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1 IntrodutionGels omposed of ross-linked poly(N-isopropylarylamide) (PNIPAM) hains an un-dergo a phase transition as funtion of temperature in whih the network shrinks in aontinuous or disontinuous fashion. The volume transition in marosopi networks hasbeen studied extensively by T. Tanaka and others [1, 2℄. A review on work done on thesemarosopi systems was given some time ago by Shibayama [3℄. Starting with early workby Tanaka [4℄, many groups have developed syntheses of olloidal thermosensitive networkby e.g. emulsion polymerization. Two types of partiles an be prepared: Either the par-tiles onsist totally of a PNIPAM-network [5�12℄ or the PNIPAM-network is polymerizedonto a solid ore [13�20℄. A great number of possible appliations have been disussedfor these systems that inlude widely separate �elds as e. g. protein adsorption [19, 20℄.They have also been reently used as a template for the redution of metal nanopartiles[21�23℄ for appliations in atalysis [22, 23℄. A omprehensive review on the appliationswas given by Lyon [24℄.They present a versatile phase behavior: on one hand they an behave like hard spherewith a liquid-rystal transition below the ritial temperature [7, 9, 25, 26℄. On the otherhand in the absene of eletrostati stabilization or in saturated salt onentrations thepartiles beome attrative after the low ritial solution temperature. This leads toa partially or totally reversible aggregation of the system in the dilute regime and tothe gelation of the system for higher onentrations [27�30℄. The �ne tuning of theirinterpartiular potential an also be used for the assoiation with other partiles [31, 32℄.Reently, the thermosensitive ore-shell partiles have attrated renewed interest as modelolloids, in partiular for a omprehensive study of the struture, dynamis, and �ow be-havior of onentrated suspensions [33�41℄. Fig. 1.1 displays the overall struture andthe volume transition of these partiles in a shemati fashion: Immersed in water thePNIPAM-shell of the partiles will swell if the temperature is low. However, raising thetemperature in the system beyond 32oC leads to a volume transition in whih the networkin the shell shrinks by expelling water. Thus, the e�etive volume fration φeff determin-ing the hydrodynami volume of the partiles an be adjusted through the temperaturein the system. Hene, dense suspensions an be ahieved out of a rather dilute state bylowering the temperature.Sen� et al. were the �rst to present investigations of the rheology of suh ore-shellpartiles [34℄. The advantages of these thermosensitive partiles over the lassial hardsphere partiles used in previous investigations [42, 43℄ of the �ow behavior are at hand:The dense suspension is generated in situ thus avoiding shear and mehanial deformationduring preparation and �lling into a rheometri devie. Also, all previous history ausedby shearing the suspension an simply be erased by raising the temperature and thuslowering the volume fration again. The high volume fration an then be adjusted againand a pristine sample being in full equilibrium at all length sales an be generated. Sen�et al [34℄. showed that these "reversibly in�atable spheres" an be used to study the1



1 Introdution

 Figure 1.1: Shemati representation of the volume transition in ore-shell mironetworks: Thepolymer hains are a�xed to the surfae of the ore.dependene of the visosity η on the shear rate γ̇. If the e�etive volume fration ofthe partiles is not too high, a �rst Newtonian region is observed if the shear rate γ̇ issmall. Here the visosity η0 of the suspension measured in this �rst Newtonian regimean be signi�antly larger than ηs the one of the pure solvent. At higher shear rates, theperturbation of the mirostruture of the suspension by the advetive fores an no longerbe restored by the Brownian motion of the partiles. Hene, signi�ant shear thinningwill result in whih the redued visosity η/ηs is more and more lowered until one mayspeulate that a seond Newtonian region is reahed.Reently, Sen�'s data [34℄ have been used to hek the preditions of mode-ouplingtheory (MCT) [44, 45℄ for the �ow behavior of onentrated suspensions [39, 40℄. Goodagreement was reahed in this omparison employing shemati MCT models [39℄. Hene,this omparison suggests that the thermosensitive partiles shown in Fig. 1.1 present anexellent model system for the study of the dynamis of suspensions in the viinity ofthe glass transition. However, no fully quantitative omparison of theory [44, 45℄ andexperiment inluding a disussion of the �t parameters ould not have been done beforethis work.This work is dediated to the study of this omposite partiles. The �rst part desribesthe haraterization of the partiles. Here we present the �rst study of thermosensitiveore-shell partiles and their volume transition (f. Figure 1.1) by ryogeni transmissioneletron mirosopy (ryo-TEM). The dependene on the degree of rosslinking and on thetemperature has been �rst investigated. A new method was developed to quantitativelyanalyzed the TEM and CryoTEM images in order to aess to the internal strutureof olloids. The di�erent observation are ompared to data obtained by dynami lightsattering and small-angle X-ray sattering. The last part of the hapter fous on theolloidal rystallization of the partiles.The seond part explores the dynamis of this system in the viinity of the glass transition.For this purpose a new rheologial set up is presented in the �rst setion to measure thelinear visoelastiity of omplex �uids on a bright frequeny range. In the seond hapterof this part, an interpretation of the dynamis of the olloidal ore-shell dispersion inequilibrium and in �ow biased on the mode oupling theory is developed.The last part of the thesis investigates the �eld of the assoiation. First the temperatureontrolled self-assoiation of the system is put under srutiny. Then the assoiation of2



