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1 Intro duction

Gels comp osed of cross-link ed p oly( N -isoprop ylacrylamide) (PNIP AM) c hains can un-

dergo a phase transition as function of temp erature in whic h the net w ork shrinks in a

con tin uous or discon tin uous fashion. The v olume transition in macroscopic net w orks has

b een studied extensiv ely b y T. T anak a and others [1, 2]. A review on w ork done on these

macroscopic systems w as giv en some time ago b y Shiba y ama [3]. Starting with early w ork

b y T anak a [4], man y groups ha v e dev elop ed syn theses of colloidal thermosensitiv e net w ork

b y e.g. em ulsion p olymerization. T w o t yp es of particles can b e prepared: Either the par-

ticles consist totally of a PNIP AM-net w ork [5�12 ] or the PNIP AM-net w ork is p olymerized

on to a solid core [13�20 ]. A great n um b er of p ossible applications ha v e b een discussed

for these systems that include widely separate �elds as e. g. protein adsorption [19, 20 ].

They ha v e also b een recen tly used as a template for the reduction of metal nanoparticles

[21�23 ] for applications in catalysis [22, 23]. A comprehensiv e review on the applications

w as giv en b y Ly on [24 ].

They presen t a v ersatile phase b eha vior: on one hand they can b eha v e lik e hard sphere

with a liquid-crystal transition b elo w the critical temp erature [7, 9, 25, 26 ]. On the other

hand in the absence of electrostatic stabilization or in saturated salt concen trations the

particles b ecome attractiv e after the lo w critical solution temp erature. This leads to

a partially or totally rev ersible aggregation of the system in the dilute regime and to

the gelation of the system for higher concen trations [27 �30]. The �ne tuning of their

in terparticular p oten tial can also b e used for the asso ciation with other particles [31 , 32 ].

Recen tly , the thermosensitiv e core-shell particles ha v e attracted renew ed in terest as mo del

colloids, in particular for a comprehensiv e study of the structure, dynamics, and �o w b e-

ha vior of concen trated susp ensions [33�41 ]. Fig. 1.1 displa ys the o v erall structure and

the v olume transition of these particles in a sc hematic fashion: Immersed in w ater the

PNIP AM-shell of the particles will sw ell if the temp erature is lo w. Ho w ev er, raising the

temp erature in the system b ey ond 32

o
C leads to a v olume transition in whic h the net w ork

in the shell shrinks b y exp elling w ater. Th us, the e�ectiv e v olume fraction � ef f determin-

ing the h ydro dynamic v olume of the particles can b e adjusted through the temp erature

in the system. Hence, dense susp ensions can b e ac hiev ed out of a rather dilute state b y

lo w ering the temp erature.

Sen� et al. w ere the �rst to presen t in v estigations of the rheology of suc h core-shell

particles [34]. The adv an tages of these thermosensitiv e particles o v er the classical hard

sphere particles used in previous in v estigations [42, 43 ] of the �o w b eha vior are at hand:

The dense susp ension is generated in situ th us a v oiding shear and mec hanical deformation

during preparation and �lling in to a rheometric device. Also, all previous history caused

b y shearing the susp ension can simply b e erased b y raising the temp erature and th us

lo w ering the v olume fraction again. The high v olume fraction can then b e adjusted again

and a pristine sample b eing in full equilibrium at all length scales can b e generated. Sen�

et al [34]. sho w ed that these "rev ersibly in�atable spheres" can b e used to study the

1



1 In tro duction

 

Figure 1.1: Schematic r epr esentation of the volume tr ansition in c or e-shel l micr onetworks: The

p olymer chains ar e a�xe d to the surfac e of the c or e.

dep endence of the viscosit y � on the shear rate _
 . If the e�ectiv e v olume fraction of

the particles is not to o high, a �rst Newtonian r e gion is observ ed if the shear rate _
 is

small. Here the viscosit y � 0 of the susp ension measured in this �rst Newtonian regime

can b e signi�can tly larger than � s the one of the pure solv en t. A t higher shear rates, the

p erturbation of the microstructure of the susp ension b y the adv ectiv e forces can no longer

b e restored b y the Bro wnian motion of the particles. Hence, signi�can t she ar thinning

will result in whic h the reduced viscosit y �=� s is more and more lo w ered un til one ma y

sp eculate that a se c ond Newtonian r e gion is reac hed.

Recen tly , Sen� 's data [34 ] ha v e b een used to c hec k the predictions of mo de-coupling

theory (MCT) [44, 45 ] for the �o w b eha vior of concen trated susp ensions [39 , 40]. Go o d

agreemen t w as reac hed in this comparison emplo ying sc hematic MCT mo dels [39]. Hence,

this comparison suggests that the thermosensitiv e particles sho wn in Fig. 1.1 presen t an

excellen t mo del system for the study of the dynamics of susp ensions in the vicinit y of

the glass transition. Ho w ev er, no fully quan titativ e comparison of theory [44 , 45 ] and

exp erimen t including a discussion of the �t parameters could not ha v e b een done b efore

this w ork.

This w ork is dedicated to the study of this comp osite particles. The �rst part describ es

the c haracterization of the particles. Here w e presen t the �rst study of thermosensitiv e

core-shell particles and their v olume transition (cf. Figure 1.1) b y cry ogenic transmission

electron microscop y (cry o-TEM). The dep endence on the degree of crosslinking and on the

temp erature has b een �rst in v estigated. A new metho d w as dev elop ed to quan titativ ely

analyzed the TEM and Cry oTEM images in order to access to the in ternal structure

of colloids. The di�eren t observ ation are compared to data obtained b y dynamic ligh t

scattering and small-angle X-ra y scattering. The last part of the c hapter fo cus on the

colloidal crystallization of the particles.

The second part explores the dynamics of this system in the vicinit y of the glass transition.

F or this purp ose a new rheological set up is presen ted in the �rst section to measure the

linear visco elasticit y of complex �uids on a brigh t frequency range. In the second c hapter

of this part, an in terpretation of the dynamics of the colloidal core-shell disp ersion in

equilibrium and in �o w biased on the mo de coupling theory is dev elop ed.

The last part of the thesis in v estigates the �eld of the asso ciation. First the temp erature

con trolled self-asso ciation of the system is put under scrutin y . Then the asso ciation of

2



these comp osite microgels with gold nanoparticles will b e discussed.
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2 Cha racterization

2.1 In�uence of the degree of crosslinking on the

structure and sw elling b ehavio r of thermosensitive

co re-shell colloidal latexes.

2.1.1 Intro duction

En vironmen tally sensitiv e microgels ha v e attracted considerable in terest due to their abil-

it y to sw ell and de-sw ell in resp onse to external stim uli suc h as temp erature, pH or

ligh t radiation [46�48 ]. A great n um b er of p ossible applications ha v e b een discussed for

these systems. A comprehensiv e review on the applications w as giv en b y Na y ak and

Ly on [24]. Microgels of p oly( N -isoprop ylacrylamide) (PNIP AM) crosslink ed b y N; N 0
-

meth ylenebisacrylamide (BIS) ha v e b een of particular in terest. The temp erature of the

v olume transition is lo cated at 32

o
C in aqueous solution whic h mak es them suitable can-

didates for p ossible medical applications suc h as con trolled release systems [19, 20]. Other

applications include e.g. the use of suc h systems as carriers for metallic nanoparticles in

catalysis [22, 23].

The v olume transition in macroscopic net w orks has b een studied extensiv ely b y T. T anak a

and others [1�4]. A thermo dynamic analysis of the transition can b e done in terms of the

classical Flory-Rehner theory [49 �53]. Hence, the v olume transtition in macroscopic gels

seems to b e rather w ell understo o d. F or details the reader is deferred to the review of

Shiba y ama [3]. Microgels with dimensions in the colloidal domain ha v e b een the sub ject

of a large n um b er of exp erimen tal studies in recen t y ears. The in v estigations range from

measuremen ts of the macroscopic prop erties, suc h as turbidit y [54, 55 ], high sensitiv e

scanning micro calorimetry [55�57 ], rheology [7, 34 ], to exp erimen ts probing molecular

in teractions suc h as n uclear magnetic resonance [56, 58], ligh t scattering [7, 13 , 34 , 49 ,

55, 56, 58 , 59], small-angle X-ra y and neutron scattering [17 , 49, 59 �64]. Compared to

macroscopic gels, the degree of understanding of microgels is m uc h less adv anced, ho w ev er.

This c hapter is dev oted to a comprehensiv e study of thermosensitiv e core-shell particles

in aqueous solution. These particles ha v e b een syn thesized b y us [17 , 63 �65 ] and b y

others [13 , 59 ]. They ha v e b een used as mo del system for the study of the �o w b eha vior

of concen trated susp ensions [39, 40]. The results obtained so far pro vide an excellen t test

for the mo de-coupling theory of the dynamics of dense colloidal systems [39, 40 , 44, 45 ].

A further p oin t commanding atten tion is the crystallization of these particles. Giv en

the fact that the shell of these particles consist of a compressible net w ork, this p oin t is

certainly in need of further elucidation and will b e discussed in the c hapter 2.3.

In this c hapter w e demonstrate that cry ogenic transmission electron microscop y (Cry o-
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2.1 In�uence of the degree of crosslinking on the structure and sw elling b eha vior of

thermosensitiv e core-shell colloidal latexes.

T able 2.1: Synthesis of the c or e p articles.

St yrol [ g] 193.2

NiP AM [ g] 10.5

SDS [ g] 1.79

KPS [ g] 0.39

H 2 O [ g] 706

TEM) w as highly suited to study these core-shell particles in situ [22, 23 , 65 ]. Cry o-

TEM allo ws us to visualize the particles directly in the aqueous phase b y sho c k-freezing

of a susp ension of the particles. The v olume transition w as for the �rst time directly

made visible at di�eren t temp eratures, including temp eratures b elo w and ab o v e ro om

temp erature, and can b e compared to data obtained b y small-angle X-ra y scattering and

dynamic ligh t scattering. Moreo v er, the sw elling of the net w ork is mo deled in terms of the

Flory-Rehner theory . Sp ecial atten tion is paid to the in terpla y of the degree of crosslinking

of the particles and the phase b eha vior at high v olume fractions and will b e discussed in

the section crystallization.

2.1.2 Exp erimental

Synthesis and puri�cation

The core-shell particles w ere syn thesized in a t w o-step reaction as describ ed in ref. [17 ].

The core particles w ere obtained b y em ulsion p olymerization and used as seed for the

radical p olymerization of the cross-link ed shell.

Chemic al

N -isoprop ylacrylamide (NIP AM; Aldric h), N; N 0
-meth ylenebisacrylamide (BIS; Fluk a),

so dium do decyl sulfate (SDS; Fluk a), and p otassium p ero xo disulfate (KPS; Fluk a) w ere

used as receiv ed. St yrene (BASF) w as w ashed with KOH solution and distilled prior

to use. W ater w as puri�ed using rev erse osmosis (MilliR O; Millip ore) and ion exc hange

(MilliQ; Millip ore).

Cor e latex

Em ulsion p olymerization has b een done using a 1-L �ask equipp ed with a stirrer, a re�ux

condenser, and a thermometer. The recip e for the core latex is giv en in the follo wing: SDS

and NIP AM w ere dissolv ed in pure w ater with stirring and the solution is degassed b y

rep eated ev acuation under nitrogen atmosphere. After addition of st yrene, the mixture

is heated to 80

oC under an atmosphere of nitrogen. The initiator KPS dissolv ed in

15 mL of w ater is added while the mixture is stirred with 300 rpm . After 8 h the

latex is co oled to ro om temp erature and �ltered through glass w o ol to remo v e traces of

coagulum. Puri�cation w as done b y dialysis of the latex against 2.5 �10� 3 M K Cl solution

for appro ximately 3 w eeks (Medicell, 12000-14000 Dalton ). The masses of the di�eren t

reactan ts are summarized in the table 2.1.

Cor e-shel l latex

5



2 Characterization

T able 2.2: Synthesis of the c or e-shel l L atic es.

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

NiP A [ g] 38.0 38.0 38.0 19.0

BIS [ g] 0.6480 1.2959 2.5885 0.6470

KPS in 10 ml H 2 O [ g] 0.3834 0.3814 0.3812 0.3838

H 2 O [ g] 542.4 535.8 568.2 363.5

mP S=mshell 1.06 1.03 - 1.05

The seeded em ulsion p olymerization for the core-shell system under consideration here

w as done using 100 g of the core latex diluted with 320 g of deionized w ater together with

20 g of NIP AM and 1.43 g of BIS. No additional SDS w as added in this step. After this

stirred mixture has b een heated to 80

oC , the reaction is started b y the addition of 0.201

g of KPS (dissolv ed in 15 mL of w ater) and the en tire mixture is allo w ed to stir for 4 h
at this temp erature. After co oling to ro om temp erature the latex has b een puri�ed b y

exhaustiv e serum replacemen t against puri�ed w ater (mem brane: cellulose nitrate with a

0.10- �m p ore width supplied b y Sc hleic her and Sc h uell). The cells con tain 750 ml . The

puri�cation w as p erformed on circa 10 wt:% solution under 1, 2 bar nitrogen and used to

concen trate the initial solutions and to adjust the salt concen tration. The masses of the

di�eren t reactan ts used for the syn thesis of the di�eren t core-shell systems are summarized

in the table 2.2.

Metho ds

T r ansmission ele ctr on micr osc opy

Samples for TEM w ere prepared b y placing a drop of the 0.2 wt:% solution on a carb on-

coated copp er grid. After few seconds, excess solution w as remo v ed b y blotting with �lter

pap er. The cry o-TEM preparation w as done on dilute samples (0.2 wt:%). The sample w as

k ept at ro om temp erature and vitri�ed rapidly b y the metho d describ ed previously [66 ].

A few microliters of diluted em ulsion w ere placed on a bare copp er TEM grid (Plano, 600

mesh) held b y the t w eezers of the Con trolled En vironmen t Vitri�cation System (CEVS).

The dimensions of the holes where the sample is absorb ed and vitri�ed are 35� 35� 10
�m . The excess liquid w as remo v ed with �lter pap er. T ypically the �lm thic kness where

the particles are in v estigated ranges b et w een 1 �m and the diameter of the particles

( � 100 nm ). This sample w as cry o-�xed b y rapid immersing in to liquid ethane co oled to

-180

oC in a cry o-b o x (Carl Zeiss NTS Gm bH). The sp ecimen w as inserted in to a cry o-

transfer holder (CT3500, Gatan, Munic h, German y) and transferred to a Zeiss EM922

EFTEM (Zeiss NTS Gm bH, Ob erk o c hen, German y). Examinations w ere carried out at

temp eratures around -180

oC . The TEM w as op erated at an acceleration v oltage of 200

kV . Zero-loss �ltered images w ere tak en under reduced dose conditions ( < 21000 e� =nm2
)

with an ap erture � 0 = 10 mrad at a magni�cation of 16000X . All images w ere recorded
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2.1 In�uence of the degree of crosslinking on the structure and sw elling b eha vior of

thermosensitiv e core-shell colloidal latexes.

T able 2.3: Summary of the di�er ent p ar ameters use d for the normalization of the sc attering in-

tensity pr o�le (se e text for further details).

Systems c [g=cm3] crosslinking [mol:%] mcore
mshell

N=V [nm� 3]
Core 0.060 - - 9.62.10

� 8

KS1 0.032 1.25 1.19 1.99.10

� 8

KS2 0.023 2.50 1.15 2.79.10

� 8

KS3 0.035 5.00 1.04

1

2.87.10

� 8

digitally b y a b ottom-moun ted 16 bit CCD camera system (UltraScan 1000, Gatan). T o

a v oid an y saturation of the gra y v alues all the measuremen ts w ere tak en with in tensit y

b elo w 15000, considering that the maxim um v alue for a 16 bit camera is 216
. Images

ha v e b een pro cessed with a digital imaging pro cessing system (Digital Micrograph 3.9 for

GMS 1.4, Gatan). The exp erimen t at 45

oC w ere p erformed in an Oxford CT-3500 (no w:

Gatan, Pleasan ton, CA) cry o-holder, and w ere examined in an FEI (The Netherlands)

T12 G

2
dedicated cry ogenic-temp erature transmission electron microscop e.

Dynamic light sc attering

Dynamic ligh t scattering (DLS) w as done using a P eters AL V 5000 ligh t scattering go-

niometer equipp ed with a He-Ne laser ( � = 632.8 nm ). The temp erature w as con trolled

with an accuracy of 0.1

oC . The samples w ere highly diluted ( c = 2:5:10� 3 wt:%) to pre-

v en t m ultiple scattering and �ltered through a 1:2 �m �lter to remo v e dust. The salt

concen tration in K Cl w as set to 10

� 4 mol:L � 1
and 5.10

� 2 mol:L � 1
. The measuremen ts

w ere p erformed at a scattering angle of 90

o
for temp eratures b et w een 10 and 50

oC .

Smal l-angle X-R ay sc attering

Small-angle X-Ra y scattering exp erimen ts ha v e b een p erformed on b oth core and core-

shell systems. Most of the SAXS measuremen ts rep orted here ha v e b een p erformed at the

ID2 b eamline at the Europ ean Sync hrotron Radiation F acilit y (ESRF, Grenoble, F rance).

The diameter of the X-ra y b eam w as 150 �m and the inciden t w a v e length equals to 0.1

nm . SAXS pattern w ere recorded with a t w o-dimensional camera lo cated at a distance

of 5 m from the sample within an ev acuated �igh t tub e. The bac kground scattering has

b een subtracted from the data and corrections w ere made for spatial distortions and for

the detector e�ciency . The concen trations of the latices v aries b et w een 2 and 6 wt:%
(see T able 2.3). F or the latex concen trations used here w e assume that the in�uence of

in terparticular in terferences can b e dismissed without problems and that the structure

factor S(q) is equal to 1 [17, 67].

In order to c hec k the detector the same core solution has b een measured on a mo di�ed

Kratky camera for q b et w een 0.03 and 4 nm� 1
. The description of the camera and of the

ev aluation of the scattering is giv en elsewhere [17 ].

The densit y of the shell has b een calculated considering the v alue of the densit y of the

p olyst yrene core (1.0525 g=cm3
), the densit y of the core-shell for the KS2 at 25

oC (1.098

g=cm3
) and the mass ratio mP S=mshell determined gra vimetrically (1.03) using the for-

m ula:
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2 Characterization

%shell =
1 � (mP S=mshell )=(1 + mP S=mshell )

%� 1
core� shell � %� 1

core(mP S=mshell )=(1 + mP S=mshell )
(2.1)

The shell densit y deriv es from this calculation is equal to 1.149 g=cm3
. The same calcula-

tion p erformed this time considering the densit y of the core particles (1.059 g=cm3
) and

the mass ratio b et w een the core particles and the shell p olymerized in the second step of

the p olymerization mcore=mshell (1.15) giv es a v alue of 1.147 g=cm3
. The same calculation

p erformed on the KS1 considering the densit y of the core-shell measured at 20

oC (1.098

g=cm3
) and the di�eren t mass-ratios ( mP S=mshell = 1:06, mcore=mshell = 1:19) giv es re-

sp ectiv ely a densit y of 1.151 and 1.148 g=cm3
. The di�eren t results for the t w o systems

obtained from the t w o calculations are in go o d agreemen t within the exp erimen tal error,

whic h is mostly coming from the determination of the mass ratio b y gra vimetry . F or the

rest of the w ork the densit y for the PNIP AM and for the cross-link ed shell will b e con-

sidered equal to 1.149 g=cm3
. In this w a y the densit y v alue of the shell is sligh tly higher

than the densit y of pure PNIP AM in w ater as determined b y Shiba y ama and al. (1.140

g=cm3
) [1], whic h is natural considering the cross-linking of the system.

The electronic densit y has b een calculated in electrons=nm3
using the form ula:

%e =
NA :%:ne�

M
(2.2)

with % the densit y of the system, M and ne�
the molecular w eigh t and the n um b er

of electrons p er constituting molecules. F rom the densit y v alues the excess electronic

densit y � %e of the cross-link ed shell follo ws as 45.5 e� =nm3
. The resp ectiv e quan tit y of

p olyst yrene is 7.5 e� =nm3
at 25

oC . These n um b ers de�ne the con trast in SAXS of these

p olymers in w ater.

The scattering densit y pro�le ha v e b een normalized b y the n um b er of particles p er v olume

N=V (in nm� 3
) in order to obtain the scattering of one single particle I 0 . The quan tit y

N=V deriv es from the mass concen tration of the disp ersion c (in g=cm3
), from the ratio

core/shell mcore=mshell determined b y gra vimetry , and from the radius of the core Rc and

its densit y (1.059 g=cm3
) as follo ws:

N=V =
c:(mP S=mshell )=(1 + mP S=mshell )

(4=3)�%cR3
c

(2.3)

T o this purp ose the v alue of Rc w as considered equal to 52 nm from the gaussian �t of the

size distribution determined from the cry oTEM analysis (see section 2.2). The di�eren t

parameters for the normalization of the curv es are indicated in the table 2.3. Note that

the mass ration core/shell of the KS3 has not b een determined gra vimetrically but deriv ed

from the phase diagram presen t in the section crystallization (see section 2.3).

8



2.1 In�uence of the degree of crosslinking on the structure and sw elling b eha vior of

thermosensitiv e core-shell colloidal latexes.

2.1.3 Theo retical background

Flo ry-Rehner theo ry

The macroscopic state of a homogeneous neutral gel is describ ed within the classical Flory-

Rehner theory . Here w e follo w the exp osition of this mo del giv en in Ref. [49]. Hence, it

su�ces to delineate the main steps.

The net osmotic pressure within the gel is giv en b y

� =
kbT
a3

(

� � � ln(1 � � ) � �� 2 +
� 0

NGel

"
1
2

�
�
� 0

�
�

�
�
� 0

� 1=3
#)

(2.4)

where kB is the Boltzmann constan t, a is the monomer segmen t length, � is the Flory

in teraction parameter, � is the p olymer v olume fraction, � 0 refers to the p olymer v olume

fraction at a reference state and Ngel is the a v erage degree of p olymerization of the p olymer

c hain b et w een t w o crosslinking p oin ts. F or systems undergoing isotropic sw elling, the

sw elling of the microgel can b e describ ed as the ratio of the a v erage p olymer v olume

fraction � and the a v erage p olymer v olume fraction � ref in the collapsed state

�
� ref

=
�

RH;ref
3 � Rc

3

RH
3 � Rc

3

�
(2.5)

with RH the h ydro dynamic radius of the core shell at the temp erature T and RH;ref the

radius et the reference state after the complete collapse of the shell measured at 45

oC .

Rc denotes the radius of the core particles determined from the cry ogenized transmission

electron microscop y . The Flory in teraction parameter � is giv en b y

� =
� F
kbT

=
� H � T� S

kbT
=

1
2

� A
�

1 �
�
T

�
(2.6)

where A = (2� S + kB )=2kB and � = 2� H=(2� S + kB ). � S and � H are the c hanges

in en trop y and en thalp y of the pro cess, resp ectiv ely . It has b een sho wn that � increases

nonlinearly with increasing concen tration of p olymer (see e.g. Ref. [68] and further

literature cited therein)

� (T; � ) = � 1(T) + � 2� + � 3� 2 + ::: (2.7)

with � 1 corresp onding to equation (3). F ollo wing Ref. [49 ] w e will only consider the �rst

order of the � -expansion, whic h leads to the follo wing expression for �

� =
� F
kbT

=
1
2

� A
�

1 �
�
T

�
+ � 2� (2.8)

Thermo dynamic equilibrium for the gel is attained when � = 0 , i.e., if the pressure inside

and outside the gel is the same. Com bining eq. 2.4 and eq. 2.8, the equilibrium line in

the T � � phase diagram is giv en b y
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2 Characterization

T�=0 =
A� 2�

� � � ln(1 � � ) +
�
A � 1

2

�
� 2 � � 2� 3 + � 0

NGel

�
1
2

�
�
� 0

�
�

�
�
� 0

� 1=3
�

(2.9)

Small-angle X-ra y scattering

The scattering in tensit y I (q) measured for a susp ension of particles with spherical sym-

metry ma y b e rendered as the pro duct of I 0(q) , the scattering in tensit y of an isolated

particle, and S(q) , the structure factor that tak es in to accoun t the m utual in teraction of

the particles:

I (q) = ( N=V)I 0(q)S(q) (2.10)

where N=V denotes the n um b er densit y of the scattering ob jects. A previous discussion of

S(q) for systems of spherical particles has demonstrated that the in�uence of the structure

factor is restricted to the region of smallest q v alues when the concen tration of the particles

is small. Its in�uence on to the measured scattering in tensit y can therefore b e disregarded

in the presen t analysis. Hence, S(q) = 1 will b e assumed in the follo wing [67].

The scattering in tensit y of one single particle can b e decomp osed in principle in three

terms [17, 63 , 64 , 67 ]:

I 0(q) = I part (q) + I f luc;P S (q) + I f luc;shell (q) (2.11)

I part (q) is the part of I 0(q) due to the core-shell structure of the particles (i.e., the

scattering in tensit y caused b y comp osite particles ha ving a homogeneous core and

shell) [63, 64]. The core and the shell are c haracterized b y di�eren t electron densities.

I f luc;P S (q) and I f luc;shell (q) refer to the thermal �uctuation of the PS core and the

PNIP AM shell resp ectiv ely . The shell, ho w ev er, do es not consist of a solid material but

of a p olymeric net w ork whic h exhibits static inhomogeneities and thermal �uctuations,

for this reason w e neglected the con tribution of the �uctuation of the PS core and w e

only tak e in to accoun t I f luc;shell (q) . F or spherical symmetric particles with radius R ,

I part (q) is equal to B 2(q) where the scattering amplitude B(q) is giv en b y .

B(q) = 4 �

RZ

0

� (r )[%e;p(r ) � %e;w]r 2 sin(qr)
qr

dr (2.12)

The scattering con trast is the di�erence of the scattering length densit y of the p olymer

and the surrounding solv en t � %e(r ) = %e;p(r ) � %e;w . By m ultiplying the p olymer

fraction � (r ) pro�le b y the scattering con trast resp ectiv ely of the p olyst yrene for

the core ( � %e;P S = 7:5 e:u=nm3
) and of the cross-link ed PNIP AM for the shell

( � %e;P NIP AM = 45:5 e:u=nm3
; see section Metho ds), w e obtained the electron densit y

pro�le necessary for the calculation of the scattering in tensit y .

10



2.1 In�uence of the degree of crosslinking on the structure and sw elling b eha vior of

thermosensitiv e core-shell colloidal latexes.

Figure 2.1: Cryo-TEM micr o gr aphs of a 0.2 wt:% aque ous susp ension of the PS/PNIP AM c or e-

shel l p articles for di�er ent de gr e es of cr osslinking: (a) KS1 1.25 M %, (b) KS2 2.5 M %
and (c) KS3 5 M %. The samples wer e kept at r o om temp er atur e b efor e vitri�c ation.

The c or e c onsists of p olystyr ene and the c or ona of PNIP AM cr oss-linke d with BIS.

The ful l and dashe d lines show the hydr o dynamic r adii r esp e ctively of the c or e and

c or e-shel l p articles as determine d by DLS.

The p olydisp ersit y can b e describ ed b y a normalized Gaussian n um b er distribution [17 ,

67]:

D(R; � ) =
1

�
p

2�
exp

�
�

(R � h Ri )2

2� 2

�
(2.13)

with hRi the a v erage radius and � the standard deviation. Here, it su�ces to men tion

that the p olydisp ersit y smears out the deep minima of I part (q) to a certain exten t [63 , 64 ].

F or the ev aluation of the part of the scattering caused b y the thermal densit y �uctuations

within the shell I f luc (q) it is appropriate to use the empirical form ula [63, 64]:

I f luc =
I f luct (0)
1 + � 2q2

(2.14)

where the a v erage correlation length in the net w ork is describ ed b y � . I f luc con tributes

signi�can tly only in the high q regime.

2.1.4 Results and discussion

Cry ogenic electron microscop y

The syn thesis of the core-shell particles pro ceeds in t w o steps [17 ]: First a p oly(st yrene)

core is syn thesized b y con v en tional em ulsion p olymerization. The core particles th us

obtained are practically mono disp erse and w ell-de�ned. A radius of 52.0 nm and a p oly-

disp ersit y of 4 % w ere deriv ed from the cry oTEM micrographs (see section 2.2), whereas

the dynamic ligh t scattering giv es a v alue of 55.0 nm b et w een 8 and 45

oC . As exp ected

the radius of the core particles as observ ed b y DLS has no dep endence on the temp erature.
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2 Characterization

Figure 2.2: Cryo-TEM micr o gr aphs of a 0.2 wt:% aque ous susp ension of the PS/PNIP AM c or e-

shel l p articles. The sample was maintaine d at 23

o
C (left-hand side) and 45

o
C (right-

hand side) b efor e vitri�c ation. The c or es c onsists of p olystyr ene and the c or ona of

cr oss-linke d PNIP AM with BIS. The cir cle ar ound the c or e marks the c or e-r adius

determine d by dynamic light sc attering in solution. The cir cles ar ound the entir e

p article gives the hydr o dynamic r adius RH of the c or e-shel l p articles again determine d

by dynamic light sc attering taken fr om Fig. 2.7

It needs to b e noted that the core particles b ear a small n um b er of c hemically b ound

c harges on their surface. This is due to the syn thesis of the cores whic h pro ceeds

through a con v en tional em ulsion p olymerization. These c harges k eep the solution stable

ev en at high temp erature. In a second step the thermosensitiv e shell is p olymerized at

higher temp eratures (80

oC ) on to these core particles in a seeded em ulsion p olymerization.

Fig. 2.1 sho ws the micrographs obtained for di�eren t degrees of crosslinking b y cry o-

TEM. F or the analysis a susp ension of the particles is sho c k-frozen in liquid ethane. The

w ater is sup erco oled b y this pro cedure to form a glass and the particles can directly b e

studied up on in-situ. Fig. 2.1 sho ws that the core-shell particles are indeed narro wly

distributed. Moreo v er, the PNIP AM shell is clearly visible in these pictures without

using an y con trast agen t. All the p olyst yrene cores observ ed are co v ered b y the PNIP AM

shell leading to a partially spherical shap e. This is accompanied b y parts of the net w ork

of higher and lo w er transmission whic h can b e assigned to the densit y �uctuations

and the spatial inhomogeneities in the net w ork. This corresp onds to the additional

con tribution seen in SAXS measuremen ts of similar core-shell particles. As argued in ref.

[49, 63 , 64], the scattering in tensit y con tains a term related to spatial inhomogeneities

of the net w ork found for macroscopic net w orks and predicted b y theory [3]. Hence,

Figure 2.1 pro vides a direct visual pro of of an imp ortan t conclusion dra wn from previous

scattering measuremen ts. Moreo v er, the presen t micrographs suggest that these �uctu-

ations lead to a sligh tly irregular shap e that ma y b e also em b o died in the con tribution

to the scattering in tensit y measured at higher scattering angles. The buc kling of the

shell whic h is decreasing with increasing crosslinking can b e related to the instabilities of

sw elling gels o ccurring at the surface of sw ollen gels a�xed to solid substrate. A review of

the studies of this e�ect related to macroscopic systems w as giv en b y Boudaoud et al. [69 ].

Figure 2.1 also demonstrates that the thermosensitiv e shell is in some cases not fully
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2.1 In�uence of the degree of crosslinking on the structure and sw elling b eha vior of

thermosensitiv e core-shell colloidal latexes.

attac hed to the core. This sheds new ligh t on the second step in the syn thesis of the

core-shell particles: The analysis of the core particles b y SAXS sho w ed that the addition

of 5 % NIP AM during the syn thesis of the core leads to a thin shell of PNIP AM at the

surface of the core particles [17]. The shell will b e b ound to the core most probably

b y c hain transfer of the gro wing PNIP AM net w ork to the thin PNIP AM-shell co v ering

the core. The micrographs demonstrate, ho w ev er, that this binding is incomplete. A t

high temp eratures during the syn thesis of the shell the gro wing net w ork is collapsed on to

the core. Th us, the shell is exp ected to b e rather homogeneous at temp eratures ab o v e

the v olume transition. This w as sho wn exp erimen tally b y SANS [63 ]. It will also b e

sho wn b elo w that the v olume fraction � 0 whic h follo ws from the Flory-Rehner analysis

will b e high and demonstrate the small degree of sw elling of the net w ork during syn thesis.

Ho w ev er, c hain transfer do es not lead to complete attac hmen t of the shell to the cores in

this step. Hence, the three-dimensional sw elling of the shell b elo w the transition m ust lead

to a partial detac hmen t of the shells. Fig. 2.1 demonstrates that this e�ect is decreasing

with increasing degree of cross-linking as exp ected.

The phase transition in the shell can b e directly imaged b y Cry oTEM analysis. Fig. 2.2

is an example of the micrographs resulting from the system KS2 quenc hed from 45

oC .

Here w e c hose a higher magni�cation to displa y the details of the particles more clearly .

Naturally , this exp erimen t is more di�cult b ecause vitri�cation m ust b e m uc h faster than

the relaxation time c haracterizing the shrinking kinetics of the particles. Ho w ev er, Fig.

2.2b in comparison to 2.2a clearly sho ws that the particles ha v e shrunk en considerably .

Moreo v er, the shell has b een compacted b y this shrinking pro cess and pro vides no w a tigh t

en v elop e of the cores. This is exp ected giv en the fact that the shell has b een attac hed to

the core at ev en higher temp eratures. Moreo v er, the compactness of the shell had already

b een deduced from SANS-measuremen ts [63, 64].

Small-angle X-ra y scattering

Cor e p articles

First the scattering in tensit y pro�le has b een ev aluated for the core particles. Fig. 2.3

presen ts the exp erimen tal scattering in tensit y of one isolated particles I 0(q) obtained from

the sync hrotron and from the mo di�ed Kratky camera. Both measuremen ts sup erp ose

un til q = 0:6 nm� 1
, ev en if the resolution of the sync hrotron is b etter for the small

q. Ab o v e this q v alue the signal is b ecoming to noisy to b e ev aluated in opp osition

to the Kratky camera, whic h is more appropriate for the higher q cause of its shorter

distance source detector. F or this reason the follo wing scattering in tensities I 0(q) ha v e

b een ev aluated only up to 0.6 nm� 1
. A simple �t considering an homogeneous p olyst yrene

particle of 52 nm succeeds to describ e the p osition of the side maxima. A t higher q-v alues

the measured scattering is considerably higher than the one calculated for a homogeneous

sphere. This fact con�rms the presence of a thin PNIP AM la y er at the in terface.

The b est �t w as obtained for a core-shell pro�le with a dense p olyst yrene core of 48 nm .

The SAXS analysis of the core particles demonstrates furthermore that a small fraction

of PNIP AM is lo cated in a thin 2 nm shell at the surface of the particles. The electron

densit y of this shell (23.0 e� nm� 3
) exhibits a considerably higher densit y than the core

(7.5 e� nm� 3
) and con tributes considerably to the scattering in tensit y . The sensitivit y of
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Figure 2.3: Sc attering intensity of an isolate d p article, I 0(q) = I (q)=(N=V ) obtaine d for the c or e

p articles fr om the synchr otr on (cir cles) and fr om the mo di�e d Kr atky c amer a (tri-

angles). The dashe d line pr esents the sc attering intensity pr o�le of a pur e 52 nm
p olystyr ene p articles. The solid line is the b est �t obtaine d for a c or e-shel l system

with a 48 nm p olystyr ene c or e and a 2 nm thin PNIP AM shel l with an ele ctr onic

density of 23 e� =nm3
(se e inset).

the SAXS to detect thin p olymer la y er at solid core in terface has b een already found in

former studies for similar systems [64] and also in the adsorption of surfactan t on core

latices [70 ]. The �t pro cedure also sho ws that the size distribution of the core particles

is rather small with a p olydisp ersit y of 5.0 %. Considering the electron densit y of the

PNIP AM calculated formerly this v alue corresp onds to a p olymer v olume fraction of 0.5.

The mass p ercen tage of PNIP AM in the core deriving from this analysis is 6.7 %, whic h

remains rather close to the 5 % in tro duced at the b eginning of the cop olymerization of

the core particles. Moreo v er the a v erage size of 50 nm is in go o d agreemen t with the

a v erage v alue obtained b y TEM and cry oTEM with a deviation of less than 4 % (see

section 2.2). The deviation with the h ydro dynamic radius of 55 nm determined b y DLS

is m uc h higher. Nev ertheless this v alue refers to an in tensit y w eigh ted a v erage whereas the

t w o others metho ds refer to n um b er w eigh ted a v erage. A n um b er distribution obtained

from the CONTIN analysis will th us la y around 50 nm in go o d agreemen t with the others

metho ds.

Cor e-shel l p articles

The same analysis has b een p erformed on di�eren t core-shell systems. Fig. 2.4 presen ts

the di�eren t I 0(q) obtained for di�eren t degrees of crosslinking. I 0(q) describ es a single

maxim um for 1.25 mol:% crosslinking, then t w o maxima for 2.5 mol:% and three maxima

for 5 mol:%. Moreo v er the in tensit y in the lo w q region is increasing. This clearly

indicates that increasing the degree of crosslinking leads to more de�ned and more compact

particles. Moreo v er the �rst maxim um is sligh tly shifted to the left whic h is an indication

of a decrease in the size of the particles in agreemen t with the direct observ ation done b y

cry oTEM. A parab olic pro�le has b een considered for the shell as prop osed b y Berndt et

al. in their in v estigation of PNIP AM microgels [60 ], PNIP AM/PNIPMAM [61 , 71] and

PNIPMAM/PNIP AM comp osite microgels [62].
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thermosensitiv e core-shell colloidal latexes.
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Figure 2.4: Sc attering intensities I 0(q) = I (q)=(N=V ) obtaine d for the di�er ent de gr e es of

cr osslinking: KS1 (1.25 mol:%) (squar es); KS2 (2.5 mol:%) (cir cles) and KS3 (5

mol:%)(triangles).

T able 2.4: Fit p ar ameters use d for the c alculation of the sc attering intensity pr o�le I 0(q) (se e �g.

2.5). mcore=mshell , � and R ar e the mass r atio c or e/shel l, the c orr elation length and the

over al l size of the systems derive d fr om this analysis. RH is the hydr o dynamic r adius

derive d fr om the dynamic light sc attering at 23

oC (se e �gur e 2.7). The c orr esp onding

p olymer volume fr action pr o�le ar e given in the �g. 2.6.

Systems K R hw [nm] � [nm] P DI [%] mcore
mshell

� [nm] R [nm] RH [nm]

KS1 0.160 85 20 8.0 1.38 10 105 124.6

KS2 0.284 77 17 8.0 1.14 7 94 112.4

KS3 0.435 72 12 6.0 1.03 7 84 107.0

The follo wing relation has b een used to describ e the p olymer v olume fraction pro�le for

the crosslink ed shell [61 , 62, 71]:

K� (r ) =

8
>><

>>:

1 : r � Rc

1 � (Rhw � r + � )2=(2� 2) : Rc < r � Rhw

(r � Rhw + � )2=(2� 2) : Rhw < r � Rhw + �
0 : Rhw + � < r

(2.15)

K is a prefactor, Rc is the radius of the core and Rhw is the half-width radius and � the

half-width.

