustable parameter is the matching time scale
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Figure 3.14: The reduced flow curves and the corresponding moduli for a glass state at 13.01wt%,
T= 14°C, and ¢eg = 0.622. See figure 3.12 for further explanations. Microscopic
parameters: ¢ = 0.03, lD)—ﬁ = 0.08, and 1w = 0.3kgT/(DoRp); moduli scale factor
cy = 1.4 (blue). Curves from the schematic Fg)—model with an additional dissipative
process included (Eq. 3.38) are shown as dashed lines; § = 1077 T' (long dashes, light
green) and 6 = 10781 (short dashes, dark green). Here I' = 88 Dy/R%,. The red
curves give the schematic model calculations for identical parameters but without
additional dissipative process (viz. 6 =0).
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to, which we adjusted by varying the short time diffusion coefficient appearing in the initial
decay rate in Eq. (3.21). The computations were performed with I'y(t) =T, = D, ¢*/S,,
and values for D,/ Dy are reported in the captions of Figs. 3.12 to 3.14, and in table 3.2.

Gratifyingly, the stress values computed from the microscopic approach are close to the
measured ones; they are too small by 40% only, which may arise from the approximate
structure factors entering the MCT calculation; the Percus-Yevick approximation was
used here [33]. In order to compare the shapes of the moduli the MCT calculations were
scaled up by a factor ¢, = 1.4 in figs. 3.12 to 3.14. Microscopic MCT also does not hit
the correct value for the glass transition point [162, 164]. It finds ¢MT = 0.516, while
our experiments give ¢ ~ 0.58. Thus, when comparing, the relative separation from
the respective transition point needs to be adjusted as, obviously, the spectra depend
sensitively on the distance to the glass transition; the fitted values of the separation
parameter ¢ are included in fig. 3.16.

Considering the low frequency spectra in G'(w) and G”(w), microscopic MCT and
schematic model provide completely equivalent descriptions of the measured data. Dif-
ferences in the fits in Figs. 3.12 to 3.14 for wR% /Dy < 1 only remain because of slightly
different choices of the fit parameters which were not tuned to be close. These differences
serve to provide some estimate of uncertainties in the fitting procedures. Main conclusion
of the comparisons is the agreement of the moduli from microscopic MCT, schematic I'T'T
model, and from the measurements. This observation strongly supports the universality
of the glass transition scenario which is a central line of reasoning in the ITT approach
to the non-linear rheology.

At large 4 and large w hydrodynamic interactions become important. In the flow curves,
n2, and, in the loss modulus, 7, become relevant parameters, and the structural relax-
ation captured in I'TT and MCT is not sufficient alone to describe the rheology. Qualita-
tive differences appear in the moduli, especially in G'(w), between the schematic model
and the microscopic MCT. While the storage modulus of the Fg)—model crosses over to
a high-w plateau already at rather low w, the microscopic modulus continues to increase
for increasing frequency, especially at lower densities; see the region w = 10°Dy/R% in
Figs. 3.12 to 3.13. The latter aspect is connected to the high-frequency divergence of
the shear modulus of particles with hard sphere potential [161], as captured within the
MCT approximation [225, 230|, As carefully discussed by Lionberger and Russel, lubrica-
tion forces may suppress this divergence and its observation thus depends on the surface
properties of the colloidal particles [187|. Clearly, the region of (rather) universal proper-
ties arising from the non-equilibrium transition between shear-thinning fluid and yielding
glass is left here, and particle specific effects become important.

Parameters

In the microscopic I'TT approach from section 3.2.4 the rheology is determined from the
equilibrium structure factor S, alone. This holds at low enough frequencies and shear
rates, and excludes the time scale parameter ¢y of Eq. (3.27), which needs to be found
by matching to the short time dynamics. This prediction has as consequence that the
flow curves and moduli should be a function only of the thermodynamic parameters
characterizing the present system, viz. its structure factor.
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Figure 3.15: The plots demonstrate that the reduced flow curves and the reduced moduli are unique
functions only depending on ¢eg. All flow curves are down curves. The fits using
the schematic Fg)—model were performed with the data points at 13.01wt% taken
before the onset of crystallization (data to the right of the vertical bars). Black
diamonds: 12.10wt% and ¢eg = 0.527. Black circles: 13.01wt% and ¢eg = 0.527.
Red diamonds: 12.10wt% and ¢eg = 0.578. Red circles: 13.01wt% and ¢og = 0.580.
Green diamonds: 13.01wt% and ¢og = 0.608. Green circles: 13.58wt% and ¢og =
0.606.
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Figure 3.15 supports this claim by proving that the rheological properties of the dispersion
only depend on the effective packing fraction, if particle size is taken account of properly.
Figure 3.15 collects flow curves and moduli measured for different concentrations of par-
ticles according to weight, and for different radii Ry adjusted by temperature. Whenever
the effective packing fraction, ¢ = (47/3)nR%, is close, the rheological data overlap
in the window of structural dynamics. Obviously, appropriate scales for frequency, shear
rate and stress magnitudes need to be chosen to observe this. The dependence of the ver-
tices on S, (Eqgs. (3.20,3.23)) suggests that kg7 sets the energy scale as long as repulsive
interactions dominate the local packing. The length scale is set by the average particle
separation, which can be taken to scale with Ry in the present system. The time scale
of the glassy rheology within ITT is given by ¢y from Eq. (3.27), which we take to scale
with the measured dilute diffusion coefficient Dy. Thus the rescaling of the rheological
data can be done with measured parameters alone. Figure 3.15 shows quite satisfactory
scaling. Whether the particles are truely hard spheres is not of central importance to the
data collapse in Fig. 3.15 as long as the static structure factor agrees for the ¢.q used.
Fits with the Fg)—model to all data are possible, and are of comparable quality to the fits
shown in Figs. 3.12 to 3.14.

The fitted parameters used in the schematic Fg)—model are summarized in Fig. 3.16.
Parameters corresponding to identical concentrations by weight are marked by identical
colours. Within the scatter of the data one may conclude that all fit parameters depend
on the effective packing fraction only. This again supports the mentioned dependence of
the glassy rheology on the equilibrium structure factor. The initial rate I', which sets %,
appears a unique function of ¢, also; an observation which is not covered by the present
ITT approach. It suggests that hydrodynamic interactions appear determined by ¢eg in
the present system also.

Importantly, all fit parameters exhibit smooth and monotonous drifts as function of the
external thermodynamic control parameter, viz. ¢4 here. Nevertheless, the moduli at low
frequencies (e.g. G'(w) at wR% /Dy = 0.01), or the stresses at low shear rates (e.g. o(¥)
at YR% /Dy = 10~%) change by more than an order in magnitude in Figs. 3.12 to 3.14.
Even larger changes may be obtained from taking experimental data not shown, whose
fit parameters are included in Fig. 3.16. It is this sensitive dependence of the rheology on
small changes of the external control parameters that ITT addresses.

When comparing the parameters from the schematic model to the ones obtained from
the microscopic MCT calculation of the moduli, one observes qualitative and semi-
quantitative agreement (see the captions to Figs. 3.12 to 3.14, table 3.2, and the upper
inset of Fig. 3.16). For example, the increase of the prefactor v, of stress fluctuations
is captured in the microscopic vertex where S, enters (this follows because the rescaling
factor ¢, is density independent). Also the hydrodynamic viscosity 7. = 7% roughly
agrees and may be taken ¢.g-independent in the fits with the microscopic moduli. On
closer inspection, one may notice that the separation parameter of the microscopic hard
sphere calculation obtains larger positive values than ¢ fitted with the schematic model.
Moreover, it follows an almost linear dependence on the effective packing fraction as
asymptotically predicted by MCT, ¢ & 0.65 (¢er — ¢S5)/P5q with glass transition density
¢. = 0.587 slightly higher than from the schematic model fits. The differing behavior
of the separation parameter from the fits with the Fg)—model in the glass is not under-
stood presently. The microscopic calculation signals glassy arrest more clearly than the

90



3.2 Shear stresses of colloidal dispersions at the glass transition in equilibrium and in
flow

0__ ........ S L % <>| 44444 SR P
0.1 %
| 8 <O 004_ T | T | T =
-0.21- St *7]
w02 £ Of gt ]
031, -0.04F3 .
1 I 1 I 1

041 056 , 06

I N T (peffl .
I s By B B B —

FT T T T T H <

80_012_y -] Q ]
L - C o — .
J60F Olpe wege 7 o -
> r008H_ ., 1, e B -
- 40_— 0.4 0.5(peﬂ06 o o o o T —_
20_ ° > ;g g> o VO‘ —
L < i

° | O.O | . | . | .
I T I T I T I T I T |
0.8 | o NG o
. ; S i
| o |
E 8 0'6_ ° N @ e o o i
< 04 o .
02_ ) & ° g ° ]
Gl oo B ]

1 1 I 1 I 1 I 1

|
0.45 0.5 0.55 0.6
(peff

Figure 3.16: The fitted parameters of the Fg)—model (open symbols). Black symbols: 10.75wt%,
red symbols: 12.10wt%, green symbols: 13.01wt%, blue symbols: 13.58 wt%. € and
Ye are dimensionless. Filled magenta symbols, included in the upper inset, give the
e values fitted in the microscopic MCT calculations for 13.01wt%. The unit of v,
18 k;BT/R% whale T' is given in units of DO/R%,. The high frequency and high shear
viscosities 1 are given in units of kpT/(DoRp).
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Figure 3.17: Newtonian wviscosity no (diamonds, left axis), elastic constant Goo (squares), and
yield stress ot (circles; data rescaled by a factor 30; both G and ot right axis),
as functions of the effective packing fraction ¢eg as obtained from the fits per-
formed with the Fg)—model. Filled symbols indicate where direct measurements
of mo were possible. Black symbols: 10.75wt%, red symbols: 12.10wt%, green
symbols: 13.01wt%, blue symbols: 13.58 wt%. The line gives a power-law fit to
the wviscosity-date over the full range using the known v = 2.34 exponent from
MCT, logigno = A — 7 -logyg (¢S — ber); the critical packing fraction is found
as ¢cg = 0.580. The horizontal bar denotes the critical elastic constant G .

schematic model fit. The short time diffusion coefficient D,/ Dy in the microscopic calcula-
tion decreases as expected from considerations of hydrodynamic interactions. The initial
rate I', however, of the schematic model increases with packing fraction. The ad hoc in-
terpretatation of I' as microscopic initial decay rate evaluated for some typical wavevector
s, viz. the ansatz I' = D,q?/S,,, thus apparently does not hold.

While the model parameters adjusted in the fitting procedure only drift smoothly with
density, the rheological properties of the dispersion change dramatically. Figure 3.17 shows
the Newtonian viscosity as obtained from extrapolations of the fits in the Fg)—model. It
changes by 6 orders in magnitude. From the combination of G”(w)- and flow curve data
we can follow this divergence over more than one decade in direct measurement. From
the divergence of 7y the estimate of the critical packing fraction can be obtained using
the power-law Eq. (3.28), because the exponent 7 is known. We find ¢S; = 0.580 in
nice agreement with the value expected for colloidal hard spheres. On the glass side, the
elastic constant and yield stress jump discontinuously into existence. Reasonable values
are obtained from the Fg)—model fits compared to data from comparable systems. The
strong increase of the elastic quantities upon small increases of the density is apparent.