these omposite mirogels with gold nanopartiles will be disussed.
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2 Charaterization2.1 In�uene of the degree of rosslinking on thestruture and swelling behavior of thermosensitiveore-shell olloidal latexes.2.1.1 IntrodutionEnvironmentally sensitive mirogels have attrated onsiderable interest due to their abil-ity to swell and de-swell in response to external stimuli suh as temperature, pH orlight radiation [46�48℄. A great number of possible appliations have been disussed forthese systems. A omprehensive review on the appliations was given by Nayak andLyon [24℄. Mirogels of poly(N -isopropylarylamide) (PNIPAM) rosslinked by N, N ′-methylenebisarylamide (BIS) have been of partiular interest. The temperature of thevolume transition is loated at 32oC in aqueous solution whih makes them suitable an-didates for possible medial appliations suh as ontrolled release systems [19, 20℄. Otherappliations inlude e.g. the use of suh systems as arriers for metalli nanopartiles inatalysis [22, 23℄.The volume transition in marosopi networks has been studied extensively by T. Tanakaand others [1�4℄. A thermodynami analysis of the transition an be done in terms of thelassial Flory-Rehner theory [49�53℄. Hene, the volume transtition in marosopi gelsseems to be rather well understood. For details the reader is deferred to the review ofShibayama [3℄. Mirogels with dimensions in the olloidal domain have been the subjetof a large number of experimental studies in reent years. The investigations range frommeasurements of the marosopi properties, suh as turbidity [54, 55℄, high sensitivesanning miroalorimetry [55�57℄, rheology [7, 34℄, to experiments probing moleularinterations suh as nulear magneti resonane [56, 58℄, light sattering [7, 13, 34, 49,55, 56, 58, 59℄, small-angle X-ray and neutron sattering [17, 49, 59�64℄. Compared tomarosopi gels, the degree of understanding of mirogels is muh less advaned, however.This hapter is devoted to a omprehensive study of thermosensitive ore-shell partilesin aqueous solution. These partiles have been synthesized by us [17, 63�65℄ and byothers [13, 59℄. They have been used as model system for the study of the �ow behaviorof onentrated suspensions [39, 40℄. The results obtained so far provide an exellent testfor the mode-oupling theory of the dynamis of dense olloidal systems [39, 40, 44, 45℄.A further point ommanding attention is the rystallization of these partiles. Giventhe fat that the shell of these partiles onsist of a ompressible network, this point isertainly in need of further eluidation and will be disussed in the hapter 2.3.In this hapter we demonstrate that ryogeni transmission eletron mirosopy (Cryo-4



2.1 In�uene of the degree of rosslinking on the struture and swelling behavior ofthermosensitive ore-shell olloidal latexes.Table 2.1: Synthesis of the ore partiles.Styrol [g℄ 193.2NiPAM [g℄ 10.5SDS [g℄ 1.79KPS [g℄ 0.39H2O [g℄ 706TEM) was highly suited to study these ore-shell partiles in situ [22, 23, 65℄. Cryo-TEM allows us to visualize the partiles diretly in the aqueous phase by shok-freezingof a suspension of the partiles. The volume transition was for the �rst time diretlymade visible at di�erent temperatures, inluding temperatures below and above roomtemperature, and an be ompared to data obtained by small-angle X-ray sattering anddynami light sattering. Moreover, the swelling of the network is modeled in terms of theFlory-Rehner theory. Speial attention is paid to the interplay of the degree of rosslinkingof the partiles and the phase behavior at high volume frations and will be disussed inthe setion rystallization.2.1.2 ExperimentalSynthesis and puri�ationThe ore-shell partiles were synthesized in a two-step reation as desribed in ref. [17℄.The ore partiles were obtained by emulsion polymerization and used as seed for theradial polymerization of the ross-linked shell.Chemial
N-isopropylarylamide (NIPAM; Aldrih), N, N ′-methylenebisarylamide (BIS; Fluka),sodium dodeyl sulfate (SDS; Fluka), and potassium peroxodisulfate (KPS; Fluka) wereused as reeived. Styrene (BASF) was washed with KOH solution and distilled priorto use. Water was puri�ed using reverse osmosis (MilliRO; Millipore) and ion exhange(MilliQ; Millipore).Core latexEmulsion polymerization has been done using a 1-L �ask equipped with a stirrer, a re�uxondenser, and a thermometer. The reipe for the ore latex is given in the following: SDSand NIPAM were dissolved in pure water with stirring and the solution is degassed byrepeated evauation under nitrogen atmosphere. After addition of styrene, the mixtureis heated to 80oC under an atmosphere of nitrogen. The initiator KPS dissolved in15 mL of water is added while the mixture is stirred with 300 rpm. After 8 h thelatex is ooled to room temperature and �ltered through glass wool to remove traes ofoagulum. Puri�ation was done by dialysis of the latex against 2.5·10−3 M KCl solutionfor approximately 3 weeks (Mediell, 12000-14000 Dalton). The masses of the di�erentreatants are summarized in the table 2.1.Core-shell latex 5