The pro�le for the core has b een k ept iden tical to the one deriv ed from the core analysis

in the preceden t section. The pro�le of the core-shell particles has b een then in tro duced

in equation 2.12 to calculate I part (q) . The p olydisp ersit y whic h is smearing the maxim um

has b een in tro duced in term of a Gaussian distribution. Fig. 2.5 displa ys the di�eren t

scattering in tensit y pro�les normalized b y N/V and the b est �t obtained for eac h

system. The dashed lines refer to I part (q) and the dotted lines refer to I f luc (q) . The

b est �t deriv es from the sum of these t w o con tributions and is displa y ed b y the solid

line. The �ts pro vide a go o d description of the exp erimen tal set of data on the q range
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Figure 2.5: F orm factor P(q) = I (q)=(N=V ) obtaine d for di�er ent de gr e e of cr osslinking: KS1

(1.25 mol:%), KS2 (2.5 mol:%), KS3 (5 mol:%). The cir cles display the exp erimental

me asur ements. The long dashe d lines ar e the c alculate d I part (q) , wher e as the dashe d

lines r epr esent the c ontribution of the thermal density �uctuations I f luc (q) . The sum

of this two c ontributions ar e given by the solid lines, which c orr esp ond of the b est

�t of the exp erimental data. The �t p ar ameters ar e given in the table 2.4 and the

c orr esp onding p olymer volume fr action pr o�le in the �g. 2.6.
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2.1 In�uence of the degree of crosslinking on the structure and sw elling b eha vior of

thermosensitiv e core-shell colloidal latexes.
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Figure 2.6: R adial p olymer e�e ctive volume fr action � (r ) obtaine d fr om the SAXS analysis for the

di�er ent de gr e es of cr osslinking: KS1 (1.25 mol:%) (dotte d line); KS2 (2.5 mol:%)

(dashe d line), KS3 (5 mol:%)(solid line). The pr o�les c onsist on a dense 48 nm
p olystyr ene c or e with a 2 nm thin PNIP AM shel l onto which a the cr ossslinke d shel l

has b e en p olymerize d. The analysis c onsiders a p ar ab olic pr o�le for the shel l as given

in e quation 2.15. The di�er ent �t p ar ameters ar e given in table 2.4.

in v estigated. The di�eren t �t parameters are summarized in the table 2.4. The p olymer

v olume fraction pro�le can b e extracted from the �t of the scattering exp erimen ts and

is presen ted in Fig. 2.6. As already observ ed b y cry oTEM, increasing the degree of

crosslinking leads to a more compact structure and to a more pronounced depletion at

the core/shell in terface . The core/shell mass ratio deriv ed from the di�eren t pro�les is

in go o d agreemen t with the v alue obtained b y gra vitometry , except for the lo w er degree

of crosslinking. This could b e attributed b y a lac k of con trast for a to o di�use shell.

Moreo v er the size is also decreasing as already observ ed from the dynamic ligh t scattering

exp erimen ts (see �g. 2.7). Nev ertheless the radius is ab out 16, 16 and 21 % smaller

compared to the h ydro dynamic radius of the KS1, KS2 and KS3 determined b y dynamic

ligh t scattering. This w as attributed in a former study to the presence of dangling c hains

whic h could not b e detected b y SAXS or SANS but only b y DLS [63]. Nev ertheless the

direct imaging of the particles b y cry oTEM evidenced the strong buc kling of the particles.

The discrepancy b et w een the t w o metho ds can b e explained as follo ws: Microgels are

dynamic structures whic h exhibit thermal �uctuations. Moreo v er, the syn thesis leads to

the buc kling up of the shell as discussed already . Hence, the shap e of the particles is not

p erfectly spherical. A rotational a v erage hence will result in a larger size. This p oin t will

b e discussed in further details in the next c hapter dedicating to the quan titativ e analysis

of the cry o-TEM micrograhs (see c hapter 2.2).

Thermo dynamics of the phase transition

The v olume transition within the shell can easily b e studied b y dynamic ligh t scattering

(DLS). Figure 2.7 sho ws the dep endence of the h ydro dynamic radius RH of the comp osite
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Figure 2.7: Hydr o dynamic r adii of the c or e-shel l latexes versus temp er atur e for di�er ent de gr e es

of cr osslinking, as determine d by DLS (cir cles: 1.25 mol:%, squar es: 2.5 mol:%,

triangles: 5 mol:%). F ul l symb ols r epr esent the me asur ements without addition of

salt, wher e as hol low symb ols display the me asur ements p erforme d by adding 5.10

� 2

mol:L � 1
K Cl.

microgels determined b y DLS as function of the temp erature. RH decreases gradually with

temp erature un til a sharp v olume transition from sw ollen to unsw ollen states tak es place,

reac hing a �nal collapsed size at a transition temp erature b et w een 34 and 38

oC dep ending

on the degree of crosslinking. Increasing the degree of crosslinking the transition b ecomes

more con tin uous and the collapse state is shifted to higher temp eratures. Without addition

of salt this pro cess is thermorev ersible without an y h ysteresis.

The comparison b et w een the o v erall size observ ed from the micrographs and the h y-

dro dynamic radius as determined b y the DLS can b e observ ed in the Fig. 2.7. The

h ydro dynamic radius RH as measured b y DLS indicated in eac h case as a shed circle

around one particle eviden tly pro vides an appropriate measure of the a v erage radius of

the particles. Moreo v er w e found that the o v erall radius of the particles from these mi-

crographs is in go o d agreemen t with the h ydro dynamic radius measured at 45

oC (dashed

circle). This indicates that the pro cess of quenc hing is su�cien tly fast to preserv e the

high-temp erature structure. This �nding is quite imp ortan t inasm uc h it sho ws that the

metho d of preparation do es not disturb the structure of the thermosensitiv e particles.

This fact is of great imp ortance when determining the e�ectiv e v olume fraction of the

particles in a concen trated susp ension. A ddition of 5.10

� 2 mol:L � 1
K Cl leads to a sligh t

shrinking of the particles. This phenomenon has b een already in v estigated in a recen t

study [72 ]. The addition of salt screens the residual electrostatic in teraction of the parti-

cles. Hence, at higher temp eratures the disp ersions b ecome unstable and aggregate [72 ].

F or the systems under consideration aggregation tak es place ab o v e 32

oC for the KS1 and

ab out 33

oC for the KS2 and KS3. Eviden tly , exp erimen ts aiming at an understanding of

the �o w b eha vior of stable susp ensions m ust b e done b elo w these temp eratures. On the

other hand, salt m ust b e added for a su�cien t screening of the electrostatic in teraction

in order to obtain a mo del disp ersions that in teracts solely through steric repulsion.

W e can no w discuss the mo deling of the sw elling data sho wn in Fig. 2.7 in terms of the

Flory-Rehner theory . P arameter of the di�eren t sets of data is the degree of crosslinking.
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2.1 In�uence of the degree of crosslinking on the structure and sw elling b eha vior of

thermosensitiv e core-shell colloidal latexes.
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Figure 2.8: Exp erimental phase diagr am T � � for di�er ent de gr e es of cr osslinkings (ful l cir cles:

1.25 mol:%, ful l squar es: 2.5 mol:%, hol low triangles: 5 mol:%). Lines pr esent

the �ts obtaine d fr om e q.(2.9]. The vertic al dashe d line marks the r efer enc e volume

fr action � 0 = 0 :7 in the c ol lapse d state.
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Figure 2.9: Solvent p ar ameter � as determine d fr om the �ts of �g. 2.8 for di�er ent de gr e es of

cr osslinking (ful l cir cles: 1.25 mol:%, ful l squar es: 2.5 mol:%, hol low triangles: 5

mol:%). De cr e asing the de gr e e of cr osslinking the PNIP AM network shrinks up on

he ating fr om a c ontinuous to a disc ontinuous fashion to r e ach a c ol lapse d state for

� = 1. � = 0.5 is indic ate d by the dashe d line and lays appr oximately at 32

oC , which

c orr esp onds to the LCST of pur e PNIP AM in aque ous solution.
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2 Characterization

T able 2.5: Par ameters of the Flory-R ehner �t. (e q. 2.9 and Fig. 2.8).

KS1 KS2 KS3

n (BIS)/ n (NiP AM) [mol. %] 1,25 2,50 5,00

� 0 0,7 0,7 0,7

A -8,7 -8,7 -8,7

� 2 0,9 0,9 0,9

� [K] 312 314 316

NGel 80 45 22

LCST [

o
C] 31.7 32.3 32.2

T(� = 1) [

oC ] 35.1 36.2 38.2

The �t pro cedure used to mo del the phase transition is the same as rep orted recen tly [49 ].

The �ts are presen ted together with the exp erimen tal data as sho wn in the T � � diagram

(Fig. 2.8). The resultan t �tting parameters are summarized in the table 2.5. Considering

that only the amoun t of crosslink er is c hanging, w e k eep the same v alue for � 0 , A and � 2

for all the systems and w e only v ary � and N .

F or the presen t system the b est agreemen t for the reference p olymer v olume fraction in

the collapsed state has b een found for � 0 = 0:7. This v alue has already b een exp ected

from the previous analysis of the particles b y SAXS and SANS [63]. Indeed as rep orted

b y recen t n uclear magnetic resonance measuremen ts w ater molecules are still presen t in

the shell ab o v e the LCST but they are strongly con�ned [58].

The N v alues (see table 2.4) found are prop ortional to the degree of crosslinking but are

ab out t w o times larger than those corresp onding to the crosslinking in a homogeneous

net w ork. A con ten t of 2.5 mol:% of the crosslink er BIS w ould corresp ond to Ngel = 20. This

discrepancy can b e traced bac k to the inhomogeneities in the PNIP AM microgels. Indeed,

W u et al. [73] in v estigated the p olymerization of NIP AM and BIS during the microgel

syn thesis. The crosslink er w as found to b e consumed faster than the NIP AM indicating

that the particles are unlik ely to ha v e a uniform comp osition. This �nding has b een

con�rmed b y SAXS and SANS, rev ealing that the segmen t densit y in the sw ollen state is

not homogeneous, but gradually deca ys at the surface [60, 63]. Moreo v er high-sensitiv e

calorimetric study ha v e con�rmed this assumption [55 ]. Giv en the v arious uncertain ties of

the Flory-Rehner analysis, the presen t �ts seem to pro vide a su�cien t description of the

data. Moreo v er, it should b e k ept in mind that the original theory has b een dev elop ed for

macroscopic, three-dimensional net w orks while it is applied here to microscopic systems

whic h can sw ell only along the radial direction.

Fig. 2.9 displa ys the ev olution of the solv en t parameter � deriv ed from the �t from the

�g. 2.8 as function of the temp erature for the three systems. The LCST then corresp onds

to the temp erature where � is equal to 0.5. W e found that increasing the cross-linking

sligh tly shifts the LCST to higher temp erature b et w een 1.25 and 2.5 mol:% crosslink er,

but the LCST found from this analysis is rather close to 32

oC whic h corresp onds to

the LCST of linear PNIP AM c hains [55 ]. On the con trary the temp erature where the

shell is totally collapsed obtained from � = 1 shifts from 35.1 to 38.2

oC with increasing

crosslinking, whic h can b e attributed to a higher rubb er elasticit y of the net w ork. This

illustrates the transition from a sharp to a con tin uous v olume transition b y increasing the

crosslinking of the shell.
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2.1 In�uence of the degree of crosslinking on the structure and sw elling b eha vior of

thermosensitiv e core-shell colloidal latexes.

The presen t analysis th us demonstrates that the core-shell microgels can b e mo delled in

the same w a y as macroscopic systems.

2.1.5 Summa ry

In this c hapter, comp osite PS/PNIP AM core-shell microgels with di�eren t degrees of

crosslinking ha v e b een syn thesized and c haracterized b y cry ogenic transmission electron

microscop y , small-angle X-ra ys scattering and dynamic ligh t scattering. The analysis

demonstrates that the shell forms a w ell-de�ned net w ork around the practically mono dis-

p erse core particles. Increasing the degree of crosslinking w as also found to lead to smaller

and denser particles. Moreo v er, direct imaging of the particles b y Cry o-TEM sho ws the in-

homogeneities within the net w ork. Cry o-TEM sho ws also the buc kling of the shell caused

b y the one-dimension sw elling of the shell. This buc kling e�ect whic h is w ell-kno wn from

macroscopic systems leads to a sligh tly irregular shap e partially explaining the discrep-

ancies b et w een the SAXS and the DLS. Moreo v er a parab olic densit y pro�le for the shell

has b een evidenced b y SAXS. The v olume transition within the shell of these particles

can b e describ ed v ery w ell b y the Flory-Rehner theory . All results demonstrate that the

t w o-step syn thesis of the particles leads to w ell-de�ned particles suitable as mo del systems

for studying the dynamics of concen trated susp ensions.
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2 Characterization

2.2 Quantitative analysis of p olymer colloids b y

no rmal and cry o-transmission electron microscop y .

2.2.1 Intro duction

F or man y decades, transmission electron microscop y (TEM) is one of the most imp ortan t

tec hniques for the study of nanostructured materials. In recen t y ears, cry ogenic TEM

(cry o-TEM) has greatly enlarged the scop e of this tec hnique and has th us b ecome an

indisp ensable to ol of biological researc h [74 �77 ]. A queous solutions con taining e.g. viruses

are vitri�ed b y sho c k-freezing in liquid ethane. Th us, thin �lms of vitri�ed solutions can

b e analyzed b y TEM. Eviden tly , cry o-TEM allo ws us to study sensitiv e biological and

colloidal [78 �85] structures in-situ, that is, in aqueous solution. Th us, there is no need

for an y further preparatory step. Up to no w,there is a large n um b er of morphological

studies using cry o-TEM [22, 66 , 86 �88 ]. Ho w ev er, there are only few in v estigations whic h

ev aluate the cry o-TEM micrographs in a quan titativ e manner [75 , 76 , 78 �82].

In a similar fashion, small-angle X-ra y scattering (SAXS) [67 , 88 , 89 ] and small-angle

neutron scattering (SANS) [90 ] presen t w ell-established to ols for the analysis of nanos-

tructures. There is a h uge n um b er of publications in whic h one of these metho ds has b een

used to analyze particulate structures in solution and the literature in this �eld is hard

to o v erlo ok.

Both SAXS and Cry o-TEM are sensitiv e to w ard the lo cal electron densit y in the ob ject

and th us lead to similar information ab out the sample under scrutin y . In principle, the

gra y scale of TEM-micrographs could b e ev aluated to yield the electron densit y of the

sample. This in turn will lead directly to the SAXS-in tensities and vice v ersa. T o the

authors' b est kno wledge, this ob vious relation b et w een SAXS and TEM has hardly b een

exploited y et. The reasons for this are giv en b y the fact that the quan titativ e ev aluation

of TEM-micrographs presen ts a di�cult task b ecause of the m ultiple scattering of the

electrons in thic k samples [76, 91 �93]. Moreo v er, an y staining pro cedure or other prepa-

ration of the sample will lead to irrev ersible c hanges and render a quan titativ e comparison

b et w een TEM and SAXS imp ossible.

Here w e presen t a quan titativ e comparison b et w een the analysis of a colloidal system b y

cry o-TEM and SAXS. F ollo wing previous w ork b y Langmore et al. [80, 81], w e ev aluate

the lo cal excess electron densit y from the gra y scale of the cry o-TEM micrographs. In

particular, w e calculate the SAXS-in tensit y directly from the cry o-TEM micrograph and

compare these results to measured in tensities.

As an example for this analysis w e �rst c hose aqueous disp ersions of the core particles

describ ed in the c hapter 2.1, whic h serv es as a simple mo del for particles with w ell-kno wn

structure. Then w e in v estigate the core-shell particles also presen ted in the previous

c hapter. The reason for the c hoice of this system for the presen t purp ose is giv en b y the

fact that core-shell microgels PS/PNIP AM ha v e already b een the sub ject of a n um b er of

studies emplo ying SAXS and SANS [17 , 63, 64] including the SAXS analysis describ ed in

the section 2.1.4. In the section 2.1.4, it has b een also demonstrated that cry o-TEM is w ell-

suited to in v estigate the v olume transition and the structure of comp osite PS/PNIP AM

core-shell. Hence, this system is w ell-suited for a quan titativ e comparison of SAXS and

cry o-TEM.
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2.2 Quan titativ e analysis of p olymer colloids b y normal and cry o-transmission electron

microscop y .
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Figure 2.10: Plot � versus q2
for the c or e (down triangles) and c or e-shel l (cir cles) p articles me a-

sur e d at 23

oC . The di�usion c o e�cient D0 of b oth systems is obtaine d fr om the

slop e of the line ar extr ap olation given by the dashe d and solid lines.

This c hapter is organized as follo ws: In section 2.2.2 the particles and metho ds used in

this study are presen ted while section 2.2.3 giv es the theoretical bac kground of con trast in

electron microscop y . In section 2.2.4 the analysis of the TEM and cry o-TEM micrographs

is �rst v alidated using homogeneous p olyst yrene particles carrying a thin la y er of PNI-

P AM. Moreo v er, the e�ect of the fo cusing, dose, sample thic kness and energy �ltering will

b e discussed. Finally , the quan titativ e comparison b et w een the cry o-TEM micrographs

of the core-shell system with the resp ectiv e SAXS-data describ ed in the c hapter 2.1 will

b e giv en.

The ob ject of the presen t c hapter is three-fold: First, w e presen t a metho d for the quan ti-

tativ e ev aluation of TEM and cry o-TEM pictures whic h is v alidated using a simple mo del

system (core V2). Second, w e demonstrate that the analysis of suc h colloidal particles b y

cry o-TEM and SAXS (see section 2.1.4) can b e treated on equal fo oting and supplemen t

eac h other in a nearly ideal fashion. Third, the com bination of these metho ds leads to

a detailed analysis of a microscopic thermosensitiv e net w ork and can b e compared to

earlier in v estigations b y SAXS and SANS carried out on comparable core-shell particles

[17, 60�64 , 71 , 94 ].

2.2.2 Exp erimental

Materials

All particles used herein ha v e b een syn thesized and puri�ed as describ ed in a preceding

section (see section 2.1.2). The presen t analysis w as p erformed on the core particles and

on the core-shell particles con taining 2.5 mol:% crosslink er (KS2).

Metho ds

TEM and cry o-TEM w ere p erformed as describ ed in the section 2.1.2 as w ell as the

densit y measuremen ts. Dynamic ligh t scattering exp erimen ts w ere carried out at 23

oC as

describ ed in the section 2.1.2 except that in this case the deca y rate � w as obtained from
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2 Characterization

the second cum ulan t analysis for scattering angle from 30 to 150

o
with an incremen t of

10

o
. As � = D0q2

, the di�usion co e�cien t w as determined b y linear extrap olation of �
v ersus q2

, and the h ydro dynamic radii of the core and of the core-shell w ere determined

at 55 nm and 113 nm via Stok es-Einstein equation (see �g. 2.10).

2.2.3 Theo ry

Contrast transfer function

In principle, the image formation in an electron microscop e can b e describ ed in terms of

the �rst order theory for amplitude and phase con trast. The relationship b et w een ob ject

densit y , phase and scattering con trast is usually describ ed b y the con trast transfer function

CTF(� ) as function of spatial frequency [78 �81 , 93 ]. Considering only the con tribution

of electron optics, the relationship b et w een ob ject densit y and the electron in tensit y can

b e written as [93 , 95]

Fi (�; � ) = CTF(� ) � F0(�; � )2A(� )f (� )=� (2.16)

where Fi (�; � ) is the F ourier transform of the image in tensities, F0(�; � ) the F ourier trans-

form of the ob ject densit y , � the azim uthal angle, A(� ) the ob jectiv e ap erture function

(1 for � < � 0 , 0 for � > � 0 ) and f (� ) the molecular scattering amplitude. The Broglie

w a v elength � can b e calculated relativistically in the case that the kinetic energy E used

for the measuremen t is close to the rest energy:

� = h[2m0E(1 + e=2E0)]� 1=2
(2.17)

with E the electron energy (here 200 keV ), and E0 the rest energy electron ( E0 = m0c2 =
511 keV )(with m0 = 9:10912:10� 31 kg: rest mass, c = 2:9979:108 ms� 1

: sp eed of ligh t).

Giv en the ab o v e appro ximations, the con trast transfer function CTF(� ) can b e expressed

through

CTF(� ) = [ sin� (� ) + Q(� )cos� (� )] (2.18)

with � (� ) = 2 �=� (� Cs� 4 + � f � 2=2) where Cs is the co e�cien t of spherical ab erration

and � f the defo cus. The function sin� (� ) is the phase con trast transfer function. Q(� )
refers to the amplitude con trast transfer function. It represen ts the maxim um con tri-

bution from amplitude con trast relativ e to that deriving from phase con trast. A t lo w

resolutions f (� ) and Q(� ) can b e considered constan t and the e�ects of spatial and tem-

p oral coherence are ignored, b ecause they are exp ected to b e negligible [96].

The ratios of the F ourier transformations of the core particles at di�eren t defo ci ha v e

b een compared to the ratio of the theoretical v alues (equation 2.18) with Q as adjustable

parameter (see �g. 2.11). W e determined the v alue of Q that b est describ es c hanges in

the images due to defo cus as describ ed b y Langmore and Smith [80]. An empirical v alue

of Q = 0:14 w as found. Fig. 2.12 presen ts the di�eren t CTF(� ) obtained for di�eren t

defo ci. F or a defo cus � f = 0 nm , the CTF(� ) is almost constan t up to appro ximately
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Figure 2.11: Determination of Q(� ) assuming Q(� ) = cste (low r esolution). The micr o gr aphs

of a c or e p article ar e taken at di�er ent defo ci and F ourier tr ansforme d. The r atio

of the F ourier tr ansformations of di�er ent defo ci (5 �m , 3 �m and 1 �m ) ar e

c omp ar e d to the the or etic al values (e quation 2.18) with Q as adjustable p ar ameter.

The the or etic al values ar e plotte d assuming the instrumental p ar ameters of the Zeiss

EM922 ( � = 0 :0025 nm , ab err ation c o e�cient Cs = 1 :2 mm ). The b est description

of the exp erimental data was obtaine d for Q = 0:14.

0.5 nm� 1
. Considering the go o d con trast of our pictures, there w as no need to go out of

fo cus. Hence, a comp ensation of the CTF(� ) w as not required in the follo wing study .

Th us, phase con trast can b e neglected if the image are tak en in-fo cus, that is, � f = 0 nm .

Moreo v er, the follo wing analysis will b e restricted to the region of lo w spatial resolution.

F rom the ab o v e discussion of the CTF(� ) it is eviden t, that the range of spatial frequencies

m ust hence b e smaller than circa 0.5 nm� 1
. This leads to circa 2 nm minimal spatial

resolution whic h is smaller than the smallest ob ject whic h can b e seen on the micrographs

presen ted in this study . Hence, it su�ces to discuss the ev aluation of the images solely in

terms of amplitude con trast.

Amplitude contrast

Amplitude con trast is brough t ab out b y scattering pro cesses that can b e elastic or inelas-

tic. The total electron scattering cross section � T (� 0) therefore expressed as the sum of

the elastic and inelastic cross-sections [80 , 81 , 93 ].

� T (� 0) = � el(� 0) + � inel (� 0) (2.19)

Elastically scattered electrons are usually scattered through large angles and th us largely

con tribute to the con trast [93]. The transmission dep ends on the ob jectiv e ap erture � 0 ,

the electron energy E , the mass-thic kness x = %t ( %: densit y , t : thic kness) and the

material comp osition (atomic w eigh t A and atomic n um b er Z ). The inelastic scattered

electrons are mainly transmitted through the ob jectiv e ap erture. In the case of energy

�ltered electron microscop e, the inelastic part will b e remo v ed nearly totally . This will

enhance the amplitude con trast considerably . Hence, b oth elastic and inelastic pro cesses

m ust therefore b e tak en in to accoun t when calculating the gra y scale of the images [80, 81 ].

The di�eren tial elastic cross sections d�=d 
 w ere calculated using the Dirac partial-w a v e
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Figure 2.12: Calculate d c ontr ast tr ansfer function for di�er ent defo ci. The values ar e plotte d as-

suming the instrumental p ar ameters of the Zeiss EM922 ( � = 0 :0025nm , ab err ation

c o e�cient Cs = 1 :2 mm [93]).

T able 2.6: T otal elastic cr oss se ctions ( � el ) and p artial elastic cr oss-se ctions � el(� 0) c alculate d

fr om the Dir ac p artial-wave analysis using the NIST ele ctr on elastic-sc attering cr oss-

se ction datab ase [103]. The inelastic cr oss-se ctions � in have b e en c alculate d fr om e q.

2.24 with the expr ession given by W al l [104]. A l l cr oss-se ctions have b e en derive d in

pm2
for an ac c eler ation voltage of 200 kV for an ap ertur e � 0 = 10 mrad .

Z � el � el(� 0) � in

1 2.26 1.18 32.41

1

11.22

2

6 50.48 27.85 79.38

7 54.12 34.23 85.74

8 56.89 39.57 91.66

1

equation 9

2

empirical

analysis describ ed b y W alk er [97 ]. The scattering p oten tial w as obtained from the self-

consisten t Dirac Hartree F o c k (DHF) c harge densit y for free atoms [98 , 99] with the

lo cal exc hange p oten tial of F urness and McCarth y [100]. The n umerical calculations w ere

p erformed with the algorithm describ ed b y Salv at and Ma y ol [101]. F urther details ha v e

b een giv en b y Jablonski et al. [102]. The calculation w as done using the NIST electron

elastic-scattering cross-section database (SRD 64) (v ersion 3.1) for an energy of 200 keV
(see �g. 2.13 and table 2.6) [103]. Giv en the di�eren tial cross sections d�=d 
 , the n um b er

of electrons elastically passing through an ap erture � 0 can b e expressed through the partial

elastic cross-section � el(� 0) :

� el(� 0) =

�Z

� 0

d�
d


2�sin�d� (2.20)

T able 2.5 gathers all partial elastic cross-section � el;P W .

An estimate of the total elastic cross section giv en b y the in tegral o v er the en tire solid

angle w as prop osed b y Langmore [80]. It can b e expressed b y
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Figure 2.13: Di�er ential elastic sc attering cr oss se ction b ase d on the single-atom c omplex p artial

wave solutions to elastic sc attering fr om a Hartr e e-F o ck p otential as obtaine d fr om

r ef [101, 102, 105]. for di�er ent atoms: hydr o gen (hol low cir cles), c arb on (hol low

squar es), nitr o gen (hol low down triangles) and oxygen (ful l cir cles).

� el =
1:4:10� 6Z 3=2

� 2
[1 � 0:26Z=(137� )] (2.21)

where � is the ratio of the sp eed of the electrons to that of the ligh t ( � 2 = 1 � [E0=(E +
E0)2]). F urthermore, � el can b e calculated for small angles to a go o d appro ximation:

� el(� 0) = � el� el(� 0) = � el[1 � s0=10] (2.22)

where � el de�nes the n um b er of electrons scattered outside the ap erture and is called the

elastic e�ciency expressed as function of s0 the maxim um spatial frequency

s0 = 2sin(� 0=2)=� (2.23)

with the ob jectiv e ap erture half-angle � 0 = 10 mrad , the maxim um spatial frequency

s0 = 4 nm� 1
and the electron w a v elength � = 2:5:10� 3 nm .

F or the calculation of the inelastic scattering cross sections w e used the expression deriv ed

b y W all et al. [104 ]:

� in =
1:5:10� 6Z 1=2

� 2
ln(2=#e) (2.24)

where #e = E=[� 2=(V0 + mc2)] and E is the a v erage energy loss, assumed to b e 20 eV
from the calculation of W all et al. for organic materials [104].

Eq. 2.24 is not v alid for h ydrogen [104]. Here w e use an estimate of the cross-section giv en

b y 11.2 pm2
at 200 kV . This v alue w as obtained from the apparen t inelastic mean free

path of ice, the calculated inelastic scattering from o xygen and densit y for h yp erquenc hed

glassy w ater (0.92 g=cm3
) [106 , 107 ]. W e to ok the inelastic mean free path length of
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T able 2.7: Densities (in g=cm3
) and TEM c ontr ast ( %p

xk;p
) (in nm � 1

) for the hyp er quenche d glassy

water (HGW) [106, 107], the p olystyr ene c or e, and the cr osslinke d PNIP AM shel l. The

quantity ( %p
xk;p

� %w
xk;w

) is the c ontr ast in cryo-TEM c alculate d in nm � 1
. Both c ontr asts

ar e c alculate d for an ac c eler ation voltage U = 200 kV and an ap ertur e � 0 = 10 mrad
with or without �ltering of the inelastic c ontribution.

�lter no �lter

molecules % ( %p

xk;p
) ( %p

xk;p
� %w

xk;w
) ( %p

xk;p
) ( %p

xk;p
� %w

xk;w
)

HGW 0.92 4.803 �10� 3
0 1.546 �10� 3

0

P olyst yrene 1.0525 5.828 �10� 3
1.025 �10� 3

1.702 �10� 3
1.57 �10� 4

PNIP AM+BIS 1.1492 6.305 �10� 3
1.503 �10� 3

1.869 �10� 3
3.22 �10� 4

ice from the w ork 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 kV if w e consider its dep endence on

the acceleration v oltage giv en b y U1=2
[108 ]. T able 2.6 gathers the inelastic scattering

cross-sections th us obtained for the elemen ts of in terest.

Calculation of the gra y scales from cross sections

In the presen t appro ximation, the gra y v alue obtained at a giv en p oin t in an image is

solely related to the amplitude con trast, that is, to the w eak ening of the in tensit y I of

the electron b eam b y scattering pro cesses. In principle, there are t w o di�eren t w a ys to

ev aluate the gra y scales from the images: One ma y treat this w eak ening in terms of the

di�erence � I b et w een the ra ys passing through the sample and through the aqueous

phase [80]. Here w e use a sligh tly di�eren t approac h sho wn sc hematically in �g. 2.14:

The w eak ening of the in tensit y I of the electron b eam passing through the sample ma y

b e treated within the frame of the Lam b ert-Beer la w. Therefore the ratio I=I 0 of the

ra ys passing through the particle and through the aqueous phase (mark ed in �g. 2.14),

resp ectiv ely , is only related to the con trast within the particle. Other factors as e.g.

m ultiple scattering will w eak en b oth ra ys outside the particle in the same w a y . Their

ratio is th us not a�ected b y these e�ects. On the other hand, the colloidal ob jects under

consideration here ha v e dimensions of the order of a few 100 nanometers only . Hence, the

prerequisites of theory , most notable the assumption that m ultiple scattering within the

particle can b e neglected are fully justi�ed.

When the inelastic scattered electrons are �ltered b oth the elastic and the inelastic cross

sections obtained for atoms can b e used to calculate the resp ectiv e quan tities of molecules

of kno wn comp osition and molecular w eigh t M . Without energy �ltering only the elastic

cross-sections are tak en in to accoun t. In absence of c hemical shifts w e can assume that

the scattering cross-section of a molecule comp osed of nk elemen ts is the sum of the

cross-sections of the atoms ( � T;i ) w eigh ted b y their prop ortion in mass in the molecule

[80]. Th us, the decrease of the transmission with increasing mass-thic kness x = %tcan b e

expressed b y

dI
I

' �
nkX

i =1

� i

NA M
� T;i (� 0)dx (2.25)
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Figure 2.14: (A) TEM evaluation of the gr ay sc ale of a homo gene ous spheric al p article drie d

on a thin c arb on �lm. Applic ation of the L amb ert-Be er law le ads to e q. 2.28 (B)

Polystyr ene c or e p article and its c orr esp onding r adial aver age: Considering the gr ay

value fr om the b or der to the c enter of the p article, enables the determination of its

r adial density pr o�le with a r esolution of 0.61 nm given by � r (pixel r esolution).

(C) R adial aver age of the intensity G(r ) . The dashe d line r epr esents the value of

the aver age intensity G0 outside the p articles. The solid line displays the �t fr om e q.

2.28 ( G0 = 1 :37:104
, R = 50 nm , � = 1 ,

%p
xk;p

= 5 :828�10� 3 nm � 1
(p olystyr ene) (se e

T able 2.7)). (D) CryoTEM evaluation of the gr ay sc ale of a homo gene ous spheric al

p article emb e dde d in a thin �lm of hyp er quenche d glassy water (HGW). Applic ation

of the L amb ert-Be er law le ads to e q. 2.29. (E) Cor e p article and its c orr esp onding

r adial aver age. (F) R adial aver age of the intensity G(r ) . The solid line displays the

�t fr om e q. 15 ( G0 = 1523, R = 52 nm , � = 1 , ( %p
xk;p

� %w
xk;w

) = 1 :025� 10� 3 nm � 1

(p olystyr ene) (se e T able 2.7)).

where � i is the stoic hiometric co e�cien t of the i th
elemen t in the comp ound. W e can then

de�ne the con trast thic kness xk of the material as follo ws:

1
xk(� 0)

'
nkX

i =1

� i

NA M
� T;i (� 0) (2.26)

The image in tensit y I can b e obtained b y in tegration

I = I 0exp
�

�
x

xk (� 0)

�
= I 0exp

�
�

%t
xk (� 0)

�
(2.27)

where I 0 is the in tensit y of inciden t electron b eam. The quan tit y (%=xk(� 0)) � 1
is the

total mean free path length of the resp ectiv e material through whic h the electron b eam

is passing (see T able 2.7).

In the case of the normal TEM, where a sphere with a radius R is absorb ed and dried
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on a thin carb on �lm for example (see �g. 2.14 A). The gra y v alues in the image are

prop ortional to the resp ectiv e in tensities. The transmitted electron b eam crossing the

particles is c haracterized b y the gra y v alue G(r ) dep enden t on the distance to the cen ter

of the particle r . Out of the particles and th us for r > R the gra y v alue is constan t. This

de�nes the con tribution of the �lm G0 . W e can deriv e the follo wing relation:

G(r )
G0

= exp
�

� 2�
p

R2 � r 2

�
%p

xk;p

��
(2.28)

where � is the v olume fraction of the material in the particle. F or dense sphere, � is equal

to 1. It is then imp ortan t to remark that in a normal preparation the con trast is de�ned

b y the recipro cal mean free path length in the material (%p=xk;p) . The radial gra y v alue

pro�le is obtained b y an azim uthal a v erage of the gra y v alues of one isolated particle.

An example is giv en in �g. 2.14 B) in form of one core particle with the corresp onding

azim uthal a v erage of the gra y scale. The resulting radial gra y scale v alues are displa y ed

b y the sym b ols in �g. 2.14 C). The dashed line represen ts the a v erage v alue G0 out of

the particle. The full line presen ts a direct application of the equation 2.28 considering

the con trast of pure p olyst yrene.

F or the cry oTEM analysis w e ha v e to consider a thin la y er of vitri�ed w ater in whic h

spherical particles are em b edded (see Fig. 2.14 D). F or r > R the ra y passes only through

vitri�ed w ater. Hence, it corresp onds to the con tribution of the vitri�ed w ater only and

is c haracterized b y the gra y v alue G0 / I 0exp(� %w t=xk;w ) . Th us, for spheres em b edded

in glassy w ater w e obtain from eq. 2.28:

G(r )
G0

= exp
�

� 2�
p

R2 � r 2

�
%p

xk;p
�

%w

xk;w
)
��

(2.29)

F or systems imp enetrable b y the solv en t w ater, � = 1 . In this exp erimen t the con trast is

not de�ned b y the con trast of the system itself but b y the di�erence of the recipro cal mean

free path length in the material and in glassy w ater, resp ectiv ely (%p=xk;p � %w=xk;w ) . Fig.

2.14 E) presen ts an example in the form of one core particle em b edded in vitri�ed w ater

and the corresp onding azim uthal a v erage of the gra y v alues. The dashed line represen t

the a v erage v alue G0 out of the particle. The sym b ols in the �gure 2.14 F) presen t the

resulting radial gra y scale v alues. The full line corresp onds to a �t with the equation 2.29

considering the con trast of pure p olyst yrene.

T able 2.7 pro vides v alues of the TEM and cry o-TEM con trasts k obtained from the partial

w a v e calculation of the elastic cross-section and from the equation 2.24 as describ ed ab o v e

for h yp erquenc hed glassy w ater, p olyst yrene and the PNIP AM crosslink ed shell with or

without energy �ltering. The table clearly sho ws the di�erence of con trast b et w een the

di�eren t exp erimen ts. If w e tak e as a reference the p olyst yrene with energy �lter, TEM

exp erimen ts ha v e a con trast appro ximately 5.7 times higher than in the Cry o-TEM. The

same comparison without �lter giv es a factor around 10.8. Comparing no w the con trasts

with and without �lter giv es a factor of 3.4 for the TEM and 6.5 for the Cry oTEM.

This clearly indicates the great adv an tage of the energy �ltered microscop y resp ect to

con v en tional instrumen ts.

If the p olymer is p orous or has tak en up w ater, the v olume fraction of the p olymer within

30



2.2 Quan titativ e analysis of p olymer colloids b y normal and cry o-transmission electron

microscop y .

G0G1G2G3

R
r1

r2

r3

t

r

Figure 2.15: Schematic r epr esentation of the spheric al multilayer mo del for the determination of

c omplex material volume fr action � (r ) and c ontr ast pr o�le k(r ) . The analysis is

p erforme d fr om R to the c enter of the p articles. The r elative gr ay values (Gn =G0)
in e ach layer is suc c essively c alculate d by r e curr enc e (e quation 2.30) fr om the value

of the c ontr ast kn and the material volume fr action � n fol lowing the distanc e to the

c enter of the p article rn .

the particle is no longer unit y but � . F or complex radial v olume fraction pro�le, lik e

microgels in solution for instance, � is no longer constan t but is v arying as a function of

r . Moreo v er in the case of comp osite core-shell particles the con trast is also dep ending

on the di�eren t materials comp osing the particles and also dep ends on r .

The pro�le k(r )� (r ) has then to b e determined. T o this purp ose w e ha v e to applied a

m ultila y ers approac h. The size of eac h la y er is restricted b y the size of the pixel. W e

ha v e to consider G(rn)=G0 for r v arying from R to 0. Fig. 2.15 sho ws a sc hematic

represen tation of the m ultila y er mo del applied to a spherical geometry . W e can calculate

n umerically the normalized gra y v alue G(rn )=G0 b y recurrence with the con trast kn and

the material v olume fraction � n follo wing the distance to the cen ter rn considering r0 = R ,

� 0 = 0 and k0 = 0 . W e can then used the recurrence:

G(rn )
G0

=
j = nX

j =1

exp(� 2kn � n (r 2
j � 1 � r 2

n )1=2) (2.30)

In this approac h the function k(r )� (r ) can b e in tro duced in equation 2.30 to �t the

normalized gra y v alues.
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Figure 2.16: (A) TEM micr o gr aphs of the c or e p articles. (B) Distribution in size obtaine d fr om

the TEM analysis, the p opulation c an b e describ e d by a Gaussian distribution ( hRi =
51:5 nm , � = 2 nm ) (solid line).

2.2.4 Results and Discussion

Co re pa rticles

TEM analysis

A mono disp erse core solution used for the syn thesis of the core-shell system describ ed in

the section 2.1.2 has b een �rst put under scrutin y . The particles w ere obtained b y em ulsion

cop olymerization of st yrene and NIP AM (ab out 5 wt:%). The particles th us consist on a

p olyst yrene core of constan t densit y with a thin la y er of PNIP AM [17]. The disp ersion

has b een �rst in v estigated b y transmission electron microscop y . Fig. 2.16 presen ts the

TEM micrographs obtained from this analysis and the normalized distribution of the

radius obtained on a p opulation of more than 200 particles. All the micrographs w ere

tak en as close as p ossible to the fo cus with the same dose conditions. The particles

app ear spherical and mono disp erse. The a v erage radius w as found equal to 51.3 � 2.6

nm . The distribution can b e describ ed b y a Gaussian considering an a v erage radius of

51.5 nm and a standard deviation of 2 nm . This results are in go o d agreemen t with the

p olydisp ersit y of 5 % determined from the SAXS analysis. The normalized gra y v alues

has b een calculated for more than 100 particles as describ ed in the preceding section in

order to c hec k the theory . The a v erage gra y v alues are depicted on the �g. 2.17. The

v ariation b et w een the measuremen t represen ted b y the size of the error bars is rather small,

whic h attests on the repro ducibilit y of the measuremen t from one picture to another. The

exp erimen tal result has b een directly compared to the theory considering the sphericit y

of the particles, an a v erage radius of 51.5 nm determined from the Gaussian distribution

and �rst the con trast of pure p olyst yrene particles. The theory describ ed relativ ely w ell

the exp erimen tal results, nev ertheless the exp erimen tal G(r )=G0 v alues are lo w er b et w een

30 and 45 nm and higher b elo w 30 nm . This w as attributed to the adsorption and drying

of the particles on the grid. The gra y v alue can then simply b e con v erted in heigh t t as

considering the equation:

t = � ln
�

G
G0

�
=

%p

xk;p
(2.31)
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Figure 2.17: R adial r elative gr ay values G(r )=G0 of the c or e p articles analyze d by TEM (cir cles).

The ful l line r efers to the the or etic al c alculation c onsidering a c ontr ast 5:8:10� 3

nm � 1
(se e table 2.7) and an aver age r adius of 51.5 nm determine d fr om the statistic

(se e �g. 2.16). The dotte d line is the c alculation for a c or e-shel l system with 49.5

nm p olystyr ene c or e and a dense 2 nm thin PNIP AM shel l. The dashe d r efers

to p olydisp erse p olystyr ene p articles c onsidering the distribution of the �g. 2.16.

The inset pr esents a c omp arison of the pr o�le of the p articles determine d fr om this

analysis with a spheric al pr o�le. The smal l deviation c an b e attribute d to a smal l

deformation of the p articles fol lowing the adsorption and the drying on the c arb on

grid.