Additional dissipative process in glass
One of the major predictions of the I'TT approach concerns the existence of glass states,
which exhibit an elastic response for low frequencies under quiescent conditions, and

which flow only because of shear and exhibit a dynamic yield stress under stationary
shear. Figure 3.14 shows such glassy behavior, as is revealed by the analysis using the

92



3.2 Shear stresses of colloidal dispersions at the glass transition in equilibrium and in

flow

Table 3.2: Parameters of the fits with the microscopic MCT to the linear-response moduli G' (w)
and G (w). The first two columns of separation parameter € and short-time diffusion
coefficient ratio Ds/Dq correspond to the fits shown in Figs. 3.12 to 3.14 and Fig. 3.19
(solid lines), while the second columns of €' and D’ /Dy correspond to the dashed-lines
i Fig. 3.19; when no value is given, the values from the first two columns apply. In

all cases cy = 1.4 and 1o = 0.3kpT/(DoRy) are used.

DS/DO 6, D;/DO

¢Cff €
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Figure 3.18: Ageing experiment on a dense core shell suspension in the glassy state (pog = 0.622,
T =14 °C). The storage G'(w) and loss G"(w) moduli for different waiting times
tw. The data have been also plotted as function of wt as suggested recently [205, 233].
See text for further ezplanation.
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Figure 3.19: Fits with microscopic MCT to the linear-response moduli G'(w) (upper panel) and
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G"(w) (lower panel) for the packing fractions ¢og = 0.527 (black diamonds and
lines), der = 0.540 (violet), desr = 0.567 (light blue), degg = 0.580 (red), pog = 0.608
(dark blue), and g = 0.622 (orange). Continuous lines give the fits optimized for
describing the storage modulus G'(w); these fits are also shown in Figs. 3.12 to
3.14, and the corresponding parameters are included in Fig. 3.16, and summarized
in the left two columns in table 3.2. Broken lines for ¢ogq = 0.580 (red, overlapping
with the solid light blue curve), and ¢eg = 0.608 (dark blue; the same curve would
fit g = 0.622) show microscopic MCT calculations attempting to fit the minima
in G"(w) enforcing negative separation parameters € (parameters included in table
3.2). These fluid like spectra can rationalize G (w), but fail qualitatively to describe
G'(w). Vertical bars in corresponding colors denote the frequencies below which
crystallization affects the data at the different dog.
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schematic and the microscopic model. Nevertheless, the loss modulus G”(w) rises at low
frequencies, clearly indicating the presence of a dissipative process. It is not accounted
for by the present theory. Also, the storage modulus G’(w) shows some downward bend
at the lowest frequencies.

These deviations can not be rationalized by ageing effects or non-linearities in the re-
sponse; see Fig. 3.18. We checked the dependence on time since quench to this glass state
and also the linear dependence of the stress on the shear amplitude. While we find ageing
effects shortly after cessation of pre-shear [205, 210, 211|, these saturate after one day,
when the drifts of the spectra come to a stop. Ageing effects do not change the spectra
qualitatively, as the dissipative process appears to possess a finite equilibrium relaxation
time. As suggested recently for dense PNIPAM microgel dispersions [205, 233| the same
data have been plotted as function of wt. Here, t is the total waiting time and is defined as
function of the waiting time t,, before starting the measurement and the time §(t(w,,)) ex-
pired between ¢, and the acquisition of the data as t = t(w,) = t, + d(t(w,)). The curves
collapsed in the master curve in the low frequency range up to wt ~ 3000 as expected
from ageing theory for waiting time ¢,, < 8200 s. This prediction is no more respected for
longer waiting times, where an additional relaxation process is identified. This supports
the introduction of hopping phenomenon in our model, with a characteristic relaxation
time of the order of 10* s (& R% /6Dy = 103R% /T Dy = 8.810% s see Fig.3.14).

Let us stress, moreover, that the state shown in Fig. 3.14 is not a fluid state within the
present approach. The presence of an elastic window in G'(w), its increase as function of
packing fraction, and the upward curvature of the flow curves rule out a negative sepa-
ration parameter € < 0 of this state at ¢.p = 0.622. Calculations within the microscopic
MCT document this convincingly. Figure 3.19 compares the MC'T calculations for hard
spheres with moduli ranging from fluid to glassy states. By adjusting the effective pack-
ing fraction, MCT semi-quantitatively describes the dominating modulus, either loss or
storage one, for all states (corresponding curves already shown in Figs 3.12 to 3.14). At
high concentrations, it describes the storage modulus G'(w) on an error level of 1kgT/R%;,
and misses the loss modulus G”(w) by a similar absolute error. Yet, because the latter
is itself of the order of G”(w) ~ 1kgT/R3 in the measurements, MCT fails to describe
G"(w) adequately. If, however, the effective packing fraction in the MCT calculations is
adjusted to match the loss modulus G”(w), then this fit fails completely to capture G'(w)
at high densities; see the dashed lines in Fig. 3.19. Because the storage modulus, however,
dominates the linear mechanical response of the glass, the second fit needs to be rejected.
In conclusion, MCT correctly identifies the transition to a glass at high densities with
dominating elastic response and yielding behavior under flow. It misses an additional
dissipative process, which contributes on the 10% level to the shear moduli and stresses
in the frequency and shear rate window explored in our experiments.

The existence of an additional dissipative process contradicts the notion of ’ideal’ glass
states as described by the present ITT or MCT approach. Clearly, the system at
Gor = 0.622 becomes a fluid at even longer times, or lower shear rates and frequen-
cies than observed in Fig. 3.14. This does not, however, contradict the observation that
the structural relaxation as captured in the ITT equations has arrested. In an exten-
sion of the ITT approach, it is possible to account for the additional decay channel in a
an extended schematic model (see section 3.2.4). Results from this extended Fg)—model
are included in Fig. 3.14 and demonstrate that none of the qualitative features discussed
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within I'TT change at finite frequencies or shear rates. The additional process leads to
fluid behavior at even lower w or 7, and needs to be taken into account only, if exceed-
ingly small frequencies or shear rates are tested; its relaxation time at ¢ = 0.622 exceeds
103R%, /Dy = 8.8.10° s. It does not shift the location of the ’glass transition’ as defined
within the idealized ITT (MCT) approach, because this is already determined by the
shapes of the flow curves and spectra in the observed windows.

3.2.6 Summary

In the present chapter, we explored the connection between the physics of the glass tran-
sition and the rheology of dense colloidal dispersions, including in strong shear flow.
Using model colloidal particles made of thermosensitive core-shell particles, we could in-
vestigate in detail the vicinity of the transition between a (shear-thinning) fluid and a
(shear-molten) glass. The high sensitivity of the particle radius to temperature enabled
us to closely vary the effective packing fraction around the critical value. We combined
measurements of the equilibrium stress fluctuations, viz. linear storage and loss moduli,
with measurements of flow curves, viz. nonlinear steady state shear stress versus shear
rate, for identical external control parameters. In this way we could verify the conse-
quences from the recent suggestion, that the glassy structural relaxation can be driven by
shearing and in turn itself dominates the low shear or low frequency rheology.

In the employed theoretical approach developed in the group of Prof. M. Fuchs, the equi-
librium structure as captured in the equilibrium structure factor S, sufficed to describe
all phenomena qualitatively. As only exception, we observed an ultra-slow decay of all
glassy states that is yet not accounted for by theory. Microscopic calculations were possi-
ble for the linear response quantities using mode coupling theory applied to hard spheres.
Schematic model calculations were possible within the integration through transients ap-
proach, and simultaneously captured the linear and nonlinear rheology using identical
parameter sets. Semi-quantitative agreement between microscopic and schematic model
calculations and with the measured data for varying effective packing fraction could be
achieved adjusting a small number of fit parameters in smooth variations.
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4.1 Reversible self-assembly of composite microgels.

4.1.1 Introduction

Poly (N-isopropylacrylamide) microgels present a versatile phase behavior: on one hand
they can behave like hard sphere with a liquid-crystal transition below the critical tem-
perature as discussed in the chapter 2.3. On the other hand in the absence of electrostatic
stabilization or in saturated salt concentrations the particles become attractive after the
low critical solution temperature |28, 29|.

This leads to a partially or totally reversible aggregation of the system in the dilute
regime and to the gelation of the system for higher concentrations |25, 27, 30, 234|. The
dependence of the critical flocculation temperature (CTF) of PNIPAM microgels on the
concentration of CaCly was reported by Pelton and Chibante [235]. The influence of the
temperature and of the NaCl concentration was studied by Rasmusson et al. [236]. The
authors demonstrated that the flocculation of the PNIPAM particles is consistent with a
weak reversible flocculation model. Zhu and Napper investigated the aggregation kinetics
of composite PS/PNIPAM core-shell particles in the presence of different electrolyte and
reported some unexpected ion effects [237, 238]. Duracher et al. described the stability of
cationic core-shell systems PS/PNIPAM [239]. The influence of the initiator concentration
on the CFT was discussed as well. They also measured the electrophoretic mobility of the
particles below the LCST, which was supported by a more recent study on anionic and
cationic core-shell particles given by Lopez-Leon et al. [72]. These two studies reported
the decrease of the LCST with increasing salt concentrations.

The phase transition in the PNIPAM shell of composite Polystyrene/Poly(N-
isopropylacrylamide) core-shell particles has been investigated by diverse methods as
discussed in the chapter 2.1. Moreover it was considered as suitable model system for
the understanding on the nature of liquids, solids and glasses as shown in the chapter 3.2.
Ishikawa et al. [240, 241] and Hofkens et al. [242] investigated the laser-induced phase
transition of linear PNIPAM in aqueous solutions. Submicrometer aggregates have been
obtained as a result from the phase separation occurring by locally heating the system
with an IR laser beam. Besides the photothermal effect, the influence of the radiation
pressure upon the phase transition has been discussed carefully [242]. This approach has
been used recently for microgels mixed with gold nanoparticles. The local annealing was
used to obtain transition from glass to crystal and crystal to liquid after radiation with a
green laser |11, 243|.

In this chapter we present a comprehensive investigation on the temperature controlled
self-assembly of the core-shell particles presented in the chapter 2.1. The accent is first put
on the reversibility of the coagulation process. In presence of salt the particles reversibly
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coagulate after 32°C' as shown by dynamic light scattering. To our best knowledge we
investigate for the first time for this kind of system the coagulation kinetics in the early
stage by dynamic light scattering following the method proposed by Holthoff et al. [244].

The second part is dedicated to the thermogelation of the concentrated solutions followed
by rheological measurements. The influence of the attractive interactions on the structure
of the samples after drying has been imaged by atomic force microscopy and optical
microscopy. The transition from liquid to attractive glass is accompanied by a strong
increase of the turbidity. In the last section of this chapter we investigate the self-assembly
of the particles at the microscale induced by focusing a laser on the solutions.

4.1.2 Coagulation kinetics

As shown by Holthoff et al. [244] the kinetics of Brownian coagulation of particles in the
earliest stage with the transition from single particles to doublets can be described by

dN, 1 =
i=1

i+j=2

where k;; is a second-order coagulation rate constant, t is the time, and [V, is the total
particle concentration of z-fold aggregates.