2 Charaterization Table 2.2: Synthesis of the ore-shell Laties.Core-shell Latex KS1 KS2 KS3 KS4(ross-linking [mol.%℄) 1.25 2.5 5 2.5Core Latex [wt.%℄ 20.1 18.9 21 19.5Core Latex [g℄ 199.0 211.5 190.5 205.1NiPA [g℄ 38.0 38.0 38.0 19.0BIS [g℄ 0.6480 1.2959 2.5885 0.6470KPS in 10 ml H2O [g℄ 0.3834 0.3814 0.3812 0.3838H2O [g℄ 542.4 535.8 568.2 363.5
mPS/mshell 1.06 1.03 - 1.05The seeded emulsion polymerization for the ore-shell system under onsideration herewas done using 100 g of the ore latex diluted with 320 g of deionized water together with20 g of NIPAM and 1.43 g of BIS. No additional SDS was added in this step. After thisstirred mixture has been heated to 80oC, the reation is started by the addition of 0.201

g of KPS (dissolved in 15 mL of water) and the entire mixture is allowed to stir for 4 hat this temperature. After ooling to room temperature the latex has been puri�ed byexhaustive serum replaement against puri�ed water (membrane: ellulose nitrate with a0.10-µm pore width supplied by Shleiher and Shuell). The ells ontain 750 ml. Thepuri�ation was performed on ira 10 wt.% solution under 1, 2 bar nitrogen and used toonentrate the initial solutions and to adjust the salt onentration. The masses of thedi�erent reatants used for the synthesis of the di�erent ore-shell systems are summarizedin the table 2.2.MethodsTransmission eletron mirosopySamples for TEM were prepared by plaing a drop of the 0.2 wt.% solution on a arbon-oated opper grid. After few seonds, exess solution was removed by blotting with �lterpaper. The ryo-TEM preparation was done on dilute samples (0.2 wt.%). The sample waskept at room temperature and vitri�ed rapidly by the method desribed previously [66℄.A few miroliters of diluted emulsion were plaed on a bare opper TEM grid (Plano, 600mesh) held by the tweezers of the Controlled Environment Vitri�ation System (CEVS).The dimensions of the holes where the sample is absorbed and vitri�ed are 35 × 35 × 10
µm. The exess liquid was removed with �lter paper. Typially the �lm thikness wherethe partiles are investigated ranges between 1 µm and the diameter of the partiles(∼100 nm). This sample was ryo-�xed by rapid immersing into liquid ethane ooled to-180oC in a ryo-box (Carl Zeiss NTS GmbH). The speimen was inserted into a ryo-transfer holder (CT3500, Gatan, Munih, Germany) and transferred to a Zeiss EM922EFTEM (Zeiss NTS GmbH, Oberkohen, Germany). Examinations were arried out attemperatures around -180oC. The TEM was operated at an aeleration voltage of 200
kV . Zero-loss �ltered images were taken under redued dose onditions (<21000 e−/nm2)with an aperture α0 = 10 mrad at a magni�ation of 16000X. All images were reorded6



2.1 In�uene of the degree of rosslinking on the struture and swelling behavior ofthermosensitive ore-shell olloidal latexes.Table 2.3: Summary of the di�erent parameters used for the normalization of the sattering in-tensity pro�le (see text for further details).Systems c [g/cm3] crosslinking [mol.%] mcore

mshell
N/V [nm−3]Core 0.060 - - 9.62.10−8KS1 0.032 1.25 1.19 1.99.10−8KS2 0.023 2.50 1.15 2.79.10−8KS3 0.035 5.00 1.041 2.87.10−8