The inset of �g. 2.17 displa ys the a v erage thic kness of the particles deriving from equation

2.31 considering a pure p olyst yrene core. This pro�le w as then directly compared to the

pro�le obtained for a sphere.

The a v erage pro�le of the dry ed particles th us presen t a maxim um deviation of 7 nm in

the cen ter of the particles resp ect to a p erfect sphere of 103 nm diameter. As men tioned

b efore in the section dedicated to the SAXS analysis, a thin la y er of PNIP AM of ab out

2 nm is adsorb ed on the the particles. The relativ e gra y v alues G(r )=G0 of the core

particles has b een compared to the theory calculated for a core-shell system with a

p olyst yrene core with a radius of 49.5 nm and a PNIP AM la y er of 2 nm . As can b e seen in

the �g. 2.17 no signi�can t deviation can b e observ ed from the TEM. The p olydisp ersit y

has b een in tro duced considering the gaussian distribution determined previously and

pure p olyst yrene particles. This partially explained the deviation observ ed for r > 51:5
nm , on the other hand the results for r < 51:5 are not signi�can tly a�ected b y the

p olydisp ersit y . The remaining discrepancy can b e mainly explained b y the uncertain t y

on the determination of the cen ter of the particles during the rotational a v erage and

on the deviation from the sphericit y . Nev ertheless this approac h describ ed the TEM

exp erimen ts within the exp erimen tal error.

As an application, this kind of analysis can b y directly applied on the TEM images to

obtain a three dimensional represen tations of the particles absorb ed on the grid. This

simply requires a constan t bac kground with an a v erage gra y v alue G0 and the kno wledge
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110nmA) B)B)

Figure 2.18: (A) TEM micr o gr aphs of the c or e p articles. (B) T r ansformation c onsidering the

e quation 2.31 to ac c ess to the height of the p articles adsorb e d on the grid (se e text

for further details). (C) T omo gr aphic r epr esentation of the grid. The c olor b ar is a

line ar sc ale of the height b etwe en 0 and 110 nm .
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Figure 2.19: (A) CryoTEM micr o gr aphs of the c or e p articles. (B) Distribution in size obtaine d

fr om the CryoTEM analysis, the p opulation c an b e describ e d by a Gaussian distri-

bution ( hRi = 52 nm , � = 2 nm ) (solid line).

of the con trast of the particles absorb ed on the grid

%p

xk;p
.

An example is giv en in the �g. 2.18, whic h presen ts the treatmen t p erformed on a

TEM micrographs of our core particles (assimilated to p olyst yrene particles) to access

to the tomograph y of the sample. First the initial picture (�g. 2.18 A) is transformed

follo wing the equation 2.31 (�g. 2.18 B)). In this sense the gra y v alue corresp ond to

the heigh t of the particles absorb ed on the �lm. Fig. 2.18 C) presen ts a 3 dimensional

represen tation of the tomograph y of the grid th us obtained. Due to its simplicit y

this kind of analysis presen ts an elegan t w a y to access to the third dimension without

requiring complex tomographic metho ds and can complemen t other analysis suc h as

scanning force microscop y p erformed on the dried state.

CryoTEM

Cry ogenic electron microscop y w as then p erformed on the same system. Fig. 2.19 displa ys

the micrographs obtained and the resulting normalized distribution of the radius of the
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microscop y .
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Figure 2.20: (A) CryoTEM micr o gr aphs of the c or e p articles. (B) Micr o gr aphs of a hole p er-

forme d in the �lm by ele ctr onic irr adiation in the vicinity of the c aption A. The

pictur e is taken under the same c onditions as in the c aption A, and the aver age gr ay

values in the hole ar e de�ne d by G0 . C) 3D r epr esentation of the thickness of the

HGW �lm (only the p oints outside of the p articles c an b e c onsider e d) deriving fr om

G0 and e quation 2.32 The c olor b ar is a line ar sc ale of the height b etwe en 250 and

450 nm .

particles. The same feature as in the TEM analysis can b e observ ed. The particles

app ears as spheres with a narro w size distribution. The a v erage radius from this analysis

also determined o v er more than 200 particles is equal to 51.4 � 3.2 nm . The distribution

can b e describ ed b y a Gaussian cen tered on 52 nm with a standard deviation of 2 nm ,

whic h is in go o d agreemen t with the TEM, with the SAXS analysis of the core (50 nm )

and the dynamic ligh t scattering (55.0 nm ). The con trast b et w een the particles and

the bac kground is less pronounced than in the TEM as exp ected from the theoretical

calculation. Indeed the con trast is this time determined b y the di�erence b et w een the

con trast of the p olyst yrene and w ater (%p=xk;p � %w=xk;w ) , whic h is appro ximately under

our exp erimen tal conditions six times smaller than the one of the pure p olyst yrene %p=xk;p

(see T able 2.7). Moreo v er the bac kground is not constan t on the whole micrographs, whic h

is directly related to the v ariation of the thic kness of the �lm. This parameter is crucial

for the rest of the analysis. Indeed the �lm has to b e su�cien tly thic k to em b edded the

whole particles.

A simple metho d has b een applied to estimate the thic kness of the vitri�ed w ater �lm

(see �g. 2.20). An iden tical approac h is describ ed in the ref. [80 ]. First the micrographs

w ere captured as close as p ossible to the fo cus (�g. 2.20 A)). Then in an area close to the

particles a hole w as done in the �lm follo wing an excessiv e irradiation. A picture of the

hole w as tak en in the same conditions as the particles b efore, the gra y v alue inside the

hole then de�ne our G0 (see �g. 2.20 B)). Considering the con trast of the HGW �lm

%w
xk;w

it is p ossible to determined its thic kness in all the p oin ts outside of the particles in the

�rst picture follo wing the same approac h as describ ed for the TEM analysis. This time

w e can use the relation:

t = � ln
�

G
G0

�
=

%w

xk;w
(2.32)

Fig. 2.20 C) is a colour represen tation of the �lm thic kness follo wing the equation 2.32.

Only the v alues out of the particles ha v e to b e tak en in to accoun t. A strong v ariation

35



2 Characterization

0.88

0.92

0.96

1.00

0 20 40 60

r [nm]

G
(r

)/G
050µm

50µm

A)

B)

C)

Figure 2.21: Cryo-TEM micr o gr aphs of one c or e p article with (A) and without (B) �lter of the

inelastic sc atter e d ele ctr ons. G(r )=G0 has b e en c alculate d in the two c ases (with �lter

(hol low cir cles), without �lter (hol low squar es)) and �tte d fol lowing the e quation

2.29 and the c ontr ast values of the table 2.7 (ful l and dotte d lines) assuming a pur e

p olystyr ene c or e of 55 nm .

of the thic kness from appro ximately 250 to 450 nm within 1.7 �m w as observ ed in this

example. Considering the a v erage size of the particles this thic kness should b e su�cien t

in order to p erform a correct analysis. P articles observ ed in v ery thin �lm presen t a strong

con trast in their cen ter. This e�ect can b e attributed to a �lm thic kness whic h is smaller

than the diameter of the particles, or to the deformation of the �lm b y the particles. In

this case the prerequisites of eq. 2.29 are no longer giv en. If the �lm is su�cien tly thic k

and not deformed b y the particles, the thic kness gradien t do es not pla y a role b ecause

it will b e comp ensate b y the rotational a v erage of the gra y v alues. In the rest of the

analysis only particles em b edded in a �lm with a thic kness sup erior as the diameter of

the particles ha v e b een pro cessed.

The e�ect of the fo cusing has b een in v estigated b y taking di�eren t pictures for di�eren t

defo cusing. If tak en in fo cus, the micrographs exhibit a sharp in terface with the sur-

rounding solv en t. With increasing defo cus, di�raction phenomena o ccur at the edge of

the particles under the form of F resnels fringes as exp ected. Considering the picture tak en

in the fo cus as reference, the defo cusing can b e relativ ely estimated for the other pictures.

Eviden tly , these micrographs w ould need a correction through the CTF(� ) b efore doing

a qualitativ e ev aluation. Fig. 2.19 demonstrates, ho w ev er, that the con trast b et w een

the particles and the vitri�ed w ater is su�cien t. As men tioned ab o v e, no defo cusing is

needed to enhance the con trast and the ev aluation of the gra y scale pro ceeds from micro-

graphs tak en in fo cus. The e�ect of the energy �ltering has also b een in v estigated. Fig.

2.21 presen ts the cry o-TEM micrographs of one single particles tak en with (�g. 2.21 A))

and without (�g. 2.21 B)) energy �lter. The normalized gra y v alues ha v e b een deriv ed

for the t w o micrographs and �tted follo wing the equation 2.29 considering the con trasts

presen ted in the table 2.7 considering a 55 nm p olyst yrene particle (�g. 2.21 C)). Equa-

tion 2.29 giv es a go o d description of the radial normalized gra y v alues in the t w o cases.

Nev ertheless the exp erimen ts without energy �ltering clearly lac k of con trast, whic h is

more than six times lo w er than with �lter (see table 2.7). Th us an y small v ariations of
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Figure 2.22: G(r )=G0 of the c or e p articles analyze d by cryoTEM (cir cles). The ful l line r efers to

the the or etic al c alculation c onsidering the c ontr ast of pur e p olystyr ene p articles (se e

table 2.7) and a r adius of 52 nm determine d fr om the statistic (se e �g. 2.19). The

dotte d line is the c alculation for a c or e-shel l system with 50 nm p olystyr ene c or e and

a swol len 2 nm thin PNIP AM shel l ( � = 0 :5). The dashe d r efers to p olydisp erse

pur e p olystyr ene p articles c onsidering the distribution of the �g. 2.19.

the transmitted electron in tensit y will induce a dramatic error in the ev aluation of the

relativ e gra y v alues. F or this reason w e only consider zero loss images in the rest of the

analysis.

The normalized gra y v alues sho wn in �g. 2.22 ha v e b een obtained b y a v eraging o v er 100

particles. The sym b ols displa ys the mean v alues while the error bars giv es the standard

deviation in eac h p oin t. The results has b een then directly compared to the theoretical

v alues. The a v erage size w as directly tak en equal to 52 nm from the statistic p erformed

on the cry o-TEM micrographs and w e �rst ha v e considered the con trast ( %p

xk;p
� %w

xk;w
) of

pure p olyst yrene in HGW. The obtained v alues presen ted b y the full line describ ed the

exp erimen tal result v ery w ell con�rming the sphericit y of the particles in solution and the

in terest of the cry o-TEM resp ect to normal TEM. The small deviation b et w een the t w o

results can b e attributed to p ossible errors in the determination of the absolute densit y of

the HGW and of the inelastic cross section of h ydrogen. W e also in v estigated the in�uence

of the thin PNIP AM shell on the absorbance. This time a sw ollen PNIP AM shell has b een

considered as obtained during the SAXS analysis (see section 2.1.4). The normalized gra y

v alues w ere calculated for a 50 nm dense p olyst yrene core, and a 2 nm thin PNIP AM

shell in the sw ollen state ( � = 0:5))(dotted lines). The deviation b et w een the t w o results

is rather small as already observ ed b y TEM. The metho d presen ts herein to ev aluate the

micrograph is th us not sensitiv e enough to rev eal this thin la y er of PNIP AM in term of

con trast. F or this reason w e only consider pure p olyst yrene particles. The p olydisp ersit y

obtained from the statistic w as also in tro duced, and partially explained the deviation for

r > 52 nm as observ ed for the TEM analysis.

As a conclusion a new metho d for extracting the excess electron densit y of colloidal

particles from TEM and cry o-TEM micrographs has b een dev elop ed. This metho d has

b een applied to the core particles whic h can b e assimilated to pure p olyst yrene particles.
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The calculated con trast as w ell as the size is in go o d agreemen t with the exp erimen tal

v alues b oth for TEM and cry oTEM analysis. On another hand, the normalized gra y v alues

can b e directly used to access to the tomograph y of the particles in v estigated b y TEM as

long as the con trast of the particles is kno wn. The results obtained for the cry oTEM are

ev en closer to the theory as the particles are in v estigated in solution and not absorb ed

and dried on a surface. Go o d agreemen t is found b et w een the microscop y and the SAXS,

ev en if the SAXS w as more sensitiv e to the presence of a thin la y er of PNIP AM at the

surface of the particles and presen ts ab out 2 nm smaller particles.

Co re-shell pa rticles

Figure 2.23 displa ys the micrographs of the core-shell microgels obtained b y cry o-TEM in

pure w ater. The samples ha v e b een k ept at 23

o
C prior cry ogenization (see section 2.1.4).

The thermosensitiv e shell is clearly visible in these pictures b ecause of su�cien t con trast

b et w een the shell and the core. Moreo v er, the micrographs sho w directly the thermal

�uctuations and inhomogeneous cross-linking whic h lead to a further con tribution to the

scattering in tensit y [3, 63, 64 ]. This is directly ob vious from �g. 2.23 A), whic h presen ts

a zo om-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 cry o-TEM images is

the buc kling of the shell (see �g. 2.23 and �g. 2.1). This �nding can b e related to the

instabilities of sw elling or desw elling gels o ccurring at the surface of sw ollen gels a�xed

to solid substrates [69 , 109 �114 ]. This results corrob orates recen t small-angles neutron

scattering analysis p erformed on core-shell PNIP AM/PNIPMAM also syn thesized in a

seed em ulsion p olymerization, whic h p oin ted out the presence of a depletion zone at the

in terface core-shell [62].

As a consequence, the core-shell particles deviate from an ideal spherical symmetry . In

order to demonstrate this, w e ha v e ev aluated the relativ e gra y scale G(r )=G0 along the

lines indicated in �g. 2.23 A). Fig. 2.23 B) sho ws that the size along these lines ma y di�er

appreciably . As already discussed ab o v e, this di�erence is mainly due to the buc kling of

the shell. Fig. 2.23 C) displa ys the p olymer v olume fractions that ha v e b een ev aluated

using eq. 2.30 together with the con trasts of p olyst yrene (core) and PNIP AM (shell). F or

sp ecimens em b edded in HGW, the calculated ratio of the con trast b et w een p olyst yrene

and PNIP AM is 0.682 (see T able 2.7). Note that the ratio calculated with the appro xima-

tion giv en b y Langmore for the elastic cross-section (eq. 2.21 and eq. 2.22 [80] w ould giv e

a ratio of 0.650. Fig. 2.23 C) demonstrates that the strong �uctuations of the shell lead to

strong lo cal v ariations. This fact m ust b e k ept in mind when considering the comparison

with SAXS-data discussed further b elo w.

In order to arriv e at an a v erage pro�le that can b e compared to a pro�le deriving from

SAXS-measuremen ts, the analysis of the particles has b een p erformed on 45 particles

tak en from di�eren t micrographs similar to �g. 2.23 A). Only isolated particles w ere

b e analyzed in this w a y . Prior to taking the gra y v alues, a rotational a v erage has b een

p erformed as sho wn in Fig. 2.14 B) and E). The a v erage relativ e gra y v alues resulting

from this analysis are displa y ed in the �gure 2.24. G(r )=G0 can b e decomp osed in t w o

parts: the con tribution of the core and the con tribution of the shell. The a v erage result

has b een �tted considering a dense p olyst yrene core and a parab olic densit y pro�le for
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Figure 2.23: Comp arison of cryo-TEM and SAXS. A) A ver age pr o�le � (r ) evaluate d fr om

G(r )=G0 ac c or ding to e q. 2.29 and the c ontr asts of p olystyr ene and PNIPMAM

given in T able 2.7. The inset gives the aver age r elative gr ay sc ale that has b e en

use d for this c alculation. B) Me asur e d SAXS-intensity and the pr o�le � (r ) deriving

ther efr om. C) Comp arison of the over al l size as determine d by DLS and cryo-TEM

(solid line) and by SAXS (dashe d line). Se e text for further explanation.

the shell. This parab olic pro�le follo ws the same description as for the SAXS analysis

and is giv en b y the equation 2.15 (see discussion in section 2.1.4).

The same pro cedure w as rep eated this time after �tting eac h particle individually . The

a v erage k(r )� (r ) o v er the 45 particles is presen ted b y the op en sym b ols in the inset of the

�g. 2.24. The full line in �g. 2.24 presen ts the corresp onding calculation of G(r )=G0 . Both

approac hes lead to the same results whic h can b e attributed to the lo w p olysdisp ersit y of

the system.

Fig. 2.25 A) presen ts the a v erage densit y pro�le obtained from the �t of the a v erage

G(r )=G0 sho wn in the inset. As exp ected, this pro�le exhibits a plateau within the core

up to Rc = 54 nm whic h is in go o d agreemen t with the 52 nm of the core found in the

previous section. The a v erage pro�le can b e �tted b y the eq. 2.15 with K = 0:23,

Rhw = 94 nm and � = 19 nm . Bet w een 55 and 75 nm the con trast increases to reac h

a maxim um at 75 nm sho wing that the shell is not totally attac hed to the core. After

this, the con trast decreases parab olically un til r = 113 nm is reac hed. This v alue closely

matc hes the h ydro dynamic radius of the particles at 23

o
C equals to 113 nm . The a v erage

v olume fraction � of PNIP AM in the shell is 0.116 in go o d agreemen t with data deriv ed

from a com bination of SANS and SAXS [63 ].

As a comparison the densit y pro�le used for the SAXS analysis (see section 2.1.4) is also

displa y ed in Fig. 2.25 A). The w eigh t p ercen t of the core in the particle deriv ed from this

analysis w as found equal to 53.3 % whic h is in go o d agreemen t with the 53.4 % from the

gra vitometry and with the 50 % from the cry o-TEM.

The o v erall size obtained from the SAXS has b een compared from the results obtained

from the Cry o-TEM micrographs. Fig. 2.25 B) displa ys the micrograph of a single particle

together with the o v erall size determined b y cry o-TEM (solid line) as w ell as b y SAXS

(dashed line). The di�erence b et w een b oth metho ds amoun ts to ca. 13 %. Ho w ev er, this
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Figure 2.24: A ver age r elative gr ay values G(r )=G0 of the c omp osite micr o gels (cir cles). The ful l

line r efers to the �t obtaine d c onsidering the function k(r )� (r ) of a c or e-shel l with

a solid p olystyr ene 54 nm c or e (ful l line in the inset) and a p ar ab olic PNIP AM shel l

(dashe d line in the inset) describ e d by e quation 2.15. The r elative gr ay values have

b e en �tte d for e ach p articles using e quation 2.30 and the aver age k(r )� (r ) is r epr e-

sente d by the symb ols in the inset. The c orr esp onding G(r )=G0 values ar e indic ate d

by the dashe d line. The thin dashe d lines of the inset display the hydr o dynamic r a-

dius fr om the DLS at 55 nm and 113 nm obtaine d for the c or e and the c or e-shel l

p articles at 23

oC .

mark ed discrepancy has already observ ed b efore when comparing the o v erall size from

DLS and SAXS/SANS and explained b y single p olymer c hains protruding from the shell

[63]. No w the origin of the discrepancy b ecomes ob vious from close insp ection of �g. 2.25

B): SAXS is only sensitiv e to the a v erage structure of the particles while cry o-TEM tak es

fully accoun t the deviations from this a v erage caused b y the buc kling of the shell. In

this w a y the presen t analysis corrob orates the previous conjecture of ref. [63 ] to a certain

extend.

The buc kling of the PNIP AM-shell m ust b e a dynamic phenomenon. This is supp orted

b y recen t in v estigations p erformed on similar system b y dynamic ligh t scattering (DLS)

and dep olarized dynamic ligh t scattering (DDLS). The latter metho d requires a non-

cen trosymmetric particle. F rom a strong DDLS signal the deviations from spherical sym-

metry could b e inferred directly whic h w as most pronounced in the sw ollen state [115 ].

In this in v estigation a strong coupling of the rotational di�usion and the translational

di�usion w as found whic h could only b e explained b y the dynamic �uctuations of the

shell.
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Figure 2.25: Comp arison of cryo-TEM and SAXS. A) A ver age pr o�le � (r ) evaluate d fr om

G(r )=G0 (se e �g. 2.24) ac c or ding to e q. 2.29 and the c ontr asts of p olystyr ene and

PNIPMAM given in table 2.7 (dashe d lines). The ful l line pr esents the pr o�le � (r )
deriving fr om the SAXS analysis in the se ction 2.1.4. B) Color r epr esentation of a

single c or e-shel l p article and c omp arison of the over al l size as determine d by DLS

and cryo-TEM (solid line) and by SAXS (dashe d line). Se e text for further expla-

nation.

2.2.5 Summa ry

A new metho d for extracting the excess electron densit y of colloidal particles from TEM

and cry o-TEM micrographs has b een dev elop ed. The metho d rests on the application of

the Lam b ert-Beer la w to the TEM and the cry o-TEM images, resp ectiv ely . The con trast

leading to di�eren t gra y v alues inside and outside the particles could b e calculated from

the elastic and the inelastic scattering cross sections of the material. This new w a y

of ev aluation of the images has b een v alidated using spherical p olyst yrene particles. A

analysis of these particles b y DLS leads to the same o v erall size of the particles. Ho w ev er,

SAXS is sensitiv e to the presence of a thin la y er of PNIP AM at the surface of the particles

whic h cannot b e seen in the cry o-TEM images.

The metho d has also b een applied to core-shell particles consisting of a p olyst yrene

core and a shell of crosslink ed p oly( N -isoprop ylacrylamide) (PNIP AM). The shell is

partially sw ollen b y the solv en t w ater. Using the calculated con trast of PNIP AM in

h yp erquenc hed glassy w ater (HGW) in whic h these particles are em b edded, the v olume

fraction and the a v erage radial pro�le of the p olymer in the shell could b e determined

quan titativ ely . The resulting radial pro�le demonstrates that the sw ollen PNIP AM-shell

can buc kle o� the surface of the core particles. The particles are also analyzed b y SAXS.

W e �nd that SAXS "sees" mainly the bulk part of the shell while Cry o-TEM together

with dynamic ligh t scattering is also sensitiv e to small parts and protrusions of the shell.
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2.3 Crystallization

2.3.1 Intro duction

Crystallization of colloidal systems pro vides not only the kno wledge of complex �uids

but also insigh ts in to the phase transitions in atomic systems [116 �136 ]. On the other

hand , colloidal crystals ha v e b een extensiv ely used in recen t y ears for the fabrication

of nanostructured materials suc h as photonic crystals and mem branes for device applica-

tions [137 �140]. Mono disp erse colloidal particles that in teract through a steep repulsiv e

p oten tial follo w the so-called hard spheres diagram, whic h is the simplest system to sho w

a freezing/melting transition (see Fig. 2.26). A t a lo w v olume fraction, the particles sho w

a disordered liquid-lik e structure. When � ef f is increased to the freezing v olume fraction

� F , an ordered crystalline phase can co exist with the liquid phase. Ab o v e the melting

v olume fraction � M , the complete system assumes crystalline order [116 �118 ]. Finally ,

ab o v e the v olume fraction for glass formation � G the motion of particles b ecomes so m uc h

hindered that the formation of the crystalline phase tak es an �in�nite� time and a mainly

disordered glassy structure remain [117]. F or c harge stabilized colloids w e can, in addition

to the v olume fraction, also v ary the ionic strength of the solv en t. Decreasing the ionic

strength e�ectiv ely increases the range o v er whic h the particles in teract, causing the phase

transitions to o ccur at a lo w er v olume fraction.

Most w orks on the kinetics of colloidal crystallization ha v e b een fo cused on w eakly c harged

or hard-sphere-lik e colloids using ligh t scattering metho ds [116 , 118, 122 �124 , 133�135 ] or

UV ligh t sp ectroscop y [134 ]. Only recen tly direct imaging of the n ucleation and gro wth

b y brigh t �eld ligh t microscop y [124, 135 ] or b y confo cal microscop y [120] has b een used

to in v estigated the crystallization of colloidal systems. Mean while, the phase b eha vior

of the aqueous disp ersions of p oly-N-isoprop ylacrylamide (PNIP AM) spheres has b een

in tensiv ely in v estigated [7, 10 , 18 , 27, 34, 134 , 141 �149 ]. In particular, it w as found

that the v olume transition of microgel particles a�ects the solv en t-mediated in terparticle

forces and leads to a no v el phase b eha vior [28 , 29]. F urthermore, due to the temp erature-

resp onsiv e shrink age of PNIP AM particles [2, 28, 29] the attractiv e in terparticle p oten tial

increases with temp erature, resulting in phase b eha vior that deviates from the hard sphere

systems at high temp eratures [28, 29 ]. The kinetics of crystallization at di�eren t v olume

fractions can b e con v enien tly measured b y v arying the temp erature.

The equilibrium crystal structure for colloidal hard spheres systems should b e face cen-

tered cubic (fcc) [150] but if the v olume fraction is lo w enough or in the �rst step of the

crystallization a b o dy cen tered cubic structure (b cc) should dominate. But it is rarely

the case ev en in the most ideal conditions [132]. Instead, a random hexagonal close-

pac king structure, energetically close to fcc is usually observ ed [118]. Nev ertheless it has

b een sho wn b y neutron scattering exp erimen ts that the crystal of PNIP AM disp ersions

exhibits a face-cen tered cubic (fcc) structure [141 �143 ].

The crystallization in�uences, among other things, the rheological prop erties of the dis-

p ersion and is itself, in return, a�ected b y the shearing of the solution [151 , 152 ]. The

relation b et w een rheology and crystallization is a complex pro cess whic h will b e discussed

here and in the section dynamics. This section is dedicated to the crystallization of the

thermosensitiv e core-shell particles. The phase diagram has b een in v estigated for di�eren t
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Figure 2.26: Phase diagr am of a har d spher es disp ersion [116�118].

degrees of crosslinking. The n ucleation and gro wth of the crystallites has b een visualized

b y p olarized ligh t microscop y and the in�uence on the rheological prop erties is discussed.

2.3.2 Exp erimental

The di�eren t core-shell latices presen ted in the c hapter 2.1 w ere used in this section.

F ollo wing the systems the crosslinking de�ned b y the amoun t of BIS in the shell w as

adjusted to 1.25 mol:% (KS1), 2.5 mol:% BIS (KS2) and 5 mol:% (KS3) (see section

2.1.2).

The �o w curv es and the dynamic measuremen ts p erformed on the KS2 susp ensions ha v e

b een in v estigated using a strain-con trolled rotational rheometer RFS I I from Rheometrics

Scien ti�c, equipp ed with a Couette system (cup diameter: 34 mm , b ob diameter: 32

mm , b ob length: 33 mm ). Measuremen ts ha v e b een p erformed on 12 mL solution and

the temp erature w as set with an accuracy of 0.05

o
C. A stress con trolled rheometer MCR

301 (Ph ysica) has b een used for the exp erimen t p erformed on the KS3.

P olarized microscop y has b een p erformed with a Leica DMRXE. Sample w ere �lled in to

a 0.1 mm thic k capillary thermostated with an accuracy of 0.05

o
C. In order to follo w the

crystallization pro cess a thermostated cell w as designed for 0.1 and 0.5 mm thic k capillary

(see �g. 2.27). The cell is thermostated and the temp erature within the cell is con trolled

b y a thermo couple with a precision of 0.1

oC . The large surface of con tact b et w een the

cell and the capillary allo ws a fast quenc hing of the sample and mak es it ideal for the

direct observ ation of the crystallization pro cess. Images of the samples w ere tak en in a

dark ro om without �lter.

2.3.3 E�ective volume fraction and crystallization

The established liquid-crystal co existence domain for hard spheres la ys b et w een the freez-

ing v olume fraction � F at � ef f = 0.494 and the melting v olume fraction � M at � ef f =

0.545 as obtained from computer sim ulation [153 ]. An exp erimen tal phase diagram could

b e ac hiev ed b y determining the crystal fraction of the samples from the p osition of the
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co existence liquid-crystal b oundaries after sedimen tation. This can b e linearly extrap o-

late to determine the b eginning and the end of the co existence domain [117, 154 ]. T o this

purp ose solutions with w eigh t concen trations ranging b et w een 6 and 14 wt:% ha v e b een

prepared. The samples KS1 and KS3 w ere shak en after preparation to destro y residual

crystallites and stored for more than one mon th at ro om temp erature 20.5

oC � 0.5

oC . In

the case of the KS2 the susp ensions ha v e b een heated to 30

o
C in order to destro y p ossible

crystals that ma y ha v e formed at ro om temp erature . These susp ensions are subsequen tly

co oled do wn quic kly to 21

oC and k ept at this temp erature for a time of t ypically t w o

mon ths.

After screening of the electrostatic in teractions b y adding 5.10

� 2 mol:L � 1
, all the samples

crystallize at de�ned concen trations. This hin ts to the lo w p olydisp ersit y of the particles.

The h ydro dynamic radius of the microgel RH can b e used to calculate the e�ectiv e v olume

fraction � ef f for temp eratures b elo w 25

oC b y

� ef f = � c

�
RH

Rc

� 3

(2.33)

where Rc is the core radius calculated from the cry o-TEM and � c is the v olume fraction

of the cores in the system. The latter quan tit y can b e appro ximated from the w eigh t

concen tration of the particles in the system and the mass ratio b et w een the core and the

shell of the particles. T o a v oid p ossible errors due to the small exp erimen tal uncertain t y of

RH , a v eraged v alues ha v e b een tak en from this graph b y appro ximating RH b y a straigh t

line in this region of temp eratures.

The densit y of the particles and their size is not high enough to ensure rapid sedimen tation

of the crystalline phase. Only after t w o mon ths, crystals whic h can b e seen b y ey e b y

means of the Bragg-re�ections, ha v e sedimen ted. Fig. 2.28 exhibits the liquid-crystalline

region of the di�eren t samples and the corresp onding phase diagram. The exp erimen tal

phase diagram w as tak en from the c hange in the p osition of the co existence b oundary

indicated b y the dashed lines. As exp ected the exp erimen tal p oin ts describ e a linear

dep endence in the biphasic region. The data ha v e b een rescaled to � F = 0:494 in order to

compare the di�eren t exp erimen tal phase diagrams. F or the KS1, the co existence domain
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Figure 2.28: Di�er ent c or e-shel l susp ensions in the biphasic r e gion with 1.25 mol:% (KS1), 2.5

mol:% (KS2) and 5 mol:% (KS3) cr osslinking after two months and their c orr e-

sp onding exp erimental phase diagr am. The crystal fr actions determine d fr om the

height of the c o existenc e b oundaries indic ate d by the dashe d lines on the photo gr aphs

wer e �tte d by a line ar r e gr ession (solid line) for the KS2 (hol low triangles) and

the KS3 (hol low cir cles). The r esults obtaine d for the KS1 ar e indic ate d by hol low

squar es. The data have b e en r esc ale d to � F = 0.494. The c o existenc e domain for the

KS2 and KS3 is indic ate d by the gr e en ar e a.
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Figure 2.29: Crystal lization of a 9.48 wt:% solution at di�er ent temp er atur es c orr esp onding to

di�er ent e�e ctive volume fr actions

manifested b y the presence of distinct crystals has b een observ ed for e�ectiv e v olume

b et w een 0.494 and 0.535, whic h is smaller as what is exp ected for hard spheres. This can

b e related to the softness of the system as already observ ed for PNIP AM microgel [7]. A t

higher degrees of crosslinking (KS2 and KS3) the rescaled co existence domain has b een

found b et w een 0.494 and 0.556. This is in accord with the theoretical v alues � M = 0:545
[153 ].

Fig. 2.28 sho ws also that the crystallization study of the thermosensitiv e particles is

partially hamp ered b y the strong turbidit y of the system. This motiv ates the use of thin

capillary for a direct observ ation of the crystallites. In this case p olarized microscop y

can b e used to in v estigate the crystallization kinetics [135 ]. These exp erimen ts ha v e b een

p erformed on the KS2, for a concen tration of 9.48 wt:% (see �g. 2.29) and 8.22 wt:%
(see �g. 2.30) at di�eren t temp eratures. The same exp erimen t w as rep eated for the KS3

at a concen tration of 13.01 wt% at 20

oC and will b e discussed in the next section. The

samples w ere �rst main tained at ab out 30

o
C in the 0.1 mm thic k capillary and then

quic kly co oled-do wn to the temp erature of in v estigation in the thermostated cell (see �g.

2.27).

Belo w the melting temp erature the crystallization pro cess of colloidal particles can b e

in terpreted in the framew ork of n ucleation and gro wth. The �rst crystals ha v e b een

observ ed around � ef f = 0:50. Considering the time of observ ation of one hour, this

v alue is in go o d agreemen t with the phase diagram. The onset of the crystallization
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Figure 2.30: Crystal lization of a 8.22 wt:% solution at di�er ent temp er atur es c orr esp onding to

di�er ent e�e ctive volume fr actions
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Figure 2.31: Visc o elastic b ehavior of crystal lizing susp ensions vs. glassy systems: The stor age

mo dulus G0
(�l le d symb ols) and the loss mo dulus G00

(op en symb ols) ar e me asur e d

as function of time in the line ar visc o elastic r e gime at 1 Hz and 1 % after 5 min of

she aring at 100 s� 1
for a crystal lizing system (cir cles) and a glassy system (squar es).

The triangles r efer to the liquid state ( � ef f = 0.49), The cir cles to a volume fr action

of 0.52 (two-phase r e gime) wher e as the squar es give the r esults for the glassy state

( � ef f = 0.65).

is manifested b y the apparition of large crystals gro wing on the w alls of the capillary .

A t lo w er temp eratures corresp onding to higher � ef f most crystals are formed in bulk,

the n ucleation increases, whereas the size decreases. Ab o v e � ef f = 0:542 no crystal

w as observ ed in the 9.48 wt:% solution. This is in go o d agreemen t with observ ations

p erformed on colloidal hard spheres assimilated susp ension b y ligh t scattering [123 ]. It

w as demonstrated that when the melting concen tration is exceeded, n ucleation ev en ts

b ecome correlated and high n ucleation rate densities suppress crystal gro wth. A t higher

e�ectiv e v olume fractions the crystals are indeed strongly compressed imp eding their

gro wth. On the con trary some crystals can still b e observ ed un til � ef f = 0:57 for the 8.22

wt:% solution, whic h can b e attributed to a sligh t v ariation of the softness of the particles

for the lo w er temp eratures.

2.3.4 Linea r visco elastic b ehavio r

The previous section has clearly rev ealed that the thermosensitiv e susp ensions crystallize

if the e�ectiv e v olume fraction � ef f is ab o v e 0.49. Moreo v er, the ev olution of the samples

as function of the time suggests that the induction time un til crystallization o ccurs

dep ends on � ef f as exp ected for hard spheres system. Crystallization strongly a�ects

the mec hanical prop erties of the solution. F or this reason rheological measuremen ts w ere

carried on concen trated susp ensions to explore the crystallization kinetics in further

details.

The linear visco elastic b eha vior is studied �rst for di�eren t KS2 solutions. F or this

purp ose the storage mo dulus G0
and the loss mo dulus G00

is measured from a susp ension

with 9.48 wt:% at di�eren t temp eratures, corresp onding to di�eren t v olume fractions
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Figure 2.32: Comp arison b etwe en the line ar visc o elasticity me asur ement and the p olarize d mi-

cr osc opy during the crystal lization pr o c ess of a 13.01 wt: % KS3 solution at 20

oC
( � ef f = 0 :54). The stor age mo dulus G0

(�l le d symb ols) and the loss mo dulus G00

(op en symb ols) ar e me asur e d as function of time in the line ar visc o elastic r e gime at

1 Hz and 1 % after 5 min of she aring at 100 s� 1
. The r esults ar e c omp ar e d to the

p olarize d micr osc opy observations at 20

oC for di�er ent times after a fast quenching

fr om 30

oC to 20

oC .

� ef f . A deformation of 1 % and a frequency of 1 Hz has b een c hosen. A dditional

measuremen ts ha v e sho wn that the linear visco elastic regime is attained for these

parameters. T o remo v e the samples history , all susp ensions w ere sheared for 5 min utes

with a shear rate of 100 s� 1
prior analysis. In all cases rep orted here the time of

observ ation w as more than one hour.

The solution w as measured at 22

oC whic h corresp onds to an e�ectiv e v olume fraction

� ef f = 0.49. G0
is higher than G00

for the en tire time of observ ation indicating a stable

�uid phase. Lo w ering the temp erature to 19

oC leads to a regime where G0 � G00

where no crystallization is exp ected. Ho w ev er after an induction time of 700 s a mark ed

increase in G0
is observ ed as sho wn in �g. 2.31. G00

go es through a sligh t maxim um and

�nally decreases mark edly so that G0 � G00
in the �nal stage attained after ca. 1 hour.

The highest e�ectiv e v olume fraction 0.65 w as reac hed b y lo w ering the temp erature to

8

oC . Note that this v ery high v olume fraction can easily b e reac hed b y adjusting the

temp erature. In this case �g. 2.31 demonstrates that G0 >> G 00
as exp ected for the

glassy state. A t this high v olume fraction lo cal rearrangemen ts are slo wing do wn whic h

is mark ed b y a slo w increase of G0
with the time.

The same exp erimen t has b een p erformed for the KS3. Fig. 2.32 presen ts the timesw eep

obtained for a 13.01 wt:% solution at 20

oC ( � ef f = 0.54) and is compared to the ob-

serv ation b y p olarizing microscop y . The increase of G0
follo ws the apparition of the �rst

crystallites after 420 s. After 720 s corresp onding to the crosso v er of G0
and G00

no further

c hange can b e observ ed from the p olarized microscop y ev en if the G0
is still increasing.

The same observ ation w as done on the others solutions in v estigated in the co existence

domain. This underlines the go o d agreemen t and the complemen tarit y of this t w o tec h-

nics. W e determined the induction time of the crystallization. This time w as estimated

from timesw eep exp erimen ts as the time where crystallization induces a 10 % increase of
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Figure 2.33: Be ginning of the crystal lization describ e d by the dep endenc e of the char acteristic

time � i on the e�e ctive volume fr action � ef f for di�er ent c onc entr ations (12.1 wt:%:

cir cles, 13.01 wt:%: down triangles, 13.58 wt:%: squar es) at di�er ent temp er atur es.

The dashe d line is her e to guide the eyes.

the complex mo dulus G�
. This time w as then normalized b y the di�usion time de�ned

as R2
H =D0 , where RH is the h ydro dynamic radius and D0 the free-particle di�usion con-

stan t. This giv es the c haracteristic time � i . Fig. 2.33 presen ts the dep endence of � i on

� ef f obtained for di�eren t concen trations at di�eren t temp eratures.

� i �rst decreases with increasing v olume fractions and reac hes a minim um around

� ef f = 0:55. An increase is observ ed again for higher e�ectiv e v olume fractions. The

minim um is in go o d agreemen t with the literature [123 ]. This corrob orates the frame-

w ork of crystallization and gro wth. Close to � ef f;f the gro wth pro cess predominates as

the n ucleation is slo w. This results in a slo w crystallization and in the formation of

large crystals. The gro wth pro cess decreases with increasing v olume fraction in the b en-

e�t of a faster n ucleation. The crystallization kinetics reac hes then a maxim um around

� ef f = 0:55, whic h corresp onds to the maxim um of the n ucleation rate for hard spheres

colloidal susp ension as found exp erimen tally in ref. [123 ] and theoretically [119 ]. T o higher

� ef f the crystallization is slo w ed do wn as the self di�usion of the particles is decreasing.

Moreo v er the pro ximit y of the n uclei hinders the gro wth of the crystals. F or � ef f > � g

the susp ensions still crystallize, at least partially , b y the slo w gro wth of large and irreg-

ularly shap ed crystals on secondary n uclei, suc h as the con tainer w alls and regions of

shear-aligned structures remaining from the tum bling action [121 ].

Hence, w e conclude that the rheological exp erimen ts sho wn in �g. 2.31 and �g. 2.32

corrob orates all �ndings of the previous section: Crystallization tak es place at su�cien tly

high v olume fractions. Ho w ev er, the kinetics of crystallization dep ends mark edly on � ef f

as exp ected from previous in v estigations [122, 123 , 155 , 156]. The study of the visco elastic

b eha vior therefore giv es direct information on the time scale in whic h the systems remains

in the nonergo dic state.

This indicates that the thermosensitiv e core-shell particles b eha v e as hard spheres when

considering their crystallization. Moreo v er, the fact that these systems crystallize again

p oin ts to the narro w size distribution.
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Figure 2.34: She ar melting of crystal lize d susp ensions. She ar str ess as function of she ar r ate

for a thermosensitive susp ension c ontaining 9.48 wt:% of the p articles. The op en

symb ols mark the me asur ements with incr e asing she ar r ate wher e as the �l le d symb ols

show the r esults with de cr e asing she ar r ate. Par ameter of the di�er ent curves is

the temp er atur e adjusting the e�e ctive volume fr action � ef f . The e�e ctive volume

fr actions � ef f ar e: triangles up: 0.49; cir cles: 0.52; triangles down: 0.57; squar es:

0.64.