The particle concentration of singlets N; and doublets Ny as a function of time can be
obtained by solving eq. 4.1 analytically. Assuming k;; = ki; and the initial particle
concentration Ny we obtain

2N
Ny=—"#¥9Z¥—— 4.2
T2 1k Nyt (4.2)
using eq. 4.1 and integrating leads to
ANZ kit
Ny=—29"— _ 4.3
* (24 kuNot)? (43)
Developing N; and N, for the short times leads to
Ny
— =1—k;1 Not + ... 4.4
N 1Vol + (4.4)
N2 ]{leNot
— = 4.5
N, 5+ (4.5)

If we consider that the coagulation of spherical particles is just controlled by Brownian dif-
fusion, according to the theory of Smoluchsovski [245, 246|, the coagulation rate constant
becomes:

kg = 2k, = D~ (4.6)
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where kg is the Boltzmann constant, 7" the temperature, and 7 the viscosity of the fluid.
Considering the hydrodynamic interactions and the interparticles potential leads to a
more complicated expression [247].

In the early stage of the aggregation, where the doublets are formed, the scattering inten-
sity can be expressed as the sum of the scattering intensity I(q,t) of the single particles
I(q) and doublets I5(q).

I(q,t) = Ni(t)I,(q) + No(t)I2(q) (4.7)

Using the expression of the singlets and the doublets of the equations 4.4 and 4.5, the
scattered light intensity results in

I(q,tlz 0) (dlﬁzq{ t))po = (;}f& - 1) kN (4.8)

the value for the form factor of an aggregate of z identical spheres can be calculated
within the Rayleigh-Gans-Debye approximation [247, 248|, considering that independent
primary particles within an aggregate with identical scatterers. The coagulation rate can
be determined from the static intensity with

I(q,tlz 0) (dlizq{ t))tﬁo - (%qu)) k1 No (4.9)

with a the radius of the primary particles.

In the dynamic light scattering the intensity-weighted average of the diffusion coefficient
D(q,t) between single particles and doublets can be calculated from the first moment or
mean decay rate I'(g, ).

IT(q,1)] _ Ny ()11 (q) Dy + Na(t)I2(q) Do

Dla Ol = =5 OGO ES AL (4.10)

According to the Stokes-Einstein equation, the diffusion coefficient is related to the hy-
drodynamic radius of the particle

kyT’

D(g,t) = —
(1) 6mnra(g, t)

(4.11)

If we consider coagulation at the early stage, where only doublets are formed, and if we
assume that a = r,(q,t = 0) = rj,; we obtain

L Ni()1i()/rag + Na(t)Ia(q) /7n2 (4.12)

Th(q,t) Ni(t)11(q) + Nao(t)I2(q)

where 75,7 and 7, are the hydrodynamic radii of the singlet and doublet, respectively.
Eliminating the number of particles with eq. 4.4 and 4.5 and after differentiation, eq.
4.13 can be written as
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Figure 4.1: Experimental setup for the laser controlled coagulation ezperiment.
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where the doublet hydrodynamic radius is given by 7,9 ~ 1.38r,1 [249].

A combination of both static and dynamic light scattering from the equation 4.9 and 4.13
allows the determination of ky; independently on the form factor.

B Tho dry(q,t)/dt B dl(q,t)/dt
fulNo = (rh(q,t - 0)) (I(q,t - 0)) (4.14)

4.1.3 Experimental

The core-shell particles with 5 mol.% crosslinker described in the chapter 2.1 were used in
this chapter. The kinetics of the coagulation was investigated by dynamic light scattering
(DLS) using a Peters ALV 5000 light scattering goniometer where the temperature was
controlled with an accuracy of & 0.1°C as. The reversibility of coagulation was measured
by DLS with a Zetaziser (Malvern model nanoZS) in back scattering at 173° with a
strict control of the temperature set by Peltier elements at 4+ 0.1°C. Cryogenic electron
microscopy was performed as described in section 2.1.2.

Scanning force microscopy (SFM) experiments were carried on at room temperature a
Dimension 3100 microscope (Veeco Instruments Inc.). The SEM was operated in tapping
mode using silicon tips with a spring constant of circa 40 Nm ™! and a resonance frequency
ranging from 200 to 300 Hz. The scan rate was varied between 0.5 and 1.0 Hz to optimize
the image quality. The samples have been prepared as followed: a drop 30 pL 0.1 wt%
latex solution has been deposited on silicium wafer and dried at 60°C'. The same samples
were then examined in a Zeiss Axiotech vario polarized optical microscope in reflection.

The experimental setup for the laser controlled self-assembly consists on an inverted mi-
croscope with a laser port (Olympus IX-71) (see fig. 4.1). Two mirrors mounted on
magnet closed loop galvano scanners are situated in a conjugate confocal plane with a
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Figure 4.2: A) Hydrodynamic radius of the core-shell latex versus temperature, as determined by
dynamic light scattering. Without salt (hollow symbols) the PNIPAM network shrinks
upon heating and remains stable even at high temperature. With addition of salt
(5.1072 M KCI) the particles coagulate above the Low Critical Solution Temperature
(LCST) around 35°C. B) Reversible coagulation of a 2.5.10~3 wt. % dispersion mea-
sured by dynamic light scattering with the Zetasizer as function of the time changing
the temperature above and beyond the LCST.

scanning point in the sample. The conjugate planes are formed with the help of two
lenses telecentric system and an objective. The latter serves both for focusing of the laser
beam and for observation of the sample. The laser (Coherent Verdi V-5, A = 532 nm)
can be focused down to below 1 um by the objective (Olympus LCACHN 40xPH) and
typical power values are between 0.1 and 100 mWW. The cell is mounted horizontally in a
temperature-controlled zyzstage. It has a gap thickness of 50 pm (Hellma 106-QS) . The
sample is illuminated by a white light source (halogen lamp) with Kohler illumination
[250]. The interference filter in front of the camera avoids damage to the CCD chip by
focussed laser or fluorescent light [251]. The pictures are taken with a CCD camera (PCO
pixelfly).

4.1.4 Results and Discussion
Reversible coagulation and stability

The structure and the swelling of the particles used in this section have been carefully
investigated in chapter 2. The volume transition within the shell can easily be studied
by dynamic light scattering (DLS) as described in the section 2.1.4. Figure 4.2 A) shows
the dependence of the hydrodynamic radius Ry determined by DLS on the temperature.
Ry decreases gradually with temperature until a sharp volume transition from swollen to
unswollen states takes place, reaching a final collapsed size at a transition temperature
around 38 °C. Without addition of salt this process is thermoreversible without any
hysteresis.

Addition of 5.1072 mol.L=* KCI leads to a slight shrinking of the particles. This phe-
nomenon has been already investigated in recent studies |72]. The addition of salt screens

101



4 Association

the residual electrostatic interaction of the particles as shown by electrophoretic mobil-
ity measurements [72]. Hence, at higher temperatures the dispersions become unstable
and aggregate [72]. Aggregation takes place between 32 and 33 °C', which is close to the
LCST value determined from the dynamic light scattering analysis at 32.2°C' (see sec-
tion 2.1.4). This asserts that the system interacts solely through steric interaction below
the LCST, which makes it suitable as a model dispersion as demonstrate in the section
crystallization (see chapter 2.3) and in the investigation of the dynamics in equilibrium
and in flow (see chapter 3.2). In the dilute regime the reversibility of the aggregation
process has been investigated by dynamic light scattering (see fig. 4.2b)). For this pur-
pose the Zetasizer was used, where the temperature controlled by Peltier elements can
be rapidly adjusted. In this experiment the system is first maintained 10 min at 25°C),
then heated first at 32°C, and after at different temperatures from 33°C' to 35°C'. The
cooling process was then recorded first at 32°C' and then at 25°C'. Whereas the system is
stable at 25 and 32°C it aggregates at 33°C'. The aggregation speed was found to increase
with increasing temperature and the hydrodynamic radius varies between 150 and 400
nm within 10 min. Cooled down at 32°C' the hydrodynamic radius sharply decreased
to reached the same value as before the aggregation occurred, which was also checked at
25°C'. In opposition to core-shell system with linear PNIPAM, which usually aggregates
in a non reversible way [237], the aggregation was found to be totally reversible in this
experiment. Above 32°C' the particles shrink which is accompanied by a diminution of
steric interactions. This last ones are not able to compensate the van der Waals attractive
interactions which results in the aggregation of the system. The dense cross-linked shell
around the polystyrene particles prevents the interpenetration of the networks. Cooling
down induces the reswelling of the particle and the onset of the strong osmotic pressure
bringing the system to separate again. The response of the system is fast due to the size
of the microgel. Moreover when the aggregation process is mostly limited to the diffusion
of the particles in the fast mode regime [244| the dissolution of the aggregates was found
to be much faster for the investigated concentrations.

The kinetics of the aggregation process has been investigated by DLS as function of the
temperature for different concentrations in presence of 5.1072 molL~! KCl. The treat-
ment was performed following the method proposed by Holthof et al. [244]. Fig. 4.3
presents the evolution of the normalized hydrodynamic radius for the different temper-
atures measured at 90° for a 1.25.107% wt% solution. The same experiment has been
repeated for different concentrations ranging between 2.5.107% and 2.5.107° wt%. The
experiment was performed as follow: 2.3 mL of the latex solution was equilibrated at the
wished temperature in the DLS for 20 min. Then 0.2 mL of a 0.625 molL~' KCI main-
tained at the same temperature were quickly added to set the salt concentration at 5.10~2
molL~'. After homogenization the measurement was started. The countrate and the
hydrodynamic radius resulting from the second cumulant analysis were then monitored
as function of the time at a scattering angle of 90°. The hydrodynamic radius was first
found to decrease after the addition of the salt and then to increase following the aggrega-
tion process. The intensity was first constant and then increased. After few minutes the
intensity decreased. This can be attributed to the form factor of the aggregates following
the aggregation process [244, 247, 248|. Only the dynamic light scattering experiments
have been treated in the following study considering the difficulty to analyze the static
light scattering experiments. The initial hydrodynamic radius R was considered at the
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Figure 4.3: Normalized hydrodynamic radius as a function of time measured by dynamic light
scattering at 90° for a 1.3.1073 wt% solution at different temperatures. The time
has been rescaled to the beginning of the coagulation process. The full lines indicate
the initial slope considered in the calculation of the coagulation rate constant (see eq.

4.13).

beginning of the aggregation. The initial slope of the normalized hydrodynamic radius or
intensity was used to calculate the coagulation rate constant ki; from the dynamic light
scattering experiment using the equation 4.13. This method considers the form factor
and the hydrodynamic radius of a doublet of hard spheres [244, 247, 248|. The assump-
tion does not necessary fully hold in the case of the composite microgel which are rather
compressible at least below 40°C.

The different results are presented in the Fig. 4.4 in form of a stability ratio W which
corresponds to the ratio between diffusion limited coagulation rate constant 2k according
to the Smoluchsovski theory (see equation 4.6) and the experimental coagulation rate
constant k1. W becomes nearly constant after 34°C' with an average value of 3.8.107® &
0.4 m2s~!. Holthof et al. investigated the influence of different salts on the coagulation
rate measurement of sulfonate stabilized polystyrene particles [244|. They report a value
of 4.3.107! £ 0.4 m?s~! for the fast coagulation rate constant using KCI as electrolyte
[244]. Our experiment is in reasonable agreement with the ones reported particularly
considering the complexity of our system and the experimental error mostly related to
the sensitivity of ki to the presence of trace amounts of impurities [244]. As a conclusion
the coagulation of the composite particles can be controlled by the temperature and by the
salt concentration. Steric interactions contribute mostly to the stability of the system.
The fast coagulation rate constant is reached in the vicinity of the end of the volume
transition in the polymeric shell after 34°C.