digitally by a bottom-mounted 16 bit CCD amera system (UltraSan 1000, Gatan). Toavoid any saturation of the gray values all the measurements were taken with intensitybelow 15000, onsidering that the maximum value for a 16 bit amera is 216. Imageshave been proessed with a digital imaging proessing system (Digital Mirograph 3.9 forGMS 1.4, Gatan). The experiment at 45oC were performed in an Oxford CT-3500 (now:Gatan, Pleasanton, CA) ryo-holder, and were examined in an FEI (The Netherlands)T12 G2 dediated ryogeni-temperature transmission eletron mirosope.Dynami light satteringDynami light sattering (DLS) was done using a Peters ALV 5000 light sattering go-niometer equipped with a He-Ne laser (λ = 632.8 nm). The temperature was ontrolledwith an auray of 0.1oC. The samples were highly diluted (c = 2.5.10−3 wt.%) to pre-vent multiple sattering and �ltered through a 1.2 µm �lter to remove dust. The saltonentration in KCl was set to 10−4 mol.L−1 and 5.10−2 mol.L−1. The measurementswere performed at a sattering angle of 90o for temperatures between 10 and 50 oC.Small-angle X-Ray satteringSmall-angle X-Ray sattering experiments have been performed on both ore and ore-shell systems. Most of the SAXS measurements reported here have been performed at theID2 beamline at the European Synhrotron Radiation Faility (ESRF, Grenoble, Frane).The diameter of the X-ray beam was 150 µm and the inident wave length equals to 0.1
nm. SAXS pattern were reorded with a two-dimensional amera loated at a distaneof 5 m from the sample within an evauated �ight tube. The bakground sattering hasbeen subtrated from the data and orretions were made for spatial distortions and forthe detetor e�ieny. The onentrations of the laties varies between 2 and 6 wt.%(see Table 2.3). For the latex onentrations used here we assume that the in�uene ofinterpartiular interferenes an be dismissed without problems and that the struturefator S(q) is equal to 1 [17, 67℄.In order to hek the detetor the same ore solution has been measured on a modi�edKratky amera for q between 0.03 and 4 nm−1. The desription of the amera and of theevaluation of the sattering is given elsewhere [17℄.The density of the shell has been alulated onsidering the value of the density of thepolystyrene ore (1.0525 g/cm3), the density of the ore-shell for the KS2 at 25 oC (1.098
g/cm3) and the mass ratio mPS/mshell determined gravimetrially (1.03) using the for-mula: 7



2 Charaterization
̺shell =

1 − (mPS/mshell)/(1 + mPS/mshell)

̺−1
core−shell − ̺−1

core(mPS/mshell)/(1 + mPS/mshell)
(2.1)The shell density derives from this alulation is equal to 1.149 g/cm3. The same alula-tion performed this time onsidering the density of the ore partiles (1.059 g/cm3) andthe mass ratio between the ore partiles and the shell polymerized in the seond step ofthe polymerization mcore/mshell (1.15) gives a value of 1.147 g/cm3. The same alulationperformed on the KS1 onsidering the density of the ore-shell measured at 20oC (1.098

g/cm3) and the di�erent mass-ratios (mPS/mshell = 1.06, mcore/mshell = 1.19) gives re-spetively a density of 1.151 and 1.148 g/cm3. The di�erent results for the two systemsobtained from the two alulations are in good agreement within the experimental error,whih is mostly oming from the determination of the mass ratio by gravimetry. For therest of the work the density for the PNIPAM and for the ross-linked shell will be on-sidered equal to 1.149 g/cm3. In this way the density value of the shell is slightly higherthan the density of pure PNIPAM in water as determined by Shibayama and al. (1.140
g/cm3) [1℄, whih is natural onsidering the ross-linking of the system.The eletroni density has been alulated in electrons/nm3 using the formula:

̺e =
NA.̺.ne−

M
(2.2)with ̺ the density of the system, M and ne− the moleular weight and the numberof eletrons per onstituting moleules. From the density values the exess eletronidensity ∆̺e of the ross-linked shell follows as 45.5 e−/nm3. The respetive quantity ofpolystyrene is 7.5 e−/nm3 at 25 oC. These numbers de�ne the ontrast in SAXS of thesepolymers in water.The sattering density pro�le have been normalized by the number of partiles per volume

N/V (in nm−3) in order to obtain the sattering of one single partile I0. The quantity
N/V derives from the mass onentration of the dispersion c (in g/cm3), from the ratioore/shell mcore/mshell determined by gravimetry, and from the radius of the ore Rc andits density (1.059 g/cm3) as follows:

N/V =
c.(mPS/mshell)/(1 + mPS/mshell)

(4/3)π̺cR3
c

(2.3)To this purpose the value of Rc was onsidered equal to 52 nm from the gaussian �t of thesize distribution determined from the ryoTEM analysis (see setion 2.2). The di�erentparameters for the normalization of the urves are indiated in the table 2.3. Note thatthe mass ration ore/shell of the KS3 has not been determined gravimetrially but derivedfrom the phase diagram present in the setion rystallization (see setion 2.3).8



2.1 In�uene of the degree of rosslinking on the struture and swelling behavior ofthermosensitive ore-shell olloidal latexes.2.1.3 Theoretial bakgroundFlory-Rehner theoryThe marosopi state of a homogeneous neutral gel is desribed within the lassial Flory-Rehner theory. Here we follow the exposition of this model given in Ref. [49℄. Hene, itsu�es to delineate the main steps.The net osmoti pressure within the gel is given by
Π =

kbT

a3

{

−φ − ln(1 − φ) − χφ2 +
φ0

NGel

[

1

2

(

φ

φ0

)