2.3.5 Flo w curves and shea r melting

The study of the linear elastic b eha vior demonstrates that crystallization ma y in terv ene

at time scales whic h are t ypical for rheological exp erimen ts necessary for measuring �o w

curv es. Eviden tly , crystallization leads to a mark ed c hange of the �o w b eha vior and m ust

b e excluded in a meaningful study of the �o w curv es. Ho w ev er, crystallites formed at

su�cien tly high concen trations ma y b e shear-melted: Fig. 2.34 displa ys the shear stress �
as the function of the shear rate _
 , that is, the �o w curv es of the susp ensions. P arameter

of the curv es is the e�ectiv e v olume fraction. F or all v olume fractions the solutions w ere

aged for more than one hours. Hence, w e used the systems discussed in conjunction with

�g. 2.31. This means that the shear �o w w as started after crystallization has tak en

place for the in termediate v olume fractions. The hollo w sym b ols in �g. 2.34 indicate �o w

curv es measured b y raising _
 slo wly (5 s p er p oin t) from 0.02 to 1000 s� 1
whereas �lled

sym b ols indicate the results obtained b y slo wly lo w ering the shear rate. In case of the

�uid phase ( � ef f = 0.49) b oth sets of data agree and practically sup erimp ose. The same

holds true for the highest v olume fraction studied here ( � ef f = 0.64). Fig. 2.34 hence

demonstrates that �o w curv es presen t meaningful data for the presen t system ev en at

exceedingly high v olume fractions. Ho w ev er, there is a strong h ysteresis for the partially

crystalline sample ha ving an e�ectiv e v olume fraction � ef f = 0:52. A critical shear stress

is ob viously needed to shear-melt the crystals and to attain a �uid state. Lo w ering

the shear rate again then leads to a �o w curv e exhibiting a �rst Newtonian regime at

su�cien tly lo w _
 . The same observ ations w ere made when adjusting the same e�ectiv e

v olume fraction b y a di�eren t concen tration and temp erature. This demonstrates that

the �o w curv es represen t fully repro ducible data once the crystallites are molten b y shear

(see also Ref. [151 ] and the discussion in the section 3.2).
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2.3.6 Summa ry

Concluding this section and the preceding one w e can state that susp ensions of the ther-

mosensitiv e core-shell particles b eha v e exp ected for hard spheres for crosslinking higher

than 1.25 mol:%. Th us, the e�ectiv e v olume fraction of the particles as deriv ed from

their h ydro dynamic radius RH pro vides the base for all further analysis. The e�ectiv e

v olume fraction can b e adjusted b y quenc hing the system at di�eren t temp eratures, and

the crystallization kinetics can b e in v estigated b y p olarizing microscop y and b y rheolog-

ical measuremen ts in the linear visco elastic regime. Th us this comp osite system presen t

a go o d candidate for the crystallization study of pseudo hard spheres colloidal systems.

Quenc hing samples to e�ectiv e v olume fractions ab o v e the freezing e�ectiv e v olume frac-

tion ma y still lead to the formation of crystallites that m ust b e shear-molten prior to

measuremen ts of the �o w curv es. This problem of shear-melting will b e addressed in

another section (see section 3.2).
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3 Dynamics

3.1 Cha racterization of the visco elastic b ehavio r of

complex �uids using the piezo electric axial

vib rato r

3.1.1 Intro duction

Rheological prop erties of complex �uids as, e.g., p olymer solutions or susp ensions of colloid

particles giv e imp ortan t information ab out the microstructure and the dynamics of these

systems [157 ]. They th us pro vide the base for the applications of these systems. Complex

�uids exhibit structural features that range o v er man y orders of magnitude [158]. Their

relaxation times span o v er an equally broad range as w ell. Measuremen ts of the rheological

prop erties as the storage mo dulus G0
and the loss mo dulus G00

m ust therefore co v er an

enormous scale in the time or in the frequency domain in order to capture all relaxation

pro cesses in these materials. Considering G0
and G00

as functions of the frequency f it

is ob vious that lo w v alues of f are necessary to attain the �rst Newtonian region. On

the other hand, the mo dulus G0
measured at high frequencies pro vides insigh t in to the

in terparticular forces [159 ]. Hence, the highfrequency limiting v alues G0(! ) and � 0(! ) of

colloidal susp ensions can b e used to prob e the magnitude of h ydro dynamic in teractions

b et w een the particles and their repulsiv e p oten tial. Moreo v er, G0
and G0

of susp ensions of

hard spheres measured o v er a su�cien tly wide range of frequencies ma y b e ev aluated to

yield information ab out the structural arrest of the spheres at high v olume fractions that

can b e related to the theory of the glass transition in these systems [39, 40 , 160 �165 ].

This brief in tro duction demonstrates that tec hniques capable of measuring visco elasticit y

of complex �uids o v er a wide range of frequencies are needed [159, 166 ]. Con v en tional

mec hanical rheometers, ho w ev er, can only access the range of lo w frequencies ( < 50 Hz )

b ecause of the inertial e�ects. Mellema and co-w ork ers ha v e in tro duced the use of torsional

resonators for the study of colloidal susp ensions [167]. More recen t dev elopmen ts in this

�eld ha v e b een summarized b y Romoscan u et al. [168 ]. In particular, Willen bac her and

co-w ork ers demonstrated that torsional resonators can b e used for measuremen ts at high

frequencies in the kilohertz range [159 ]. The ob vious disadv an tage of torsional resonators is

the fact that these devices can b e used only at giv en frequencies. In termediate frequencies

ha v e often b een accessed b y use of the time-temp erature sup erp osition principle [157]. An

example for this approac h in the �eld of susp ension rheology is the w ork of Shik ata and

P earson on hard sphere colloids [169 ]. But in general, the time-temp erature sup erp osition

principle is not applicable for complex �uids. Therefore measuremen t tec hniques that

span the en tire frequency range without resorting to the time-temp erature sup erp osition

principle are of cen tral in terest in the �eld of complex �uids. Microrheological tec hniques

recen tly in tro duced b y Mason and W eitz [160 , 170, 171 ] giv e access to a wide range
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of frequencies. Moreo v er, the mec hanical sp ectra are deriv ed for a con tin uous range of

frequencies. Microrheology , ho w ev er, relies on the so-called �generalized Stok es�Einstein

relation� whic h ma y hold only for certain systems. It has b een sho wn to b e inadequate

for c harged colloids [172 ], and its applicabilit y to complex �uids m ust b e c hec k ed in

eac h case. Finally , for the in termediate frequency only a few instrumen ts w ere able to

giv e a con tin uous and reliable measuremen t as, e.g., the piezorheometer describ ed in the

w ork of Cagnon and Durand [173 �175 ] or the piezo electric rotary vibrator [176 ] b oth

w orking in shear strain. Recen tly , P ec hhold and co-w ork ers in tro duced a new device

named �piezo electric axial vibrator� (P A V). It consists of a dynamic press with a thin gap

in whic h the liquid is con�ned. A squeeze �o w is generated b y a piezo electric driv e and

the answ er of the system measured b y piezosensors can b e ev aluated to lead to G0
and

G00
b et w een 10 and 3000 Hz . In this w a y the P A V closes the gap in the frequency range

of con v en tional rheometers and the torsional resonators. In principle, the concept of the

P A V is v ery app ealing and the frequency range accessible b y this instrumen t is exactly in

the range that m ust b e prob ed for the study of t ypical complex �uids. Based on earlier

w ork b y Kirsc henmann [177 ] w e presen t a comprehensiv e test of the P A V as applied to

t ypical complex �uids as p olymer solutions and colloidal susp ensions. The results obtained

with this instrumen t are compared to data from con v en tional rotational rheometry at lo w

frequencies and from a set of torsional resonators at high frequencies. Moreo v er, the data

obtained from rotational rheometry at v arious temp eratures are shifted according to the

time temp erature sup erp osition principle in order to co v er the same frequency range as

the P A V. The purp ose of this study is t w ofold: (i) A t �rst to examine the reliabilit y of the

P A V and its p ossible limitations and (ii) to demonstrate that the com bination of the three

rheometers, namely the mec hanical sp ectrometer, the P A V, and the torsional resonators

pro vides a con v enien t and reliable access to the visco elastic prop erties of complex �uids

o v er 5�7 orders of magnitude in frequency . This will b e further demonstrated b y analyzing

the visco elasticit y of a susp ension of thermosensitiv e particles.

3.1.2 Theo ry

The general theory of squeeze �o w is w ell exp osed in standard textb o oks of rheology [178 ]

and the theory of the P A V has b een already presen ted in the w ork of Kirsc henmann [177 ].

Here it su�ces to delineate the main features. Figure 3.1 giv es a sc heme of the P A V. The

lo w er plate oscillates with constan t force amplitude F̂ . When the P A V is unloaded, the

dynamic displacemen t x̂ of the lo w er plate is measured at a giv en frequency leading to

the compliance x̂=F̂ . The same measuremen t is rep eated at the same frequencies with

the material under consideration �lling the gap (see �g. 3.1). This giv es the mo dulated

compliance x̂=F̂ . F rom the complex ratio x̂0=x̂ , the complex squeeze sti�ness K �
of the

material can b e calculated b y use of an appropriate mec hanical equiv alen t circuit (see �g.

3.1) and solving its equations of motion [177]:

8
<

:

� ! 2m1x1 = � K � (x1 � x0) � K 1x1

� ! 2m0x0 = � K � (x0 � x1) � K 01(x0 � x2) + F
0 = � K 01(x2 � x0) � K 02x2 � F

(3.1)

F or linear visco elasticit y this calculation leads to the form ula
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Figure 3.1: Me chanic al e quivalent mo del of the P A V. The material with the c omplex sti�ness

K �
is enclose d in the gap (shade d ar e a) of r adius R and thickness d. The lower

plate oscil lates with a given fr e quency with c onstant for c e amplitude F̂ . The dynamic

displac ement of the lower plate le ads to K �
and in turn to the c omplex mo dulus G�

.

Se e text for further explanation.

K � =
3�
2

R
R
d

3

G� =(1 +
%!2d2

10G�
) + ::: (3.2)

where R is the radius of the plate, (d � R) is the gap width, % is the densit y of the

squeezed material, and G�
is its complex shear mo dulus. The expression of the n umerator

agrees with that deriv ed in the literature [178 , 179]. The denominator con tains the �rst

term (slit appro ximation) of a series expansion that tak es in to accoun t the inertia of

the material in the gap. This e�ect ma y b ecome imp ortan t at v ery high frequencies.

Equation 3.2 tacitly assumes an incompressible material and hence only considers the

complex shear mo dulus G

�
or the complex compliance J � = 1=G�

.

F or precise measuremen t, ho w ev er, the dynamic compressibilit y � �
m ust b e in tro duced as

w ell. F or squeeze �o w (in the limit of small amplitudes) one obtains [177]:

1
K �

=
2

3�
d3

R4

�
1

G�
+

3
2

R2

d2
� �

�
(3.3)

Equation 3.3 demonstrates that the correction due to a �nite compressibilit y dep ends

strongly on the ratio R=d. Its magnitude can b e obtained through p erforming measure-

men ts at di�eren t gap thic kness d.
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A)

B)

Figure 3.2: A) Piezo ele ctric axial vibr ator use d in this study. The upp er lid is r emove d to show

the plate move d by the piezo drives. B) L ongitudinal cut of the P A V (left-hand side)

and tr ansversal cut (right-hand side) of the quadr atic tub e c ontaining the actor and

the sensor piezo elements. F our actor piezo elements elements ar e stuck on b oth side

of two opp osite tub e wal ls. A nother four sensor piezo elements elements ar e stuck on

b oth of the r emaining wal ls. F our p artial cuts avoid dir e ct c oupling b etwe en actor and

sensor elements.

3.1.3 Instruments

The P A V is a dynamic press w orking at frequencies b et w een 10 and 3000 Hz . The

actor/sensor is a thin-w alled quadratic copp er tub e carrying on top a thic k stainless steel

plate, whic h serv es as the lo w er b oundary of the sample gap (see �g. 3.2).

As sho wn in �g. 3.2(b), four piezo elemen ts are attac hed to t w o opp osite w alls of the tub e

in order to exert the vibrations while four additional piezos are �xed to the remaining

sides in order to pic kup the resp onse signal. Direct coupling of excitation and detection is

a v oided b y four length wise cuts of the tub e (see �g. 3.2(b)). This lo w er part of the device

is surrounded b y a double w alled cylinder allo wing the circulation of a thermostating �uid.

The whole setup is co v ered b y a thic k metal lid, whic h is the upp er b oundary of the gap

and pro vides a complete sealing of the �uid. The rigidit y K 0 of the cylinder m ust at least

attain 1.108 Nm � 1
to assure a high resonance frequency for the head of the prob e and

the sensor cylinder. Therefore the sample rigidit y , K �
, should b e lo w er than 109 Nm � 1

.

The P A V is op erated b y a lo c k-in-ampli�er. The exciting v oltage of the driving piezos

is prop ortional to the axial force. The measured v oltage of the piezos that monitor the

deformation is the signal used for determining K �
. The width d of the gap of the squeeze-

�o w rheometer is de�ned b y the lid moun ted on to the rheometer (see �g. 3.2). In order to

v ary the gap, sev eral rings of 10, 35, 50, 100 �m thic kness can b e used. The v ariation of

the gap turned out to b e necessary in order to p erform the measuremen ts in the correct
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T able 3.1: Visc osities of di�er ent glyc er ol =water mixtur es at 20

oC [180] use d for the c alibr ation

of the P A V.

W eigh t fraction of glycerol � at 20

oC ( mP as).

0 2.26

35 3.040

50 6.050

65 15.54

75 36.46

85 112.9

95 545

100 1499

range. Systems with lo w viscosities m ust b e measured using a small d whereas higher

viscosities needed a wider gap (see later). Hence, v ariation of the gap width b et w een 20

and 200 �m co v ers measuremen ts of the viscosit y in the range b et w een 1 and 2000 mP as.

The required sample v olume is on the order of 100 mL dep ending on the width of the

gap. In all case the amoun t of liquid w as accurately adjusted b y a microsyringe. The

temp erature w as con trolled with an accuracy of � 0.02

oC .

3.1.4 Calib ration of the instrument and accuracy

The instrumen t w as calibrated using Newtonian liquids of di�eren t viscosit y to determine

the optimal gap for eac h range of viscosities. F or this purp ose a set of di�eren t glyc-

erol/w ater mixtures w as used. The viscosities of these mixtures are summarized in T able

I. In order to compare the viscosities obtained b y the P A V to data from other systems,

t w o rheometers ha v e b een emplo y ed: A rheometrics �uid sp ectrometer for the range

of lo w frequencies (0.01�15 Hz ), and the torsional resonators in tro duced recen tly b y

Willen bac her and co-w ork ers for the region of high frequencies [159 ]. In the follo wing w e

giv e a brief description of the measuremen ts using these devices. The Fluids Sp ectrometer

RFS I I from Rheometrics Scien ti�c is a strain-con trolled rotational rheometer equipp ed

with a Couette system (cup diameter: 34 mm , b ob diameter: 32 mm , b ob length: 33 mm ).

Strains are applied in the range starting from 500 % for the lo w viscosit y liquids

to pro vide an accurate resp onse up to 0.5 % for the more visco elastic solutions. F or

eac h measuremen t the deformation w as set to remain in the linear visco elastic regime.

Measuremen t w ere p erformed on 10 mL of the �uid and the temp erature w as set with an

accuracy of � 0.05

oC . T w o torsional resonators supplied b y the Institut für dynamisc he

Materialprüfung, Ulm, German y , ha v e b een used to obtain data at high frequencies [159 ].

T w o geometries are a v ailable (cylinder or double-dum bb ell) allo wing for measuremen ts

at 13, 25, and 77 kHz . The p enetration depth of the shear w a v e is t ypically on the

order of 50 nm for the samples in v estigated here. This ensures that the metho d prob es

the visco elastic prop erties of the bulk phase. The measuring cell, ho w ev er, is m uc h

larger than this p enetration depth and no disturbance ma y result from the w alls of the

con tainer. The small amplitudes of the torsion of the cylinder ( < 50 nm ) ensure that the

maxim um strain is small. The measuremen ts are hence tak en in the linear visco elastic
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Figure 3.3: Visc osities of water-glyc erin mixtur es me asur e d with �uid sp e ctr ometer RFS II (op en

squar es), P A V (�l le d symb ols), and torsional r esonators (op en triangles). The weight

p er c ent of glyc er ol is varie d b etwe en 0 % and 100 % as indic ate d in the gr aph in or der

to adjust a wide r ange of visc osities. The values of T able I ar e indic ate d by the dashe d

lines. Di�er ent gap thickness wer e use d for the P A V: 20, 35, 50, 100, and 200 nm
to obtain the optimal me asur ement. A n exp erimental value of the true gap thickness

was also c alculate d for e ach gap and given dir e ctly in the gr aph.

regime. The exp erimen tal pro cedure and the ev aluation of data ha v e b een describ ed

recen tly [159 ]. The real part of the complex viscosit y of w ater-glycerine mixtures is

plotted against the frequency in �g. 3.3. Here data obtained b y all the three devices are

presen ted. The gaps of the P A V w as v aried ( d = 20, 35, 50, 100, and 200 �m ) in order

to adjust for the viscosit y of the sample ranging from 1 to 1500 mP as (dashed lines in

�g. 3.3). The viscosit y w as calculated using eq. 3.2 and the width d of the gap w as

sligh tly adjusted so that the exp erimen tal v alue w as matc hed. This calibration of the

width of the gap is used in subsequen t measuremen ts. Moreo v er, results obtained for one

sample but di�eren t gap widths demonstrated that the con tribution due to the dynamic

compressibilit y (cf. eq. 3.3) is negligible for these Newtonian liquids as exp ected. Figure

3.3 also delineates the optimal domains of the measuremen t of the P A V b y dashed lines.

In these domains the measured viscosit y is indep enden t of the frequency .

In the follo wing only data from these optimal domains will b e sho wn. The go o d corresp on-

dence b et w een the three apparatus illustrates the qualit y of the measuremen ts pro vided

b y the P A V for the Newtonian solutions.

3.1.5 Visco elastic �uids

P olyst yrene solution

A commercial p olyst yrene grade (PS 148 H from BASF) dissolv ed in eth ylb enzene is used

as a b enc hmark system to c hec k the accuracy of the measuremen ts of G0
and G00

b y the

P A V. Concen trated p olymer solutions presen t w ell-studied examples of visco elastic �uids
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Figure 3.4: V alidation of G0
(ful l symb ols) and G00

(hol low symb ols) me asur e d with �uids sp e c-

tr ometer RFS II (quadr angles), P A V (cir clesd), and torsional r esonators (triangles)

obtaine d for a 30 % p olystyr ene solution in ethylb enzene. The data ar e c omp ar e d to

r esults derive d fr om the time temp er atur e sup erp osition principle. V alues of G0
ar e

indic ate d by dashe d lines wher e as G00
is given by solid lines. The data obtaine d by the

P A V have b e en me asur e d at the optimal gap thickness.

that exhibit mo duli v arying o v er man y orders of magnitude with increasing frequency

[181 ]. The eth ylb enzene used w as of commercial grade without sp ecial puri�cation. The

solution con tains 30 % p olyst yrene with Mw = 148000g:mol� 1
. Solutions of p olyst yrene

w ere carefully studied and precise data based on the time-temp erature sup erp osition

principle are a v ailable [181, 182]. G0
and G00

of this solution as the function of frequency

w as obtained as follo ws: Rheological measuremen ts with a mec hanical rheometer w ere

done at -80, -50, and 24

oC . In order to obtain a wide range of frequencies, the frequency-

temp erature sup erp osition principle has b een used as already discussed b y Baumgärtel

and Willen bac her [182 ]. The temp erature dep endence can b e describ ed b y a univ ersal,

concen tration in v arian t Williams�Landel�F erry-shift parameter aT [183 ]:

log10aT =
� c1(T � Tref )
c2 + T � Tref

: (3.4)

W e ha v e c hosen Tref = 20

oC and obtain c1 = 1:47 and c2 = 143 K . Figure 3.4 displa ys

G0
and G00

as the function of the frequency . Data at lo w frequency ha v e b een obtained

b y the mec hanical sp ectrometer RFS I I whereas the three p oin ts referring to the highest

frequencies ha v e b een measured using the torsional resonators.

The data at in termediate frequencies ha v e b een obtained with the P A V using the optimal

width of the gap (see the discussion of Fig. 3.3). The data obtained b y the three widely

di�eren t instrumen ts �t together within the limits of error of the resp ectiv e devices. The

lines giv e the resp ectiv e v alues of G0
(dashed) and G00

(full) deriv ed from eq. 3.4. Go o d

agreemen t is seen o v er six orders of magnitude. There are only small deviations b et w een

the measured data and the sp ectra calculated from the time-temp erature sup erp osition
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Figure 3.5: Enlar ge d p ortion of Fig. 4 showing G0
and G00

me asur e d by the P A V with di�er ent

width d of the gap: 100 (down triangles), 150 (squar es), 185 (up triangles), and 200

�m (cir cles).

principle. W e assign these small discrepancies to the limitation of eq. 3.4 and to the

exp erimen tal uncertain ties in obtaining the mo duli in suc h a wide temp erature range.

Figure 5 demonstrates that the width d of the gap has a minor in�uence on the resulting

v alues of G0
and G00

. Here G0
and G00

obtained from the p olyst yrene solution b y the P A V

for di�eren t width of the gap are plotted against the frequency f . Eviden tly , G0
and G00

do not dep end on d within the giv en limits of error. The maxim um of error amoun ts to

20 % if the width of the gap is not optimal. This further con�rms the reliabilit y of the

instrumen t and justi�es the neglect of the dynamic compressibilit y (cf. eq. 3.3). Th us,

the earlier discussion has established t w o criteria for the accuracy of the measuremen t:

First, the optimal width of the gap is obtained b y measuremen t of Newtonian liquids.

The small corrections for the width of the gap, whic h follo w ed from this calibration

demonstrates that eq. 3.3 pro vides a accurate description of the �o w in the instrumen t.

Second, the measured sp ectra of G0
and G00

m ust b e indep enden t of the width d. This

is seen indeed in Fig. 3.5 and the residual discrepancies at lo w frequency can b e traced

bac k to a width of the gap whic h is not optimal. F rom these data and the foregoing

comparison using a p olyst yrene solution as a b enc hmark system w e conclude that the

P A V giv es reliable data for p olymer systems that exhibit a mark ed visco elastic b eha vior.

The range of concen trations that can b e studied is only limited b y the smallest gap

a v ailable (see the discussion of �g. 3.3). Hence, highly dilute p olymer solutions in whic h

the viscosit y exceeds hardly the one of the solv en t cannot b e measured with the P A V with

su�cien t accuracy (see the discussion of this problem in Stokic h et al. [184 ]).
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Figure 3.6: Elastic (ful l symb ols) and loss (hol low symb ols) mo dulus of a 1.5 wt:% methylc el lulose

solution at 20

oC me asur e d with �uids sp e ctr ometer RFS II (squar es), P A V (cir cles);

me asur e d at optimal thickness of the gap 100 �m , and torsional r esonators (triangles).

The �t was done using the gener alize d Maxwel l's mo del including the high fr e quency

c ontribution [Eq. (5)]. The �tte d p ar ameters ar e: � 0 = 1.4 Pas, � 1 = 2.5 mPas,

� 0 = 0.002 s, h = 0.32.

Methylcellulose in solution

A queous solutions of meth ylcellulose (MC) gel up on heating [185 ]. The gelation is ther-

morev ersible and ascrib ed to the presence of h ydrophobic in teractions. The rheology of

this system w as already in v estigated in a study of Desbrières [186 ] and the rheological

exp erimen ts w ere carried out on the piezorheometer built b y P alierne [173�175 ]. Hence,

these solutions pro vide another b enc hmark system. Meth ylcellulose has b een purc hased

from Sigma-Aldric h. The w eigh t a v erage molecular w eigh t of MC is 86000 g:mol� 1
. The

degree of substitution is ranging from 1.6 to 1.9 as indicated b y the man ufacturer. It w as

puri�ed b y dialysis in order to remo v e salts and other lo w molecular w eigh t impurities.

Solutions of 0.2 wt:% of meth ylcellulose w ere prepared in de-ionized w ater and stirred for

2 da ys to ensure a homogeneous solution. This solution w as then pac k ed in Sp ectra/P or

R

dialysis tub e mem branes whic h w ere b ough t from Sp ectrumlabs (MW CO-2000). Dialysis

w as carried out un til the conductivit y of w ater b ecame equal to pure de-ionized w ater.

Later the solution w as dried in a v acuum o v en at 80

oC . The pure meth ylcellulose w as

then stored for further use. The measuremen ts w ere p erformed on a solution of 1.5 wt:%
at 20

oC . Again the range of frequencies w as co v ered b y measuremen t using the three

instrumen ts. The rheogram sho wn in Fig. 6 is t ypical of an en tangled p olymer solutions.

As can b e seen from Fig. 3.6, a go o d corresp ondence b et w een the three instrumen ts is

seen. The residual di�erences b et w een the instrumen ts are within their resp ectiv e limits of

error. This demonstrates again that concen trated p olymer solutions can b e measured b y

the com bination of the three instrumen ts. F ollo wing earlier w ork [186 ] a general Maxw ell's

mo del w as used to describ e the data. The expression that includes the high-frequency

con tribution reads
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� � =
� 0

1 + ( i!� 0)1� � + � 1
; (3.5)

where � 0 is the zero-shear viscosit y and � 1 denotes the high-shear viscosit y . Finally , t0 is

the a v erage time of relaxation and the parameter h describ es the width of the relaxation

time distribution. Figure 3.6 demonstrates that eq. 3.5 pro vides a go o d description of the

results o v er the en tire range of frequencies under consideration here. This is in agreemen t

with the earlier studies [186].

Thermosensitive latex pa rticles.

As an example for a complex �uids w e analyze here a thermosensitiv e latex that has b een

under scrutin y recen tly [34 , 35]. The particles consist of a solid p olyst yrene core and a

shell comp osed of crosslink ed p oly-N-isoprop ylacrylamide (PNIP AM) c hains. Susp ended

in w ater these particles sw ell when lo w ering the temp erature b elo w ro om temp erature

through the uptak e of w ater in the shell. Going to temp eratures ab o v e 25�30

oC leads

to a mark ed decrease of the particles radius b ecause the w ater is exp elled from the

thermosensitiv e PNIP AM-la y er again. This sw elling transition within the la y er is fully

rev ersible [17, 63 ] and can b e used to adjust the e�ectiv e v olume fraction � ef f of the

particles b y increasing or lo w ering the temp erature [34 ]. Eviden tly , the time-temp erature

sup erp osition principle cannot b e applied for determining G0
and G00

. The core-shell

latex used in this study w as prepared as describ ed in the section 2.1.2 and corresp onds to

the KS4. The core particles has a radius of 52.0 nm and the shell a thic kness of 53.3 nm
at 10

oC as determined b y ligh t scattering. The degree of crosslinking w as 2.5 mol:% with

regard to monomer N-isoprop ylacrylamide. The latex w as puri�ed b y ultra�ltration. The

w eigh t concen tration of the latex w as 10.85 wt:% and the corresp onding e�ectiv e v olume

fraction � ef f w as calculated as describ ed in the section 2.3. F or the susp ension under

consideration here � ef f = 0.585 at a temp erature of 10

oC . The rheological measuremen ts

w ere realized with the set of the three instrumen ts. A p erio d of 1 h w as allo w ed for

thermal equilibrium b efore starting eac h measuremen t. Figure 3.7 displa ys G0(! ) and

G00(! ) obtained in this w a y o v er the en tire range of frequencies. As already discussed b y

Mason et al. [160, 161 ], a susp ension of hard spheres in the vicinit y of the glass transition

should exhibit the features seen in Fig. 3.7: The storage mo dulus G

0
is exp ected to

exhibit a mark ed plateau for a rather wide range of frequencies while G

00
is exp ected to

go through a pronounced minim um.

The mo del prop osed b y Mason and W eitz [160 , 161 ] has b een �rst used for the qualitativ e

description of the data th us obtained. It is based on the com bination of three ma jor

e�ects. The lo w frequency b eha vior is describ ed within mo de coupling theory [162 �165 ].

It assumes that the stress auto correlation function has the same functional form as the

densit y auto correlation function. The high-frequency the data analysis is complicated due

to an anomalous con tribution to b oth G0
and G00

prop ortional to ! 0:5
whic h arises from

a di�usional b oundary la y er b et w een the spheres [187]. The high frequency susp ension

viscosit y � 0
1 8 leads to a con tribution to G00

that is prop ortional to ! . It can b e tak en from

the exp erimen tal data obtained at highest frequencies b y use of the torsional resonators.

The resulting expressions for G0
and G00

are [160 , 161 ]:
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piezo electric axial vibrator
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Figure 3.7: Elastic (ful l symb ols) and loss (hol low symb ols) mo duli of a c onc entr ate d thermosen-

sitive latex 10.85 wt:% at 10

oC ( � ef f = 0.585) me asur e d with �uid sp e ctr ometer RFS

II (squar es), P A V (cir cles), and torsional r esonators (triangles). The data obtaine d

by the P A V have b e en me asur e d at the optimal thickness of the gap. The exp erimental

data ar e �tte d by the mo del pr op ose d by Mason and W eitz (e q. 3.6�3.7) with GP = 21

Pa, G� = 0.4 Pa, t � = 1 srad� 1
, � ef f = 0.585, DS = 4.10

� 13 m2s� 1
, and � 0

1 = 3

mPas.

G0(! ) = GP + G�

�
�(1 � a0)cos

�
�a 0

2

�
(!t � )a0

� B �(1 + b0)cos
�

�b 0

2

�
(!t � )b0

�
+ G0

D (! )

(3.6)

and

G00(! ) = G�

�
�(1 � a0)sin

�
�a 0

2

�
(!t � )a0

� B �(1 + b0)sin
�

�b 0

2

�
(!t � )b0

�
+ G00

D (! )+ � 0
1 (! )

(3.7)

where �( x) is the gamma function, a0 = 0.301, B = 0.963, as and b0 = 0.545 are parameters

predicted for susp ensions of hard spheres [162 ]. G� is a �t parameter. The storage mo d-

ulus has an in�ection p oin t at the plateau v alue GP , and the frequency at the minim um

of the loss mo dulus is set b y the v alue of the plateau, 1=t� . F ollo wing the approac h

of Mason et al. [160, 161 ] the frequency dep endence of G0
D and G00

D for hard sphere

susp ensions is used here as giv en b y Lion b erger et al. [187 ] and b y De Sc hepp er et al. [188 ]:

G0
D (! ) = G00

D (! ) =
6

5�
kB T
a3

� 2g(2a; � )[!� D ]1=2
(3.8)

where � D = a2=Ds , is the di�usional time determined b y the � -dep enden t short-time

di�usion co e�cien t with a b eing to the radius of the particles. The radial pair distribution

function at con tact is appro ximated b y g(2a; � ) = 0 :78=(0:64 � � ) again mapping this
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susp ension on to an e�ectiv e hard sphere system (see the discussion of this p oin t b y Mason

[171 ]). Moreo v er, w e equate � = � ef f . Hence, G� and Ds are the only free �t parameters

remaining here. Figure 3.7 demonstrates that there is go o d agreemen t b et w een the data

obtained b y the three instrumen ts. Moreo v er, go o d agreemen t is seen o v er eigh t orders

of magnitude. The lines giv e the resp ectiv e v alues of G0
(solid line) and G00

(dashed line)

deriv ed from eqs. 3.6 and 3.7. This agreemen t is more remark able when considering that

only t w o �t parameters had to b e used in this comparison. Hence, the mo del of Mason

et al. [160, 161 ] based on the mo de-coupling theory explains the measured visco elasticit y

of susp ensions v ery w ell. Nev ertheless it fails to describ e the relaxation of the system for

the v ery long times b elo w the glass transition. Biased on this pioneer w ork a new mo del

prop osed b y F uc hs has b een dev elop ed to come to a quan titativ e description of the linear

visco elasticit y of hard spheres susp ensions in the vicinit y of the glass transition and will

b e presen ted in the next section of this c hapter.

3.1.6 Summa ry

A new rheometer, the P A V, has b een in tro duced and tested b y using Newtonian liquids

and visco elastic p olymer solutions. The data presen ted here demonstrate that the P A V

w orks reliably b et w een 10 and 3000 Hz . It th us closes the gap b et w een con v en tional

mec hanical sp ectrometers and the torsional resonators. The com bination of all three

devices giv es access to G0
and G00

as the function of frequency o v er 7�8 orders of magnitude.

This pro vides a sound basis for a comprehensiv e study of the visco elasticit y of complex

�uids as w as sho wn for the case of p olymer solutions and susp ensions of colloidal particles.
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3.2 Shea r stresses of colloidal disp ersions at the glass

transition in equilib rium and in �o w

3.2.1 Intro duction

Complex �uids and soft materials in general are c haracterized b y a strong v ariabilit y in

their rheological and elastic prop erties under �o w and deformations [158 , 189 ]. Within

the linear resp onse framew ork, storage- and loss- (shear) mo duli describ e elastic con tribu-

tions in solids and dissipativ e pro cesses in �uids. Both mo duli are connected via Kramers-

Kronig relations and result from F ourier-transformations of a single time-dep enden t func-

tion, the shear mo dulus glr (t) . Imp ortan tly , the linear resp onse mo dulus glr (t) itself is

de�ned in the quiescen t system and (only) describ es the small shear-stress �uctuations

alw a ys presen t in thermal equilibrium [33, 158 ].

Visco elastic materials exhibit b oth, elastic and dissipativ e, phenomena dep ending on ex-

ternal con trol parameters lik e temp erature and/ or densit y . The origins of the c hange b e-

t w een �uid and solid lik e b eha vior can b e manifold, including phase transitions of v arious

kinds. One mec hanism existen t quite univ ersally in dense systems is the glass transition,

that structural rearrangemen ts of particles b ecome progressiv ely slo w er [164]. It is accom-

panied b y a structural relaxation time whic h gro ws dramatically . Maxw ell w as the �rst to

describ e this �uid-solid transition phenomenologically . Disp ersions consisting of colloidal,

sligh tly p olydisp erse (near) hard spheres arguably constitute one of the most simple vis-

co elastic systems, where a glass transition has b een iden ti�ed. It has b een studied in

detail b y dynamic ligh t scattering measuremen ts [155 , 156, 190 �195 ], confo cal microscop y

[126 ], linear [161, 196], and non-linear rheology [7, 34, 197�201 ]. Computer sim ulations are

a v ailable also [202 �204 ]. Mo de coupling theory (MCT) has pro vided a semi-quan titativ e

explanation of the observ ed glass transition phenomena, alb eit neglecting ageing e�ects

[205 ] and deca y pro cesses at ultra-long times that ma y cause (an y) colloidal glass to �o w

ultimately [162 �165 ]. Imp ortan tly , MCT predicts a purely kinetic glass transition and de-

scrib es it using only equilibrium structural input, namely the equilibrium structure factor

Sq [33 , 206 ] measuring thermal densit y �uctuations.

The stationary , nonlinear rheological b eha vior under steady shearing pro vides additional

insigh t in to the ph ysics of dense colloidal disp ersions [33 , 158 ]. A priori it is not clear,

whether the mec hanisms relev an t during glass formation also dominate the nonlinear

rheology . Solv en t mediated in teractions (h ydro dynamic in teractions), whic h do not a�ect

the equilibrium phase diagram, ma y b ecome crucially imp ortan t. Also, shear ma y cause

ordering or la y ering of the particles [207]. Simple phenomenological relations b et w een

the frequency dep endence of the linear resp onse and the shear rate dep endence of the

nonlinear resp onse, lik e the Co x-Merz rule, ha v e b een form ulated, but often lac k �rm

theoretical supp ort or are limited to sp ecial shear history [158 , 208 ].

On the other hand, within a n um b er of theoretical approac hes a connection b et w een

steady state rheology and the glass transition has b een suggested. Brady w ork ed out a

scaling description of the rheology based on the concept that the structural relaxation

arrests at random close pac king [209]. In the soft glassy rheology mo del, the trap mo del

of glassy relaxation b y Bouc haud w as generalized to describ e mec hanical deformations

and ageing [210�212 ]. The mean �eld approac h to spin glasses w as generalized to sys-

65



3 Dynamics

tems with brok en detailed balance in order to mo del �o w curv es of glasses under shear

[213 , 214 ]. The application of these no v el approac hes to colloidal disp ersions has lead

to n umerous insigh ts, but has b een hindered b y the use of unkno wn parameters in the

approac hes. MCT, also, w as generalized to include e�ects of shear [215�217 ], and, within

the inte gr ations thr ough tr ansients (ITT) approac h, to quan titativ ely describ e all asp ects

of stationary states under steady shearing [41 , 44 , 45 ], Some asp ects of the ITT approac h

to �o w curv es ha v e already b een tested [218 ], but the connection, cen tral in the approac h,

b et w een �uctuations around equilibrium and the nonlinear resp onse, has not b een in v es-

tigated exp erimen tally up to no w.

In the presen t c hapter the connection b et w een structural relaxation close to glassy ar-

rest and the rheological prop erties far from equilibrium is explored. W e used the theory

dev elop ed b y the Prof. Matthias F uc hs and his co w ork ers. Within the scop e of this col-

lab oration w e crucially test the ITT approac h, whic h aims to unify the understanding

of these phenomena. It requires, as sole input, information on the equilibrium struc-

ture (namely Sq ), and, �rst giv es a formally exact generalization of the shear mo dulus

to �nite shear rates, g(t; _
 ) , whic h is then appro ximated in a consisten t w a y . W e in v es-

tigate a mo del dense colloidal disp ersion at the glass transition, and determine its linear

and nonlinear rheology . Thermosensitiv e core-shell particles consisting of a p olyst yrene

core and a crosslink ed p oly( N -isoprop ylacrylamide)(PNIP AM) shell w ere syn thesized and

their disp ersions c haracterized in detail. Data o v er an extended range in shear rates and

frequencies are compared to theoretical results from MCT and ITT.

This c hapter is organized as follo ws: �rst the exp erimen tal and metho ds are presen ted as

w ell as an in tro duction of the linear and non linear rheology . The next part summarizes

the equations of the microscopic ITT approac h in order to pro vide a self-con tained presen-

tation of the theoretical framew ork. Afterw ards some of the univ ersal predictions of ITT

are discussed in order to describ e the phenomenological prop erties of the non-equilibrium

transition studied in this w ork. Building on the univ ersal prop erties, a simpli�ed mo del

whic h repro duces the phenomenology is in tro duced. The comparison of com bined mea-

suremen ts of the linear and non-linear rheology of the mo del disp ersion is then compared

with calculations in microscopic and simpli�ed theoretical mo dels.

3.2.2 Exp erimental system and metho ds

The core-shell particles with 5 mol:% crosslinking (KS3) are used in this study . The

syn thesis and c haracterization of this system are describ ed in c hapter 2.1. Di�eren t solu-

tions w ere prepared b et w een 10.75 and 13.58 wt:%. The concen tration in salt (K Cl) w as

adjusted to 5.10

� 2
molL

� 1
K Cl to screen the remaining electrostatic in teractions. The de-

p endence of � ef f on the temp erature is giv en b y the h ydro dynamic radius RH determined

from the dynamic ligh t scattering in the dilute regime. RH w as linearly extrap olated

b et w een 14 and 25

o
C ( RH = � 0:85925T + 123:78 with T the temp erature in

o
C and � ef f

w as calculated follo wing eq. 2.33 follo wing the pro cedure describ ed in c hapter 2.3.

Three instrumen ts w ere emplo y ed in the presen t study to in v estigate the rheological

prop erties of the susp ensions. The �o w b eha vior and the linear visco elastic prop erties

for the range of the lo w frequencies w ere measured with a stress-con trolled rotational

rheometer MCR 301 (An ton P aar), equipp ed with a Searle system (cup diameter: 28.929
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mm , b ob diameter: 26.673 mm , b ob length: 39.997 mm ). Measuremen ts ha v e b een

p erformed on 12 mL solution and the temp erature w as set with an accuracy of � 0.05

oC .