In fig. 4.5 the hydrodynamic floc size is plotted as function of the time in a log-log
representation for the longer times. Four sets of data are presented for a 1.3.1073 wt%
solution at 32.8°C', 33°C', 36°C' and 40°C. For aggregates showing fractal structures,
with fractal dimension dy, the radius R of the flocs increases with the time ¢ according
to a power law [252], R o t* where z = 1/d;. The fractal dimension can be calculated
from the slope. For temperature higher than 32.8°C' the slope becomes constant and a
mean value of dy = 2.05 £ 0.03 is obtained. This value is significantly greater than the
value of 1.7-1.8, which is normally expected for particles undergoing diffusion-controlled

103



4 Association

103:,,,,Y,,,,Y,,,,Y,,,,‘,,,,A
: o 12510°wt% ]
Lo 0 2510 wt% 1
v 25107 wt% 1
o 2510°wt%
10°F @ E
é: m}
NG
X [
n | [ ]
= 8
1
10 F 4
ﬁ.
(]
[ BN ) v e o v
100 " " " " Il " " " " Il " " " " Il " " " " Il " " " "
32 34 36 38 40 42

TrCl

Figure 4.4: Stability ratio (W = 2ks/k11) measured at different temperatures and concentrations.
The experimental aggregation rate constant k11 has been determined by dynamic light
scattering from the equation 4.13 whereas 2kg is obtained from the expression derived
by Smoluchsouvski (see eq. 4.6) .
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Figure 4.5: Log-log plots of average floc radius (symbols) as function of time for the longer times
for a 1.8.1073 wt% solution at 32.8°C' (circles), 35°C (squares), 36°C" (down trian-
gles) and 40°C (up triangles).

irreversible aggregation. The same observation was done by Rasmusson et al. [236] on
the temperature controlled flocculation of microgels particles with sodium chloride. The
authors reported a fractal dimension of about 2.0 from the same kind of analysis below
the LCST. They interpreted this value as an indication of a weak reversible flocculation
model, which was supported by their estimation of the depth of the minimum in the
interparticle pair potential. Nevertheless for similar PNIPAM based microgels Routh and
Vincent reported that the d; decreases from 2 around the CTF to 1.75 at temperature
greatly higher than the CFT and than the LCST [253|. It is not the case for the core-shell
particles were the fractal dimension remains equal to approximately 2.0 even at higher
temperatures. This hints to the higher stability of the core-shell system under these
experimental conditions. The reversibility of the coagulation presented in fig. 4.2 B)
confirms this assumption.
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Figure 4.6: A) Complex viscosity n* as function of the temperature (10 min/°C) for 1 Hz and 1
% for different concentrations with 5.1072M KCL: 12.1 wt % (full line), 10.75 wt
% (dashed line), 8 wt % (dotted-dashed line) and 6 wt % (dotted line). B) Direct
observation of the 12.1 wt % solution at different temperatures. C) Reduced viscosity
n*/ns of the different concentrations as function of the effective volume fraction ¢z
for temperatures below 25°C.

From repulsive to attractive glasses

The influence of the attractive interactions has been then investigated for more concen-
trated solutions varying between 6 and 12 wt%. The phase diagram of the PNIPAM
microgels has been already intensively studied experimentally [7, 25-27, 30, 234], and is
rather well understood theoretically [27]. The composite microgels were found to follow
the same features. Indeed the crystallization and the glass transition of this system has
been presented in the chapter 2.3 and 3.2. It was found that below 25°C' the system
behaves like hard spheres. For effective volume fractions below 0.49 the solution are in
the liquid state which is characterized by a smaller turbidity. Raising the temperature
above 32°C' the system becomes white and opaque. After a longer time a phase sepa-
ration occurs. For less concentrated systems this results immediately in the coagulation
of the system. As an example fig. 4.6 B) displays the a 12.1 wt% solution maintained
at different temperatures for half an hour. At 10°C' the solution is in the glassy state
and the solution appears bluish. The corresponding volume fraction calculated for this
temperature is equal to 0.63. At 17°C' which corresponds to an effective volume fraction
of 0.54, particles rearrange into crystals. This is accompanied by the change of the solu-
tion color to green due to the Bragg’s reflections. At 30°C' the solution is in the liquid
state. The samples at 35 and 40°C present the solution after the offset of the attractive
interactions. The solution becomes white and opaque and remains relatively stable after
30 min, whereas the solution at 45°C' clearly shows a phase separation.

An appropriate method to follow the phase transition of the system is to measure the
complex viscosity n* of the system as function of the temperature (see fig. 4.6 A)) [25, 30].
A deformation of 1% and a frequency of 1 Hz have been used which remains in the
linear viscoelastic domain at least for temperatures below 32°C'. Thus the transitions
within the system can be measured without disturbing the system. The measurements
were performed on four concentrations (6, 8, 10.75 and 12.1 wt%) by increasing the
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Figure 4.7: A)C) SFM micrographs and optical microscopy of a 0.1 wt% composite microgels
solution containing 5.107% molL™' KCI after dropcasting and drying at 60°C on
silicium wafer. C)D) SFM micrographs and polarized optical microscopy of a 0.1 wt%
composite microgels solution without addition of salt after dropcasting and drying at
60°C on silicium wafer.

temperature at a rate of 0.175°C'/min after shearing 5 min at 100 s~ to remove all the
history of the sample. As shown in fig. 4.2 the hydrodynamic radius decreases with
increasing temperatures. This leads to a decrease of the effective volume fraction ¢.s¢
accompanied by a decrease of n*. For a better understanding of this experiment when the
system is purely repulsive, which corresponds to temperatures below 25°C', the reduced
viscosity 7*/n, has been plotted as function of ¢.rr. The calculation of ¢.rs for this
system described in the section 2.3.3 considers the evolution of the hydrodynamic radius
as function of the temperature. 7*/ns decreases slowly between 0.63 and 0.545, which
corresponds to the crystalline and glassy state (solid state). In the liquid/crystalline
coexistence domain between 0.494 and 0.545 the reduced complex viscosity decreases much
faster. For effective volume below 0.494, corresponding to the melting of the crystallites,
the solution is in the liquid state and the reduced viscosity decreases slower. After 33°C a
gelation process can be observed, where the complex viscosity increases for more than four
decades within approximately 2°C. A maximum was observed at 35.3°C' for 12.1, 10.7
and 8.0 wt% solutions, whereas the 6 wt% solution continuously increases. This can be
related to a earlier phase separation for less concentrated systems. After this maximum
the viscosity decreases again and reaches a plateau. This can be attributed to the phase
separation of the system as shown on the photograph in fig. 4.6 B) at 45°C'. At this point
the measurement can just be considered qualitatively as the assumption of an isotropic
material is not respected anymore.

Scanning Force Microscopy and optical microscopy were performed in order to image the
influence of the attractive interactions on the structure of a dense suspensions after drying
on a silicium wafer at temperature above the LCST (see fig. 4.7). To this purpose 0.1
wt% solutions have been prepared, one without salt and one with 5.1072 molL~' KCI.
After drop casting on silicium wafer, the solution have been quickly dried at 60°C' in the
oven. The salty solution shows a metastable structure and a rather rough surface arising
from the attractive interactions. This was confirmed by the optical microscope equipped
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Figure 4.8: Microaggregation of the composite microgels maintained at 34°C after different time
of irradiation of a 10.75 wt.% latex solution with a laser power of 1W. The ab-
sorbance A(r) is plotted as function of the radial distance. The dashed line presents
the calculation from the absorbance calculated after the LCST at 35.4°C from eq.
4.15. The full lines present the best fit considering the adsorption of the aggregate as
adjustable parameter.

with a polarizer where no iridescence could be observed. Indeed at high temperatures
the particles start to stick together, which prevents any ordering with increasing concen-
tration. On the contrary without salt the solution is still stable at high temperatures.
The electrostatic interactions prevent the particles to come into contact, and allow them
to order during the drying process. Ordered domains and a more compact structure can
then be observed by SFM, as already shown for similar systems by Hellweg and al. [59].
The ordering can be visualized by polarized optical microscopy in the form of photonic
crystals.

Laser controlled micro-patterning

As shown by Lyon and coworkers, phase transition can be obtained on the microscale by
focusing a green laser on a microgel solution doped with gold nanoparticles [11, 243]. A
transition from the glassy to the crystalline state, and from crystal to liquid could thus
be obtained by locally heating the sample.

We have performed similar experiments, however, with a temperature closely below the
LCST in order to induce a transition from liquid to attractive glass. Due to a slight
absorption of the sample at the laser wavelength of 532 nm we did not have to use to
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Figure 4.9: Evolution of the radius in pm (hollow symbols) and of the absorption A (in pm=1)
(full symbols) of the aggregate obtained during the irradiation of a 10.75 wt% solution.
Dashed line indicates the cessation of the irradiation.

additional dye or gold doping. The reason for the optical absorption is still unclear and
the absorption spectrum is difficult to measure by conventional UV-VIS-spectroscopy due
to the strong scattering background. Nevertheless, as will be demonstrated below, we
have been able to determine the absorption coefficient, at least at the laser wavelength,
from the observed sample heating.

The whole experiment was performed with an inverted optical microscope equipped with
a CCD camera and a laser port through which the beam of a diode-pumped frequency
doubled solid state laser could be coupled in and focused onto the sample. A cell of d = 50
um thickness was employed and the sample was equilibrated at a measured temperature
of 32.2°C for 30 min before starting the experiment. Since the temperature is measured
at the sample holder, it does not represent the exact temperature within the liquid and
needs to be corrected. The temperature offset was determined by slowly heating the
sample with a rate of 0.013°C'/min, thereby keeping the laser off and observing the overall
optical transmittance. The collapse of the PNIPAM shell and the formation of aggregates
are accompanied by a strong increase of the turbidity at a temperature of 33.0°C' (fig.
4.6). This temperature has been used as an internal reference in order to correct the
temperature measured outside of the sample cell.

The laser power was adjusted to 100 mW and focused into the center of the cell. Im-
mediately, a strong convective flow is observed. Because of the strong convection, the
temperature of the illuminated volume increases only moderately. After approximately
300 s suddenly a stable cluster forms within the laser focus. The accompanying strong
viscosity increase (see fig. 4.6 A)) leads to an immediate jamming and convection ceases.
Without convection, heat is no longer efficiently transported away from the laser focus
and a conductive state with a stationary temperature distribution develops within a few
seconds. Due to the increased scattering, the aggregated region appears as a dark spot in
the transmission micrograph.

Fig. 4.8 shows the time evolution of the aggregated spot over a longer time. Already
from a visual inspection of the micrographs it is apparent that the spot quickly reaches
its final diameter and that there is only a slight increase of contrast over time. At ¢ = 5100
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s the laser was switched off and the aggregates dissolved within a few seconds. Only a
small ‘bubble’ at the position of the laser focus persisted even after five minutes. For a
shorter exposure time of 500 s no irreversible change was observed and the whole spot
dissolved instantaneously without leaving any residue. Possibly, the bubble is caused by
a macroscopic phase separation as observed in fig. 4.6 at 45 °C', but also thermodiffusion
[254-256] may play an important role.

Since above 33.0°C' the collapse of the PNIPAM-shell and the aggregate formation occur
very rapidly, the dark region marks the volume where the stationary temperature profile
exceeds this critical value, just reaching it at the perimeter.