−
(

φ

φ0

)1/3
]} (2.4)where kB is the Boltzmann onstant, a is the monomer segment length, χ is the Floryinteration parameter, φ is the polymer volume fration, φ0 refers to the polymer volumefration at a referene state and Ngel is the average degree of polymerization of the polymerhain between two rosslinking points. For systems undergoing isotropi swelling, theswelling of the mirogel an be desribed as the ratio of the average polymer volumefration φ and the average polymer volume fration φref in the ollapsed state

φ

φref
=

[

RH,ref
3 − Rc

3

RH
3 − Rc

3

] (2.5)with RH the hydrodynami radius of the ore shell at the temperature T and RH,ref theradius et the referene state after the omplete ollapse of the shell measured at 45oC.
Rc denotes the radius of the ore partiles determined from the ryogenized transmissioneletron mirosopy. The Flory interation parameter χ is given by

χ =
∆F

kbT
=

∆H − T∆S

kbT
=

1

2
− A

(

1 − Θ

T

) (2.6)where A = (2∆S + kB)/2kB and Θ = 2∆H/(2∆S + kB). ∆S and ∆H are the hangesin entropy and enthalpy of the proess, respetively. It has been shown that χ inreasesnonlinearly with inreasing onentration of polymer (see e.g. Ref. [68℄ and furtherliterature ited therein)
χ(T, φ) = χ1(T ) + χ2φ + χ3φ

2 + ... (2.7)with χ1 orresponding to equation (3). Following Ref. [49℄ we will only onsider the �rstorder of the φ-expansion, whih leads to the following expression for χ

χ =
∆F

kbT
=

1

2
− A

(

1 − Θ

T

)

+ χ2φ (2.8)Thermodynami equilibrium for the gel is attained when Π = 0, i.e., if the pressure insideand outside the gel is the same. Combining eq. 2.4 and eq. 2.8, the equilibrium line inthe T − φ phase diagram is given by 9



2 Charaterization
TΠ=0 =

Aφ2Θ

−φ − ln(1 − φ) +
(

A − 1
2

)

φ2 − χ2φ3 + φ0

NGel

[

1
2

(

φ
φ0

)

−
(

φ
φ0

)1/3
] (2.9)

Small-angle X-ray satteringThe sattering intensity I(q) measured for a suspension of partiles with spherial sym-metry may be rendered as the produt of I0(q), the sattering intensity of an isolatedpartile, and S(q), the struture fator that takes into aount the mutual interation ofthe partiles:
I(q) = (N/V )I0(q)S(q) (2.10)where N/V denotes the number density of the sattering objets. A previous disussion ofS(q) for systems of spherial partiles has demonstrated that the in�uene of the struturefator is restrited to the region of smallest q values when the onentration of the partilesis small. Its in�uene onto the measured sattering intensity an therefore be disregardedin the present analysis. Hene, S(q) = 1 will be assumed in the following [67℄.The sattering intensity of one single partile an be deomposed in priniple in threeterms [17, 63, 64, 67℄:

I0(q) = Ipart(q) + Ifluc,PS(q) + Ifluc,shell(q) (2.11)
Ipart(q) is the part of I0(q) due to the ore-shell struture of the partiles (i.e., thesattering intensity aused by omposite partiles having a homogeneous ore andshell) [63, 64℄. The ore and the shell are haraterized by di�erent eletron densities.
Ifluc,PS(q) and Ifluc,shell(q) refer to the thermal �utuation of the PS ore and thePNIPAM shell respetively. The shell, however, does not onsist of a solid material butof a polymeri network whih exhibits stati inhomogeneities and thermal �utuations,for this reason we negleted the ontribution of the �utuation of the PS ore and weonly take into aount Ifluc,shell(q). For spherial symmetri partiles with radius R,
Ipart(q) is equal to B2(q) where the sattering amplitude B(q) is given by.

B(q) = 4π

R
∫

0

φ(r)[̺e,p(r) − ̺e,w]r2sin(qr)

qr
dr (2.12)The sattering ontrast is the di�erene of the sattering length density of the polymerand the surrounding solvent ∆̺e(r) = ̺e,p(r) − ̺e,w. By multiplying the polymerfration φ(r) pro�le by the sattering ontrast respetively of the polystyrene forthe ore (∆̺e,PS = 7.5 e.u/nm3) and of the ross-linked PNIPAM for the shell(∆̺e,PNIPAM = 45.5 e.u/nm3; see setion Methods), we obtained the eletron densitypro�le neessary for the alulation of the sattering intensity.10



2.1 In�uene of the degree of rosslinking on the struture and swelling behavior ofthermosensitive ore-shell olloidal latexes.