The shear stress � v ersus the shear rate _
 (�o w curv e) w as measured after a pre-shearing

of _
 = 100 s� 1
for t w o min utes and a timesw eep of 1 hour at 1 Hz and 1 % deformation

in the linear regime. The �o w curv e exp erimen ts w ere p erformed setting _
 , �rst with

increasing _
 from _
 = 10� 4 � 103 s� 1
with a logarithmic time ramp from 600 to 20 s, and

then with decreasing _
 . The frequency dep endence of the loss G00
and elastic G0

mo duli

has b een measured for 1 % strain from 15 to 10

� 3 Hz with a logarithmic time ramp

from 20 to 600 s. The measuremen ts w ere �rst p erformed without pre-shearing after the

timesw eep, b efore the �o w curv es exp erimen ts, and then after the �o w curv es exp erimen ts

10 s t w o min utes after pre-shearing at _
 = 100 s� 1
to melt ev en tual crystallites. W e

only considered exp erimen ts p erformed after pre-shearing in the follo wing discussion of

G0
and G00

for the lo w est frequencies.

A dditional rheological exp erimen ts w ere carried out on Piezo electric vibrator (P A V) and

cylindrical torsional resonator describ ed in the previous c hapter (see c hapter 3.1). The

P A V w as op erated from 10 to 3000 Hz . The gap w as adjusted with a 100 �m ring.

Only the measuremen ts in the glassy state ha v e b een p erformed with the P A V as the

instrumen t do es not allo w an y pre-shearing. The cylindrical torsional resonator used w as

op erated at a single frequency (25 kHz ). The exp erimen tal pro cedure and the ev aluation

of data ha v e b een describ ed recen tly [35, 159].

The e�ect of the shear rate _
 on the particle dynamics is measured b y the P eclet n um b er

[33], P e0 = _
R 2
H =D0 , whic h compares the rate of shear �o w with the time an isolated

particle requires to di�use a distance iden tical to its radius. Similarly , frequency will

b e rep orted in the follo wing rescaled b y this di�usion time, ! 0 = !R 2
H =D0 . The self

di�usion co e�cien t D0 at in�nite dilution w as calculated from the h ydro dynamic radius

RH and the viscosit y of the solv en t � s with the Stok es-Einstein relation so that D0 =
kB T=6�� SRH . In dense disp ersions, ho w ev er, the structural rearrangemen ts pro ceed far

slo w er than di�usion at in�nite dilution, and therefore, v ery small P eclet n um b ers and

rescaled frequencies ! 0
are of in terest in the follo wing. Stresses will b e measured in units

of kB T=R3
H in the follo wing.

3.2.3 Linea r and non linea r rheology

This section presen ts the basics of the rheology of colloidal susp ensions. In the rest of

the c hapter the mo de coupling theory is in tro duced to giv e a quan titativ e description

of the visco elasticit y of the system in the linear regime and of the �o w b eha viour in

the stationary regime. By linear visco elasticit y w e consider a system exp eriencing an

oscillatory strain. The dep endence of the stress to the amplitude 
 and frequency of

the solicitation is used to estimate the elastic and loss con tribution usually represen t b y

the mo duli G0
and G00

. If w e �x the frequency , the linearit y is considered p er de�nition

for strains 
 where these t w o mo duli are constan t. A t this p oin t the structure of the

system is not disturb ed and the system is in equilibrium. If the strain exceeds a certain

v alue 
 o this condition is not resp ected an ymore and the structure is disturb ed leading
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Figure 3.8: A) step �ow exp eriment p erforme d at di�er ent she ar r ate with di�er ent time incr e-

ments: 50 ms (cr osses), 100 ms (squar es), 200 ms (cir cles). The lines pr esent the

�ts obtaine d fr om e quation 3.10. B) Comp arison of the �owcurves me asur e d exp eri-

mental ly with incr e asing and de cr e asing she ar r ates (ful l and dashe d lines) with the

str esses me asur e d for di�er ent waiting times fr om the step �ow exp eriments: 50 ms
(down triangles), 100 ms (che cke d b oxes), 1 s (up triangles), 10 s (hol low squar es),

100 s (hol low cir cles) and stationary r e gime (ful l cir cles). C) Str ain swe ep at di�er-

ent fr e quencies. D) She ar str ess me asur e d as function of the str ain fr om the step �ow

exp eriments at di�er ent she ar r ates (hol low symb ols) and fr e quencies (ful l symb ols).

The same symb ols ar e use d for the same values of the fr e quency and she ar r ates. The

dashe d lines pr esent the �ts fr om e quation 3.10.
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to the relaxation and �o w of the system. The simplest represen tation of suc h a system

is the mo del of Maxw ell. In the rest of the exp erimen ts the theory w as applied to the

frequency dep enden t measuremen t of G0
and G00

in the linear regime. F or this reason the

mo duli ha v e b een measured as function of the strain for di�eren t frequencies in order to

ensure that the deformations used in the frequency dep enden t exp erimen t b elong for all

the frequencies to the linear regime. An example is giv en b y the �gure 3.8 C). A dense

solution with an e�ectiv e v olume � ef f = 0:622 is sub ject deformationsw eep exp erimen t is

presen ted for a dense 13.01 wt% solution at 14

oC for di�eren t frequency . The mo duli are

constan t un til a strain around 4 %. This solution represen ts the highest e�ectiv e v olume

fraction in v estigated in this w ork, for this reason a strain of 1 % ful�l the condition of

linearit y in all the frequency sw eep exp erimen ts presen ted in this c hapter.

The �o w curv es ha v e b een measured in the stationary regime. This means practically

that the solution is sheared at a constan t shear rate _
 long enough, to ensure a laminar

�o w resulting in a constan t stress that w e will de�ne as � ( _
 ) , whic h is the prerequisite

of the theory . The stationarit y has b een c hec k ed b y step �o w exp erimen ts also for the

highest e�ectiv e v olume fraction (13.01 wt% solution at 14

oC , � ef f = 0:622). Figure

3.8 A) presen ts the exp erimen ts p erformed for di�eren t shear rates, with di�eren t time

incremen ts (50, 100, 200 ms). No signi�can t v ariations could b e observ ed b et w een the

di�eren t times. F or the lo w est shear rates ( _
 = 10� 4 � 10� 1 s� 1
). The stress � ( _
; t ) �rst

decreases in the v ery small time, and then increases again to reac h the constan t v alue

� ( _
 ) . The exp erimen tal v alues of � ( _
 ) (solid circles) ha v e b een rep orted in the �gure 3.8

B) and compared to the �o w curv es measured with increasing and decreasing shear rates

(full and dashed curv es) in the exp erimen tal conditions describ ed ab o v e and with the

measuremen t for di�eren t time. No signi�can t di�erence can b e observ ed whic h pro v es

that the �o w curv es are measured in the stationary regime. On the con trary a mark ed

discrepancy can b e observ ed if the time of measuremen t is not long enough. This result

can b e directly compared to the w ork of Heymann et al. [219, 220 ] where the authors

in v estigated the in�uence of the measuremen t time on the �o w curv es of concen trated

susp ensions of spherical particles.

Step �o w and strain sw eep exp erimen ts are v ery close in the sense that they describ e the

ev olution of the system as function of the time and strain and ha v e b een the ob ject of

recen t studies [208 , 221 , 222 ]. If w e consider the step �o w exp erimen ts of the �gure 3.8 A)

the origin of the �rst deca y in the short time is not fully understo o d and m ust b e related to

short time relaxation pro cess. Nev ertheless the exp erimen tal p oin ts in the short times for

the lo w shear rates sup erp ose in to a master curv e, whic h can b e describ ed as a p o w er la w

with an exp onen t -0.4. Then the stress increases again quasi linearly for the slo w est shear

rate to �nally relax and reac h a constan t v alue. The t w o exp erimen ts can b e compared,

if w e consider the ev olution of the stress as a function of the strain. F or this the mo duli

of the strain sw eep are �rst transformed in to complex mo dulus G� = (( G0)2 + ( G00)2)0:5

and then con v erted in stress � � = G� =
 . Concerning the step �o w exp erimen ts the strain

is obtained b y m ultiplying the time t with the shear rate _
 . T o this high v olume fraction

the system is in the glassy state and the complex mo dulus is almost constan t b et w een

10

� 2
and 10 Hz and the v alue at the plateau G�

p is appro ximately equal to 23 P a. The

comparison is presen ted in the �gure 3.8 D). � �
is increasing linearly with the strain for

the small strain and relax for the higher strain. This kind of rescaling underlines the

corresp ondence of the t w o exp erimen ts in the linear regime. F or the non linear regime a
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direct comparison is obtained if the stress is measured for b oth exp erimen ts are done at

the same strain and shear rate. F or this purp ose w e ha v e to de�ne the strain-rate de�ned

as _
 0 = 
! . The comparison is done on the �gure 3.9, where b oth exp erimen ts sup erp ose

eac h other to describ e the second relaxation of the stress.

A simple approac h close to the one prop osed b y W yss et al. [208 ] w as used to accoun t

of the linear visco elasticit y de�ned b y the complex mo dulus G� ( _
 0 = _
 ) (in the linear

regime) at the lo w er strains and of the stationarit y and �o w at higher strains de�ned b y

the constan t stress � ( _
 ) .

The mo del consists on a simple Maxw ell elemen t, de�ned with its general equation of

mo v emen t:

d

dt

=
1
G

d�
dt

+
�
�

(3.9)

W e consider no w a steady shear ( d
=dt = _
 ), G = G� ( _
 0 = _
 ) the linear visco elastic

con tribution, � = � ( _
 )=_
 with � ( _
 ) the stress in the stationary regime. Considering that

at t = 0 , � (t) = 0 , the resolution of this equation giv es the follo wing expression for the

stress:

� ( _
; t ) = � ( _
 ) (1 � exp(� G� ( _
 0 = _
 ) _
t=� ( _
 ))) (3.10)

This expression ha v e b een used for the step �o w and strain sw eep exp erimen ts considering

G� ( _
 0 = _
 ) = G�
p = 23 P a (see �g. 3.8 A) and D) and �g. 3.9). This simple approac h

describ es v ery w ell the second relaxation observ ed exp erimen tally in the glassy regime

for b oth exp erimen ts. Of course this kind of exp erimen t is m uc h more complicated and

the correlation b et w een the time, frequency , strain and shear rate has to b e addressed

more in depth. Nev ertheless it sho ws clearly the connection b et w een linear and non linear

rheology whic h will b e presen ted in the rest of the c hapter.

3.2.4 Theo ry

Microscopic app roach

The next sections pro vide a full description of the theory dev elop ed as men tioned in the

in tro duction b y the professor Matthias F uc hs and his co w ork ers. W e consider N spherical

particles with radius RH disp ersed in a v olume V of solv en t (viscosit y � s ) with imp osed

homogeneous, and constan t linear shear-�o w. The �o w v elo cit y p oin ts along the x -axis

and its gradien t along the y -axis. The motion of the particles (with p ositions r i (t) for

i = 1; : : : ; N ) is describ ed b y N coupled Langevin equations [206]

�
�

dr i

dt
� v solv(r i )

�
= F i + f i : (3.11)

Solv en t friction is measured b y the Stok es friction co e�cien t � = 6 �� sRH . The N v ectors

F i = � @=@r i U(f r j g) denote the in terparticle force on particle i deriving from p oten tial
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Figure 3.9: She ar str ess me asur e d as function of the str ain fr om the str ain swe ep (ful l symb ols)

and step �ow exp eriments (hol low symb ols). The same symb ols ar e use d for the same

values of she ar r ates _
 and str ain r ates _
 0 = !
 .

in teractions with all other particles; U is the p oten tial energy whic h dep ends on all par-

ticles' p ositions. The solv en t shear-�o w is giv en b y v solv(r ) = _
 y x̂ , and the Gaussian

white noise force satis�es (with �; � denoting directions)

hf �
i (t) f �

j (t0)i = 2 � k B T � �� � ij � (t � t0) ;

where kB T is the thermal energy . Eac h particle exp eriences in terparticle forces, solv en t

friction, and random kic ks. In teraction and friction forces on eac h particle balance on

a v erage, so that the particles are at rest in the solv en t on a v erage. The Stok esian friction

is prop ortional to the particle's motion r elative to the solv en t �o w at its p osition; the

latter v aries linearly with y . The random force on the lev el of eac h particle satis�es the

�uctuation dissipation relation.

An imp ortan t appro ximation in Eq. (3.11) is the neglect of h ydro dynamic in teractions,

whic h w ould arise from the prop er treatmen t of the solv en t �o w around mo ving particles

[33, 206 ]. In the follo wing w e will argue that suc h e�ects can b e neglected at high densities

where in terparticle forces hinder and/or prev en t structural rearrangemen ts, and where

the system is close to arrest in to an amorphous, metastable solid. Another imp ortan t

appro ximation in Eq. (3.11) is the assumption of a giv en, constan t shear rate _
 , whic h

do es not v ary throughout the (in�nite) system. W e start with this assumption in the

philosoph y that, �rst, homogeneous states should b e considered, b efore heterogeneities

and con�nemen t e�ects are tak en in to accoun t. All di�culties in Eq. (3.11) th us are

connected to the man y-b o dy in teractions giv en b y the forces F i , whic h couple the N
Langevin equations. In the absence of in teractions, F i � 0, Eq. (3.11) leads to sup er-

di�usiv e particle motion termed 'T a ylor disp ersion' [206 ].

While form ulation of the considered microscopic mo del handily uses Langevin equa-

tions, theoretical analysis pro ceeds more easily from the reform ulation of Eq. (3.11) as
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Smoluc ho wski equation. It describ es the temp oral ev olution of the distribution function

	( f r i g; t) of the particle p ositions

@t 	( f r i g; t) = 
 	( f r i g; t) ; (3.12)

emplo ying the Smoluc ho wski op erator [33, 206],


 =
NX

j =1

�
D0

@
@r j

�
�

@
@r j

�
1

kB T
F j

�
� _


@
@xj

yj

�
; (3.13)

built with the (bare) di�usion co e�cien t D0 = kB T=� of a single particle. W e assume that

the system relaxes in to a unique stationary state at long times, so that 	( t ! 1 ) = 	 s

holds. Homogeneous, amorphous systems are studied so that the stationary distribution

function 	 s is translationally in v arian t but anisotropic. Neglecting ageing, the formal

solution of the Smoluc ho wski equation within the ITT approac h can b e brough t in to the

form [41, 44]

	 s = 	 e +
_


kB T

1Z

0

dt 	 e � xy e
 y t ; (3.14)

where the adjoin t Smoluc ho wski 
 y
op erator arises from partial in tegrations. It acts on

the quan tities to b e a v eraged with 	 s . 	 e denotes the equilibrum canonical distribution

function, 	 e / e� U=(kB T )
, whic h is the time-indep enden t solution of Eq. (3.12) for _
 = 0 ;

in Eq. (3.14), it giv es the initial distribution at the start of shearing (at t = 0 ). The

p oten tial part of the stress tensor � xy = �
P N

i =1 F x
i yi en tered via 
	 e = _
 � xy 	 e. The

simple, exact result Eq. (3.14) is cen tral to the ITT approac h as it connects steady

state prop erties to time in tegrals formed with the shear-dep enden t dynamics. The latter

con tains slo w in trinsic particle motion.

In ITT, the ev olution to w ards the stationary distribution at in�nite times is appro xi-

mated b y follo wing the slo w structural rearrangemen ts, enco ded in the transien t densit y

correlator � q (t) . It is de�ned b y [41, 44 ]

� q (t) =
1

NSq
h�%�

q e
 y t �%q(t) i ( _
 =0) : (3.15)

It describ es the fate of an equilibrium densit y �uctuation with w a v ev ector q , where %q =P N
j =1 ei q�r j

, under the com bined e�ect of in ternal forces, Bro wnian motion and shearing.

Note that b ecause of the app earance of 	 e in Eq. (3.14), the a v erage in Eq. (3.15) can

b e ev aluated with the equilibrium canonical distribution function, while the dynamical

ev olution con tains Bro wnian motion and shear adv ection. The normalization is giv en b y

Sq the equilibrium structure factor [33, 206] for w a v ev ector mo dulus q = jqj . The adve cte d

w a v ev ector en ters in Eq. (3.15)

q(t) = q � _
t q x ŷ ; (3.16)
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q(0)

t>0

t=0

q(t)

Figure 3.10: She ar adve ction of a �uctuation with initial waveve ctor in x -dir e ction, q(t =0) =
q(1; 0; 0)T

, and adve cte d waveve ctor at later time q(t> 0) = q(1; � _
t; 0)T
. A t al l

times, q(t) is p erp endicular to the planes of c onstant �uctuation amplitude. Note

that the magnitude q(t) = q
p

1 + ( _
t )2
incr e ases with time. Br ownian motion,

ne gle cte d in this sketch, would sme ar out the �uctuation.

where unit-v ector ŷ p oin ts in y -direction) The time-dep endence in q(t) results from the

a�ne particle motion with the shear �o w of the solv en t. T ranslational in v ariance un-

der shear dictates that at a time t later, the equilibrium densit y �uctuation �%�
q has a

non v anishing o v erlap only with the adv ected �uctuation �%q(t) (see �g. 3.10), where a

non-decorrelating �uctuation is sk etc hed under shear. In the case of v anishing Bro wnian

motion, viz. D0 = 0 in Eq. (3.13), w e �nd � q (t) � 1, b ecause the adv ected w a v ev ector

tak es accoun t of simple a�ne particle motion [223]. The relaxation of � q (t) th us her-

alds deca y of structural correlations. Within ITT, the time in tegral o v er suc h structural

decorrelations pro vides an appro ximation to the stationary state:

	 s � 	 e +
_


2kB T

1Z

0

dt
X

k

kxky S0
k

k NS2
k (t)

� 2
k (t)

�
	 e %�

k (t ) %k (t)

�
; (3.17)

with S0
k = @Sk=@k[224]. The last term in brac k ets in Eq. (3.17) expresses, that the exp ec-

tation v alue of a general �uctuation A in ITT-appro ximation con tains the (equilibrium)

o v erlap with the lo cal structure, h%�
k %k Ai ( _
 =0)

. The di�erence b et w een the equilibrium

and stationary distribution functions then follo ws from in tegrating o v er time the spatially

resolv ed (viz. w a v ev ector dep enden t) densit y v ariations.

The general results for 	 s , the exact one of Eq. (3.14) and the appro ximation Eq. (3.17),

can b e applied to compute stationary exp ectation v alues lik e for example the thermo dy-

namic transv erse stress, � ( _
 ) = h� xy i =V . Equation (3.14) leads to an exact non-linear

Green-Kub o relation:

� ( _
 ) = _


1Z

0

dt g(t; _
 ) ; (3.18)
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where the generalized shear mo dulus g(t; _
 ) dep ends on shear rate via the Smoluc ho wski

op erator from Eq. (3.13)

g(t; _
 ) =
1

kB TV
h� xy e
 y t � xy i ( _
 =0) : (3.19)

In ITT, the slo w stress �uctuations in g(t; _
 ) are appro ximated b y follo wing the slo w

structural rearrangemen ts, enco ded in the transien t densit y correlators. The generalized

mo dulus b ecomes, using the appro ximation Eq. (3.17), or, equiv alen tly , p erforming a

mo de coupling appro ximation [44, 45, 216]:

g(t; _
 ) =
kB T

2

Z
d3k

(2� )3

k2
xkyky(t)
k k(t)

S0
kS0

k(t)

S2
k(t)

� 2
k (t) ; (3.20)

Summation o v er w a v ev ectors has b een turned in to in tegration in Eq. (3.20) considering

an in�nite system.

The familiar shear mo dulus of linear resp onse theory describ es thermo dynamic stress

�uctuations in equilibrium, and is obtained from Eqs. (3.19,3.20) b y setting _
 = 0 [33 ,

158 , 225]. While Eq. (3.19) then giv es the exact Green-Kub o relation, the appro ximation

Eq. (3.20) turns in to the w ell-studied MCT form ula. F or �nite shear rates, Eq. (3.20)

describ es ho w a�ne particle motion causes stress �uctuations to explore shorter and

shorter length scales. There the e�ectiv e forces, as measured b y the gradien t of the direct

correlation function, S0
k=S2

k = nc0
k = n@ck=@k, b ecome smaller, and v anish asymptotically ,

c0
k!1 ! 0; the direct correlation function ck is connected to the structure factor via the

Ornstein-Zernic k e equation Sk = 1=(1 � n ck) , where n = N=V is the particle densit y .

Note, that the equilibrium structure su�ces to quan tify the e�ectiv e in teractions, while

shear just pushes the �uctuations around on the 'equilibrium energy landscap e'.

Structural rearrangemen ts of the disp ersion a�ected b y Bro wnian motion is enco ded in

the transien t densit y correlator. Shear induced a�ne motion, viz. the case D0 = 0 ,

is not su�cien t to cause � k (t) to deca y . Bro wnian motion of the quiescen t correlator

� ( _
 =0)
k (t) leads at high densities to a slo w structural pro cess whic h arrests at long times

in (metastable) glass states. Th us the com bination of structural relaxation and shear

is in teresting. The in terpla y b et w een in trinsic structural motion and shearing in � k (t)
is captured b y (i ) �rst a formally exact Zw anzig-Mori t yp e equation of motion, and (ii )
second a mo de coupling factorisation in the memory function built with longitudinal stress

�uctuations [41 , 44 ]. The equation of motion for the transien t densit y correlators is

@t � q (t) + � q (t)

8
<

:
� q (t) +

tZ

0

dt0 mq (t; t 0) @t0 � q (t0)

9
=

;
= 0 ; (3.21)

where the initial deca y rate � q (t) = D0 q2(t)=Sq(t) generalizes the familiar result from lin-

ear resp onse theory to adv ected w a v ev ectors; it con tains T a ylor disp ersion. The memory

equation con tains �uctuating stresses and similarly lik e g(t; _
 ) in Eq. (3.17), is calculated

in mo de coupling appro ximation

mq (t; t 0) =
1

2N

X

k

Vqkp (t; t 0) � k (t0)(t � t0) � p(t0)(t � t0) ; (3.22)
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where w e abbreviated p = q � k . The v ertex generalizes the expression in the quiescen t

case [44]:

Vqkp (t; t 0) =
Sq(t) Sk (t0) Sp(t0)

q2(t) q2(t0)
Vqkp (t) Vqkp (t0) ;

Vqkp (t) = q(t) �
�

k(t) nck(t) + p(t) ncp(t)

�
: (3.23)

With shear, w a v ev ectors in Eq. (3.23) are adv ected according to Eq. (3.16).

Equations (3.17,3.21,3.22), with the sp eci�c example of the generalized shear mo dulus

Eq. (3.20), form a closed set of equations determining rheological prop erties of a sheared

disp ersion from equilibrium structural input [41, 44 ]. Only the static structure factor

Sq is required to predict (i ) the time dep enden t shear mo dulus within linear resp onse,

glr (t) = g(t; _
 = 0) , and (ii ) the stationary stress � ( _
 ) from Eq. (3.18). The loss and

storage mo duli of small amplitude oscillatory shear measuremen ts [33, 158 ] follo w from

Eq. (3.19) in the linear resp onse case (i )

G0(! ) + i G00(! ) = i!

1Z

0

dt e� i ! t g(t; _
 = 0) : (3.24)

While, in the linear resp onse regime, mo dulus and densit y correlator are measurable quan-

tities, outside the linear regime, b oth quan tities serv e as to ols in the ITT approac h only .

The transien t correlator and shear mo dulus pro vide a route to the stationary a v erages,

b ecause they describ e the deca y of equilibrium �uctuations under external shear, and

their time in tegral pro vides an appro ximation for the stationary distribution function,

see Eq. (3.17). Determination of the frequency dep enden t mo duli under large amplitude

oscillatory shear has b ecome p ossible recen tly only [226], and requires an extension of the

presen t approac h to time dep enden t shear rates in Eq. (3.13) [221 ].

Universal asp ects

The summarized microscopic ITT equations con tain a bifurcation in the long-time b e-

ha vior of � q (t) , whic h corresp onds to a non-equilibrium transition b et w een a �uid and

a shear-molten glassy state. Close to the transition, (rather) univ ersal predictions can

b e made ab out the non-linear disp ersion rheology and the steady state prop erties. The

cen tral predictions are in tro duced in this section and summarized in the o v erview giv en

b y �g. 3.11. It is obtained from the sc hematic mo del whic h is also used to analyse the

data, and whic h is in tro duced in section 3.2.4.

A dimensionless separation parameter " measures the distance to the transition whic h

is situated at " = 0 . A �uid state ( " < 0) p ossesses a (Newtonian) viscosit y , � 0(" <
0) = lim _
 ! 0 � ( _
 )=_
 , and sho ws shear-thinning up on increasing _
 . Via the relation � 0 =
lim ! ! 0 G00(! )=! , the Newtonian viscosit y can also b e tak en from the loss mo dulus at

lo w frequencies, where G00(! ) dominates o v er the storage mo dulus. The latter v aries lik e

G0(! ! 0) � ! 2
. A glass ( " � 0), in the absence of �o w, p ossesses an elastic constan t G1 ,

whic h can b e measured in the elastic shear mo dulus G0(! ) in the limit of lo w frequencies,
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Figure 3.11: Overview of the pr op erties of the F

( _
 )
12 -mo del char acteristic for the tr ansition b etwe en

�uid and yielding glass. The upp er p anel shows numeric al ly obtaine d tr ansient c or-

r elators �( t) for " = 0 :01 (black curves), " = 0 (r e d), " = � 0:005 (gr e en), and

" = � 0:01 (blue). The she ar r ates ar e j _
= � j = 0 (thick solid lines), j _
= � j = 10 � 6

(dotte d lines), and j _
= � j = 10 � 2
(dashe d lines). F or the glass state at " = 0 :01

(black), j _
= � j = 10 � 8
(dashe d-dotte d-line) is also include d. A l l curves wer e c alcu-

late d with 
 c = 0 :1 and � 1 = 0 . The thin solid lines give the factorization r esult

Eq. (3.25) with sc aling functions G for j _
= � j = 10 � 6
; lab el a marks the critic al

law (3.27), and lab el b marks the von Schweid ler-law (3.28). The critic al glass

form factor f c is indic ate d. The inset shows the �ow curves for the same values

for " . The thin black b ar shows the yield str ess � +
c for " = 0 . The lower p anel

shows the visc o elastic stor age (solid line) and loss (br oken line) mo duli for the same

values of " . The thin gr e en lines ar e the F ourier-tr ansforme d factorization r esult

Eq. (3.25) with sc aling function G taken fr om the upp er p anel for " = � 0:005.

The dashe d-dotte d lines show the �t formula Eq. (3.39) for the sp e ctrum in the

minimum-r e gion with Gmin =v� = 0 :0262, ! min =� = 0 :000457 at " = � 0:005 (gr e en)

and Gmin =v� = 0 :0370, ! min =� = 0 :00105 at " = � 0:01 (blue). The elastic c onstant

at the tr ansition Gc
1 is marke d also.
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G0(! ! 0; " � 0) ! G1 (" ) . Here the storage mo dulus dominates o v er the loss one, whic h

drops lik e G00(! ! 0) � ! . Enforcing steady shear �o w melts the glass. The stationary

stress of the shear-molten glass alw a ys exceeds a (dynamic) yield stress. F or decreasing

shear rate, the viscosit y increases lik e 1=_
 , and the stress lev els o� on to the yield-stress

plateau, � ( _
 ! 0; " � 0) ! � + (" ) .

Close to the transition, the zero-shear viscosit y � 0 , the elastic constan t G1 , and the yield

stress � +
sho w univ ersal anomalies as functions of the distance to the transition: the

viscosit y div erges in a p o w er-la w � 0(" ! 0� ) � (� " )� 

with material dep enden t exp onen t


 around 2� 3, the elastic constan t increases lik e a square-ro ot G1 (" ! 0+) � Gc
1 �

p
" ,

and the dynamic yield stress � + (" ! 0+) also increases with in�nite slop e ab o v e its v alue

� +
c at the bifurcation. The quan tities Gc

1 and � +
c denote the resp ectiv e v alues at the

transition p oin t " = 0 , and measure the jump in the elastic constan t and in the yield

stress at the glass transition; in the �uid state, G1 (" < 0) = 0 and � + (" < 0) = 0 hold.

The describ ed results follo w from the stabilit y analysis of Eqs. (3.21,3.22) around an

arrested, glassy structure f q of the transien t correlator [44 , 45 ]. Considering the time

windo w where � q (t) is metastable and close to arrest at f q , and taking all con trol pa-

rameters lik e densit y , temp erature, etc. to b e close to the v alues at the transition, the

stabilit y analysis yields the 'factorization' b et w een spatial and temp oral dep endencies

� q (t) = f c
q + hq G( t=t0; "; _
t 0 ) + : : : ; (3.25)

where the (isotropic) glass form factor f c
q and critical amplitude hq describ e the spatial

prop erties of the metastable glassy state. The critical glass form factor f c
q giv es the long-

liv ed comp onen t of densit y �uctuations, and hq captures lo cal particle rearrangemen ts.

Both can b e tak en as constan ts indep enden t on shear rate and densit y , as they are ev al-

uated from the v ertices in Eq. (3.23) at the transition p oin t. All time-dep endence and

(sensitiv e) dep endence on the external con trol parameters is con tained in the function G,

whic h often is called ' � -correlator' and ob eys the non-linear stabilit y equation

" � c( _
 ) ( _
t )2 + � G2(t) =
d
dt

tZ

0

dt0 G(t � t0) G(t0) ; (3.26)

with initial condition

G(t ! 0) ! (t=t0)� a : (3.27)

The t w o parameters � and c( _
 )
in Eq. (3.26) are determined b y the static structure

factor at the transition p oin t, and tak e v alues around � � 0:73 and c( _
 ) � 3 for Sq tak en

from P ercus-Y evic k appro ximation [33 ] for hard sphere in teractions [44, 45, 227]. The

transition p oin t then lies at pac king fraction � c � 0:52 (index c for critical), and the

separation parameter measures the relativ e distance, " = C (� � � c)=� c with C � 1:3.

The 'critical' exp onen t a is giv en b y the exp onen t parameter � via � = �(1 � a)2=�(1 � 2a)
[162 , 164 ].

The time scale t0 in Eq. (3.27) pro vides the means to matc h the function G(t) to the

microscopic, short-time dynamics. The Eqs. (3.21,3.22) con tain a simpli�ed description

of the short time dynamics in colloidal disp ersions via the initial deca y rate � q (t) . F rom

this mo del for the short-time dynamics, the time scale t0 � 1:6 10� 2R2
H =D0 is obtained.

Solv en t mediated e�ects on the short time dynamics are w ell kno wn and are neglected
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in � q (t) in Eq. (3.21). If h ydro dynamic in teractions w ere included in Eq. (3.21), all

of the men tioned univ ersal predictions of the ITT approac h w ould remain true. Only

the v alue of t0 will b e shifted and dep end on the short time h ydro dynamic in teractions.

This statemen t remains v alid, as long as the h ydro dynamic in teractions do not a�ect the

mo de coupling v ertex in Eq. (3.23). In this sense, h ydro dynamic in teractions can b e

incorp orated in to the theory of the glass transition, and amoun t to a rescaling of the

matc hing time t0 , only .

Ob viously , the matc hing time t0 also pro vides an upp er cut-o� for the time windo w of the

structural relaxation. A t times shorter than t0 the sp eci�c short-time dynamics matters.

The condition _
t 0 � 1 follo ws and translates in to a restriction for the accessible range of

shear rates, _
 � _
 � , where the upp er-cut o� shear rate _
 � is connected to the matc hing

time.

The parameters " , � and c( _
 )
in Eq. (3.26) can b e determined from the equilibrium

structure factor Sq at or close to the transition, and, together with t0 and the shear rate

_
 they capture the essence of the rheological anomalies in dense disp ersions. A div ergen t

viscosit y follo ws from the prediction of a strongly increasing �nal relaxation time in G in

the quiescen t �uid phase

G(t ! 1 ; " < 0; _
 = 0) ! � (t=� )b ; with

t0

�
/ (� " )
 : (3.28)

The en tailed temp oral p o w er la w, termed v on Sc h w eidler la w, initiates the �nal deca y of

the correlators, whic h has a densit y and temp erature indep enden t shap e

~� q(~t) . The �nal

deca y , often termed � -relaxation, dep ends on " only via the time scale � (" ) whic h rescales

the time,

~t = t=� . Equation (3.26) establishes the crucial time scale separation b et w een

t0 and � , the div ergence of � , and the stretc hing (non-exp onen tialit y) of the �nal deca y; it

also giv es the v alues of the exp onen ts via � = �(1 + b)2=�(1 + 2 b) , and 
 = (1 =a+ 1=b)=2.

Using Eq. (3.20), the div ergence of the Newtonian viscosit y follo ws [162 , 164]. During

the �nal deca y the shear mo dulus b ecomes a function of rescaled time, ~g(~t = t=�; _
 = 0) ,

leading to � 0 / � (" ) ; its initial v alue is giv en b y the elastic constan t at the transition,

~g(~t � 1; " ! 0� ; _
 = 0) = Gc
1 .

On the glassy side of the transition, " � 0, the transien t densit y �uctuations sta ys close to

a plateau v alue for in termediate times whic h increases when going deep er in to the glass,

G(t0 � t � 1=j _
 j; " � 0) !
r

"
1 � �

+ O(") : (3.29)

En tered in to Eq. (3.20), the square-ro ot dep endence of the plateau v alue translates in to

the square-ro ot anomaly of the elastic constan t G1 , and causes the increase of the yield

stress close to the glass transition.

Only , for v anishing shear rate, _
 = 0 , an ideal glass state exists in the ITT approac h for

steady shearing. All densit y correlators arrest at a long time limit, whic h from Eq. (3.29)

close to the transition is giv en b y � q (t ! 1 ; " � 0; _
 = 0) = f q = f c
q + hq

p
"=(1 � � ) +

O(") . Consequen tly the mo dulus remains elastic at long times, g(t ! 1 ; " � 0; _
 = 0) =
G1 > 0. An y (in�nitesimal) shear rate, ho w ev er, melts the glass and causes a �nal deca y

of the transien t correlators. The function G initiates the deca y around the critical plateau

of the transien t correlators and sets the common time scale for the �nal deca y under shear
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G(t ! 1 ; " � 0) ! �

s
c( _
 )

� � 1
2

j _
t j : (3.30)

Under shear all correlators deca y from the plateau as function of j _
t j . Steady shearing

th us prev en ts non-ergo dic arrest and restores ergo dicit y . This asp ect of Eq. (3.26) has

t w o imp ortan t rami�cations for the steady state of shear molten glasses [44 , 45 ]. First,

ITT �nds that shear melts a glass and pro duces a unique steady state at long times.

This conclusion is restricted b y the assumption of homogeneous states and excludes the

p ossible existence of ordering or la y ering under shear. Also, ageing w as neglected, whic h

could remain b ecause of non-ergo dicit y in the initial quiescen t state. Ergo dicit y of the

sheared state ho w ev er suggests ageing to b e unimp ortan t under shear [212 , 213]. Second,

all stationary a v erages, whic h in ITT are obtained from in tegrating up the transien t

�uctuations, do not exhibit a linear resp onse regime in the glass. Rather they tak e

�nite v alues for v anishing shear rate, whic h jump discon tin uously at the glass transition.

This holds b ecause the shear-driv en deca y of Eq. (3.30) initiates a scaling la w where the

transien t correlators deca y as function of j _
t j do wn from the plateau f q to zero, denoted as

� +
q (tj _
 j) . When en tered in to Eq. (3.17), time app ears only in the com bination together

with shear rate and th us after time in tegration the shear rate dep endence drops out,

yielding a �nite result ev en in the limit of in�nitesimal shear rate. Prominen t example

of a stationary a v erage that has no linear resp onse regime with resp ect to _
 in the glass

phase is the shear stress � ( _
; " � 0). It tak es �nite v alues for v anishing shear rate,

� + (" ) = � ( _
 ! 0; " � 0), and jumps at the glass transition from zero to a �nite v alue.

Because of Eq. (3.29) it increases rapidly when mo ving deep er in to the glass.

Schematic mo del

The univ ersal asp ects describ ed in the previous section are con tained in an y ITT mo del

that con tains the cen tral bifurcation scenario and reco v ers Eqs. (3.25,3.26). Equation

(3.25) states that spatial and temp oral dep endences decouple in the in termediate time

windo w. Th us it is p ossible to in v estigate ITT mo dels without prop er spatial resolu-

tion. Because of the tec hnical di�cult y to ev aluate the anisotropic functionals in Eqs.

(3.20,3.22), it is useful to restrict the description to few or to a single transien t correlator.

In the sc hematic F ( _
 )
12 -mo del [45], a single 't ypical' densit y correlator �( t) , con v enien tly

normalized according to �( t ! 0) = 1 � � t , ob eys a Zw anzig-Mori memory equation

whic h is mo deled according to Eq. (3.21)

@t �( t) + �

8
<

:
�( t) +

tZ

0

dt0 m(t � t0) @t0�( t0)

9
=

;
= 0 : (3.31)

The parameter � mimics the microscopic dynamics of the 't ypical' densit y correlator

c hosen in Eq. (3.31), and will dep end on structural and h ydro dynamic correlations. The

memory function describ es stress �uctuations whic h b ecome more sluggish together with

densit y �uctuations, b ecause slo w structural rearrangemen ts dominate all quan tities. A

self consisten t appro ximation closing the equations of motion is made mimic king Eq.
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(3.22). In the F ( _
 )
12 -mo del one includes a linear term (absen t in Eq. (3.22)) in order to (i )

sw eep out the full range of � v alues in Eq. (3.26), and (ii ) retain algebraic simplicit y:

m(t) =
v1 �( t) + v2 � 2(t)

1 + ( _
t=
 c)
2 (3.32)

This mo del, for the quiescen t case _
 = 0 , had b een suggested b y Götze in 1984 [162 , 228 ],

and describ es the dev elopmen t of slo w structural relaxation up on increasing the coupling

v ertices vi � 0; they mimic the dep endence of the v ertices in Eq. (3.22) at _
 = 0
on the equilibrium structure giv en b y Sq . Under shear an explicit time dep endence of

the couplings in m(t) captures the accelerated loss of memory b y shear adv ection (see

eq. Eq. (3.22)). Shearing causes the dynamics to deca y for long times, �uctuations

are adv ected to smaller w a v elengths where small scale Bro wnian motion relaxes them.

Equations (3.31,3.32) lead, with �( t) = f c + (1 � f c)2 G(t; "; _
 ) , and the c hoice of the

v ertices v2 = vc
2 = 2 , and v1 = vc

1 + " (1 � f c)=f c
, where vc

1 = 0:828, to the critical glass

form factor f c = 0:293 and to the stabilit y equation (3.26), with parameters

� = 0:707; c( _
 ) = 0:586=
 2
c , and t0 = 0:426=� :

The c hoice of transition p oin t (vc
1; vc

2) is motiv ated b y its rep eated use in the literature.

A ctually , there is a line of glass transitions where the long time limit f = �( t ! 1 ) jumps

discon tin uously . It is parameterized b y (vc
1; vc

2) = ((2 � � 1); 1)=� 2
with 0:5 � � < 1, and

the presen t c hoice is just a t ypical one, whic h corresp onds to the giv en t ypical � -v alue.

The separation parameter " is the crucial con trol parameter as it tak es the system through

the transition. The parameter 
 c is a scale for the magnitude of strain that is required in

order for the accum ulated strain _
t to matter [229 ]. In Eq. (3.26), it is connected to the

parameter c( _
 )
.

F or simplicit y , the quadratic dep endence of the generalized shear mo dulus on densit y

�uctuations is retained from the microscopic Eq. (3.20). It simpli�es b ecause only one

densit y mo de is considered, and as, for simplicit y , a p ossible dep endence of the v ertex

(prefactor) v� on shear is neglected

g(t) = v� � 2(t) + � 1 � (t) : (3.33)

The parameter � 1 c haracterizes a short-time, high frequency viscosit y and mo dels viscous

pro cesses whic h require no structural relaxation. T ogether with � (resp ectiv ely t0 ), it is

the only mo del parameter a�ected b y solv en t mediated in teractions. Steady state shear

stress under constan t shearing, and viscosit y then follo w via in tegrating up the generalized

mo dulus:

� = � _
 = _


1Z

0

dt g(t) = _


1Z

0

dt v� � 2(t) + _
 � 1 : (3.34)

Also, when setting shear rate _
 = 0 in Eqs. (3.31,3.32), so that the sc hematic corre-

lator b elongs to the quiescen t, equilibrium system, the frequency dep enden t mo duli are

obtained from F ourier transforming:

G0(! ) + i G00(! ) = i !