Since the aggregation process is not expected to change the refractive index, we use the
picture of a spherical object where the light passes through without refraction. Then, the
attenuation of a beam traversing the sphere at a distance r from the center is given by

= 2(a%9 — ol")(R?* — 2)1/2 (4.15)

G(r) and Gy are the gray values measured at the position r and far away from the
aggregate. a™9 and o'’ are the attenuation coefficients of the aggregate and the liquid
state, respectively. Numerical values of the attenuation coefficients will be given later in
the text.

In fig. 4.8 we have fitted semicircles to cross sections through the center of the spot in
order to obtain some quantitative parameterization. The determined diameter and gray
scale amplitude are plotted in fig. 4.9. As described above, the constant radius of R = 20
pm and the slight amplitude increase can clearly be seen.

The diameter 2R ~ 40 pum is comparable to the cell thickness of d = 50 pm and renders
the object, in a crude approximation, spherical. In a different context, we have performed
detailed numerical calculations of the temperature profile created by a laser in a thin
liquid layer sandwiched between two optical windows |255|. There, the isothermal surfaces
resemble the shape of a football rather than a sphere. Such a detailed treatment is,
however, beyond the scope of the present study.

Knowing the temperature Ty = 32.2°C' far away from the center and the temperature
T(R) on the surface of the ‘sphere’, we can use this information to determine the power Q
absorbed from the laser beam and, hence, the optical absorption coefficient. Integration
of the total heat flux through a sphere centered around the laser focus from infinity to R
yields

Q =4rkR(T(R) —Tp) . (4.16)

We take v = 1.0 W(mK)™! as average heat conductivity for the window material
(Suprasil, & = 1.36 W(mK)™") and water (x = 0.6 W(mK)~"). Inserting the numbers
yields @@ = 200 puW.

In the weak absorption limit (o,d < 1) the absorbed power is related to the optical
absorption coefficient «, by

Q = Pocvad (4.17)
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Py = 100 mW is the laser power at the position of the sample. With above assumptions we
obtain a, = 4x107° um~!. In order to compare this to the scattering losses in the sample
we measured the intensity transmitted through a homogeneously heated sample below and
above the transition temperature. After normalization to the transmittance of an empty
cuvette, we could derive white-light averaged attenuation coefficients of o/ = 3.8 x 1073
pum™t and a®9 = 2.4 x 1072 um™!, respectively. Thus, even in the transparent non-
aggregated state, the scattering losses are much larger than the absorption losses, and
the attenuation coefficients ali4/a99 = o4/%99 o, are almost identical to the scattering
coefficients a9,

In order to obtain an estimation of the temperature inside the aggregate, we consider
a sphere of radius r < R that is centered around the laser focus. The total power @),
absorbed within the sphere is proportional to the optical path length inside this sphere:
Q, = QQr/d Qr/ R. Assuming isotropic heat transport for simplicity, this power is
conducted through the surface of the sphere according to

)r

O k25,7 (4.18)
R
Integration of Eq. 4.18 yields a weak logarithmic temperature increase towards the center
of the sphere:
Q . R

T(r<R)= = ln—+T(R) (4.19)

Remember that T'(R) is the transition temperature that defines the surface of the aggre-
gated sphere of radius R. If we insert r = 1 pum for the laser focus, we can estimate a
temperature of 36.2°C' in the center.

An interesting question arises with respect to the observed convection prior to aggregate
formation. Within above model the radiation force due to the scattering and absorption
processes, F, = Pya!™d/c, with ¢ being the speed of light, exceeds the buoyancy force act-
ing on the heated volume by several orders of magnitude. Hence, the observed convection
is not of thermal origin but rather caused by the radiation pressure of the laser beam.

4.1.5 Summary

Composite particles PS/PNIPAM reversibly swell and deswell as function of the temper-
ature cause of their remaining electrostatic interaction. Adding 5.1072 molL~! KCl, the
system is only sterically stabilized, which results in a reversible coagulation process after
32°C'. The reversibility of the process was attributed to the dense crosslinked shell avoiding
the interpenetration of the network. The kinetics have been investigated by dynamic light
scattering. The fast regime was reached after 34°C' which corresponds approximately to
the end to the phase transition of the PNIPAM shell. Increasing the concentration over
8 wt%, the onset of the attractive interaction was accompanied by an increase over 4
decades of the complex viscosity between 33 and 35°C' accompanied by a strong increase
of the turbidity. This can be considered as a transition from liquid to attractive glass,
for higher temperatures or a longer time the system presents a phase separation. Even

110



4.1 Reversible self-assembly of composite microgels.

after the phase separation the system can be easily redispersed after cooling down and
agitation. This phenomenon can be controlled on the microscale by focusing a laser in
the solution maintained close to the transition temperature. Stable aggregates of about
20 pum were obtained after 5 min irradiation. The aggregates quickly get dissolved after
switching off the laser for exposure time lower than 15 min, for longer exposure times a
small aggregate of the size of the focal volume remained. The origin of the convection
was clarified. The temperature gradient after the formation of the aggregate could be
successfully approximated in agreement with the experimental observations.

This chapter presents this system as the ideal candidate for the study of attractive glasses
or for the local phase transition. Moreover its responsivity, its reversibility and the strong
thickening above the transition temperature makes him suitable for number of future
applications.
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4.2 Electrostatic Dipole Formation by Association
between Composite Microgels and Gold
Nanoparticles

4.2.1 Introduction

Biological colloidal systems like virus and proteins often present a complex and defined
structure with different functionalities which is the prerequisite of their specific and tar-
geted applications. They can be considered in many cases as complex polyelectrolytes
with a patchy structure, a mosaic of negative, positive or neutral areas.

Obtaining such structures synthetically is much more challenging. Complex geometries
and defined clusters could be obtained via pickering emulsion and evaporation of the
solvent as initiated by Pine et al. on micrometric particles [257] and on bidisperse colloids
[258, 259]. This approach was recently extended by Wagner et al. to colloidal system
[260]. Another strategy consists on the use of a template as shown recently by Xia et al.
[261]. Nevertheless most of the time these clusters are not specifically functionalized and
lack of long ranged interactions.

At the same time many efforts have been put into the synthesis and characterization of
Janus systems [262-268|, which present a versatile behavior and interesting properties
as stabilizers for instance [265, 267|. Most of these new systems rely on their ambivalent
nature, nevertheless it remains difficult to synthesized stable colloidal electrostatic dipoles.

Indeed mixing oppositely charged colloids most of the time leads to the destabiliza-
tion of the system [269]. In this section we considered the association of cationic
gold nanoparticles with thermosensitive anionic core-shell microgels polystyrene/poly(N-
isopropylacrylamide) in the dilute regime.

For this purpose cationic gold nanoparticles were prepared as described formerly by Ni-
idome, where the authors illustrated their application in the functional gene delivery and
cancerous cells detection [270]. The use of inorganic nanoparticles for gene therapy such
as amino-modified silica nanoparticles and cationic gold nanoparticles was recently re-
ported [270-272]. The special character of these nanoparticles differs from that of organic
gene carrier molecules, and they are expected to be a novel base material for the next
generation of functional gene carriers. Gold nanoparticles have the advantages of easy
preparation and the possibility of chemical modification of the surface. Moreover they
have been found suitable in many applications spanning from catalysis and nano-electronic
to treatment and detection of cancerogenic cells [273-275].

On the other hand composite microgels have been intensively studied and used in many
applications from the protein adsorption [19, 20| to the use as template for the reduction
of metal nano-particles |[21-23|. Increasing the temperature these microgels swell and
deswell in a continuous or discontinuous fashion following their degree of cross-linking
as shown in the section 2.1.4. Not only the size of the particles can be controlled with
the temperature, but also their potential. As presented in the former section, systems
synthesized by seeded emulsion polymerization with an anionic initiator were found to
present some electrostatic originated from remaining initiator fragments mostly based on
the surface of the core particles. This ensures the stability of the system even after the
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volume phase transition. Thus the interaction potential can be adjusted controlling the
size and salt concentration of the dispersion. In an excess of salt, the system is not stable
anymore above the volume phase transition and was found to reversibly coagulate (see
chapter 4.1).

The electrostatic stabilization related to the presence of negative charges combined with
the steric stabilization ensured by the shell has already been used to absorb cationic gold
nanorods |31, 32| and silver nanoparticles [276]. Whereas most of the studies focussed
on the adsorption of small particles, we investigate the adsorption of larger particles
(size ratio in the range 1 to 4). We present a simple way to successfully adsorbed the
gold on our composite microgels to obtain anorganic/organic doublet or triplet keeping
the dipolar character of the association. The influence on the size ratio and on the
preparation is first discussed. Afterwards we investigate the correlation between both
particles by turbidimetric titration, UV light spectroscopy, zeta potential measurement,
dynamic light scattering and microscopic methods. The structure and stability of the
association is considered at the end of this section.

4.2.2 Experimental
Materials

The system used in this study consists on a polystyrene core with a crosslinked PNI-
PAM shell containing 2.5 mol% BIS (KS2) (see section 2.1.2 for further details). The
gold nanoparticles were synthesized following the recipe described by Niidome et al.
|270]. The gold nanoparticles were prepared by NaBH, reduction of HAuCly in the pres-
ence of 2-aminoethanethiol at a Au/NaBH,/ 2-aminoethanethiol ratio of 56 : 0.1 : 85
(mol/mol/mol). Immediately after the NaBH, reduction, the solution was opaque and
become a red wine color. The particles were then used for the association without further
purification.

The sample were prepared by slow addition of the 0.28 gL~ gold solution on dilute micro-
gel solutions. The microgel concentration was either set at 0.2 gL~! for the zeta potential
and for the UV light spectrometry measurement, and between 4.1072 and 2.6.1072 gL!
for the sample prepared by titration. The gold nanoparticles were stable for approxi-
mately two weeks, afterwards they started to get adsorbed at the surface of the glass
container. Thus the characterization of the gold nanoparticles and the preparation of the
different solutions were done with a fresh gold solution within one week.

Methods

Scanning force microscopy (SFM) experiments were carried on a commercial SFM (Model
Dimension 3100, from Veeco Instruments Inc.) (see section 4.1.3 for further details). Field-
emission scanning electron microscopy (FESEM) was performed using a LEO Gemini
microscope equipped with a field emission cathode. The samples have been prepared
by spin coating at 2000 rpm on silicium waver for the FESEM experiments, whereas
the SFM samples have been prepared by dipcoating on mica. Transmission electron
microscopy (TEM) and cryogenized Transmission Electron Microscopy (Cryo-TEM) have
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Figure 4.10: Transmission electron micrograph of a 0.2 wt.aqueous suspension of cationic
gold particles obtained by NaBHy reduction of HAuCLy in the presence of
aminoethanethiol. The average radius of the gold particles was determined at 22.7
+ 3.7 nm (see histogram). The stabilization of the particles by the aminoethanethiol
has been evidence by the presence of a 5-8 nm thin shell around the particles.

been performed on a Zeiss EM922 EFTEM (Zeiss NTS GmbH, Oberkochen, Germany).
A few microliters of the solution were placed on a bare copper TEM grid (Plano, 600
mesh) and the excess of liquid was removed with filter paper.