Figure 2.1: Cryo-TEM mirographs of a 0.2 wt.% aqueous suspension of the PS/PNIPAM ore-shell partiles for di�erent degrees of rosslinking: (a) KS1 1.25 M%, (b) KS2 2.5 M%and () KS3 5 M%. The samples were kept at room temperature before vitri�ation.The ore onsists of polystyrene and the orona of PNIPAM ross-linked with BIS.The full and dashed lines show the hydrodynami radii respetively of the ore andore-shell partiles as determined by DLS.The polydispersity an be desribed by a normalized Gaussian number distribution [17,67℄:
D(R, σ) =

1

σ
√

2π
exp

[

−(R − 〈R〉)2

2σ2

] (2.13)with 〈R〉 the average radius and σ the standard deviation. Here, it su�es to mentionthat the polydispersity smears out the deep minima of Ipart(q) to a ertain extent [63, 64℄.For the evaluation of the part of the sattering aused by the thermal density �utuationswithin the shell Ifluc(q) it is appropriate to use the empirial formula [63, 64℄:
Ifluc =

Ifluct(0)

1 + ξ2q2
(2.14)where the average orrelation length in the network is desribed by ξ. Ifluc ontributessigni�antly only in the high q regime.2.1.4 Results and disussionCryogeni eletron mirosopyThe synthesis of the ore-shell partiles proeeds in two steps [17℄: First a poly(styrene)ore is synthesized by onventional emulsion polymerization. The ore partiles thusobtained are pratially monodisperse and well-de�ned. A radius of 52.0 nm and a poly-dispersity of 4% were derived from the ryoTEM mirographs (see setion 2.2), whereasthe dynami light sattering gives a value of 55.0 nm between 8 and 45oC. As expetedthe radius of the ore partiles as observed by DLS has no dependene on the temperature.11



2 Charaterization

Figure 2.2: Cryo-TEM mirographs of a 0.2 wt.% aqueous suspension of the PS/PNIPAM ore-shell partiles. The sample was maintained at 23oC (left-hand side) and 45oC (right-hand side) before vitri�ation. The ores onsists of polystyrene and the orona ofross-linked PNIPAM with BIS. The irle around the ore marks the ore-radiusdetermined by dynami light sattering in solution. The irles around the entirepartile gives the hydrodynami radius RH of the ore-shell partiles again determinedby dynami light sattering taken from Fig. 2.7It needs to be noted that the ore partiles bear a small number of hemially boundharges on their surfae. This is due to the synthesis of the ores whih proeedsthrough a onventional emulsion polymerization. These harges keep the solution stableeven at high temperature. In a seond step the thermosensitive shell is polymerized athigher temperatures (80oC) onto these ore partiles in a seeded emulsion polymerization.Fig. 2.1 shows the mirographs obtained for di�erent degrees of rosslinking by ryo-TEM. For the analysis a suspension of the partiles is shok-frozen in liquid ethane. Thewater is superooled by this proedure to form a glass and the partiles an diretly bestudied upon in-situ. Fig. 2.1 shows that the ore-shell partiles are indeed narrowlydistributed. Moreover, the PNIPAM shell is learly visible in these pitures withoutusing any ontrast agent. All the polystyrene ores observed are overed by the PNIPAMshell leading to a partially spherial shape. This is aompanied by parts of the networkof higher and lower transmission whih an be assigned to the density �utuationsand the spatial inhomogeneities in the network. This orresponds to the additionalontribution seen in SAXS measurements of similar ore-shell partiles. As argued in ref.[49, 63, 64℄, the sattering intensity ontains a term related to spatial inhomogeneitiesof the network found for marosopi networks and predited by theory [3℄. Hene,Figure 2.1 provides a diret visual proof of an important onlusion drawn from previoussattering measurements. Moreover, the present mirographs suggest that these �utu-ations lead to a slightly irregular shape that may be also embodied in the ontributionto the sattering intensity measured at higher sattering angles. The bukling of theshell whih is dereasing with inreasing rosslinking an be related to the instabilities ofswelling gels ourring at the surfae of swollen gels a�xed to solid substrate. A review ofthe studies of this e�et related to marosopi systems was given by Boudaoud et al. [69℄.Figure 2.1 also demonstrates that the thermosensitive shell is in some ases not fully12