1Z

0

dt e� i ! t v� � 2(t)
�
�

_
 =0
+ i! � 1 : (3.35)
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Because of the v anishing of the F ourier-in tegral in Eq. (3.35) for high frequencies, the

parameter � 1 can b e iden ti�ed as high frequency viscosit y:

lim
! !1

G00(! )=! = � !
1 ; with � !

1 = � 1 : (3.36)

A t high shear, on the other hand, Eq. (3.32) leads to a v anishing of m(t) , and Eq. (3.31)

giv es an exp onen tial deca y of the transien t correlator, �( t) ! e� � t
for _
 ! 0. The high

shear viscosit y th us b ecomes

� _

1 = lim

_
 !1
� ( _
 )=_
 = � 1 +

v�

2 �
= � !

1 +
v�

2 �
: (3.37)

Represen tativ e solutions of the F

( _
 )
12 -mo del are summarized in �g. 3.11, whic h bring out

the discussed univ ersal asp ects included in all ITT mo dels.

Extended mo del including hopping

The ITT equations con tain the feed bac k mec hanism that the friction increases b ecause

of slo w structural rearrangemen ts. In the sc hematic F

( _
 )
12 -mo del this is captured b y the

appro ximation for the generalized friction k ernel m(t) in Eq. (3.32). F or _
 = 0 it leads

to non-ergo dic glass states at large enough v ertices v1;2 . A dissipativ e pro cess explain-

ing the �uidit y of glassy states should renormalize the di�usion k ernel �( t) . Moreo v er,

this mec hanism should b ecome more imp ortan t the longer the relaxation time in m(t) .

If, ho w ev er, the additional dissipativ e pro cess is to o strong, all e�ects of the bare ITT

approac h are smeared out and the describ ed phenomenology of the glass transition can

not b e observ ed.

Götze and Sjögren found when considering (p ossibly unrelated) dissipativ e pro cesses in

simple liquids that this can b y ac hiev ed b y splitting the di�usion k ernel in to t w o deca y

c hannels, one connected to the original m(t) , and the other one connected to the new

dissipation mec hanism. In order for the second deca y c hannel to tak e o v er in glassy states,

it su�ces to mo del it b y one additional parameter � in a linear ansatz � dissip(t) = � m (t) .

This leads to the follo wing replacemen t of Eq. (3.31) in the F

( _
 )
12 -mo del

@t �( t) + �

8
<

:
�( t) +

tZ

0

dt0m(t � t0) [@t0�( t0)+ � �( t0)]

9
=

;
= 0 (3.38)

The memory function m(t) is still giv en b y Eq. (3.32) b ecause shearing decorrelates

arbitrary �uctuations via shear-adv ection. All parameters of the mo del are k ept and

solutions of this extended mo del with parameter � giv en in the caption are included in

�g. 3.14. Imp ortan tly , the �uid lik e b eha vior in the rheology at exceedingly small _
 and

! can no w b e captured without destro ying the agreemen t with the original ITT at higher

parameters. As it will b e sho wn later in this study , a single parameter � is not su�cien t to

mo del the non-exp onen tial shap e of the �nal relaxation pro cess in the glass. Y et, further

extensions of the mo del in order to describ e this non-exp onen tialit y go b ey ond our presen t

aim.
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3.2.5 Compa rison of theo ry and exp eriment

Shear stresses measured in non-linear resp onse of the disp ersion under strong steady shear-

ing, and frequency dep enden t shear mo duli arising from thermal shear stress �uctuations

in the quiescen t disp ersion w ere measured and �tted with results from the sc hematic F

( _
 )
12 -

mo del. Some results from the microscopic MCT for the equilibrium mo duli are included

also; see section 3.2.5 for more details [230]. In the follo wing discussion, w e �rst start

with more general observ ations on t ypical �uid and glass lik e data, and then pro ceed to

a more detailed analysis. Figures 3.12 and 3.13 sho w measuremen ts in �uid states, at

� e� = 0:540 and � e� = 0:567, resp ectiv ely , while �g. 3.14 w as obtained in the glass at

� e� = 0:627. F rom the �ts to all � e� , the glass transition v alue � c
e� = 0:58 w as obtained,

whic h agrees w ell with the measuremen ts on classical hard sphere colloids [121 , 191, 194 ].

Crystallization e�ects

W e start the comparison of exp erimen tal and theoretical results b y recalling the in terpre-

tation of time in the ITT approac h. Outside the linear resp onse regime, b oth �( t) and

g(t) describ e the decorrelation of equilibrium, �uid-lik e �uctuations under shear and in-

ternal motion. In tegrating through the transien ts pro vides the steady state a v erages, lik e

the stress. While theory �nds that transien t �uctuations alw a ys relax under shear, real

systems ma y either remain in metastable states if _
 is to o small to shear melt them, or

undergo transitions to heterogeneous states for some parameters. In these circumstances,

the theory can not b e applied, and the rheological resp onse of the system, presumably , is

dominated b y the heterogeneities. Th us, care needs to b e tak en in exp erimen ts, in order

to prev en t phase transitions, and to shear melt arrested structures, b efore data can b e

recorded.

The small size p olydisp ersit y of the presen t particles enables the system to gro w crystal-

lites according to its equilibrium phase diagram. F ortunately , when recording �o w curv es,

viz. stress as function of shear rate, data can b e tak en when decreasing the shear rate.

W e �nd that the resulting 'do wn' �o w curv es corresp ond to amorphous states and reac h

the exp ected lo w- _
 asymptotes ( � = � 0 _
 , see �g. 3.12), except for v ery lo w _
 , when

an increase in stress indicates the formation of crystallites. 'Up' �o w curv es, ho w ev er,

obtained when mo ving up w ards in shear rate during the measuremen t of the stress are

a�ected b y crystallites formed after the initial shearing at 100 s

� 1
during the timesw eep

and the �rst frequency sw eep exp erimen ts. See the h ysteresis b et w een 'up' and 'do wn'

�o w curv es in �gs. 3.12 and 3.13, where measuremen ts for t w o �uid densities are rep orted.

Ab o v e a critical shear stress _
 c � 4� 1
no h ysteresis has b een observ ed, whic h pro v ed that

all the crystallites ha v e b een molten. In the presen t w ork w e fo cus on the 'do wn' �o w

curv es, and consider only data tak en either for _
 > _
 c , or (for _
 < _
 c ) b efore the time

crystallization sets in. This time w as estimated from timesw eep exp erimen ts as the time

where crystallization caused a 10 % deviation of the complex mo dulus G�
. Th us, only

the p ortions of the �o w curv es una�ected b y crystallization are tak en in to accoun t. In

�g. 3.12,�g. 3.13,�g. 3.15 and �g. 3.19 v ertical bars denote the limits. W e �nd that the

e�ect of crystallization on the �o w curv es is maximal around � = 0:55 and b ecomes pro-

gressiv ely smaller and shifts to lo w er shear rates for higher densities as discussed in the

c hapter crystallization (see c hap. 2.3 and �g. 2.33). This agrees with the notion that
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Figure 3.12: The r e duc e d �ow curves and the c orr esp onding mo duli for a �uid state at 13.01wt%,

T = 20oC , and � e� = 0 :540. Flow curves me asur e d pr o c e e ding fr om higher to lower

she ar r ates (c al le d 'down ' �ow curves) and dynamic exp eriments wer e �tte d wher e

e�e cts fr om crystal lization c an b e ne gle cte d; the lower limits of the una�e cte d-data

r e gions ar e marke d by vertic al b ars. The r e d lines show the �ts with the schematic

F ( _
 )
12 -mo del while the blue lines show the r esults fr om micr osc opic MCT (solid G0

,

br oken G00
), with p ar ameters: " = � 0:05,

D S
D 0

= 0 :14, and � 1 = 0 :3kB T=(D0RH ) ;

the mo duli wer e sc ale d up by a factor cy = 1 :4.
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the glass transition slo ws do wn the kinetics of crystallization and causes the a v erage size

of crystallites to shrink [191]. F or the highest densities, whic h are in the glass without

shear, the h ysteresis in the lo w est _
 has b een attributed to a non stationarit y of the up

curv e (see �g. 3.14). This e�ect has b een con�rmed b y step �o w exp erimen ts, but do es

not a�ect the bac k curv es (see section 3.2.3).

The linear resp onse mo duli similarly are a�ected b y the presence of small crystallites at

lo w frequencies. G0(! ) and G00(! ) increase ab o v e the b eha vior exp ected for a solution

( G0(! ! 0) ! � 0 ! and G00(! ! 0) ! c ! 2
) ev en at lo w densit y , and exhibit elastic

con tributions at lo w frequencies (apparen t from G0(! ) > G 00(! ) ) (see �gs. 3.12 and 3.13).

This e�ect follo ws the crystallization of the system during the measuremen t after the

shearing at _
 = 100 s� 1
. The data ha v e only b een considered b efore the crystallization

time. F or higher e�ectiv e v olume fraction other e�ects suc h as ageing and an ultra-slo w

pro cess had to b e tak en in to accoun t and will b e discussed more in detail in the next

section.

Shap es of �o w curves and mo duli and their relations

The �o w curv es and mo duli exhibit a qualitativ e c hange when increasing the e�ectiv e

pac king fraction from around 50% to ab o v e 60%. F or lo w er densities (see Fig. 3.12),

the �o w curv es exhibit a Newtonian viscosit y � 0 for small shear rates, follo w ed b y a

sublinear increase of the stress with _
 ; viz. a region of shear thinning b eha vior. F or

the same densities, the frequency dep enden t sp ectra exhibit a broad p eak or shoulder,

whic h corresp onds to the �nal or � -relaxation discussed in section 3.2.4. Its p eak p osition

(or alternativ ely the crossing of the mo duli, G0 = G00
) is roughly giv en b y !� = 1 (see

�g. 3.13). These prop erties c haracterize a visco elastic �uid. F or higher densit y , see �g.

3.14, the stress in the �o w curv e remains ab o v e a �nite yield v alue ev en for the smallest

shear rates in v estigated. The corresp onding storage mo dulus exhibits an elastic plateau

at lo w frequencies. The loss mo dulus drops far b elo w the elastic one. These observ ations

c haracterize a soft solid. The loss mo dulus rises again at v ery lo w frequencies, whic h ma y

indicate that the colloidal solid at this densit y is metastable and ma y ha v e a �nite lifetime

(an ultra-slo w pro cess is discussed in section 3.2.5).

Simple relations, lik e the 'Co x-Merz rule', ha v e sometimes b een used in the past to com-

pare the shap es of the �o w curv es � ( _
 ) with the shap es of the dissipativ e mo dulus G00(! ) .

Both quan tities can b e in terpreted in terms of a (generalized) viscosit y , on the one hand

as function of shear rate � ( _
 ) = � ( _
 )=_
 , and on the other hand as function of frequency

� (! ) = G00(! )=! . The Co x-Merz rule states that the functional forms of b oth viscosities

coincide.

Figures 3.12 to 3.14 pro vide a sensitiv e test of relations in the shap es of � ( _
 ) and G00(! ) .

Figure 3.13 sho ws most conclusiv ely , that no simple relation b et w een the far-from equi-

librium stress as function of external rate of shearing exists with the equilibrium stress

�uctuations at the corresp onding frequency . While � ( _
 ) increases monotonically , the dis-

sipativ e mo dulus G00(! ) exhibits a minim um for �uid states close to the glass transition.

It separates the lo w-lying �nal relaxation pro cess in the �uid from the higher-frequency

relaxation.

As sho wn in Fig. 3.11, the frequency dep endence of G00
in the minim um region is giv en b y
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Figure 3.13: The r e duc e d �ow curves and the c orr esp onding mo duli for a �uid state at 13.01wt%,

T = 18oC , and � e� = 0 :567. The vertic al b ars mark the minimal Pe clet numb er or

r esc ale d fr e quency for which the in�uenc e of crystal lization c an b e ne gle cte d. Mi-

cr osc opic p ar ameters: " = � 0:01,

D S
D 0

= 0 :14, and � 1 = 0 :3kB T=(D0RH ) ; mo duli

sc ale factor cy = 1 :4.
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the scaling function G of section 3.2.4, whic h describ es the minim um as crosso v er b et w een

t w o p o w er la ws. The appro ximation for the mo dulus around the minim um

G00(! ) �
Gmin

a + b

�
b

�
!

! min

� a

+ a
� ! min

!

� b
�

(3.39)

has b een found in the quiescen t �uid ( " < 0, _
 = 0 ), and w orks quan titativ ely if the

relaxation time � is large, viz. time scale separation holds for small j" j [162]. The

parameters in this appro ximation follo w from Eqs. (3.27,3.28) whic h giv e Gmin /
p

� "
and ! min / (� " )1=2a

. F or pac king fractions to o far b elo w the glass transition, the �nal

relaxation pro cess is not clearly separated from the high frequency relaxation. This holds

in �g. 3.12, where the �nal structural deca y pro cess only forms a shoulder. Closer to the

transition, in �g. 3.13, it is separated, but crystallization e�ects prev en t us from �tting

Eq. (3.39) to the data.

Asymptotic p o w er-la w expansions of � ( _
 ) exist close to the glass transition, whic h w ere

deduced from the stabilit y analysis in section 3.2.4 [45, 231, 232]; y et w e refrain from

en tering their detailed discussion and describ e the qualitativ e b eha vior in the follo wing.

F or the same parameters in the �uid, where the minim um in G00(! ) app ears, the �o w

curv es follo w a S-shap e in a double logarithmic plot, crossing o v er from a linear b eha vior

� = � 0 _
 at lo w shear rates to a do wn w ard curv ed piece, follo w ed b y a p oin t of in�ection,

and an up w ard curv ed piece, whic h �nally go es o v er in to a second linear b eha vior at v ery

large shear rates, where � = � _

1 _
 . This S-shap e can b e recognized in �gs. 3.12 and 3.13.

Because of the �nite slop e of log10 � v ersus log10 _
 at the p oin t of in�ection, one ma y

sp eculate ab out an e�ectiv e p o w er-la w log10 � � c + c0log10 _
 . In Fig. 3.12 this happ ens

at P e 0 � 10� 2
. Y et, the p o w er-la w is only apparen t b ecause the p oin t of in�ection mo v es,

the slop e c hanges with distance to the glass transition, and the linear bit in the �o w curv e

nev er extends o v er an appreciable windo w in _
 [232].

A qualitativ e di�erence of the glass �o w curv es to the �uid S-shap ed ones, is that the

shap e of � ( _
 ) constan tly has an up w ard curv ature in double-logarithmic represen tation.

The yield stress can b e read o� b y extrap olating the �o w curv e to v anishing shear rate.

In Fig. 3.14 this leads to a v alue � + � 0:24kB T=R3
H at � e� = 0:622, whic h is in agreemen t

with previous measuremen ts in this system o v er a m uc h reduced windo w of shear rates

[39]. While this agreemen t supp orts the prediction of an dynamic yield stress in the ITT

approac h, and demonstrates the usefulness of this concept, small deviations in the �o w

curv e at lo w _
 are presen t in �g. 3.14. W e p ostp one to section 3.2.5 the discussion of

these deviations, whic h indicate the existence of an additional slo w dissipativ e pro cess in

the glass. Its signature is seen most prominen tly in the loss mo dulus G00(! ) in �g. 3.14.

On the con trary the storage mo dulus of the glass sho ws striking elastic b eha vior. G0(! )
exhibits a near plateau o v er more than three decades in frequency , whic h allo ws to read

o� the elastic constan t G1 easily .

Microscopic MCT results

Included in �gures 3.12 to 3.14 are calculations using the microscopic MCT giv en b y Eqs.

(3.20) to (3.24) ev aluated for hard spheres [230]. This is presen tly p ossible without shear

only ( _
 = 0 ), b ecause of the complications arising from anisotrop y and time dep endence

in Eq. (3.22). The only a priori unkno wn, adjustable parameter is the matc hing time scale
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Figure 3.14: The r e duc e d �ow curves and the c orr esp onding mo duli for a glass state at 13.01wt%,

T = 14oC , and � e� = 0 :622. Se e �gur e 3.12 for further explanations. Micr osc opic

p ar ameters: " = 0 :03,

D S
D 0

= 0 :08, and � 1 = 0 :3kB T=(D0RH ) ; mo duli sc ale factor

cy = 1 :4 (blue). Curves fr om the schematic F

( _
 )
12 -mo del with an additional dissip ative

pr o c ess include d (Eq. 3.38) ar e shown as dashe d lines; � = 10 � 7 � (long dashes, light

gr e en) and � = 10 � 8 � (short dashes, dark gr e en). Her e � = 88 D0=R2
H . The r e d

curves give the schematic mo del c alculations for identic al p ar ameters but without

additional dissip ative pr o c ess (viz. � = 0 ).
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t0 , whic h w e adjusted b y v arying the short time di�usion co e�cien t app earing in the initial

deca y rate in Eq. (3.21). The computations w ere p erformed with � q (t) � � q = Ds q2=Sq,

and v alues for Ds=D0 are rep orted in the captions of Figs. 3.12 to 3.14, and in table 3.2.

Gratifyingly , the stress v alues computed from the microscopic approac h are close to the

measured ones; they are to o small b y 40% only , whic h ma y arise from the appro ximate

structure factors en tering the MCT calculation; the P ercus-Y evic k appro ximation w as

used here [33]. In order to compare the shap es of the mo duli the MCT calculations w ere

scaled up b y a factor cy = 1:4 in �gs. 3.12 to 3.14. Microscopic MCT also do es not hit

the correct v alue for the glass transition p oin t [162, 164 ]. It �nds � MCT
c = 0:516, while

our exp erimen ts giv e � exp
c � 0:58. Th us, when comparing, the relativ e separation from

the resp ectiv e transition p oin t needs to b e adjusted as, ob viously , the sp ectra dep end

sensitiv ely on the distance to the glass transition; the �tted v alues of the separation

parameter " are included in �g. 3.16.

Considering the lo w frequency sp ectra in G0(! ) and G00(! ) , microscopic MCT and

sc hematic mo del pro vide completely equiv alen t descriptions of the measured data. Dif-

ferences in the �ts in Figs. 3.12 to 3.14 for !R 2
H =D0 � 1 only remain b ecause of sligh tly

di�eren t c hoices of the �t parameters whic h w ere not tuned to b e close. These di�erences

serv e to pro vide some estimate of uncertain ties in the �tting pro cedures. Main conclusion

of the comparisons is the agreemen t of the mo duli from microscopic MCT, sc hematic ITT

mo del, and from the measuremen ts. This observ ation strongly supp orts the univ ersalit y

of the glass transition scenario whic h is a cen tral line of reasoning in the ITT approac h

to the non-linear rheology .

A t large _
 and large ! h ydro dynamic in teractions b ecome imp ortan t. In the �o w curv es,

� _

1 , and, in the loss mo dulus, � !

1 b ecome relev an t parameters, and the structural relax-

ation captured in ITT and MCT is not su�cien t alone to describ e the rheology . Qualita-

tiv e di�erences app ear in the mo duli, esp ecially in G0(! ) , b et w een the sc hematic mo del

and the microscopic MCT. While the storage mo dulus of the F

( _
 )
12 -mo del crosses o v er to

a high- ! plateau already at rather lo w ! , the microscopic mo dulus con tin ues to increase

for increasing frequency , esp ecially at lo w er densities; see the region ! >� 102D0=R2
H in

Figs. 3.12 to 3.13. The latter asp ect is connected to the high-frequency div ergence of

the shear mo dulus of particles with hard sphere p oten tial [161 ], as captured within the

MCT appro ximation [225, 230 ], As carefully discussed b y Lion b erger and Russel, lubrica-

tion forces ma y suppress this div ergence and its observ ation th us dep ends on the surface

prop erties of the colloidal particles [187]. Clearly , the region of (rather) univ ersal prop er-

ties arising from the non-equilibrium transition b et w een shear-thinning �uid and yielding

glass is left here, and particle sp eci�c e�ects b ecome imp ortan t.

P a rameters

In the microscopic ITT approac h from section 3.2.4 the rheology is determined from the

equilibrium structure factor Sq alone. This holds at lo w enough frequencies and shear

rates, and excludes the time scale parameter t0 of Eq. (3.27), whic h needs to b e found

b y matc hing to the short time dynamics. This prediction has as consequence that the

�o w curv es and mo duli should b e a function only of the thermo dynamic parameters

c haracterizing the presen t system, viz. its structure factor.
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Figure 3.15: The plots demonstr ate that the r e duc e d �ow curves and the r e duc e d mo duli ar e unique

functions only dep ending on � e� . A l l �ow curves ar e down curves. The �ts using

the schematic F

( _
 )
12 -mo del wer e p erforme d with the data p oints at 13.01wt% taken

b efor e the onset of crystal lization (data to the right of the vertic al b ars). Black

diamonds: 12.10wt% and � e� = 0 :527. Black cir cles: 13.01wt% and � e� = 0 :527.

R e d diamonds: 12.10wt% and � e� = 0 :578. R e d cir cles: 13.01wt% and � e� = 0 :580.

Gr e en diamonds: 13.01wt% and � e� = 0 :608. Gr e en cir cles: 13.58wt% and � e� =
0:606.
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Figure 3.15 supp orts this claim b y pro ving that the rheological prop erties of the disp ersion

only dep end on the e�ectiv e pac king fraction, if particle size is tak en accoun t of prop erly .

Figure 3.15 collects �o w curv es and mo duli measured for di�eren t concen trations of par-

ticles according to w eigh t, and for di�eren t radii RH adjusted b y temp erature. Whenev er

the e�ectiv e pac king fraction, � e� = (4 �= 3)nR3
H , is close, the rheological data o v erlap

in the windo w of structural dynamics. Ob viously , appropriate scales for frequency , shear

rate and stress magnitudes need to b e c hosen to observ e this. The dep endence of the v er-

tices on Sq (Eqs. (3.20,3.23)) suggests that kB T sets the energy scale as long as repulsiv e

in teractions dominate the lo cal pac king. The length scale is set b y the a v erage particle

separation, whic h can b e tak en to scale with RH in the presen t system. The time scale

of the glassy rheology within ITT is giv en b y t0 from Eq. (3.27), whic h w e tak e to scale

with the measured dilute di�usion co e�cien t D0 . Th us the rescaling of the rheological

data can b e done with measured parameters alone. Figure 3.15 sho ws quite satisfactory

scaling. Whether the particles are truely hard spheres is not of cen tral imp ortance to the

data collapse in Fig. 3.15 as long as the static structure factor agrees for the � e� used.

Fits with the F

( _
 )
12 -mo del to all data are p ossible, and are of comparable qualit y to the �ts

sho wn in Figs. 3.12 to 3.14.

The �tted parameters used in the sc hematic F

( _
 )
12 -mo del are summarized in Fig. 3.16.

P arameters corresp onding to iden tical concen trations b y w eigh t are mark ed b y iden tical

colours. Within the scatter of the data one ma y conclude that all �t parameters dep end

on the e�ectiv e pac king fraction only . This again supp orts the men tioned dep endence of

the glassy rheology on the equilibrium structure factor. The initial rate � , whic h sets t0 ,

app ears a unique function of � e� , also; an observ ation whic h is not co v ered b y the presen t

ITT approac h. It suggests that h ydro dynamic in teractions app ear determined b y � e� in

the presen t system also.

Imp ortan tly , all �t parameters exhibit smo oth and monotonous drifts as function of the

external thermo dynamic con trol parameter, viz. � e� here. Nev ertheless, the mo duli at lo w

frequencies (e.g. G0(! ) at !R 2
H =D0 = 0:01), or the stresses at lo w shear rates (e.g. � ( _
 )

at _
R 2
H =D0 = 10� 4

) c hange b y more than an order in magnitude in Figs. 3.12 to 3.14.

Ev en larger c hanges ma y b e obtained from taking exp erimen tal data not sho wn, whose

�t parameters are included in Fig. 3.16. It is this sensitiv e dep endence of the rheology on

small c hanges of the external con trol parameters that ITT addresses.

When comparing the parameters from the sc hematic mo del to the ones obtained from

the microscopic MCT calculation of the mo duli, one observ es qualitativ e and semi-

quan titativ e agreemen t (see the captions to Figs. 3.12 to 3.14, table 3.2, and the upp er

inset of Fig. 3.16). F or example, the increase of the prefactor v� of stress �uctuations

is captured in the microscopic v ertex where Sq en ters (this follo ws b ecause the rescaling

factor cy is densit y indep enden t). Also the h ydro dynamic viscosit y � 1 = � !
1 roughly

agrees and ma y b e tak en � e� -indep enden t in the �ts with the microscopic mo duli. On

closer insp ection, one ma y notice that the separation parameter of the microscopic hard

sphere calculation obtains larger p ositiv e v alues than " �tted with the sc hematic mo del.

Moreo v er, it follo ws an almost linear dep endence on the e�ectiv e pac king fraction as

asymptotically predicted b y MCT, " � 0:65 (� e� � � c
e� )=� c

e� with glass transition densit y

� c = 0:587 sligh tly higher than from the sc hematic mo del �ts. The di�ering b eha vior

of the separation parameter from the �ts with the F

( _
 )
12 -mo del in the glass is not under-

sto o d presen tly . The microscopic calculation signals glassy arrest more clearly than the
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Figure 3.16: The �tte d p ar ameters of the F

( _
 )
12 -mo del (op en symb ols). Black symb ols: 10.75wt%,

r e d symb ols: 12.10wt%, gr e en symb ols: 13.01wt%, blue symb ols: 13.58 wt%. " and


 c ar e dimensionless. Fil le d magenta symb ols, include d in the upp er inset, give the

" values �tte d in the micr osc opic MCT c alculations for 13.01wt%. The unit of v�

is kB T=R3
H while � is given in units of D0=R2

H . The high fr e quency and high she ar

visc osities � !; _

1 ar e given in units of kB T=(D0RH ) .
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Figure 3.17: Newtonian visc osity � 0 (diamonds, left axis), elastic c onstant G1 (squar es), and

yield str ess � +
(cir cles; data r esc ale d by a factor 30; b oth G1 and � +

right axis),

as functions of the e�e ctive p acking fr action � e� as obtaine d fr om the �ts p er-

forme d with the F

( _
 )
12 -mo del. Fil le d symb ols indic ate wher e dir e ct me asur ements

of � 0 wer e p ossible. Black symb ols: 10.75wt%, r e d symb ols: 12.10wt%, gr e en

symb ols: 13.01wt%, blue symb ols: 13.58 wt%. The line gives a p ower-law �t to

the visc osity-date over the ful l r ange using the known 
 = 2 :34 exp onent fr om

MCT, log10 � 0 = A � 
 � log10 (� c
e� � � e� ) ; the critic al p acking fr action is found

as � c
e� = 0 :580. The horizontal b ar denotes the critic al elastic c onstant Gc

1 .

sc hematic mo del �t. The short time di�usion co e�cien t Ds=D0 in the microscopic calcula-

tion decreases as exp ected from considerations of h ydro dynamic in teractions. The initial

rate � , ho w ev er, of the sc hematic mo del increases with pac king fraction. The ad ho c in-

terpretatation of � as microscopic initial deca y rate ev aluated for some t ypical w a v ev ector

q� , viz. the ansatz � = Dsq2
� =Sq� , th us apparen tly do es not hold.

While the mo del parameters adjusted in the �tting pro cedure only drift smo othly with

densit y , the rheological prop erties of the disp ersion c hange dramatically . Figure 3.17 sho ws

the Newtonian viscosit y as obtained from extrap olations of the �ts in the F

( _
 )
12 -mo del. It

c hanges b y 6 orders in magnitude. F rom the com bination of G00(! ) - and �o w curv e data

w e can follo w this div ergence o v er more than one decade in direct measuremen t. F rom

the div ergence of � 0 the estimate of the critical pac king fraction can b e obtained using

the p o w er-la w Eq. (3.28), b ecause the exp onen t 
 is kno wn. W e �nd � c
e� = 0:580 in

nice agreemen t with the v alue exp ected for colloidal hard spheres. On the glass side, the

elastic constan t and yield stress jump discon tin uously in to existence. Reasonable v alues

are obtained from the F

( _
 )
12 -mo del �ts compared to data from comparable systems. The

strong increase of the elastic quan tities up on small increases of the densit y is apparen t.

A dditional dissipative p ro cess in glass

One of the ma jor predictions of the ITT approac h concerns the existence of glass states,

whic h exhibit an elastic resp onse for lo w frequencies under quiescen t conditions, and

whic h �o w only b ecause of shear and exhibit a dynamic yield stress under stationary

shear. Figure 3.14 sho ws suc h glassy b eha vior, as is rev ealed b y the analysis using the
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�o w

T able 3.2: Par ameters of the �ts with the micr osc opic MCT to the line ar-r esp onse mo duli G0(! )
and G00(! ) . The �rst two c olumns of sep ar ation p ar ameter " and short-time di�usion

c o e�cient r atio Ds=D0 c orr esp ond to the �ts shown in Figs. 3.12 to 3.14 and Fig. 3.19

(solid lines), while the se c ond c olumns of "0
and D 0

s=D0 c orr esp ond to the dashe d-lines

in Fig. 3.19; when no value is given, the values fr om the �rst two c olumns apply. In

al l c ases cy = 1 :4 and � 1 = 0 :3kB T=(D0RH ) ar e use d.

� e� " D s=D0 "0 D 0
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Figure 3.18: A geing exp eriment on a dense c or e shel l susp ension in the glassy state ( � e� = 0 :622,

T = 14 oC ). The stor age G0(! ) and loss G00(! ) mo duli for di�er ent waiting times

tw . The data have b e en also plotte d as function of !t as suggeste d r e c ently [205, 233].

Se e text for further explanation.

93



3 Dynamics

-1

0

1
lo

g 10
(G

' R
3 H
/k

B
T

)

-4 -3 -2 -1
log10(wR

2

H
/D0)

-1

0

lo
g 10

(G
'' 

R
3 H
/k

B
T

)

Figure 3.19: Fits with micr osc opic MCT to the line ar-r esp onse mo duli G0(! ) (upp er p anel) and

G00(! ) (lower p anel) for the p acking fr actions � e� = 0 :527 (black diamonds and

lines), � e� = 0 :540 (violet), � e� = 0 :567 (light blue), � e� = 0 :580 (r e d), � e� = 0 :608
(dark blue), and � e� = 0 :622 (or ange). Continuous lines give the �ts optimize d for

describing the stor age mo dulus G0(! ) ; these �ts ar e also shown in Figs. 3.12 to

3.14, and the c orr esp onding p ar ameters ar e include d in Fig. 3.16, and summarize d

in the left two c olumns in table 3.2. Br oken lines for � e� = 0 :580 (r e d, overlapping

with the solid light blue curve), and � e� = 0 :608 (dark blue; the same curve would

�t � e� = 0 :622) show micr osc opic MCT c alculations attempting to �t the minima

in G00(! ) enfor cing ne gative sep ar ation p ar ameters " (p ar ameters include d in table

3.2). These �uid like sp e ctr a c an r ationalize G00(! ) , but fail qualitatively to describ e

G0(! ) . V ertic al b ars in c orr esp onding c olors denote the fr e quencies b elow which

crystal lization a�e cts the data at the di�er ent � e� .
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sc hematic and the microscopic mo del. Nev ertheless, the loss mo dulus G00(! ) rises at lo w

frequencies, clearly indicating the presence of a dissipativ e pro cess. It is not accoun ted

for b y the presen t theory . Also, the storage mo dulus G0(! ) sho ws some do wn w ard b end

at the lo w est frequencies.

These deviations can not b e rationalized b y ageing e�ects or non-linearities in the re-

sp onse; see Fig. 3.18. W e c hec k ed the dep endence on time since quenc h to this glass state

and also the linear dep endence of the stress on the shear amplitude. While w e �nd ageing

e�ects shortly after cessation of pre-shear [205, 210 , 211 ], these saturate after one da y ,

when the drifts of the sp ectra come to a stop. Ageing e�ects do not c hange the sp ectra

qualitativ ely , as the dissipativ e pro cess app ears to p ossess a �nite equilibrium relaxation

time. As suggested recen tly for dense PNIP AM microgel disp ersions [205 , 233] the same

data ha v e b een plotted as function of !t . Here, t is the total w aiting time and is de�ned as

function of the w aiting time tw b efore starting the measuremen t and the time � (t(! n )) ex-

pired b et w een tw and the acquisition of the data as t = t(! n ) = tw + � (t(! n )) . The curv es

collapsed in the master curv e in the lo w frequency range up to !t � 3000 as exp ected

from ageing theory for w aiting time tw < 8200 s. This prediction is no more resp ected for

longer w aiting times, where an additional relaxation pro cess is iden ti�ed. This supp orts

the in tro duction of hopping phenomenon in our mo del, with a c haracteristic relaxation

time of the order of 104
s ( � R2

H =�D 0 = 108R2
H =� D0 = 8:8 103

s see Fig.3.14).

Let us stress, moreo v er, that the state sho wn in Fig. 3.14 is not a �uid state within the

presen t approac h. The presence of an elastic windo w in G0(! ) , its increase as function of

pac king fraction, and the up w ard curv ature of the �o w curv es rule out a negativ e sepa-

ration parameter " < 0 of this state at � e� = 0:622. Calculations within the microscopic

MCT do cumen t this con vincingly . Figure 3.19 compares the MCT calculations for hard

spheres with mo duli ranging from �uid to glassy states. By adjusting the e�ectiv e pac k-

ing fraction, MCT semi-quan titativ ely describ es the dominating mo dulus, either loss or

storage one, for all states (corresp onding curv es already sho wn in Figs 3.12 to 3.14). A t

high concen trations, it describ es the storage mo dulus G0(! ) on an error lev el of 1kB T=R3
H ,

and misses the loss mo dulus G00(! ) b y a similar absolute error. Y et, b ecause the latter

is itself of the order of G00(! ) � 1kB T=R3
H in the measuremen ts, MCT fails to describ e

G00(! ) adequately . If, ho w ev er, the e�ectiv e pac king fraction in the MCT calculations is

adjusted to matc h the loss mo dulus G00(! ) , then this �t fails completely to capture G0(! )
at high densities; see the dashed lines in Fig. 3.19. Because the storage mo dulus, ho w ev er,

dominates the linear mec hanical resp onse of the glass, the second �t needs to b e rejected.

In conclusion, MCT correctly iden ti�es the transition to a glass at high densities with

dominating elastic resp onse and yielding b eha vior under �o w. It misses an additional

dissipativ e pro cess, whic h con tributes on the 10% lev el to the shear mo duli and stresses

in the frequency and shear rate windo w explored in our exp erimen ts.

The existence of an additional dissipativ e pro cess con tradicts the notion of 'ideal' glass

states as describ ed b y the presen t ITT or MCT approac h. Clearly , the system at

� e� = 0:622 b ecomes a �uid at ev en longer times, or lo w er shear rates and frequen-

cies than observ ed in Fig. 3.14. This do es not, ho w ev er, con tradict the observ ation that

the structural relaxation as captured in the ITT equations has arrested. In an exten-

sion of the ITT approac h, it is p ossible to accoun t for the additional deca y c hannel in a

an extended sc hematic mo del (see section 3.2.4). Results from this extended F

( _
 )
12 -mo del

are included in Fig. 3.14 and demonstrate that none of the qualitativ e features discussed
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within ITT c hange at �nite frequencies or shear rates. The additional pro cess leads to

�uid b eha vior at ev en lo w er ! or _
 , and needs to b e tak en in to accoun t only , if exceed-

ingly small frequencies or shear rates are tested; its relaxation time at � e� = 0:622 exceeds

108R2
H =D0 = 8:8:103

s. It do es not shift the lo cation of the 'glass transition' as de�ned

within the idealized ITT (MCT) approac h, b ecause this is already determined b y the

shap es of the �o w curv es and sp ectra in the observ ed windo ws.

3.2.6 Summa ry

In the presen t c hapter, w e explored the connection b et w een the ph ysics of the glass tran-

sition and the rheology of dense colloidal disp ersions, including in strong shear �o w.

Using mo del colloidal particles made of thermosensitiv e core-shell particles, w e could in-

v estigate in detail the vicinit y of the transition b et w een a (shear-thinning) �uid and a

(shear-molten) glass. The high sensitivit y of the particle radius to temp erature enabled

us to closely v ary the e�ectiv e pac king fraction around the critical v alue. W e com bined

measuremen ts of the equilibrium stress �uctuations, viz. linear storage and loss mo duli,

with measuremen ts of �o w curv es, viz. nonlinear steady state shear stress v ersus shear

rate, for iden tical external con trol parameters. In this w a y w e could v erify the conse-

quences from the recen t suggestion, that the glassy structural relaxation can b e driv en b y

shearing and in turn itself dominates the lo w shear or lo w frequency rheology .

In the emplo y ed theoretical approac h dev elop ed in the group of Prof. M. F uc hs, the equi-

librium structure as captured in the equilibrium structure factor Sq su�ced to describ e

all phenomena qualitativ ely . As only exception, w e observ ed an ultra-slo w deca y of all

glassy states that is y et not accoun ted for b y theory . Microscopic calculations w ere p ossi-

ble for the linear resp onse quan tities using mo de coupling theory applied to hard spheres.

Sc hematic mo del calculations w ere p ossible within the in tegration through transien ts ap-

proac h, and sim ultaneously captured the linear and nonlinear rheology using iden tical

parameter sets. Semi-quan titativ e agreemen t b et w een microscopic and sc hematic mo del

calculations and with the measured data for v arying e�ectiv e pac king fraction could b e

ac hiev ed adjusting a small n um b er of �t parameters in smo oth v ariations.
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4.1 Reversible self-assembly of comp osite microgels.

4.1.1 Intro duction

P oly( N -isoprop ylacrylamide) microgels presen t a v ersatile phase b eha vior: on one hand

they can b eha v e lik e hard sphere with a liquid-crystal transition b elo w the critical tem-

p erature as discussed in the c hapter 2.3. On the other hand in the absence of electrostatic

stabilization or in saturated salt concen trations the particles b ecome attractiv e after the

lo w critical solution temp erature [28 , 29 ].

This leads to a partially or totally rev ersible aggregation of the system in the dilute

regime and to the gelation of the system for higher concen trations [25, 27 , 30 , 234 ]. The

dep endence of the critical �o cculation temp erature (CTF) of PNIP AM microgels on the

concen tration of CaCl 2 w as rep orted b y P elton and Chiban te [235 ]. The in�uence of the

temp erature and of the NaCl concen tration w as studied b y Rasm usson et al. [236 ]. The

authors demonstrated that the �o cculation of the PNIP AM particles is consisten t with a

w eak rev ersible �o cculation mo del. Zh u and Napp er in v estigated the aggregation kinetics

of comp osite PS/PNIP AM core-shell particles in the presence of di�eren t electrolyte and

rep orted some unexp ected ion e�ects [237, 238 ]. Durac her et al. describ ed the stabilit y of

cationic core-shell systems PS/PNIP AM [239 ]. The in�uence of the initiator concen tration

on the CFT w as discussed as w ell. They also measured the electrophoretic mobilit y of the

particles b elo w the LCST, whic h w as supp orted b y a more recen t study on anionic and

cationic core-shell particles giv en b y Lóp ez-León et al. [72]. These t w o studies rep orted

the decrease of the LCST with increasing salt concen trations.

The phase transition in the PNIP AM shell of comp osite P olyst yrene/P oly( N -

isoprop ylacrylamide) core-shell particles has b een in v estigated b y div erse metho ds as

discussed in the c hapter 2.1. Moreo v er it w as considered as suitable mo del system for

the understanding on the nature of liquids, solids and glasses as sho wn in the c hapter 3.2.

Ishik a w a et al. [240 , 241 ] and Hofk ens et al. [242] in v estigated the laser-induced phase

transition of linear PNIP AM in aqueous solutions. Submicrometer aggregates ha v e b een

obtained as a result from the phase separation o ccurring b y lo cally heating the system

with an IR laser b eam. Besides the photothermal e�ect, the in�uence of the radiation

pressure up on the phase transition has b een discussed carefully [242 ]. This approac h has

b een used recen tly for microgels mixed with gold nanoparticles. The lo cal annealing w as

used to obtain transition from glass to crystal and crystal to liquid after radiation with a

green laser [11, 243].

In this c hapter w e presen t a comprehensiv e in v estigation on the temp erature con trolled

self-assem bly of the core-shell particles presen ted in the c hapter 2.1. The accen t is �rst put

on the rev ersibilit y of the coagulation pro cess. In presence of salt the particles rev ersibly
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coagulate after 32

oC as sho wn b y dynamic ligh t scattering. T o our b est kno wledge w e

in v estigate for the �rst time for this kind of system the coagulation kinetics in the early

stage b y dynamic ligh t scattering follo wing the metho d prop osed b y Holtho� et al. [244 ].