The turbidity measurement of the adsorption of the gold nanoparticles on the composite
microgel was performed on a titrator (Titrando 809, Metrohm, Herisau, Switzerland)
equipped with a turbidity sensor (\g = 523 nm, Spectrosense, Metrohm). The 0.28 gL ™!
gold solution was added at a rate of 0.25 mL/min on a 16 mL 0.04 gL~ microgel solution
at 25°C.

Dynamic light scattering was done using a Peters ALV 5000 light scattering goniometer.
The samples were highly diluted (¢ = 2.5.1073 wt%) to prevent multiple scattering. The
decay rate I' was obtained from the second cumulant analysis for scattering angle from 30°
to 150° with an increment of 10°. The zeta potential was determined with the Zetasizer
with a strict control of the temperature set by Peltier elements at + 0.1°C. For the direct
observation of the stability of the different solutions, the sample were equilibrated 30 min
in a thermostated chamber.

4.2.3 Results and Discussion
Cationic gold nanoparticles

Transmission electron microscopy has been performed on the cationic gold particles stabi-
lized by the aminoethanethiol (see fig. 4.10). The radius of the particles calculated from
the TEM has been determined at 22.7 £ 3.7 nm. The stabilization at the surface of the
particle can be directly image, by a thin layer of between 5 and 8 nm around the particles.
The thiol groups have a strong affinity with the gold, under neutral conditions the amine
groups are hydrolyzed into NHS providing the cationic character of the particles. More-
over the size of the corona respect to the size of the molecule supposes the organization
in a multilayer. In order not to damage this layer the picture have been taken under low
dose conditions. Nonetheless the surfactant is still very sensitive to the radiation and
get easily damage after too long exposure. Thus it is not easy to determine its thickness
precisely. The average hydrodynamic radius has been also measured by dynamic light

114



4.2 Electrostatic Dipole Formation by Association between Composite Microgels and
Gold Nanoparticles

3 T T T T T _
I 5 |
~ [ T ‘ ]
% |
| 3
?</ L
il ]
I 2
0 L Il L Il L Il L Il L
0 0.02 0.04 0.06 0.08 0.10

-1
Cooid [glL]

Figure 4.11: Adsorption of the cationic gold nanoparticles on the composite microgels. The 0.28
gL~ gold solution was added to 16 mL 4.107% gL~ latex solution. The turbidity of
the solution was measured during the addition process. The turbidity was expressed
in term of the absorbance A = —In(I/Iy) where Iy corresponds to the initial intensity
of the latex solution (see text for further details). The different number corresponds
to the different solutions prepared following the same procedure for different gold
concentrations.

scattering between 25 and 45°C in back scattering at 173° with the Zetasizer. No signif-
icant dependence on the temperature was observed. The average hydrodynamic radius
obtained from the second cumulant analysis was found equal to 27 nm with a relative high
polydispersity index (0.28). On the contrary of the evaluation of the size by TEM, the
DLS is more sensitive to the presence of aggregates in the solution. Nonetheless this value
presents a nice agreement with the TEM if we consider the contribution of the surfactant
layer. The electrophoretic mobility has been expressed by the way of a Zeta potential
calculated from the Smoluchowski approximation between 25 and 45°C. This value was
also not sensitive to the temperature and the average zeta potential was found equal to
27 mV. This confirms the cationic character of the particles, nevertheless this value is
lower than the one reported in the literature for the same sample preparation (36.2 mV/).

Turbidimetric titration

Whereas a slow addition of latex on an excess of gold particles directly leaded to the
destabilization of the solution, it was possible to add gold on an excess of latex particles.
For this reason the solutions have been prepared by slow addition of the gold on the core-
shell particles. We performed turbidimetric titration in order to follow the association of
the cationic gold nanoparticles onto the composite migrogels. To this purpose we prepared
a 16 mL latex solution with an initial concentration of 4.1072 gL~! and added at a rate of
0.25 mL/min a 0.28 gL' gold solution. The turbidity of the solution was measured during
the whole addition process. The gold solution as a strong absorption at 525 nm closed to
the wavelength of the probe (523 nm). For this reason we used the transmitted intensity
Iy of the latex solution as reference to normalize the transmitted intensity I of the solution
and we followed the evolution of the absorbance defined by A = —In(I/1j) as function
of the gold concentration (see fig. 4.11). As expected, the absorbance increases first
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Figure 4.12: Zeta potential of the gold nanoparticles (hollow squares), of core (full circles) and
Core-Shell (full squares) particles calculated with the Smoluchowski approzimation
as function of the temperature with and without addition of gold for a 0.2 gL™!
latex solution. Remaining electrostatic interactions explain the stability of the latex
at high temperature. Addition of the gold solution is screening the Zeta potential
(see the different concentrations in the legend). An aggregation can be observed for
a concentration of 0.160 gL~ at 35°C.

linearly until a gold concentration of 0.03 gL~'. After this concentration the absorbance
still increased linearly but with a lower slope. This deviation was attributed to a fast
aggregation process followed by the destabilization of the solution, to the shift of the
plasmon maximum towards higher wavelengthes confirmed by a change of the solution
from red to blue and to the presence of free gold particles. Four different samples were
prepared following the same procedure (see fig. 4.11). For a concentration higher than 0.03
gL™!, the solution were not stable and sedimented within an hour. We approximated the
corresponding number ratio between the gold and latex particles considering the density
of gold (19.3 gem™2), the size of the gold particles determined from the transmission
electron microscopy and the number of composite microgel particle present in solution
(as described in section 2.1.2). We found out a ratio of 1.05, which basically means that
in average no more than one gold particles could be adsorbed onto the microgels under
this conditions. This finding was confirmed after keeping the solutions for more than six
months. Below this critical concentration the solution could be very easily redispersed
and no gold was absorbed on the surface of the glass container which is a strong indication
of the correlation of the gold with the microgel. On the contrary for higher concentrations
the solutions could not be redispersed anymore after two months and a part of the gold
was absorbed on the surface of the glass container, which confirmed the assumption of
free gold particles in the solution.

Zeta potential measurement

We measured the Zeta potential of solution consisting on 0.2 gL~! latex solution with dif-
ferent concentrations of gold varying between 5.4.1073 and 1.6.10~* gL~. The polystyrene
core particles used for the synthesis of the composite microgels has been measured as well
as the pure gold nanoparticles solution and the pure core-shell particles as function of the
temperature (see fig. 4.12). The core particles presented a relatively constant zeta poten-
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Figure 4.13: A) UV wisible extinction spectrum of a pure 0.2 gL~ core-shell dispersion (dashed
line) and of 0.2 gL™' core-shell dispersion with 0.0280, 0.120 and 0.160 gL~!
cationic gold measured at 20°C'. The inset display the adsorption of the pure gold
(dashed line) and of the three solutions after substraction of the latex contribution.
The position of the mazrimum adsorption Amae of the gold shifts from 525 to 535
nm after adsorption on the composite microgels as shown by the thin dotted lines).
B) Adsorption of a 0.02 gL~" core-shell dispersion with 0.120 gL~" cationic gold
solution measured with increasing temperature. C) Mazimum of the corresponding
plasmon band of the gold nanopaticles as a function of temperature (full circles)
compared with the evolution of polymer volume fraction of the PNIPAM shell (hol-
low squares). The full line presents the fit following the Flory-Rehner theory (see
section 2.1.4).

tial at -43 mV over all the temperature range. Concerning the pure core-shell dispersion
below 32°C, the electrophoretic mobility was found to around -15 mV’, reflecting both the
low surface charge density and the high friction coefficient of the swollen particles. How-
ever, a dramatic change in the electrophoretic mobility versus temperature was observed
above the volume transition temperature. As expected, the absolute values of the zeta
potential increased with increasing temperature due to the thermal sensitivity and shrink-
ing of the PNIPAM shell to reach approximately the value of the core zeta potential at
high temperatures as described by Lopez-Leon et al. [72]. The temperature dependence
of the zeta potential could be interpreted by the increase in the surface charge density due
to the reduction in the particle size, the enhancement of the local charge concentration
on the particle’s surface and the frictional coefficient reduction of the collapsed particles.
This effect could be directly visualized considering the strong buckling up of the shell at
low temperature and the collapsed form of the shell at higher temperature as shown in
figure 2.2.

Adding gold induced the decrease of the absolute value of the zeta potential to be almost
equal to zero for a concentration for a concentration of 1.6.10~! gL~! below the volume
phase transition. At higher temperatures the thermosensitivity was maintained with a
transition around 32°C'. All the measurements presented a mononodale distribution of
the zeta values confirming the association of the gold with the microgel. For the higher
concentration corresponding to a number ratio of one gold for one microgel a coaggulation
process has been observed for temperatures higher than 40°C'. The diminution of the zeta
potential could be interpreted as an indication of the association of the oppositely charged
particles leading first to the distortion of the charge distribution, to the increase in the
size of the particles and to the increase of the surfactant concentration in the solution.
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Thermoresponsive optical properties

The association of the gold nanoparticles with the microgels was investigated by UV-vis
spectroscopy. The dependence of the plasmon adsorption on the size and temperature of
colloidal gold particles in aqueous solution has been already discussed by Link et al. [277].
They found out that monodisperse 21.7 nm gold particles have a maximum adsorption at
521 nm. The maximum in the adsorption was observed at 525 nm for our solution which
is in good results with the literature if we consider the influence of the polydispersity and
of the surfactant adsorbed at the surface of the gold particles.

In order to confirm the association between the gold and the microgel we investigate the
different solutions by UV-vis spectroscopy. The pure gold solution was first measured.
A maximum in the adsorption was obtained at 525 nm which is common for particles
in this size range [277]. On the contrary the latex solution did not present any specific
adsorption. After adsorption of the gold (fig. 4.13 A)), the plasmon maximum measured
after substraction of the latex contribution shifted from 525 to 535 nm (see inset fig. 4.13
A)).

The adsorption was measured for a 0.2 gL~ 1 core-shell dispersion with 0.120 gL~! cationic
gold varying the temperature between 10 and 45°C' (see fig. 4.13 B)) as described recently
|31, 32]. The adsorption was found to increase with the temperature followed by a red shift
from 535 to 543 nm between 10 and 45°C' which have been attributed to the increase of the
local refractive index upon microgel collapse for low surface coverage [31]. The position
of the maximum \,,,, has been monitored for the different temperature and compared to
the variation of polymer volume fraction ¢ of the shell of uncoated composite microgel
taken from the section 2.1.4 (see fig. 4.13 C)). The line displays the theoretical fit using
the Flory-Rehner theory. The transition observed in the variation of A, follows the
same feature as the transition in the PNIPAM network except that the transition occurs
about 2°C' before the LCST of the pure microgel. This again corroborates the association
of the gold with the microgels.