2.1 In�uene of the degree of rosslinking on the struture and swelling behavior ofthermosensitive ore-shell olloidal latexes.attahed to the ore. This sheds new light on the seond step in the synthesis of theore-shell partiles: The analysis of the ore partiles by SAXS showed that the additionof 5% NIPAM during the synthesis of the ore leads to a thin shell of PNIPAM at thesurfae of the ore partiles [17℄. The shell will be bound to the ore most probablyby hain transfer of the growing PNIPAM network to the thin PNIPAM-shell overingthe ore. The mirographs demonstrate, however, that this binding is inomplete. Athigh temperatures during the synthesis of the shell the growing network is ollapsed ontothe ore. Thus, the shell is expeted to be rather homogeneous at temperatures abovethe volume transition. This was shown experimentally by SANS [63℄. It will also beshown below that the volume fration φ0 whih follows from the Flory-Rehner analysiswill be high and demonstrate the small degree of swelling of the network during synthesis.However, hain transfer does not lead to omplete attahment of the shell to the ores inthis step. Hene, the three-dimensional swelling of the shell below the transition must leadto a partial detahment of the shells. Fig. 2.1 demonstrates that this e�et is dereasingwith inreasing degree of ross-linking as expeted.The phase transition in the shell an be diretly imaged by CryoTEM analysis. Fig. 2.2is an example of the mirographs resulting from the system KS2 quenhed from 45oC.Here we hose a higher magni�ation to display the details of the partiles more learly.Naturally, this experiment is more di�ult beause vitri�ation must be muh faster thanthe relaxation time haraterizing the shrinking kinetis of the partiles. However, Fig.2.2b in omparison to 2.2a learly shows that the partiles have shrunken onsiderably.Moreover, the shell has been ompated by this shrinking proess and provides now a tightenvelope of the ores. This is expeted given the fat that the shell has been attahed tothe ore at even higher temperatures. Moreover, the ompatness of the shell had alreadybeen dedued from SANS-measurements [63, 64℄.Small-angle X-ray satteringCore partilesFirst the sattering intensity pro�le has been evaluated for the ore partiles. Fig. 2.3presents the experimental sattering intensity of one isolated partiles I0(q) obtained fromthe synhrotron and from the modi�ed Kratky amera. Both measurements superposeuntil q = 0.6 nm−1, even if the resolution of the synhrotron is better for the small
q. Above this q value the signal is beoming to noisy to be evaluated in oppositionto the Kratky amera, whih is more appropriate for the higher q ause of its shorterdistane soure detetor. For this reason the following sattering intensities I0(q) havebeen evaluated only up to 0.6 nm−1. A simple �t onsidering an homogeneous polystyrenepartile of 52 nm sueeds to desribe the position of the side maxima. At higher q-valuesthe measured sattering is onsiderably higher than the one alulated for a homogeneoussphere. This fat on�rms the presene of a thin PNIPAM layer at the interfae.The best �t was obtained for a ore-shell pro�le with a dense polystyrene ore of 48 nm.The SAXS analysis of the ore partiles demonstrates furthermore that a small frationof PNIPAM is loated in a thin 2 nm shell at the surfae of the partiles. The eletrondensity of this shell (23.0 e−nm−3) exhibits a onsiderably higher density than the ore(7.5 e−nm−3) and ontributes onsiderably to the sattering intensity. The sensitivity of13
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Figure 2.3: Sattering intensity of an isolated partile, I0(q) = I(q)/(N/V ) obtained for the orepartiles from the synhrotron (irles) and from the modi�ed Kratky amera (tri-angles). The dashed line presents the sattering intensity pro�le of a pure 52 nmpolystyrene partiles. The solid line is the best �t obtained for a ore-shell systemwith a 48 nm polystyrene ore and a 2 nm thin PNIPAM shell with an eletronidensity of 23 e−/nm3 (see inset).the SAXS to detet thin polymer layer at solid ore interfae has been already found informer studies for similar systems [64℄ and also in the adsorption of surfatant on orelaties [70℄. The �t proedure also shows that the size distribution of the ore partilesis rather small with a polydispersity of 5.0%. Considering the eletron density of thePNIPAM alulated formerly this value orresponds to a polymer volume fration of 0.5.The mass perentage of PNIPAM in the ore deriving from this analysis is 6.7 %, whihremains rather lose to the 5 % introdued at the beginning of the opolymerization ofthe ore partiles. Moreover the average size of 50 nm is in good agreement with theaverage value obtained by TEM and ryoTEM with a deviation of less than 4 % (seesetion 2.2). The deviation with the hydrodynami radius of 55 nm determined by DLSis muh higher. Nevertheless this value refers to an intensity weighted average whereas thetwo others methods refer to number weighted average. A number distribution obtainedfrom the CONTIN analysis will thus lay around 50 nm in good agreement with the othersmethods.Core-shell partilesThe same analysis has been performed on di�erent ore-shell systems. Fig. 2.4 presentsthe di�erent I0(q) obtained for di�erent degrees of rosslinking. I0(q) desribes a singlemaximum for 1.25 mol.% rosslinking, then two maxima for 2.5 mol.% and three maximafor 5 mol.%. Moreover the intensity in the low q region is inreasing. This learlyindiates that inreasing the degree of rosslinking leads to more de�ned and more ompatpartiles. Moreover the �rst maximum is slightly shifted to the left whih is an indiationof a derease in the size of the partiles in agreement with the diret observation done byryoTEM. A paraboli pro�le has been onsidered for the shell as proposed by Berndt etal. in their investigation of PNIPAM mirogels [60℄, PNIPAM/PNIPMAM [61, 71℄ andPNIPMAM/PNIPAM omposite mirogels [62℄.14