The second part is dedicated to the thermogelation of the concen trated solutions follo w ed

b y rheological measuremen ts. The in�uence of the attractiv e in teractions on the structure

of the samples after drying has b een imaged b y atomic force microscop y and optical

microscop y . The transition from liquid to attractiv e glass is accompanied b y a strong

increase of the turbidit y . In the last section of this c hapter w e in v estigate the self-assem bly

of the particles at the microscale induced b y fo cusing a laser on the solutions.

4.1.2 Coagulation kinetics

As sho wn b y Holtho� et al. [244 ] the kinetics of Bro wnian coagulation of particles in the

earliest stage with the transition from single particles to doublets can b e describ ed b y

dNz

dt
=

1
2

X

i + j =2

k12N i N j � Nz

1X

i =1

kiz N i (4.1)

where kij is a second-order coagulation rate constan t, t is the time, and Nz is the total

particle concen tration of z-fold aggregates.

The particle concen tration of singlets N1 and doublets N2 as a function of time can b e

obtained b y solving eq. 4.1 analytically . Assuming kij = k11 and the initial particle

concen tration N0 w e obtain

N1 =
2N0

2 + k11N0t
(4.2)

using eq. 4.1 and in tegrating leads to

N2 =
4N 2

0 k11t
(2 + k11N0t)3

(4.3)

Dev eloping N1 and N2 for the short times leads to

N1

N0
= 1 � k11N0t + ::: (4.4)

N2

N0
=

k11N0t
2

+ ::: (4.5)

If w e consider that the coagulation of spherical particles is just con trolled b y Bro wnian dif-

fusion, according to the theory of Smoluc hso vski [245, 246], the coagulation rate constan t

b ecomes:

k11 = 2ks =
8kB T

3�
(4.6)
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where kB is the Boltzmann constan t, T the temp erature, and � the viscosit y of the �uid.

Considering the h ydro dynamic in teractions and the in terparticles p oten tial leads to a

more complicated expression [247].

In the early stage of the aggregation, where the doublets are formed, the scattering in ten-

sit y can b e expressed as the sum of the scattering in tensit y I (q; t) of the single particles

I 1(q) and doublets I 2(q) .

I (q; t) = N1(t)I 1(q) + N2(t)I 2(q) (4.7)

Using the expression of the singlets and the doublets of the equations 4.4 and 4.5, the

scattered ligh t in tensit y results in

1
I (q; t = 0)

�
dI (q; t)

dt

�

t ! 0

=
�

I 2(q)
2I 1(q)

� 1
�

k11N0 (4.8)

the v alue for the form factor of an aggregate of z iden tical spheres can b e calculated

within the Ra yleigh-Gans-Deb y e appro ximation [247, 248 ], considering that indep enden t

primary particles within an aggregate with iden tical scatterers. The coagulation rate can

b e determined from the static in tensit y with

1
I (q; t = 0)

�
dI (q; t)

dt

�

t ! 0

=
�

sin(2aq)
2aq

�
k11N0 (4.9)

with a the radius of the primary particles.

In the dynamic ligh t scattering the in tensit y-w eigh ted a v erage of the di�usion co e�cien t

D(q; t) b et w een single particles and doublets can b e calculated from the �rst momen t or

mean deca y rate �( q; t) .

jD (q; t)j =
j�( q; t)j

q2
=

N1(t)I 1(q)D1 + N2(t)I 2(q)D2

N1(t)I 1(q) + N2(t)I 2(q)
(4.10)

A ccording to the Stok es-Einstein equation, the di�usion co e�cien t is related to the h y-

dro dynamic radius of the particle

D(q; t) =
kbT

6��r h(q; t)
(4.11)

If w e consider coagulation at the early stage, where only doublets are formed, and if w e

assume that a = rh(q; t = 0) = rh;1 w e obtain

1
rh(q; t)

=
N1(t)I 1(q)=rh;1 + N2(t)I 2(q)=rh;2

N1(t)I 1(q) + N2(t)I 2(q)
(4.12)

where rh;1 and rh;2 are the h ydro dynamic radii of the singlet and doublet, resp ectiv ely .

Eliminating the n um b er of particles with eq. 4.4 and 4.5 and after di�eren tiation, eq.

4.13 can b e written as
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Figure 4.1: Exp erimental setup for the laser c ontr ol le d c o agulation exp eriment.

1
rh(q; t = 0)

drh(q; t)
dt

= 1 +
�

sin(2rh;1q)
2rh;1q

+ 1
� �

1 �
rh;1

rh;2

�
k11N0t (4.13)

where the doublet h ydro dynamic radius is giv en b y rh;2 � 1:38rh;1 [249 ].

A com bination of b oth static and dynamic ligh t scattering from the equation 4.9 and 4.13

allo ws the determination of k11 indep enden tly on the form factor.

k11N0 =
rh;2

rh;2 � rh;1

�
drh(q; t)=dt
rh(q; t = 0)

�
�

�
dI (q; t)=dt
I (q; t = 0)

�
(4.14)

4.1.3 Exp erimental

The core-shell particles with 5 mol:% crosslink er describ ed in the c hapter 2.1 w ere used in

this c hapter. The kinetics of the coagulation w as in v estigated b y dynamic ligh t scattering

(DLS) using a P eters AL V 5000 ligh t scattering goniometer where the temp erature w as

con trolled with an accuracy of � 0.1

o
C as. The rev ersibilit y of coagulation w as measured

b y DLS with a Zetaziser (Malv ern mo del nanoZS) in bac k scattering at 173

o
with a

strict con trol of the temp erature set b y P eltier elemen ts at � 0.1

o
C. Cry ogenic electron

microscop y w as p erformed as describ ed in section 2.1.2.

Scanning force microscop y (SFM) exp erimen ts w ere carried on at ro om temp erature a

Dimension 3100 microscop e (V eeco Instrumen ts Inc.). The SFM w as op erated in tapping

mo de using silicon tips with a spring constan t of circa 40 Nm � 1
and a resonance frequency

ranging from 200 to 300 Hz . The scan rate w as v aried b et w een 0.5 and 1.0 Hz to optimize

the image qualit y . The samples ha v e b een prepared as follo w ed: a drop 30 �L 0.1 wt%
latex solution has b een dep osited on silicium w afer and dried at 60

oC . The same samples

w ere then examined in a Zeiss Axiotec h v ario p olarized optical microscop e in re�ection.

The exp erimen tal setup for the laser con trolled self-assem bly consists on an in v erted mi-

croscop e with a laser p ort (Olympus IX-71) (see �g. 4.1). T w o mirrors moun ted on

magnet closed lo op galv ano scanners are situated in a conjugate confo cal plane with a
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A) B)

Figure 4.2: A) Hydr o dynamic r adius of the c or e-shel l latex versus temp er atur e, as determine d by

dynamic light sc attering. Without salt (hol low symb ols) the PNIP AM network shrinks

up on he ating and r emains stable even at high temp er atur e. With addition of salt

(5.10

� 2
M K Cl) the p articles c o agulate ab ove the L ow Critic al Solution T emp er atur e

(LCST) ar ound 33

o
C. B) R eversible c o agulation of a 2.5.10

� 3
wt. % disp ersion me a-

sur e d by dynamic light sc attering with the Zetasizer as function of the time changing

the temp er atur e ab ove and b eyond the LCST.

scanning p oin t in the sample. The conjugate planes are formed with the help of t w o

lenses telecen tric system and an ob jectiv e. The latter serv es b oth for fo cusing of the laser

b eam and for observ ation of the sample. The laser (Coheren t V erdi V-5, � = 532 nm )

can b e fo cused do wn to b elo w 1 �m b y the ob jectiv e (Olympus LCA CHN 40xPH) and

t ypical p o w er v alues are b et w een 0:1 and 100 mW . The cell is moun ted horizon tally in a

temp erature-con trolled xyz -stage. It has a gap thic kness of 50 �m (Hellma 106-QS) . The

sample is illuminated b y a white ligh t source (halogen lamp) with K öhler illumination

[250 ]. The in terference �lter in fron t of the camera a v oids damage to the CCD c hip b y

fo cussed laser or �uorescen t ligh t [251]. The pictures are tak en with a CCD camera (PCO

pixel�y).

4.1.4 Results and Discussion

Reversible coagulation and stabilit y

The structure and the sw elling of the particles used in this section ha v e b een carefully

in v estigated in c hapter 2. The v olume transition within the shell can easily b e studied

b y dynamic ligh t scattering (DLS) as describ ed in the section 2.1.4. Figure 4.2 A) sho ws

the dep endence of the h ydro dynamic radius RH determined b y DLS on the temp erature.

RH decreases gradually with temp erature un til a sharp v olume transition from sw ollen to

unsw ollen states tak es place, reac hing a �nal collapsed size at a transition temp erature

around 38

oC . Without addition of salt this pro cess is thermorev ersible without an y

h ysteresis.

A ddition of 5.10

� 2 mol:L � 1
K Cl leads to a sligh t shrinking of the particles. This phe-

nomenon has b een already in v estigated in recen t studies [72 ]. The addition of salt screens

101



4 Asso ciation

the residual electrostatic in teraction of the particles as sho wn b y electrophoretic mobil-

it y measuremen ts [72]. Hence, at higher temp eratures the disp ersions b ecome unstable

and aggregate [72]. Aggregation tak es place b et w een 32 and 33

oC , whic h is close to the

LCST v alue determined from the dynamic ligh t scattering analysis at 32.2

oC (see sec-

tion 2.1.4). This asserts that the system in teracts solely through steric in teraction b elo w

the LCST, whic h mak es it suitable as a mo del disp ersion as demonstrate in the section

crystallization (see c hapter 2.3) and in the in v estigation of the dynamics in equilibrium

and in �o w (see c hapter 3.2). In the dilute regime the rev ersibilit y of the aggregation

pro cess has b een in v estigated b y dynamic ligh t scattering (see �g. 4.2b)). F or this pur-

p ose the Zetasizer w as used, where the temp erature con trolled b y P eltier elemen ts can

b e rapidly adjusted. In this exp erimen t the system is �rst main tained 10 min at 25

oC ,

then heated �rst at 32

oC , and after at di�eren t temp eratures from 33

oC to 35

oC . The

co oling pro cess w as then recorded �rst at 32

oC and then at 25

oC . Whereas the system is

stable at 25 and 32

oC it aggregates at 33

oC . The aggregation sp eed w as found to increase

with increasing temp erature and the h ydro dynamic radius v aries b et w een 150 and 400

nm within 10 min . Co oled do wn at 32

oC the h ydro dynamic radius sharply decreased

to reac hed the same v alue as b efore the aggregation o ccurred, whic h w as also c hec k ed at

25

oC . In opp osition to core-shell system with linear PNIP AM, whic h usually aggregates

in a non rev ersible w a y [237 ], the aggregation w as found to b e totally rev ersible in this

exp erimen t. Ab o v e 32

oC the particles shrink whic h is accompanied b y a dimin ution of

steric in teractions. This last ones are not able to comp ensate the v an der W aals attractiv e

in teractions whic h results in the aggregation of the system. The dense cross-link ed shell

around the p olyst yrene particles prev en ts the in terp enetration of the net w orks. Co oling

do wn induces the resw elling of the particle and the onset of the strong osmotic pressure

bringing the system to separate again. The resp onse of the system is fast due to the size

of the microgel. Moreo v er when the aggregation pro cess is mostly limited to the di�usion

of the particles in the fast mo de regime [244 ] the dissolution of the aggregates w as found

to b e m uc h faster for the in v estigated concen trations.

The kinetics of the aggregation pro cess has b een in v estigated b y DLS as function of the

temp erature for di�eren t concen trations in presence of 5.10

� 2 molL � 1
K Cl. The treat-

men t w as p erformed follo wing the metho d prop osed b y Holthof et al. [244]. Fig. 4.3

presen ts the ev olution of the normalized h ydro dynamic radius for the di�eren t temp er-

atures measured at 90

o
for a 1.25.10

� 3 wt% solution. The same exp erimen t has b een

rep eated for di�eren t concen trations ranging b et w een 2.5.10

� 3
and 2.5.10

� 5 wt%. The

exp erimen t w as p erformed as follo w: 2.3 mL of the latex solution w as equilibrated at the

wished temp erature in the DLS for 20 min . Then 0.2 mL of a 0.625 molL � 1
K Cl main-

tained at the same temp erature w ere quic kly added to set the salt concen tration at 5.10

� 2

molL � 1
. After homogenization the measuremen t w as started. The coun trate and the

h ydro dynamic radius resulting from the second cum ulan t analysis w ere then monitored

as function of the time at a scattering angle of 90

o
. The h ydro dynamic radius w as �rst

found to decrease after the addition of the salt and then to increase follo wing the aggrega-

tion pro cess. The in tensit y w as �rst constan t and then increased. After few min utes the

in tensit y decreased. This can b e attributed to the form factor of the aggregates follo wing

the aggregation pro cess [244, 247 , 248 ]. Only the dynamic ligh t scattering exp erimen ts

ha v e b een treated in the follo wing study considering the di�cult y to analyze the static

ligh t scattering exp erimen ts. The initial h ydro dynamic radius RH; 0 w as considered at the
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Figure 4.3: Normalize d hydr o dynamic r adius as a function of time me asur e d by dynamic light

sc attering at 90

o
for a 1.3.10

� 3 wt% solution at di�er ent temp er atur es. The time

has b e en r esc ale d to the b e ginning of the c o agulation pr o c ess. The ful l lines indic ate

the initial slop e c onsider e d in the c alculation of the c o agulation r ate c onstant (se e e q.

4.13).

b eginning of the aggregation. The initial slop e of the normalized h ydro dynamic radius or

in tensit y w as used to calculate the coagulation rate constan t k11 from the dynamic ligh t

scattering exp erimen t using the equation 4.13. This metho d considers the form factor

and the h ydro dynamic radius of a doublet of hard spheres [244, 247, 248 ]. The assump-

tion do es not necessary fully hold in the case of the comp osite microgel whic h are rather

compressible at least b elo w 40

oC .

The di�eren t results are presen ted in the Fig. 4.4 in form of a stabilit y ratio W whic h

corresp onds to the ratio b et w een di�usion limited coagulation rate constan t 2ks according

to the Smoluc hso vski theory (see equation 4.6) and the exp erimen tal coagulation rate

constan t k11 . W b ecomes nearly constan t after 34

oC with an a v erage v alue of 3.8.10

� 18 �
0.4 m2s� 1

. Holthof et al. in v estigated the in�uence of di�eren t salts on the coagulation

rate measuremen t of sulfonate stabilized p olyst yrene particles [244]. They rep ort a v alue

of 4.3.10

� 18 � 0.4 m2s� 1
for the fast coagulation rate constan t using K Cl as electrolyte

[244 ]. Our exp erimen t is in reasonable agreemen t with the ones rep orted particularly

considering the complexit y of our system and the exp erimen tal error mostly related to

the sensitivit y of k11 to the presence of trace amoun ts of impurities [244 ]. As a conclusion

the coagulation of the comp osite particles can b e con trolled b y the temp erature and b y the

salt concen tration. Steric in teractions con tribute mostly to the stabilit y of the system.

The fast coagulation rate constan t is reac hed in the vicinit y of the end of the v olume

transition in the p olymeric shell after 34

oC .

In �g. 4.5 the h ydro dynamic �o c size is plotted as function of the time in a log-log

represen tation for the longer times. F our sets of data are presen ted for a 1.3.10

� 3 wt%
solution at 32.8

oC , 33

oC , 36

oC and 40

oC . F or aggregates sho wing fractal structures,

with fractal dimension df , the radius R of the �o cs increases with the time t according

to a p o w er la w [252 ], R / tz
where z = 1=df . The fractal dimension can b e calculated

from the slop e. F or temp erature higher than 32.8

oC the slop e b ecomes constan t and a

mean v alue of df = 2:05 � 0:03 is obtained. This v alue is signi�can tly greater than the

v alue of 1.7-1.8, whic h is normally exp ected for particles undergoing di�usion-con trolled
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Figure 4.4: Stability r atio ( W = 2ks=k11 ) me asur e d at di�er ent temp er atur es and c onc entr ations.

The exp erimental aggr e gation r ate c onstant k11 has b e en determine d by dynamic light

sc attering fr om the e quation 4.13 wher e as 2ks is obtaine d fr om the expr ession derive d

by Smoluchsovski (se e e q. 4.6) .
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Figure 4.5: L o g-lo g plots of aver age �o c r adius (symb ols) as function of time for the longer times

for a 1.3.10

� 3 wt% solution at 32.8

oC (cir cles), 33

oC (squar es), 36

oC (down trian-

gles) and 40

oC (up triangles).

irrev ersible aggregation. The same observ ation w as done b y Rasm usson et al. [236] on

the temp erature con trolled �o cculation of microgels particles with so dium c hloride. The

authors rep orted a fractal dimension of ab out 2.0 from the same kind of analysis b elo w

the LCST. They in terpreted this v alue as an indication of a w eak rev ersible �o cculation

mo del, whic h w as supp orted b y their estimation of the depth of the minim um in the

in terparticle pair p oten tial. Nev ertheless for similar PNIP AM based microgels Routh and

Vincen t rep orted that the df decreases from 2 around the CTF to 1.75 at temp erature

greatly higher than the CFT and than the LCST [253 ]. It is not the case for the core-shell

particles w ere the fractal dimension remains equal to appro ximately 2.0 ev en at higher

temp eratures. This hin ts to the higher stabilit y of the core-shell system under these

exp erimen tal conditions. The rev ersibilit y of the coagulation presen ted in �g. 4.2 B)

con�rms this assumption.
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Figure 4.6: A) Complex visc osity � �
as function of the temp er atur e (10 min/

o
C) for 1 Hz and 1

% for di�er ent c onc entr ations with 5.10

� 2M K CL: 12.1 wt % (ful l line), 10.75 wt
% (dashe d line), 8 wt % (dotte d-dashe d line) and 6 wt % (dotte d line). B) Dir e ct

observation of the 12.1 wt % solution at di�er ent temp er atur es. C) R e duc e d visc osity

� � =� s of the di�er ent c onc entr ations as function of the e�e ctive volume fr action � ef f

for temp er atur es b elow 25

oC .

F rom repulsive to attractive glasses

The in�uence of the attractiv e in teractions has b een then in v estigated for more concen-

trated solutions v arying b et w een 6 and 12 wt%. The phase diagram of the PNIP AM

microgels has b een already in tensiv ely studied exp erimen tally [7, 25�27 , 30 , 234], and is

rather w ell understo o d theoretically [27]. The comp osite microgels w ere found to follo w

the same features. Indeed the crystallization and the glass transition of this system has

b een presen ted in the c hapter 2.3 and 3.2. It w as found that b elo w 25

oC the system

b eha v es lik e hard spheres. F or e�ectiv e v olume fractions b elo w 0.49 the solution are in

the liquid state whic h is c haracterized b y a smaller turbidit y . Raising the temp erature

ab o v e 32

oC the system b ecomes white and opaque. After a longer time a phase sepa-

ration o ccurs. F or less concen trated systems this results immediately in the coagulation

of the system. As an example �g. 4.6 B) displa ys the a 12.1 wt% solution main tained

at di�eren t temp eratures for half an hour. A t 10

oC the solution is in the glassy state

and the solution app ears bluish. The corresp onding v olume fraction calculated for this

temp erature is equal to 0.63. A t 17

oC whic h corresp onds to an e�ectiv e v olume fraction

of 0.54, particles rearrange in to crystals. This is accompanied b y the c hange of the solu-

tion color to green due to the Bragg's re�ections. A t 30

oC the solution is in the liquid

state. The samples at 35 and 40

oC presen t the solution after the o�set of the attractiv e

in teractions. The solution b ecomes white and opaque and remains relativ ely stable after

30 min , whereas the solution at 45

oC clearly sho ws a phase separation.

An appropriate metho d to follo w the phase transition of the system is to measure the

complex viscosit y � �
of the system as function of the temp erature (see �g. 4.6 A)) [25, 30 ].

A deformation of 1 % and a frequency of 1 Hz ha v e b een used whic h remains in the

linear visco elastic domain at least for temp eratures b elo w 32

oC . Th us the transitions

within the system can b e measured without disturbing the system. The measuremen ts

w ere p erformed on four concen trations (6, 8, 10.75 and 12.1 wt%) b y increasing the
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A)

B)

C)

D)

Figure 4.7: A)C) SFM micr o gr aphs and optic al micr osc opy of a 0.1 wt% c omp osite micr o gels

solution c ontaining 5.10

� 2 molL � 1
K Cl after dr op c asting and drying at 60

oC on

silicium wafer. C)D) SFM micr o gr aphs and p olarize d optic al micr osc opy of a 0.1 wt%
c omp osite micr o gels solution without addition of salt after dr op c asting and drying at

60

oC on silicium wafer.

temp erature at a rate of 0.175

oC=min after shearing 5 min at 100 s� 1
to remo v e all the

history of the sample. As sho wn in �g. 4.2 the h ydro dynamic radius decreases with

increasing temp eratures. This leads to a decrease of the e�ectiv e v olume fraction � ef f

accompanied b y a decrease of � �
. F or a b etter understanding of this exp erimen t when the

system is purely repulsiv e, whic h corresp onds to temp eratures b elo w 25

oC , the reduced

viscosit y � � =� s has b een plotted as function of � ef f . The calculation of � ef f for this

system describ ed in the section 2.3.3 considers the ev olution of the h ydro dynamic radius

as function of the temp erature. � � =� s decreases slo wly b et w een 0.63 and 0.545, whic h

corresp onds to the crystalline and glassy state (solid state). In the liquid/crystalline

co existence domain b et w een 0.494 and 0.545 the reduced complex viscosit y decreases m uc h

faster. F or e�ectiv e v olume b elo w 0.494, corresp onding to the melting of the crystallites,

the solution is in the liquid state and the reduced viscosit y decreases slo w er. After 33

oC a

gelation pro cess can b e observ ed, where the complex viscosit y increases for more than four

decades within appro ximately 2

oC . A maxim um w as observ ed at 35.3

oC for 12.1, 10.7

and 8.0 wt% solutions, whereas the 6 wt% solution con tin uously increases. This can b e

related to a earlier phase separation for less concen trated systems. After this maxim um

the viscosit y decreases again and reac hes a plateau. This can b e attributed to the phase

separation of the system as sho wn on the photograph in �g. 4.6 B) at 45

oC . A t this p oin t

the measuremen t can just b e considered qualitativ ely as the assumption of an isotropic

material is not resp ected an ymore.

Scanning F orce Microscop y and optical microscop y w ere p erformed in order to image the

in�uence of the attractiv e in teractions on the structure of a dense susp ensions after drying

on a silicium w afer at temp erature ab o v e the LCST (see �g. 4.7). T o this purp ose 0.1

wt% solutions ha v e b een prepared, one without salt and one with 5.10

� 2 molL � 1
K Cl.

After drop casting on silicium w afer, the solution ha v e b een quic kly dried at 60

oC in the

o v en. The salt y solution sho ws a metastable structure and a rather rough surface arising

from the attractiv e in teractions. This w as con�rmed b y the optical microscop e equipp ed
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Figure 4.8: Micr o aggr e gation of the c omp osite micr o gels maintaine d at 34

oC after di�er ent time

of irr adiation of a 10.75 wt:% latex solution with a laser p ower of 1 W . The ab-

sorb anc e A(r ) is plotte d as function of the r adial distanc e. The dashe d line pr esents

the c alculation fr om the absorb anc e c alculate d after the LCST at 35.4

oC fr om e q.

4.15. The ful l lines pr esent the b est �t c onsidering the adsorption of the aggr e gate as

adjustable p ar ameter.

with a p olarizer where no iridescence could b e observ ed. Indeed at high temp eratures

the particles start to stic k together, whic h prev en ts an y ordering with increasing concen-

tration. On the con trary without salt the solution is still stable at high temp eratures.

The electrostatic in teractions prev en t the particles to come in to con tact, and allo w them

to order during the drying pro cess. Ordered domains and a more compact structure can

then b e observ ed b y SFM, as already sho wn for similar systems b y Hellw eg and al. [59 ].

The ordering can b e visualized b y p olarized optical microscop y in the form of photonic

crystals.

Laser controlled micro-patterning

As sho wn b y Ly on and co w ork ers, phase transition can b e obtained on the microscale b y

fo cusing a green laser on a microgel solution dop ed with gold nanoparticles [11, 243]. A

transition from the glassy to the crystalline state, and from crystal to liquid could th us

b e obtained b y lo cally heating the sample.

W e ha v e p erformed similar exp erimen ts, ho w ev er, with a temp erature closely b elo w the

LCST in order to induce a transition from liquid to attractiv e glass. Due to a sligh t

absorption of the sample at the laser w a v elength of 532 nm w e did not ha v e to use to
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Figure 4.9: Evolution of the r adius in �m (hol low symb ols) and of the absorption A (in �m � 1
)

(ful l symb ols) of the aggr e gate obtaine d during the irr adiation of a 10.75 wt% solution.

Dashe d line indic ates the c essation of the irr adiation.

additional dy e or gold doping. The reason for the optical absorption is still unclear and

the absorption sp ectrum is di�cult to measure b y con v en tional UV-VIS-sp ectroscop y due

to the strong scattering bac kground. Nev ertheless, as will b e demonstrated b elo w, w e

ha v e b een able to determine the absorption co e�cien t, at least at the laser w a v elength,

from the observ ed sample heating.

The whole exp erimen t w as p erformed with an in v erted optical microscop e equipp ed with

a CCD camera and a laser p ort through whic h the b eam of a dio de-pump ed frequency

doubled solid state laser could b e coupled in and fo cused on to the sample. A cell of d = 50
�m thic kness w as emplo y ed and the sample w as equilibrated at a measured temp erature

of 32.2

oC for 30 min b efore starting the exp erimen t. Since the temp erature is measured

at the sample holder, it do es not represen t the exact temp erature within the liquid and

needs to b e corrected. The temp erature o�set w as determined b y slo wly heating the

sample with a rate of 0.013

oC=min , thereb y k eeping the laser o� and observing the o v erall

optical transmittance. The collapse of the PNIP AM shell and the formation of aggregates

are accompanied b y a strong increase of the turbidit y at a temp erature of 33.0

oC (�g.

4.6). This temp erature has b een used as an in ternal reference in order to correct the

temp erature measured outside of the sample cell.

The laser p o w er w as adjusted to 100 mW and fo cused in to the cen ter of the cell. Im-

mediately , a strong con v ectiv e �o w is observ ed. Because of the strong con v ection, the

temp erature of the illuminated v olume increases only mo derately . After appro ximately

300 s suddenly a stable cluster forms within the laser fo cus. The accompan ying strong

viscosit y increase (see �g. 4.6 A)) leads to an immediate jamming and con v ection ceases.

Without con v ection, heat is no longer e�cien tly transp orted a w a y from the laser fo cus

and a conductiv e state with a stationary temp erature distribution dev elops within a few

seconds. Due to the increased scattering, the aggregated region app ears as a dark sp ot in

the transmission micrograph.

Fig. 4.8 sho ws the time ev olution of the aggregated sp ot o v er a longer time. Already

from a visual insp ection of the micrographs it is apparen t that the sp ot quic kly reac hes

its �nal diameter and that there is only a sligh t increase of con trast o v er time. A t t = 5100
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s the laser w as switc hed o� and the aggregates dissolv ed within a few seconds. Only a

small `bubble' at the p osition of the laser fo cus p ersisted ev en after �v e min utes. F or a

shorter exp osure time of 500 s no irrev ersible c hange w as observ ed and the whole sp ot

dissolv ed instan taneously without lea ving an y residue. P ossibly , the bubble is caused b y

a macroscopic phase separation as observ ed in �g. 4.6 at 45

oC , but also thermo di�usion

[254 �256 ] ma y pla y an imp ortan t role.

Since ab o v e 33.0

oC the collapse of the PNIP AM-shell and the aggregate formation o ccur

v ery rapidly , the dark region marks the v olume where the stationary temp erature pro�le

exceeds this critical v alue, just reac hing it at the p erimeter.

Since the aggregation pro cess is not exp ected to c hange the refractiv e index, w e use the

picture of a spherical ob ject where the ligh t passes through without refraction. Then, the

atten uation of a b eam tra v ersing the sphere at a distance r from the cen ter is giv en b y

A(r ) = � ln
G(r )
G0

= 2( � agg � � liq )(R2 � r 2)� 1=2
(4.15)

G(r ) and G0 are the gra y v alues measured at the p osition r and far a w a y from the

aggregate. � agg
and � liq

are the atten uation co e�cien ts of the aggregate and the liquid

state, resp ectiv ely . Numerical v alues of the atten uation co e�cien ts will b e giv en later in

the text.

In �g. 4.8 w e ha v e �tted semicircles to cross sections through the cen ter of the sp ot in

order to obtain some quan titativ e parameterization. The determined diameter and gra y

scale amplitude are plotted in �g. 4.9. As describ ed ab o v e, the constan t radius of R � 20
�m and the sligh t amplitude increase can clearly b e seen.

The diameter 2R � 40 �m is comparable to the cell thic kness of d = 50 �m and renders

the ob ject, in a crude appro ximation, spherical. In a di�eren t con text, w e ha v e p erformed

detailed n umerical calculations of the temp erature pro�le created b y a laser in a thin

liquid la y er sandwic hed b et w een t w o optical windo ws [255]. There, the isothermal surfaces

resem ble the shap e of a fo otball rather than a sphere. Suc h a detailed treatmen t is,

ho w ev er, b ey ond the scop e of the presen t study .

Kno wing the temp erature T0 = 32:2oC far a w a y from the cen ter and the temp erature

T(R) on the surface of the `sphere', w e can use this information to determine the p o w er

_Q
absorb ed from the laser b eam and, hence, the optical absorption co e�cien t. In tegration

of the total heat �ux through a sphere cen tered around the laser fo cus from in�nit y to R
yields

_Q = 4��R (T(R) � T0) : (4.16)

W e tak e � = 1:0 W(mK )� 1
as a v erage heat conductivit y for the windo w material

(Suprasil, � = 1:36 W(mK )� 1
) and w ater ( � = 0:6 W(mK )� 1

). Inserting the n um b ers

yields

_Q = 200 �W .

In the w eak absorption limit ( � ad � 1) the absorb ed p o w er is related to the optical

absorption co e�cien t � a b y

_Q = P0� ad (4.17)
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P0 = 100 mW is the laser p o w er at the p osition of the sample. With ab o v e assumptions w e

obtain � a = 4 � 10� 5 �m � 1
. In order to compare this to the scattering losses in the sample

w e measured the in tensit y transmitted through a homogeneously heated sample b elo w and

ab o v e the transition temp erature. After normalization to the transmittance of an empt y

cuv ette, w e could deriv e white-ligh t a v eraged atten uation co e�cien ts of � liq = 3:8 � 10� 3

�m � 1
and � agg = 2:4 � 10� 2 �m � 1

, resp ectiv ely . Th us, ev en in the transparen t non-

aggregated state, the scattering losses are m uc h larger than the absorption losses, and

the atten uation co e�cien ts � liq=agg = � liq=agg
s + � a are almost iden tical to the scattering

co e�cien ts � liq=agg
s .

In order to obtain an estimation of the temp erature inside the aggregate, w e consider

a sphere of radius r < R that is cen tered around the laser fo cus. The total p o w er

_Qs

absorb ed within the sphere is prop ortional to the optical path length inside this sphere:

_Qs = _Q 2r=d � _Q r=R . Assuming isotropic heat transp ort for simplicit y , this p o w er is

conducted through the surface of the sphere according to

_Qr
R

= � 4��r 2� r T(r ) (4.18)

In tegration of Eq. 4.18 yields a w eak logarithmic temp erature increase to w ards the cen ter

of the sphere:

T(r < R ) =
_Q

4��R
ln

R
r

+ T(R) (4.19)

Remem b er that T(R) is the transition temp erature that de�nes the surface of the aggre-

gated sphere of radius R . If w e insert r = 1 �m for the laser fo cus, w e can estimate a

temp erature of 36:2oC in the cen ter.

An in teresting question arises with resp ect to the observ ed con v ection prior to aggregate

formation. Within ab o v e mo del the radiation force due to the scattering and absorption

pro cesses, Fr = P0� liq d=c, with c b eing the sp eed of ligh t, exceeds the buo y ancy force act-

ing on the heated v olume b y sev eral orders of magnitude. Hence, the observ ed con v ection

is not of thermal origin but rather caused b y the radiation pressure of the laser b eam.

4.1.5 Summa ry

Comp osite particles PS/PNIP AM rev ersibly sw ell and desw ell as function of the temp er-

ature cause of their remaining electrostatic in teraction. A dding 5.10

� 2 molL � 1
K Cl, the

system is only sterically stabilized, whic h results in a rev ersible coagulation pro cess after

32

oC . The rev ersibilit y of the pro cess w as attributed to the dense crosslink ed shell a v oiding

the in terp enetration of the net w ork. The kinetics ha v e b een in v estigated b y dynamic ligh t

scattering. The fast regime w as reac hed after 34

oC whic h corresp onds appro ximately to

the end to the phase transition of the PNIP AM shell. Increasing the concen tration o v er

8 wt%, the onset of the attractiv e in teraction w as accompanied b y an increase o v er 4

decades of the complex viscosit y b et w een 33 and 35

oC accompanied b y a strong increase

of the turbidit y . This can b e considered as a transition from liquid to attractiv e glass,

for higher temp eratures or a longer time the system presen ts a phase separation. Ev en
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after the phase separation the system can b e easily redisp ersed after co oling do wn and

agitation. This phenomenon can b e con trolled on the microscale b y fo cusing a laser in

the solution main tained close to the transition temp erature. Stable aggregates of ab out

20 �m w ere obtained after 5 min irradiation. The aggregates quic kly get dissolv ed after

switc hing o� the laser for exp osure time lo w er than 15 min , for longer exp osure times a

small aggregate of the size of the fo cal v olume remained. The origin of the con v ection

w as clari�ed. The temp erature gradien t after the formation of the aggregate could b e

successfully appro ximated in agreemen t with the exp erimen tal observ ations.

This c hapter presen ts this system as the ideal candidate for the study of attractiv e glasses

or for the lo cal phase transition. Moreo v er its resp onsivit y , its rev ersibilit y and the strong

thic k ening ab o v e the transition temp erature mak es him suitable for n um b er of future

applications.
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4.2 Electrostatic Dip ole F o rmation b y Asso ciation

b et w een Comp osite Microgels and Gold

Nanopa rticles

4.2.1 Intro duction

Biological colloidal systems lik e virus and proteins often presen t a complex and de�ned

structure with di�eren t functionalities whic h is the prerequisite of their sp eci�c and tar-

geted applications. They can b e considered in man y cases as complex p oly electrolytes

with a patc h y structure, a mosaic of negativ e, p ositiv e or neutral areas.

Obtaining suc h structures syn thetically is m uc h more c hallenging. Complex geometries

and de�ned clusters could b e obtained via pic k ering em ulsion and ev ap oration of the

solv en t as initiated b y Pine et al. on micrometric particles [257 ] and on bidisp erse colloids

[258 , 259]. This approac h w as recen tly extended b y W agner et al. to colloidal system

[260 ]. Another strategy consists on the use of a template as sho wn recen tly b y Xia et al.

[261 ]. Nev ertheless most of the time these clusters are not sp eci�cally functionalized and

lac k of long ranged in teractions.

A t the same time man y e�orts ha v e b een put in to the syn thesis and c haracterization of

Jan us systems [262 �268 ], whic h presen t a v ersatile b eha vior and in teresting prop erties

as stabilizers for instance [265 , 267 ]. Most of these new systems rely on their am biv alen t

nature, nev ertheless it remains di�cult to syn thesized stable colloidal electrostatic dip oles.

Indeed mixing opp ositely c harged colloids most of the time leads to the destabiliza-

tion of the system [269 ]. In this section w e considered the asso ciation of cationic

gold nanoparticles with thermosensitiv e anionic core-shell microgels p olyst yrene/p oly( N -

isoprop ylacrylamide) in the dilute regime.

F or this purp ose cationic gold nanoparticles w ere prepared as describ ed formerly b y Ni-

idome, where the authors illustrated their application in the functional gene deliv ery and

cancerous cells detection [270]. The use of inorganic nanoparticles for gene therap y suc h

as amino-mo di�ed silica nanoparticles and cationic gold nanoparticles w as recen tly re-

p orted [270 �272]. The sp ecial c haracter of these nanoparticles di�ers from that of organic

gene carrier molecules, and they are exp ected to b e a no v el base material for the next

generation of functional gene carriers. Gold nanoparticles ha v e the adv an tages of easy

preparation and the p ossibilit y of c hemical mo di�cation of the surface. Moreo v er they

ha v e b een found suitable in man y applications spanning from catalysis and nano-electronic

to treatmen t and detection of cancerogenic cells [273 �275 ].

On the other hand comp osite microgels ha v e b een in tensiv ely studied and used in man y

applications from the protein adsorption [19 , 20 ] to the use as template for the reduction

of metal nano-particles [21�23 ]. Increasing the temp erature these microgels sw ell and

desw ell in a con tin uous or discon tin uous fashion follo wing their degree of cross-linking

as sho wn in the section 2.1.4. Not only the size of the particles can b e con trolled with

the temp erature, but also their p oten tial. As presen ted in the former section, systems

syn thesized b y seeded em ulsion p olymerization with an anionic initiator w ere found to

presen t some electrostatic originated from remaining initiator fragmen ts mostly based on

the surface of the core particles. This ensures the stabilit y of the system ev en after the
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v olume phase transition. Th us the in teraction p oten tial can b e adjusted con trolling the

size and salt concen tration of the disp ersion. In an excess of salt, the system is not stable

an ymore ab o v e the v olume phase transition and w as found to rev ersibly coagulate (see

c hapter 4.1).

The electrostatic stabilization related to the presence of negativ e c harges com bined with

the steric stabilization ensured b y the shell has already b een used to absorb cationic gold

nanoro ds [31, 32] and silv er nanoparticles [276 ]. Whereas most of the studies fo cussed

on the adsorption of small particles, w e in v estigate the adsorption of larger particles

(size ratio in the range 1 to 4). W e presen t a simple w a y to successfully adsorb ed the

gold on our comp osite microgels to obtain anorganic/organic doublet or triplet k eeping

the dip olar c haracter of the asso ciation. The in�uence on the size ratio and on the

preparation is �rst discussed. Afterw ards w e in v estigate the correlation b et w een b oth

particles b y turbidimetric titration, UV ligh t sp ectroscop y , zeta p oten tial measuremen t,

dynamic ligh t scattering and microscopic metho ds. The structure and stabilit y of the

asso ciation is considered at the end of this section.

4.2.2 Exp erimental

Materials

The system used in this study consists on a p olyst yrene core with a crosslink ed PNI-

P AM shell con taining 2.5 mol% BIS (KS2) (see section 2.1.2 for further details). The

gold nanoparticles w ere syn thesized follo wing the recip e describ ed b y Niidome et al.

[270 ]. The gold nanoparticles w ere prepared b y NaBH 4 reduction of HAuCl 4 in the pres-

ence of 2-amino ethanethiol at a Au/NaBH 4 / 2-amino ethanethiol ratio of 56 : 0.1 : 85

(mol/mol/mol). Immediately after the NaBH 4 reduction, the solution w as opaque and

b ecome a red wine color. The particles w ere then used for the asso ciation without further

puri�cation.

The sample w ere prepared b y slo w addition of the 0.28 gL� 1
gold solution on dilute micro-

gel solutions. The microgel concen tration w as either set at 0.2 gL� 1
for the zeta p oten tial

and for the UV ligh t sp ectrometry measuremen t, and b et w een 4.10

� 2
and 2.6.10

� 2 gL� 1

for the sample prepared b y titration. The gold nanoparticles w ere stable for appro xi-

mately t w o w eeks, afterw ards they started to get adsorb ed at the surface of the glass

con tainer. Th us the c haracterization of the gold nanoparticles and the preparation of the

di�eren t solutions w ere done with a fresh gold solution within one w eek.