Colloidal stability and coagulation

The stability of the particles has been checked by adding different concentrations of gold
on a 2 gL' microgels solution (see fig. 4.14). At 32°C' the system was perfectly stable.
Increasing the temperature at 35°C' leads to the coagulation of the system for concentra-
tions higher than 0.107 gL=!. Dark red aggregates were observed, which quickly sediment
letting a clear solution in comparison to the pure gold and core-shell solutions. This con-
firms the association of the gold with the microgel. The system recovered its original form
25°C" after a small redispersion. The understanding of the aggregation process is quite
challenging. First we check if it was correlated to the ratio between gold and microgels.
For the same particle ratio but after a dilution by ten the system did not aggregate. We
considered the influence of the gold concentration for different latex concentration. For a
concentration of 0.160 gL' the system was found to aggregate for 2 and 0.2 gL~! latex
concentrations. Thus, the concentration of gold and not the number ratio gold/microgels
seems to be the determinant factor for the reversible coagulation at high temperatures.
The composite microgels are sterically stabilized by the PNIPAM shell and electrostati-
cally due to the use of an anionic initiator and to the remaining SDS providing from the
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Figure 4.14: Stability and coagulation of the solutions as function of the gold concentration and of
the temperature. The different solutions are from the right to the left: a pure 2 gL ™!
core-shell solution, a 2 gL™" core-shell solution + 0.054, 0.107, 0.160, 0.220, 0.280
gL~ gold respectively and a pure 0.2 gL~ gold solution. All solutions were observed
first at 32°C, then at 35 °C and 25°C. The samples at 25°C were redispersed to point
out the reversibility of the coagulation process.

synthesis. As discussed in the section 4.1, addition of salt reduces the Debye length and
the stability of the system at high temperature. Fig. 4.12 clearly shows this effect in term
of a diminution of the zeta potential with increasing gold concentration. It is still not
fully understood how the gold nanoparticles and the remaining surfactant contribute to
the screening of the electrostatics.

Electric dipoles formation and dynamic clusters

The former experiments clearly show the association of the gold with the microgels. Never-
theless the structure of the complex has not been investigated until now. For this purpose
dynamic light scattering was performed on the solution 1, 2 and 3 of the fig. 4.11 at 23,
33 and 45°C' (see fig. 4.15). Solution 2 and 3 corresponds to a number ratio between
gold and microgel of 0.47 and 0.93, whereas the solution 1 refers to the pure composite
microgels. After addition at 23°C' of the gold the solution develops large cluster as can
be directly see on the correlation function at 90° (fig. 4.15 A)). In order to evaluate the
size of the cluster the angular dependence of the decay rate I' has been evaluated from
the second cumulant analysis. Plotting I' versus ¢? presents a linear dependence and thus
allows the determination of the diffusion coefficient from the slope (fig. 4.15 B)). Fig.
4.15 C) displays the hydrodynamic radius derived from the Stoke-Einstein relation as for
the different solutions at different temperature. Adding gold results in an increase of the
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Figure 4.15: A) normalized field autocorrelation function for the solution 1 (down triangles), 2
(circles) and 3 (squares) measured at 23°C'. B) Dependence on I' on the squared
scattering vector q> for the three corresponding solutions. C) Hydrodynamic radius
obtained from the linear extrapolation as function of the gold concentration at 25°C
(full circles), 33°C (squares) and 45°C (down triangles). Lines are here to guide
the eyes.

hydrodynamic radius from 113 to 170 and 440 nm for number ratio of 0.47 (solution 2)
and 0.93 (solution 3). Moreover the hydrodynamic radius was found to decrease with
increasing temperature following the same feature as for the pure microgels as already ob-
served from the former analysis (see fig. 4.15 C)). The addition of gold thus results in the
formation of stable clusters. The different solutions have been investigated by transmis-
sion electron microscopy (TEM), scanning electron microscopy (SEM) and scanning force
microscopy (SFM) (see fig. 4.16). The TEM micrograph presents the solution 4 freshly
prepared absorbed on a carbon grid after blotting the liquid excess. SEM was performed
on the solution 2. The two months old solution was spin coated on silicium wafer. SFM
was performed on the solution 2 and 3 after dipcoating on mica. Both gold and microgels
could be clearly distinguished from their difference in size and contrast. The different
preparations have been considered to determine the influence of the substrate (neutral in
the case of the carbone grid, negative for silicium and mica) during the drying process.
The different microscopies and preparations lead to the same result, most of the gold
is adsorbed on the composite microgels. The adsorption is not uniform and many free
composite microgels are free whereas, some of them bear up to three gold nanoparticles.
No cluster in term of a dense aggregates between many gold nanoparticles and composite
microgels could be observed on the different micrographs. Fig. 4.16 D) focusses on one
of this dipole. The SFM clearly images the PNIPAM shell adsorbed on the surface. The
gold is strongly correlated to the shell as can be seen from the deformation of the shell.
The dashed lines indicates the radius of the polystyrene core determined by TEM, and
the radius of the core-shell and gold particles measured by DLS. These different methods
gives a good estimation of the size of the different particles.

Following the different investigations we consider that the association of the two oppositely
charged particles results in the formation of cluster composed of one microgels bearing
one to three gold nanoparticles. In solution the strong asymmetry of the clusters results
in the formation of electric dipoles which rearrange in solution in larger dynamic cluster
as shown by the dynamic light scattering experiments.
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Figure 4.16: A) TEM micrographs of the solution 4. B) SEM micrographs of the solution 3.
C) SFM micrographs of the solution 2 (links: height, right: phase). D) Phase
contrast of a single dipole. The long dashed line refers to the average radius of the
core particles equal to 52 nm as determined by cryogenic electron microscopy (see
section 2.2). The short dashed line gives presents the hydrodynamic radius of the
pure core-shell particles determined by DLS at 25°C' (=113 nm) and the dotted line
the average radius of the gold nanoparticles determined by TEM (=22.7 nm). E)
SFEM micrographs of the solution 3 (links: height, middle:amplitude, right: phase)

4.2.4 Summary

Cationic gold nanoparticles have been adsorbed on anionic core-shell particles consisting
on a polystyrene core and a crosslinked PNIPAM shell. The difference of size between the
small gold nanoparticles and the larger composite microgels allows the adsorption of in
average up to one gold for one microgel. The correlation between the two particles was
clearly demonstrated by zeta potential measurement, UV vis spectroscopy and dynamic
light scattering. Moreover above the volume phase transition temperature of the microgels
for a gold concentration higher than 0.160 gL~ the system reversibly coagulate as shown
by direct observation.

Whereas different microscopies corroborate the association of the gold with one microgel,
and the formation of separated clusters, the dynamic light scattering demonstrates the
formation of larger complex in solution. We attributed this effect to the formation of
electric dipoles which dynamically reorganize into larger structures.
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The association between cationic anorganic particles and anionic organic systems opens a
new fascinating research field. First it is a new and simple way to obtain Janus particles
based on electrostatic interactions, keeping the functionality of both components known
for their applications in drug delivery and gene therapy. The thermosensitivity of the
system can also be used to achieve a reversible coagulation process. Combined to the
adsorption this approach could be applied in control released or in purification processes.

Moreover the formation of electric dipoles results into a dynamic reorganization of the sys-
tem without application of external field which presents a nice system for the fundamental
physics.
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This thesis reports the synthesis, characterization, dynamics and association of ther-
mosensitive core-shell particles. The particles consist of a solid core of poly(styrene)
with a thin layer of poly(/N-isopropylacrylamide) (PNIPAM) onto which a network of
PNIPAM is affixed. The core-shell particles were synthesized in a two-step reaction. The
core particles were obtained by emulsion polymerization and used as seed for the radical
polymerization of the cross-linked shell. The degree of crosslinking of the PNIPAM
shell effected by the crosslinker N, N’-methylenebisacrylamide (BIS) was varied leading
between 1.25 and 5 mol%. Immersed in water the shell of these particles is swollen at
low temperatures. Raising the temperature above 32°C leads to a volume transition
within the shell. Cryogenic transmission electron microscopy (Cryo-TEM), small angle
X-ray scattering and dynamic light scattering have been used to investigate the structure
and swelling of the particles. Cryo-TEM micrograph show directly inhomogeneities of
the network. Moreover, a buckling of the shell from the core particle was observed. The
buckling increases with decreasing degree of crosslinking. A comparison of the overall size
of the particles determined by DLS and Cryo-TEM demonstrates that the hydrodynamic
radius provides a valid measure for the size of the particles. The phase transition in
the PNIPAM network has been for the first time directly imaged by cryo-TEM. The
swelling behavior of the particles measured by DLS could be described successfully by
the Flory-Rehner theory. It was shown that this model captures the main features of the
volume transition within the core-shell particles including the dependence of the phase
transition on the degree of crosslinking.

A quantitative method was developed to access to the structure of colloidal latex particles
in dilute suspension at room temperature by cryo-TEM. The density profile derived from
the cryo-TEM micrographs by image processing for the core and core-shell particles
was compared to the results obtained by SAXS. Full agreement was found for the core
particles. The discrepancy between the two methods in case of the core-shell particles
was attributed to the buckling of the network affixed to the surface. The buckling, clearly
visible in the cryo-TEM pictures is a dynamic phenomenon and the overall dimensions
derived from cryo-TEM agree well with the hydrodynamic radius of the particles. The
present analysis shows that SAXS is only sensitive to the average radial structure.
This work demonstrates that cryo-TEM micrographs can be evaluated to yield quan-
titative information about the average and local structure of colloidal particles in solution.

The phase diagram and the colloidal crystallization of the different systems was investi-
gated by a combination of direct observation, polarized optical microscopy and rheology.
The effective volume fraction of the particles as derived from their hydrodynamic radius
Ry provides the base for all further analysis. After addition of 5.1072 M KCI all
dispersions crystallize at volume fractions above 0.5. The resulting phase diagram is
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5 Synopsis

identical to the phase behavior of hard spheres for crosslinkings higher than 1.25 mol.%.
This demonstrates that the core-shell microgels can be treated as hard spheres up to
volume fractions of at least 0.55. These suspensions can thus be used as model systems
for rheological experiments.

We considered the dynamics of these model dense colloidal suspensions at the glass
transition. For this purpose a new instrument and its calibration was first presented.
The piezoelectric axial vibrator (PAV) is a squeeze-flow rheometer working at frequencies
between 1 and 3000 Hz. It can be used to measure the storage modulus G’ and the
loss modulus G” of complex fluids in this frequency range. Using polymer solutions
with known G’ and G” it is shown that the PAV gives reliable mechanical spectra for
frequencies between 10 and 3000 Hz. The measurements done with the PAV were
combined with a conventional mechanical rtheometer (1072-15 Hz) and a set of torsional
resonators (13, 25, and 77 kHz) to obtain G’ and G” between 10~ Hz and 77 kH z, which
represents more than seven decades. It was demonstrated that the combination of the
three devices gives the entire mechanical spectra without resort to the time-temperature
superposition principle.

The connection between equilibrium stress fluctuations as measured in the frequency
dependent linear shear moduli, G'(w) and G”(w), and the shear stresses under strong
flow conditions far from equilibrium (%), viz. flow curves was investigated. Data
over an extended range in shear rates and frequencies were compared to theoretical
results from integrations through transients and mode coupling approaches developed
by the Prof. Matthias Fuchs and his coworkers. The microscopic mechanisms and
approximations inherent in the theoretical approaches were discussed. The connection
between non-linear rheology and glass transition was clarified. For the first time in the
rheology of suspensions we achieved a semi-quantitative description of both regimes with
the same model. While the theoretical models describes the data taken in fluid states
and the predominant elastic response of glass, a yet unaccounted dissipative mechanism
was identified in glassy states. This proves that the dynamics of colloidal dispersions can
be considered on a pure statistical matter. Nevertheless additional processes like ageing
or hopping are still not fully described by the theory which implies further developments
of the model in the future.

In presence of salt the composite core-shell particles reversibly aggregate above the
Low Critical Solution Temperature (LCST) at 33°C. The kinetics of reversibility of the
phenomenon was investigated by dynamic light scattering. As shown by the rheological
measurements in the semi-dilute and concentrated regime the onset of the attractive
interactions above the LCST leads to a strong thickening of the solution followed by
a phase separation. This effect was applied locally for solutions, maintained close to
LCST, after irradiation with a focused laser. Reversible micro-aggregates of a few um
diameter were obtained in the irradiated area under this local heating. The tunabil-
ity and reversibility of the system presents a great advantage to extend the present
investigations to the understanding of complex colloidal solutions in the attractive regime.
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Cationic gold nano-particles were synthesized and adsorbed onto the anionic core-shell
particles. The association between the two particles was investigated via turbidimetric
titration, electrophoretic mobility measurements, UV-visible spectroscopy, dynamic
light scattering, microscopy and the stability of the solution above the volume phase
transition temperature was discussed. All analysis corroborate the correlation between
the two particles. Whereas the microscopy demonstrates the formation of defined and
separated electrostatic dipoles, the dynamic light scattering points out the reorganization
in solution into larger structures.

The novelty of this dissertation relies on a detailed characterization of thermosensitive
colloidal core-shell particles and a new way to quantitatively characterize colloids by
cryo-TEM. As a main feature, the rheology of these colloidal suspensions and the un-
derstanding of the glass transition are discussed. The experimental results supported by
the application and comprehension of the theory provide an extended contribution to the
dynamics of colloidal dispersions. To conclude the investigation of the aggregation in
various colloidal systems enlarges the scope of the thesis to new interesting applications.
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6 Zusammenfassung

Im Rahmen dieser Arbeit wurden die Struktur, die Dynamik und die Assoziierung von
thermoempfindlichen kolloidalen Partikeln untersucht. Die Teilchen bestehen aus einem
Polystyrol-Kern mit einer diinnen Poly- N-Isopropylacrylamid-Schale (PNIPAM), die von
einem PNIPAM-Netzwerk eingehiillt ist. Die Kern-Schale-Teilchen wurden in zwei Stufen
hergestellt. Die Polystyrol-Kerne wurden durch Emulsionspolymerisierung synthetisiert
und in einem zweiten Schritt als Saat fiir die radikalische Polymerisierung der vernetzten
PNIPAM-Schale verwendet. Der Vernetzungsgrad der PNIPAM-Schale konnte durch
verschiedene Konzentrationen von N, N'-Methylenbisacrylamid (BIS) zwischen 1.25 and 5
mol% eingestellt werden. Die Schale ist bei niedrigen Temperaturen in Wasser gequollen.
Durch Erwdrmen auf iiber 32°C findet ein Volumeniibergang der Schale statt. Die
Struktur und das Quellungsverhalten wurden anhand von Kryo-Elektronenmikroskopie
(Kryo-TEM), Réntgen-Kleinwinkelstreuung (SAXS) und dynamischer Lichtstreuung
(DLS) untersucht. Durch Kryo-Elektronmikroskopie konnte die Unhomogenitéit des
Netzwerkes insitu abgebildet werden. Weiter zeigte sich mit dieser Methode, dass
die Schale nicht vollstindig mit dem Kern verbunden war und Verformungen (Buck-
ling) aufwies. Dieses Buckling wurde mit niedrigerem Vernetzungsgrad grofer. Der
Vergleich der Radien, die mit DLS und Kryo-TEM bestimmt wurden, zeigte, dass
der hydrodynamische Radius eine zuverldssige Abschidtzung der Grofe der Teilchen
lieferte. Der Volumeniibergang in der PNIPAM-Schale wurde zum ersten Mal direkt mit
Kryo-TEM beobachtet. Schliefslich wurde die Flory-Rehner-Theorie erfolgreich auf die
Untersuchungen des Quellungsverhaltens mit DLS angewendet. Es gelang mit diesem
Model, den Volumeniibergang der Kern-Schale-Teilchen und dessen Abhéingigkeit vom
Vernetzungsgrad zu beschreiben.

Zur strukturellen Charakterisierung der kolloidalen Teilchen wurde eine quantitative
Analyse der Kryo-TEM-Aufnahmen entwickelt. Das Dichteprofil der homogenen und
Kern-Schale-Teilchen wurde mit Kryo-TEM bestimmt und mit der SAXS-Analyse
verglichen. Sehr gute Ubereinstimmung wurde fiir die homogenen Teilchen gefunden.
Der Unterschied zwischen beiden Methoden bei der Analyse der Kern-Schale-Teilchen
wurde auf das Buckling des Netzwerks zuriickgefiihrt, das in Kryo-TEM deutlich sichtbar
war. Die mittleren Gesamtdimensionen, die mit Kryo-TEM bestimmt wurden, waren in
sehr guter Ubereinstimmung mit der Analyse aus der DLS. Mit SAXS konnte ebenfalls
eine gemittelte radiale Struktur erhalten werden. In der Arbeit ist es gelungen, ein
Verfahren zur erweiterten Analyse der Aufnahmen aus der Kryo-TEM zu entwickeln, mit
dem direkt quantitative Informationen iiber die lokale und mittlere Struktur kolloidaler
Partikel erhalten werden kann.

Das Phasendiagram und die Kristallisation der Kolloide wurden in direkter Beobachtung
und mit optischer Polarisationsmikroskopie und Rheologie untersucht. Die Basis fiir
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die weiteren Analysen war der effektive Volumenbruch der Teilchen, der aus dem
hydrodynamischen Radius Ry erhalten wurde. Alle Dispersionen mit einem effek-
tiven Volumenbruch iiber 0.5 kristallisierten nach Zugabe von 5.1072 M KCl. Das
Phasendiagram, das fiir Vernetzungsgrade der Schale hoher als 1.25 mol.% erhalten
wurde, war vergleichbar mit dem Phasendiagram fiir harte Kugeln. Es zeigte sich, dass
Kern-Schale-Mikrogele bei effektiven Volumenbriichen unter 0.55 als harte Kugeln be-
trachtet werden konnen und als Modelsysteme fiir rheologische Experimente geeignet sind.

Die Dynamik solcher konzentrierter kolloidaler Suspensionen wurde in der Nahe des
Glasiibergangs untersucht. Dazu wurde ein neues Instrument, der piezoelektrische
Axial-Vibrator (PAV), zum ersten Mal beschrieben und seine Kalibrierung durchgefiihrt.
Der PAV ist ein "squeeze-flow"-Rheometer, das in einem Frequenzbereich zwischen 10
und 3000 Hz betrieben wird. Die Messung der Speicher- G’ und Verlustmodule G”
fiir Polymerlosungen mit bekannten Werten fiir G’ und G” zeigte, dass der PAV eine
zuverlassige Messung des mechanischen Spektrums erlaubt. Die Messungen mit dem
PAV wurden durch Messungen mit einem konventionellen mechanischen Rheometer
(1073-15 Hz) und Torsionsresonatoren (13, 25, and 77 kH z) ergiinzt, um das vollstindige
Spektrum von G’ and G” zwischen 1072 Hz and 77 kHz zu erhalten. Auf diese Weise
konnte das vollstindige mechanische Spektrum aus einer Kombination der drei Geréte
erhalten werden, ohne von der Zeit-Temperatur-Uberlagerung Gebrauch zu machen.

Der Zusammenhang zwischen den Gleichgewichtsfluktuationen der Scherspannung
und den Scherspannungen unter starken Fliekbedingungen fern vom Gleichgewicht
wurde fiir die kolloidalen Losungen durch rheologische Messungen untersucht. Dazu
wurden die frequenzabhéngigen linearen Schermodule und die Fliekkurven fiir endliche
Schergeschwindigkeiten iiber einen grofsen Bereich von Scherraten gemessen. Die experi-
mentellen Daten wurden mit theoretischen Ergebnissen der Integration Through Transient
(ITT)- und Mode Coupling Theory (MCT)-Ansétze verglichen. Der mikroskopische
Mechanismus und die Néherungen der beiden Ansitze wurden diskutiert und ein
Zusammenhang zwischen nicht-linearer Rheologie und Glasiibergang hergestellt. Die
Messungen der fliissigen Systeme und das iiberwiegend elastische Verhalten des Glases
konnte mit den Modellen sehr gut semi-quantitativ beschrieben werden. Dabei wurde
ein bislang nicht beriicksichtigter dissipativer Mechanismus erkannt. Die detaillierte
Diskussion der Ergebnisse ergab weiter, dass die Dynamik kolloidaler Dispersionen
auf rein statistischer Weise ausreichend genau beschrieben werden kann. Prozesse wie
Alterung und Hopping werden jedoch noch nicht vollsténdig theoretisch erfasst und
erfordern eine Weiterentwicklung der Modelle.

Nach Salzzugabe findet iiber der kritischen Losungstemperatur (LCST) eine reversible
Aggregation statt. Die Kinetik und Reversibilitdt des Phidnomens in verdiinnter Losung
wurde mit DLS untersucht. Rheologische Messungen in halbverdiinnten und konzentri-
erten Losungen zeigten, dass die Aggregation der Kolloide iiber der kritischen Temperatur
ein starkes Eindicken der Losung verursachte, auf die eine Phasentrennung folgte. Dieser
Effekt konnte in Systemen, die sich nahe der kritischen Temperatur befanden, auch lokal
durch einen fokussierten Laserstrahl hervorgerufen werden. In der bestrahlten Fléche von
wenigen Mikrometern Durchmesser formten sich durch den zusétzlichen Energieeintrag

127



6 Zusammenfassung

reversibel Mikroaggregate. Das System stellt eine interessante Maoglichkeit dar, die
Eigenschaften von komplexen kolloidalen Losungen reversibel und beriihrungslos zu
schalten.

Schliefllich wurden kationische Gold-Nanopartikel synthetisiert und an die anionischen
Kern-Schale-Teilchen adsorbiert. Die Assozierung wurde mit Triibungstitration, UV-
Vis-Spektroskopie, DLS und mikroskopischen Methoden detailliert untersucht, um ein
umfassendes Bild iiber dieses komplexe dynamische System zu erhalten. Wahrend
mikroskopisch die Bildung von definierten und getrennten Dipolen beobachtet wurde,
weisen die DLS-Experimente auf eine Neuorganisierung zu grofseren Strukturen hin.

Die Arbeit geht im Detail auf neue Charakterisierungsmoglichkeiten von kolloidalen Kern-
Schale-Teilchen durch Kryo-TEM ein. Im Mittelpunkt stehen rheologische Messungen
dieser Kolloidlésungen. Die Ergebnisse werden durch eine vertiefte Anwendung und Ver-
stdndnis theoretischer Modelle unterstiitzt und erklért und liefern erweiterte fundamentale
Erkenntnisse iiber das Verhalten kolloidaler Dispersionen. Die Untersuchung der Aggre-
gationsphdnomene in verschiedenen kolloidalen Systemen weist schlielich auf interessante
Anwendungen hin.
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7 Abbreviations

BIS
Cryo-TEM
DLS

KCl1

KS

KPS
LCST
NIPAM
PAV
PNIPAM
PS

SEM
SFM

TR

UF

V2

N,N’-Methylenbisacrylamide
Cryogenic Transmission Electron Microscopy
Dynamic Light Scattering
Potassium chloride

Core-Shell

Potassium Perodoxisulfate

Lower Critical Solution Temperature
N-Isopropylacrylamide

Piezoelectric Axial Vibrator
Poly-N-isopropylacrylamide
Polystyrene

Scanning Electron Microscopy
Scanning Force Microscopy
Torsional resonator

Ultrafiltration

Polystyrene core
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