Metho ds

Scanning force microscop y (SFM) exp erimen ts w ere carried on a commercial SFM (Mo del

Dimension 3100, from V eeco Instrumen ts Inc.) (see section 4.1.3 for further details). Field-

emission scanning electron microscop y (FESEM) w as p erformed using a LEO Gemini

microscop e equipp ed with a �eld emission catho de. The samples ha v e b een prepared

b y spin coating at 2000 rpm on silicium w a v er for the FESEM exp erimen ts, whereas

the SFM samples ha v e b een prepared b y dip coating on mica. T ransmission electron

microscop y (TEM) and cry ogenized T ransmission Electron Microscop y (Cry o-TEM) ha v e
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Figure 4.10: T r ansmission ele ctr on micr o gr aph of a 0.2 wt.aque ous susp ension of c ationic

gold p articles obtaine d by NaBH 4 r e duction of HA uCL 4 in the pr esenc e of

amino ethanethiol. The aver age r adius of the gold p articles was determine d at 22.7

� 3.7 nm (se e histo gr am). The stabilization of the p articles by the amino ethanethiol

has b e en evidenc e by the pr esenc e of a 5-8 nm thin shel l ar ound the p articles.

b een p erformed on a Zeiss EM922 EFTEM (Zeiss NTS Gm bH, Ob erk o c hen, German y).

A few microliters of the solution w ere placed on a bare copp er TEM grid (Plano, 600

mesh) and the excess of liquid w as remo v ed with �lter pap er.

The turbidit y measuremen t of the adsorption of the gold nanoparticles on the comp osite

microgel w as p erformed on a titrator (Titrando 809, Metrohm, Herisau, Switzerland)

equipp ed with a turbidit y sensor ( � 0 = 523 nm , Sp ectrosense, Metrohm). The 0.28 gL� 1

gold solution w as added at a rate of 0.25 mL=min on a 16 mL 0.04 gL� 1
microgel solution

at 25

oC .

Dynamic ligh t scattering w as done using a P eters AL V 5000 ligh t scattering goniometer.

The samples w ere highly diluted ( c = 2:5:10� 3 wt%) to prev en t m ultiple scattering. The

deca y rate � w as obtained from the second cum ulan t analysis for scattering angle from 30

o

to 150

o
with an incremen t of 10

o
. The zeta p oten tial w as determined with the Zetasizer

with a strict con trol of the temp erature set b y P eltier elemen ts at � 0.1

o
C. F or the direct

observ ation of the stabilit y of the di�eren t solutions, the sample w ere equilibrated 30 min
in a thermostated c ham b er.

4.2.3 Results and Discussion

Cationic gold nanopa rticles

T ransmission electron microscop y has b een p erformed on the cationic gold particles stabi-

lized b y the amino ethanethiol (see �g. 4.10). The radius of the particles calculated from

the TEM has b een determined at 22.7 � 3.7 nm . The stabilization at the surface of the

particle can b e directly image, b y a thin la y er of b et w een 5 and 8 nm around the particles.

The thiol groups ha v e a strong a�nit y with the gold, under neutral conditions the amine

groups are h ydrolyzed in to NH

�
3 pro viding the cationic c haracter of the particles. More-

o v er the size of the corona resp ect to the size of the molecule supp oses the organization

in a m ultila y er. In order not to damage this la y er the picture ha v e b een tak en under lo w

dose conditions. Nonetheless the surfactan t is still v ery sensitiv e to the radiation and

get easily damage after to o long exp osure. Th us it is not easy to determine its thic kness

precisely . The a v erage h ydro dynamic radius has b een also measured b y dynamic ligh t
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Figure 4.11: A dsorption of the c ationic gold nanop articles on the c omp osite micr o gels. The 0.28

gL� 1
gold solution was adde d to 16 mL 4.10

� 2 gL� 1
latex solution. The turbidity of

the solution was me asur e d during the addition pr o c ess. The turbidity was expr esse d

in term of the absorb anc e A = � ln (I=I 0) wher e I 0 c orr esp onds to the initial intensity

of the latex solution (se e text for further details). The di�er ent numb er c orr esp onds

to the di�er ent solutions pr ep ar e d fol lowing the same pr o c e dur e for di�er ent gold

c onc entr ations.

scattering b et w een 25 and 45

o
C in bac k scattering at 173

o
with the Zetasizer. No signif-

ican t dep endence on the temp erature w as observ ed. The a v erage h ydro dynamic radius

obtained from the second cum ulan t analysis w as found equal to 27 nm with a relativ e high

p olydisp ersit y index (0.28). On the con trary of the ev aluation of the size b y TEM, the

DLS is more sensitiv e to the presence of aggregates in the solution. Nonetheless this v alue

presen ts a nice agreemen t with the TEM if w e consider the con tribution of the surfactan t

la y er. The electrophoretic mobilit y has b een expressed b y the w a y of a Zeta p oten tial

calculated from the Smoluc ho wski appro ximation b et w een 25 and 45

o
C. This v alue w as

also not sensitiv e to the temp erature and the a v erage zeta p oten tial w as found equal to

27 mV . This con�rms the cationic c haracter of the particles, nev ertheless this v alue is

lo w er than the one rep orted in the literature for the same sample preparation (36.2 mV ).

T urbidimetric titration

Whereas a slo w addition of latex on an excess of gold particles directly leaded to the

destabilization of the solution, it w as p ossible to add gold on an excess of latex particles.

F or this reason the solutions ha v e b een prepared b y slo w addition of the gold on the core-

shell particles. W e p erformed turbidimetric titration in order to follo w the asso ciation of

the cationic gold nanoparticles on to the comp osite migrogels. T o this purp ose w e prepared

a 16 mL latex solution with an initial concen tration of 4.10

� 2 gL� 1
and added at a rate of

0.25 mL=min a 0.28 gL� 1
gold solution. The turbidit y of the solution w as measured during

the whole addition pro cess. The gold solution as a strong absorption at 525 nm closed to

the w a v elength of the prob e (523 nm) . F or this reason w e used the transmitted in tensit y

I 0 of the latex solution as reference to normalize the transmitted in tensit y I of the solution

and w e follo w ed the ev olution of the absorbance de�ned b y A = � ln(I=I 0) as function

of the gold concen tration (see �g. 4.11). As exp ected, the absorbance increases �rst
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Figure 4.12: Zeta p otential of the gold nanop articles (hol low squar es), of c or e (ful l cir cles) and

Cor e-Shel l (ful l squar es) p articles c alculate d with the Smoluchowski appr oximation

as function of the temp er atur e with and without addition of gold for a 0.2 gL� 1

latex solution. R emaining ele ctr ostatic inter actions explain the stability of the latex

at high temp er atur e. A ddition of the gold solution is scr e ening the Zeta p otential

(se e the di�er ent c onc entr ations in the le gend). A n aggr e gation c an b e observe d for

a c onc entr ation of 0.160 gL� 1
at 35

oC .

linearly un til a gold concen tration of 0.03 gL� 1
. After this concen tration the absorbance

still increased linearly but with a lo w er slop e. This deviation w as attributed to a fast

aggregation pro cess follo w ed b y the destabilization of the solution, to the shift of the

plasmon maxim um to w ards higher w a v elengthes con�rmed b y a c hange of the solution

from red to blue and to the presence of free gold particles. F our di�eren t samples w ere

prepared follo wing the same pro cedure (see �g. 4.11). F or a concen tration higher than 0.03

gL� 1
, the solution w ere not stable and sedimen ted within an hour. W e appro ximated the

corresp onding n um b er ratio b et w een the gold and latex particles considering the densit y

of gold (19.3 gcm� 3
), the size of the gold particles determined from the transmission

electron microscop y and the n um b er of comp osite microgel particle presen t in solution

(as describ ed in section 2.1.2). W e found out a ratio of 1.05, whic h basically means that

in a v erage no more than one gold particles could b e adsorb ed on to the microgels under

this conditions. This �nding w as con�rmed after k eeping the solutions for more than six

mon ths. Belo w this critical concen tration the solution could b e v ery easily redisp ersed

and no gold w as absorb ed on the surface of the glass con tainer whic h is a strong indication

of the correlation of the gold with the microgel. On the con trary for higher concen trations

the solutions could not b e redisp ersed an ymore after t w o mon ths and a part of the gold

w as absorb ed on the surface of the glass con tainer, whic h con�rmed the assumption of

free gold particles in the solution.

Zeta p otential measurement

W e measured the Zeta p oten tial of solution consisting on 0.2 gL� 1
latex solution with dif-

feren t concen trations of gold v arying b et w een 5.4.10

� 3
and 1.6.10

� 1 gL� 1
. The p olyst yrene

core particles used for the syn thesis of the comp osite microgels has b een measured as w ell

as the pure gold nanoparticles solution and the pure core-shell particles as function of the

temp erature (see �g. 4.12). The core particles presen ted a relativ ely constan t zeta p oten-
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Figure 4.13: A) UV visible extinction sp e ctrum of a pur e 0.2 gL� 1
c or e-shel l disp ersion (dashe d

line) and of 0.2 gL� 1
c or e-shel l disp ersion with 0.0280, 0.120 and 0.160 gL� 1

c ationic gold me asur e d at 20

oC . The inset display the adsorption of the pur e gold

(dashe d line) and of the thr e e solutions after substr action of the latex c ontribution.

The p osition of the maximum adsorption � max of the gold shifts fr om 525 to 535

nm after adsorption on the c omp osite micr o gels as shown by the thin dotte d lines).

B) A dsorption of a 0.02 gL� 1
c or e-shel l disp ersion with 0.120 gL� 1

c ationic gold

solution me asur e d with incr e asing temp er atur e. C) Maximum of the c orr esp onding

plasmon b and of the gold nanop aticles as a function of temp er atur e (ful l cir cles)

c omp ar e d with the evolution of p olymer volume fr action of the PNIP AM shel l (hol-

low squar es). The ful l line pr esents the �t fol lowing the Flory-R ehner the ory (se e

se ction 2.1.4).

tial at -43 mV o v er all the temp erature range. Concerning the pure core-shell disp ersion

b elo w 32

o
C, the electrophoretic mobilit y w as found to around -15 mV , re�ecting b oth the

lo w surface c harge densit y and the high friction co e�cien t of the sw ollen particles. Ho w-

ev er, a dramatic c hange in the electrophoretic mobilit y v ersus temp erature w as observ ed

ab o v e the v olume transition temp erature. As exp ected, the absolute v alues of the zeta

p oten tial increased with increasing temp erature due to the thermal sensitivit y and shrink-

ing of the PNIP AM shell to reac h appro ximately the v alue of the core zeta p oten tial at

high temp eratures as describ ed b y Lóp ez-León et al. [72 ]. The temp erature dep endence

of the zeta p oten tial could b e in terpreted b y the increase in the surface c harge densit y due

to the reduction in the particle size, the enhancemen t of the lo cal c harge concen tration

on the particle's surface and the frictional co e�cien t reduction of the collapsed particles.

This e�ect could b e directly visualized considering the strong buc kling up of the shell at

lo w temp erature and the collapsed form of the shell at higher temp erature as sho wn in

�gure 2.2.

A dding gold induced the decrease of the absolute v alue of the zeta p oten tial to b e almost

equal to zero for a concen tration for a concen tration of 1.6.10

� 1 gL� 1
b elo w the v olume

phase transition. A t higher temp eratures the thermosensitivit y w as main tained with a

transition around 32

oC . All the measuremen ts presen ted a monono dale distribution of

the zeta v alues con�rming the asso ciation of the gold with the microgel. F or the higher

concen tration corresp onding to a n um b er ratio of one gold for one microgel a coaggulation

pro cess has b een observ ed for temp eratures higher than 40

oC . The dimin ution of the zeta

p oten tial could b e in terpreted as an indication of the asso ciation of the opp ositely c harged

particles leading �rst to the distortion of the c harge distribution, to the increase in the

size of the particles and to the increase of the surfactan t concen tration in the solution.
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Thermo resp onsive optical p rop erties

The asso ciation of the gold nanoparticles with the microgels w as in v estigated b y UV-vis

sp ectroscop y . The dep endence of the plasmon adsorption on the size and temp erature of

colloidal gold particles in aqueous solution has b een already discussed b y Link et al. [277 ].

They found out that mono disp erse 21.7 nm gold particles ha v e a maxim um adsorption at

521 nm . The maxim um in the adsorption w as observ ed at 525 nm for our solution whic h

is in go o d results with the literature if w e consider the in�uence of the p olydisp ersit y and

of the surfactan t adsorb ed at the surface of the gold particles.

In order to con�rm the asso ciation b et w een the gold and the microgel w e in v estigate the

di�eren t solutions b y UV-vis sp ectroscop y . The pure gold solution w as �rst measured.

A maxim um in the adsorption w as obtained at 525 nm whic h is common for particles

in this size range [277 ]. On the con trary the latex solution did not presen t an y sp eci�c

adsorption. After adsorption of the gold (�g. 4.13 A)), the plasmon maxim um measured

after substraction of the latex con tribution shifted from 525 to 535 nm (see inset �g. 4.13

A)).

The adsorption w as measured for a 0.2 gL� 1 core-shell disp ersion with 0.120 gL� 1
cationic

gold v arying the temp erature b et w een 10 and 45

oC (see �g. 4.13 B)) as describ ed recen tly

[31, 32]. The adsorption w as found to increase with the temp erature follo w ed b y a red shift

from 535 to 543 nm b et w een 10 and 45

oC whic h ha v e b een attributed to the increase of the

lo cal refractiv e index up on microgel collapse for lo w surface co v erage [31]. The p osition

of the maxim um � max has b een monitored for the di�eren t temp erature and compared to

the v ariation of p olymer v olume fraction � of the shell of uncoated comp osite microgel

tak en from the section 2.1.4 (see �g. 4.13 C)). The line displa ys the theoretical �t using

the Flory-Rehner theory . The transition observ ed in the v ariation of � max follo ws the

same feature as the transition in the PNIP AM net w ork except that the transition o ccurs

ab out 2

oC b efore the LCST of the pure microgel. This again corrob orates the asso ciation

of the gold with the microgels.

Colloidal stabilit y and coagulation

The stabilit y of the particles has b een c hec k ed b y adding di�eren t concen trations of gold

on a 2 gL� 1
microgels solution (see �g. 4.14). A t 32

oC the system w as p erfectly stable.

Increasing the temp erature at 35

oC leads to the coagulation of the system for concen tra-

tions higher than 0.107 gL� 1
. Dark red aggregates w ere observ ed, whic h quic kly sedimen t

letting a clear solution in comparison to the pure gold and core-shell solutions. This con-

�rms the asso ciation of the gold with the microgel. The system reco v ered its original form

25

oC after a small redisp ersion. The understanding of the aggregation pro cess is quite

c hallenging. First w e c hec k if it w as correlated to the ratio b et w een gold and microgels.

F or the same particle ratio but after a dilution b y ten the system did not aggregate. W e

considered the in�uence of the gold concen tration for di�eren t latex concen tration. F or a

concen tration of 0.160 gL� 1
the system w as found to aggregate for 2 and 0.2 gL� 1

latex

concen trations. Th us, the concen tration of gold and not the n um b er ratio gold/microgels

seems to b e the determinan t factor for the rev ersible coagulation at high temp eratures.

The comp osite microgels are sterically stabilized b y the PNIP AM shell and electrostati-

cally due to the use of an anionic initiator and to the remaining SDS pro viding from the
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32°C

35°C

25°C

Figure 4.14: Stability and c o agulation of the solutions as function of the gold c onc entr ation and of

the temp er atur e. The di�er ent solutions ar e fr om the right to the left: a pur e 2 gL� 1

c or e-shel l solution, a 2 gL� 1
c or e-shel l solution + 0.054, 0.107, 0.160, 0.220, 0.280

gL

� 1
gold r esp e ctively and a pur e 0.2 gL� 1

gold solution. A l l solutions wer e observe d

�rst at 32

o
C, then at 35

o
C and 25

o
C. The samples at 25

oC wer e r e disp erse d to p oint

out the r eversibility of the c o agulation pr o c ess.

syn thesis. As discussed in the section 4.1, addition of salt reduces the Deb y e length and

the stabilit y of the system at high temp erature. Fig. 4.12 clearly sho ws this e�ect in term

of a dimin ution of the zeta p oten tial with increasing gold concen tration. It is still not

fully understo o d ho w the gold nanoparticles and the remaining surfactan t con tribute to

the screening of the electrostatics.

Electric dip oles fo rmation and dynamic clusters

The former exp erimen ts clearly sho w the asso ciation of the gold with the microgels. Nev er-

theless the structure of the complex has not b een in v estigated un til no w. F or this purp ose

dynamic ligh t scattering w as p erformed on the solution 1, 2 and 3 of the �g. 4.11 at 23,

33 and 45

oC (see �g. 4.15). Solution 2 and 3 corresp onds to a n um b er ratio b et w een

gold and microgel of 0.47 and 0.93, whereas the solution 1 refers to the pure comp osite

microgels. After addition at 23

oC of the gold the solution dev elops large cluster as can

b e directly see on the correlation function at 90

o
(�g. 4.15 A)). In order to ev aluate the

size of the cluster the angular dep endence of the deca y rate � has b een ev aluated from

the second cum ulan t analysis. Plotting � v ersus q2
presen ts a linear dep endence and th us

allo ws the determination of the di�usion co e�cien t from the slop e (�g. 4.15 B)). Fig.

4.15 C) displa ys the h ydro dynamic radius deriv ed from the Stok e-Einstein relation as for

the di�eren t solutions at di�eren t temp erature. A dding gold results in an increase of the
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Figure 4.15: A) normalize d �eld auto c orr elation function for the solution 1 (down triangles), 2

(cir cles) and 3 (squar es) me asur e d at 23

oC . B) Dep endenc e on � on the squar e d

sc attering ve ctor q2
for the thr e e c orr esp onding solutions. C) Hydr o dynamic r adius

obtaine d fr om the line ar extr ap olation as function of the gold c onc entr ation at 23

oC
(ful l cir cles), 33

oC (squar es) and 45

oC (down triangles). Lines ar e her e to guide

the eyes.

h ydro dynamic radius from 113 to 170 and 440 nm for n um b er ratio of 0.47 (solution 2)

and 0.93 (solution 3). Moreo v er the h ydro dynamic radius w as found to decrease with

increasing temp erature follo wing the same feature as for the pure microgels as already ob-

serv ed from the former analysis (see �g. 4.15 C)). The addition of gold th us results in the

formation of stable clusters. The di�eren t solutions ha v e b een in v estigated b y transmis-

sion electron microscop y (TEM), scanning electron microscop y (SEM) and scanning force

microscop y (SFM) (see �g. 4.16). The TEM micrograph presen ts the solution 4 freshly

prepared absorb ed on a carb on grid after blotting the liquid excess. SEM w as p erformed

on the solution 2. The t w o mon ths old solution w as spin coated on silicium w afer. SFM

w as p erformed on the solution 2 and 3 after dip coating on mica. Both gold and microgels

could b e clearly distinguished from their di�erence in size and con trast. The di�eren t

preparations ha v e b een considered to determine the in�uence of the substrate (neutral in

the case of the carb one grid, negativ e for silicium and mica) during the drying pro cess.

The di�eren t microscopies and preparations lead to the same result, most of the gold

is adsorb ed on the comp osite microgels. The adsorption is not uniform and man y free

comp osite microgels are free whereas, some of them b ear up to three gold nanoparticles.

No cluster in term of a dense aggregates b et w een man y gold nanoparticles and comp osite

microgels could b e observ ed on the di�eren t micrographs. Fig. 4.16 D) fo cusses on one

of this dip ole. The SFM clearly images the PNIP AM shell adsorb ed on the surface. The

gold is strongly correlated to the shell as can b e seen from the deformation of the shell.

The dashed lines indicates the radius of the p olyst yrene core determined b y TEM, and

the radius of the core-shell and gold particles measured b y DLS. These di�eren t metho ds

giv es a go o d estimation of the size of the di�eren t particles.

F ollo wing the di�eren t in v estigations w e consider that the asso ciation of the t w o opp ositely

c harged particles results in the formation of cluster comp osed of one microgels b earing

one to three gold nanoparticles. In solution the strong asymmetry of the clusters results

in the formation of electric dip oles whic h rearrange in solution in larger dynamic cluster

as sho wn b y the dynamic ligh t scattering exp erimen ts.
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200nm
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Figure 4.16: A) TEM micr o gr aphs of the solution 4. B) SEM micr o gr aphs of the solution 3.

C) SFM micr o gr aphs of the solution 2 (links: height, right: phase). D) Phase

c ontr ast of a single dip ole. The long dashe d line r efers to the aver age r adius of the

c or e p articles e qual to 52 nm as determine d by cryo genic ele ctr on micr osc opy (se e

se ction 2.2). The short dashe d line gives pr esents the hydr o dynamic r adius of the

pur e c or e-shel l p articles determine d by DLS at 23

oC (=113 nm ) and the dotte d line

the aver age r adius of the gold nanop articles determine d by TEM (=22.7 nm ). E)

SFM micr o gr aphs of the solution 3 (links: height, midd le:amplitude, right: phase)

4.2.4 Summa ry

Cationic gold nanoparticles ha v e b een adsorb ed on anionic core-shell particles consisting

on a p olyst yrene core and a crosslink ed PNIP AM shell. The di�erence of size b et w een the

small gold nanoparticles and the larger comp osite microgels allo ws the adsorption of in

a v erage up to one gold for one microgel. The correlation b et w een the t w o particles w as

clearly demonstrated b y zeta p oten tial measuremen t, UV vis sp ectroscop y and dynamic

ligh t scattering. Moreo v er ab o v e the v olume phase transition temp erature of the microgels

for a gold concen tration higher than 0.160 gL� 1
the system rev ersibly coagulate as sho wn

b y direct observ ation.

Whereas di�eren t microscopies corrob orate the asso ciation of the gold with one microgel,

and the formation of separated clusters, the dynamic ligh t scattering demonstrates the

formation of larger complex in solution. W e attributed this e�ect to the formation of

electric dip oles whic h dynamically reorganize in to larger structures.
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The asso ciation b et w een cationic anorganic particles and anionic organic systems op ens a

new fascinating researc h �eld. First it is a new and simple w a y to obtain Jan us particles

based on electrostatic in teractions, k eeping the functionalit y of b oth comp onen ts kno wn

for their applications in drug deliv ery and gene therap y . The thermosensitivit y of the

system can also b e used to ac hiev e a rev ersible coagulation pro cess. Com bined to the

adsorption this approac h could b e applied in con trol released or in puri�cation pro cesses.

Moreo v er the formation of electric dip oles results in to a dynamic reorganization of the sys-

tem without application of external �eld whic h presen ts a nice system for the fundamen tal

ph ysics.
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5 Synopsis

This thesis rep orts the syn thesis, c haracterization, dynamics and asso ciation of ther-

mosensitiv e core-shell particles. The particles consist of a solid core of p oly(st yrene)

with a thin la y er of p oly( N -isoprop ylacrylamide) (PNIP AM) on to whic h a net w ork of

PNIP AM is a�xed. The core-shell particles w ere syn thesized in a t w o-step reaction. The

core particles w ere obtained b y em ulsion p olymerization and used as seed for the radical

p olymerization of the cross-link ed shell. The degree of crosslinking of the PNIP AM

shell e�ected b y the crosslink er N; N 0
-meth ylenebisacrylamide (BIS) w as v aried leading

b et w een 1.25 and 5 mol%. Immersed in w ater the shell of these particles is sw ollen at

lo w temp eratures. Raising the temp erature ab o v e 32

o
C leads to a v olume transition

within the shell. Cry ogenic transmission electron microscop y (Cry o-TEM), small angle

X-ra y scattering and dynamic ligh t scattering ha v e b een used to in v estigate the structure

and sw elling of the particles. Cry o-TEM micrograph sho w directly inhomogeneities of

the net w ork. Moreo v er, a buc kling of the shell from the core particle w as observ ed. The

buc kling increases with decreasing degree of crosslinking. A comparison of the o v erall size

of the particles determined b y DLS and Cry o-TEM demonstrates that the h ydro dynamic

radius pro vides a v alid measure for the size of the particles. The phase transition in

the PNIP AM net w ork has b een for the �rst time directly imaged b y cry o-TEM. The

sw elling b eha vior of the particles measured b y DLS could b e describ ed successfully b y

the Flory-Rehner theory . It w as sho wn that this mo del captures the main features of the

v olume transition within the core-shell particles including the dep endence of the phase

transition on the degree of crosslinking.

A quan titativ e metho d w as dev elop ed to access to the structure of colloidal latex particles

in dilute susp ension at ro om temp erature b y cry o-TEM. The densit y pro�le deriv ed from

the cry o-TEM micrographs b y image pro cessing for the core and core-shell particles

w as compared to the results obtained b y SAXS. F ull agreemen t w as found for the core

particles. The discrepancy b et w een the t w o metho ds in case of the core-shell particles

w as attributed to the buc kling of the net w ork a�xed to the surface. The buc kling, clearly

visible in the cry o-TEM pictures is a dynamic phenomenon and the o v erall dimensions

deriv ed from cry o-TEM agree w ell with the h ydro dynamic radius of the particles. The

presen t analysis sho ws that SAXS is only sensitiv e to the a v erage radial structure.

This w ork demonstrates that cry o-TEM micrographs can b e ev aluated to yield quan-

titativ e information ab out the a v erage and lo cal structure of colloidal particles in solution.

The phase diagram and the colloidal crystallization of the di�eren t systems w as in v esti-

gated b y a com bination of direct observ ation, p olarized optical microscop y and rheology .

The e�ectiv e v olume fraction of the particles as deriv ed from their h ydro dynamic radius

RH pro vides the base for all further analysis. After addition of 5.10

� 2 M K Cl all

disp ersions crystallize at v olume fractions ab o v e 0.5. The resulting phase diagram is
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5 Synopsis

iden tical to the phase b eha vior of hard spheres for crosslinkings higher than 1.25 mol:%.

This demonstrates that the core-shell microgels can b e treated as hard spheres up to

v olume fractions of at least 0.55. These susp ensions can th us b e used as mo del systems

for rheological exp erimen ts.

W e considered the dynamics of these mo del dense colloidal susp ensions at the glass

transition. F or this purp ose a new instrumen t and its calibration w as �rst presen ted.

The piezo electric axial vibrator (P A V) is a squeeze-�o w rheometer w orking at frequencies

b et w een 1 and 3000 Hz . It can b e used to measure the storage mo dulus G0
and the

loss mo dulus G00
of complex �uids in this frequency range. Using p olymer solutions

with kno wn G0
and G00

it is sho wn that the P A V giv es reliable mec hanical sp ectra for

frequencies b et w een 10 and 3000 Hz . The measuremen ts done with the P A V w ere

com bined with a con v en tional mec hanical rheometer (10

� 3
-15 Hz ) and a set of torsional

resonators (13, 25, and 77 kHz ) to obtain G0
and G00

b et w een 10

� 3 Hz and 77 kHz , whic h

represen ts more than sev en decades. It w as demonstrated that the com bination of the

three devices giv es the en tire mec hanical sp ectra without resort to the time-temp erature

sup erp osition principle.

The connection b et w een equilibrium stress �uctuations as measured in the frequency

dep enden t linear shear mo duli, G0(! ) and G00(! ) , and the shear stresses under strong

�o w conditions far from equilibrium � ( _
 ) , viz. �o w curv es w as in v estigated. Data

o v er an extended range in shear rates and frequencies w ere compared to theoretical

results from in tegrations through transien ts and mo de coupling approac hes dev elop ed

b y the Prof. Matthias F uc hs and his co w ork ers. The microscopic mec hanisms and

appro ximations inheren t in the theoretical approac hes w ere discussed. The connection

b et w een non-linear rheology and glass transition w as clari�ed. F or the �rst time in the

rheology of susp ensions w e ac hiev ed a semi-quan titativ e description of b oth regimes with

the same mo del. While the theoretical mo dels describ es the data tak en in �uid states

and the predominan t elastic resp onse of glass, a y et unaccoun ted dissipativ e mec hanism

w as iden ti�ed in glassy states. This pro v es that the dynamics of colloidal disp ersions can

b e considered on a pure statistical matter. Nev ertheless additional pro cesses lik e ageing

or hopping are still not fully describ ed b y the theory whic h implies further dev elopmen ts

of the mo del in the future.

In presence of salt the comp osite core-shell particles rev ersibly aggregate ab o v e the

Lo w Critical Solution T emp erature (LCST) at 33

o
C. The kinetics of rev ersibilit y of the

phenomenon w as in v estigated b y dynamic ligh t scattering. As sho wn b y the rheological

measuremen ts in the semi-dilute and concen trated regime the onset of the attractiv e

in teractions ab o v e the LCST leads to a strong thic k ening of the solution follo w ed b y

a phase separation. This e�ect w as applied lo cally for solutions, main tained close to

LCST, after irradiation with a fo cused laser. Rev ersible micro-aggregates of a few �m
diameter w ere obtained in the irradiated area under this lo cal heating. The tunabil-

it y and rev ersibilit y of the system presen ts a great adv an tage to extend the presen t

in v estigations to the understanding of complex colloidal solutions in the attractiv e regime.
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Cationic gold nano-particles w ere syn thesized and adsorb ed on to the anionic core-shell

particles. The asso ciation b et w een the t w o particles w as in v estigated via turbidimetric

titration, electrophoretic mobilit y measuremen ts, UV-visible sp ectroscop y , dynamic

ligh t scattering, microscop y and the stabilit y of the solution ab o v e the v olume phase

transition temp erature w as discussed. All analysis corrob orate the correlation b et w een

the t w o particles. Whereas the microscop y demonstrates the formation of de�ned and

separated electrostatic dip oles, the dynamic ligh t scattering p oin ts out the reorganization

in solution in to larger structures.

The no v elt y of this dissertation relies on a detailed c haracterization of thermosensitiv e

colloidal core-shell particles and a new w a y to quan titativ ely c haracterize colloids b y

cry o-TEM. As a main feature, the rheology of these colloidal susp ensions and the un-

derstanding of the glass transition are discussed. The exp erimen tal results supp orted b y

the application and comprehension of the theory pro vide an extended con tribution to the

dynamics of colloidal disp ersions. T o conclude the in v estigation of the aggregation in

v arious colloidal systems enlarges the scop e of the thesis to new in teresting applications.

125



6 Zusammenfassung

Im Rahmen dieser Arb eit wurden die Struktur, die Dynamik und die Assoziierung v on

thermo emp�ndlic hen k olloidalen P artik eln un tersuc h t. Die T eilc hen b estehen aus einem

P olyst yrol-Kern mit einer dünnen P oly- N -Isoprop ylacrylamid-Sc hale (PNIP AM), die v on

einem PNIP AM-Netzw erk eingeh üllt ist. Die Kern-Sc hale-T eilc hen wurden in zw ei Stufen

hergestellt. Die P olyst yrol-Kerne wurden durc h Em ulsionsp olymerisierung syn thetisiert

und in einem zw eiten Sc hritt als Saat für die radik alisc he P olymerisierung der v ernetzten

PNIP AM-Sc hale v erw endet. Der V ernetzungsgrad der PNIP AM-Sc hale k onn te durc h

v ersc hiedene K onzen trationen v on N; N 0
-Meth ylen bisacrylamid (BIS) zwisc hen 1.25 and 5

mol% eingestellt w erden. Die Sc hale ist b ei niedrigen T emp eraturen in W asser gequollen.

Durc h Erw ärmen auf üb er 32

o
C �ndet ein V olumen üb ergang der Sc hale statt. Die

Struktur und das Quellungsv erhalten wurden anhand v on Kry o-Elektronenmikrosk opie

(Kry o-TEM), Rön tgen-Klein wink elstreuung (SAXS) und dynamisc her Lic h tstreuung

(DLS) un tersuc h t. Durc h Kry o-Elektronmikrosk opie k onn te die Unhomogenität des

Netzw erk es insitu abgebildet w erden. W eiter zeigte sic h mit dieser Metho de, dass

die Sc hale nic h t v ollständig mit dem Kern v erbunden w ar und V erform ungen (Buc k-

ling) aufwies. Dieses Buc kling wurde mit niedrigerem V ernetzungsgrad gröÿer. Der

V ergleic h der Radien, die mit DLS und Kry o-TEM b estimm t wurden, zeigte, dass

der h ydro dynamisc he Radius eine zuv erlässige Absc hätzung der Gröÿe der T eilc hen

lieferte. Der V olumen üb ergang in der PNIP AM-Sc hale wurde zum ersten Mal direkt mit

Kry o-TEM b eobac h tet. Sc hlieÿlic h wurde die Flory-Rehner-Theorie erfolgreic h auf die

Un tersuc h ungen des Quellungsv erhaltens mit DLS angew endet. Es gelang mit diesem

Mo del, den V olumen üb ergang der Kern-Sc hale-T eilc hen und dessen Abhängigk eit v om

V ernetzungsgrad zu b esc hreib en.

Zur strukturellen Charakterisierung der k olloidalen T eilc hen wurde eine quan titativ e

Analyse der Kry o-TEM-Aufnahmen en t wic k elt. Das Dic h tepro�l der homogenen und

Kern-Sc hale-T eilc hen wurde mit Kry o-TEM b estimm t und mit der SAXS-Analyse

v erglic hen. Sehr gute Üb ereinstimm ung wurde für die homogenen T eilc hen gefunden.

Der Un tersc hied zwisc hen b eiden Metho den b ei der Analyse der Kern-Sc hale-T eilc hen

wurde auf das Buc kling des Netzw erks zurüc kgeführt, das in Kry o-TEM deutlic h sic h tbar

w ar. Die mittleren Gesam tdimensionen, die mit Kry o-TEM b estimm t wurden, w aren in

sehr guter Üb ereinstimm ung mit der Analyse aus der DLS. Mit SAXS k onn te eb enfalls

eine gemittelte radiale Struktur erhalten w erden. In der Arb eit ist es gelungen, ein

V erfahren zur erw eiterten Analyse der Aufnahmen aus der Kry o-TEM zu en t wic k eln, mit

dem direkt quan titativ e Informationen üb er die lok ale und mittlere Struktur k olloidaler

P artik el erhalten w erden k ann.

Das Phasendiagram und die Kristallisation der K olloide wurden in direkter Beobac h tung

und mit optisc her P olarisationsmikrosk opie und Rheologie un tersuc h t. Die Basis für
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die w eiteren Analysen w ar der e�ektiv e V olumen bruc h der T eilc hen, der aus dem

h ydro dynamisc hen Radius RH erhalten wurde. Alle Disp ersionen mit einem e�ek-

tiv en V olumen bruc h üb er 0.5 kristallisierten nac h Zugab e v on 5.10

� 2 M K Cl. Das

Phasendiagram, das für V ernetzungsgrade der Sc hale höher als 1.25 mol:% erhalten

wurde, w ar v ergleic h bar mit dem Phasendiagram für harte Kugeln. Es zeigte sic h, dass

Kern-Sc hale-Mikrogele b ei e�ektiv en V olumen brüc hen un ter 0.55 als harte Kugeln b e-

trac h tet w erden k önnen und als Mo delsysteme für rheologisc he Exp erimen te geeignet sind.

Die Dynamik solc her k onzen trierter k olloidaler Susp ensionen wurde in der Nähe des

Glasüb ergangs un tersuc h t. Dazu wurde ein neues Instrumen t, der piezo elektrisc he

Axial-Vibrator (P A V), zum ersten Mal b esc hrieb en und seine Kalibrierung durc hgeführt.

Der P A V ist ein "squeeze-�o w"-Rheometer, das in einem F requenzb ereic h zwisc hen 10

und 3000 Hz b etrieb en wird. Die Messung der Sp eic her- G0
und V erlustmo dule G00

für P olymerlösungen mit b ek ann ten W erten für G0
und G00

zeigte, dass der P A V eine

zuv erlässige Messung des mec hanisc hen Sp ektrums erlaubt. Die Messungen mit dem

P A V wurden durc h Messungen mit einem k on v en tionellen mec hanisc hen Rheometer

(10

� 3
-15 Hz ) und T orsionsresonatoren (13, 25, and 77 kHz ) ergänzt, um das v ollständige

Sp ektrum v on G0
and G00

zwisc hen 10

� 3 Hz and 77 kHz zu erhalten. Auf diese W eise

k onn te das v ollständige mec hanisc he Sp ektrum aus einer K om bination der drei Geräte

erhalten w erden, ohne v on der Zeit-T emp eratur-Üb erlagerung Gebrauc h zu mac hen.

Der Zusammenhang zwisc hen den Gleic hgewic h ts�uktuationen der Sc herspann ung

und den Sc herspann ungen un ter stark en Flieÿb edingungen fern v om Gleic hgewic h t

wurde für die k olloidalen Lösungen durc h rheologisc he Messungen un tersuc h t. Dazu

wurden die frequenzabhängigen linearen Sc hermo dule und die Flieÿkurv en für endlic he

Sc hergesc h windigk eiten üb er einen groÿen Bereic h v on Sc herraten gemessen. Die exp eri-

men tellen Daten wurden mit theoretisc hen Ergebnissen der In tegration Through T ransien t

(ITT)- und Mo de Coupling Theory (MCT)-Ansätze v erglic hen. Der mikrosk opisc he

Mec hanism us und die Näherungen der b eiden Ansätze wurden diskutiert und ein

Zusammenhang zwisc hen nic h t-linearer Rheologie und Glasüb ergang hergestellt. Die

Messungen der �üssigen Systeme und das üb erwiegend elastisc he V erhalten des Glases

k onn te mit den Mo dellen sehr gut semi-quan titativ b esc hrieb en w erden. Dab ei wurde

ein bislang nic h t b erüc ksic h tigter dissipativ er Mec hanism us erk ann t. Die detaillierte

Diskussion der Ergebnisse ergab w eiter, dass die Dynamik k olloidaler Disp ersionen

auf rein statistisc her W eise ausreic hend genau b esc hrieb en w erden k ann. Prozesse wie

Alterung und Hopping w erden jedo c h no c h nic h t v ollständig theoretisc h erfasst und

erfordern eine W eiteren t wic klung der Mo delle.

Nac h Salzzugab e �ndet üb er der kritisc hen Lösungstemp eratur (LCST) eine rev ersible

Aggregation statt. Die Kinetik und Rev ersibilität des Phänomens in v erdünn ter Lösung

wurde mit DLS un tersuc h t. Rheologisc he Messungen in halb v erdünn ten und k onzen tri-

erten Lösungen zeigten, dass die Aggregation der K olloide üb er der kritisc hen T emp eratur

ein stark es Eindic k en der Lösung v erursac h te, auf die eine Phasen trenn ung folgte. Dieser

E�ekt k onn te in Systemen, die sic h nahe der kritisc hen T emp eratur b efanden, auc h lok al

durc h einen fokussierten Laserstrahl herv orgerufen w erden. In der b estrahlten Fläc he v on

w enigen Mikrometern Durc hmesser form ten sic h durc h den zusätzlic hen Energieein trag
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6 Zusammenfassung

rev ersib el Mikroaggregate. Das System stellt eine in teressan te Möglic hk eit dar, die

Eigensc haften v on k omplexen k olloidalen Lösungen rev ersib el und b erührungslos zu

sc halten.

Sc hlieÿlic h wurden k ationisc he Gold-Nanopartik el syn thetisiert und an die anionisc hen

Kern-Sc hale-T eilc hen adsorbiert. Die Assozierung wurde mit T rübungstitration, UV-

Vis-Sp ektrosk opie, DLS und mikrosk opisc hen Metho den detailliert un tersuc h t, um ein

umfassendes Bild üb er dieses k omplexe dynamisc he System zu erhalten. Während

mikrosk opisc h die Bildung v on de�nierten und getrenn ten Dip olen b eobac h tet wurde,

w eisen die DLS-Exp erimen te auf eine Neuorganisierung zu gröÿeren Strukturen hin.

Die Arb eit geh t im Detail auf neue Charakterisierungsmöglic hk eiten v on k olloidalen Kern-

Sc hale-T eilc hen durc h Kry o-TEM ein. Im Mittelpunkt stehen rheologisc he Messungen

dieser K olloidlösungen. Die Ergebnisse w erden durc h eine v ertiefte An w endung und V er-

ständnis theoretisc her Mo delle un terstützt und erklärt und liefern erw eiterte fundamen tale

Erk enn tnisse üb er das V erhalten k olloidaler Disp ersionen. Die Un tersuc h ung der Aggre-

gationsphänomene in v ersc hiedenen k olloidalen Systemen w eist sc hlieÿlic h auf in teressan te

An w endungen hin.
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7 Abb reviations

BIS N,N' -Meth ylen bisacrylamide

Cry o-TEM Cry ogenic T ransmission Electron Microscop y

DLS Dynamic Ligh t Scattering

K Cl P otassium c hloride

KS Core-Shell

KPS P otassium P ero do xisulfate

LCST Lo w er Critical Solution T emp erature

NIP AM N -Isoprop ylacrylamide

P A V Piezo electric Axial Vibrator

PNIP AM P oly- N -isoprop ylacrylamide

PS P olyst yrene

SEM Scanning Electron Microscop y

SFM Scanning F orce Microscop y

TR T orsional resonator

UF Ultra�ltration

V2 P olyst yrene core
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