2.1 In�uene of the degree of rosslinking on the struture and swelling behavior ofthermosensitive ore-shell olloidal latexes.
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Figure 2.4: Sattering intensities I0(q) = I(q)/(N/V ) obtained for the di�erent degrees ofrosslinking: KS1 (1.25 mol.%) (squares); KS2 (2.5 mol.%) (irles) and KS3 (5
mol.%)(triangles).Table 2.4: Fit parameters used for the alulation of the sattering intensity pro�le I0(q) (see �g.2.5). mcore/mshell, ξ and R are the mass ratio ore/shell, the orrelation length and theoverall size of the systems derived from this analysis. RH is the hydrodynami radiusderived from the dynami light sattering at 23oC (see �gure 2.7). The orrespondingpolymer volume fration pro�le are given in the �g. 2.6.Systems K Rhw [nm] σ [nm℄ PDI [%] mcore

mshell
ξ [nm] R [nm] RH [nm℄KS1 0.160 85 20 8.0 1.38 10 105 124.6KS2 0.284 77 17 8.0 1.14 7 94 112.4KS3 0.435 72 12 6.0 1.03 7 84 107.0The following relation has been used to desribe the polymer volume fration pro�le forthe rosslinked shell [61, 62, 71℄:

Kφ(r) =















1 : r ≤ Rc

1 − (Rhw − r + σ)2/(2σ2) : Rc < r ≤ Rhw

(r − Rhw + σ)2/(2σ2) : Rhw < r ≤ Rhw + σ
0 : Rhw + σ < r

(2.15)
K is a prefator, Rc is the radius of the ore and Rhw is the half-width radius and σ thehalf-width.The pro�le for the ore has been kept idential to the one derived from the ore analysisin the preedent setion. The pro�le of the ore-shell partiles has been then introduedin equation 2.12 to alulate Ipart(q). The polydispersity whih is smearing the maximumhas been introdued in term of a Gaussian distribution. Fig. 2.5 displays the di�erentsattering intensity pro�les normalized by N/V and the best �t obtained for eahsystem. The dashed lines refer to Ipart(q) and the dotted lines refer to Ifluc(q). Thebest �t derives from the sum of these two ontributions and is displayed by the solidline. The �ts provide a good desription of the experimental set of data on the q range15
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Figure 2.5: Form fator P (q) = I(q)/(N/V ) obtained for di�erent degree of rosslinking: KS1(1.25 mol.%), KS2 (2.5 mol.%), KS3 (5 mol.%). The irles display the experimentalmeasurements. The long dashed lines are the alulated Ipart(q), whereas the dashedlines represent the ontribution of the thermal density �utuations Ifluc(q). The sumof this two ontributions are given by the solid lines, whih orrespond of the best�t of the experimental data. The �t parameters are given in the table 2.4 and theorresponding polymer volume fration pro�le in the �g. 2.6.16



2.1 In�uene of the degree of rosslinking on the struture and swelling behavior ofthermosensitive ore-shell olloidal latexes.
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Figure 2.6: Radial polymer e�etive volume fration φ(r) obtained from the SAXS analysis for thedi�erent degrees of rosslinking: KS1 (1.25 mol.%) (dotted line); KS2 (2.5 mol.%)(dashed line), KS3 (5 mol.%)(solid line). The pro�les onsist on a dense 48 nmpolystyrene ore with a 2 nm thin PNIPAM shell onto whih a the rossslinked shellhas been polymerized. The analysis onsiders a paraboli pro�le for the shell as givenin equation 2.15. The di�erent �t parameters are given in table 2.4.investigated. The di�erent �t parameters are summarized in the table 2.4. The polymervolume fration pro�le an be extrated from the �t of the sattering experiments andis presented in Fig. 2.6. As already observed by ryoTEM, inreasing the degree ofrosslinking leads to a more ompat struture and to a more pronouned depletion atthe ore/shell interfae . The ore/shell mass ratio derived from the di�erent pro�les isin good agreement with the value obtained by gravitometry, exept for the lower degreeof rosslinking. This ould be attributed by a lak of ontrast for a too di�use shell.Moreover the size is also dereasing as already observed from the dynami light satteringexperiments (see �g. 2.7). Nevertheless the radius is about 16, 16 and 21 % smallerompared to the hydrodynami radius of the KS1, KS2 and KS3 determined by dynamilight sattering. This was attributed in a former study to the presene of dangling hainswhih ould not be deteted by SAXS or SANS but only by DLS [63℄. Nevertheless thediret imaging of the partiles by ryoTEM evidened the strong bukling of the partiles.The disrepany between the two methods an be explained as follows: Mirogels aredynami strutures whih exhibit thermal �utuations. Moreover, the synthesis leads tothe bukling up of the shell as disussed already. Hene, the shape of the partiles is notperfetly spherial. A rotational average hene will result in a larger size. This point willbe disussed in further details in the next hapter dediating to the quantitative analysisof the ryo-TEM mirograhs (see hapter 2.2).Thermodynamis of the phase transitionThe volume transition within the shell an easily be studied by dynami light sattering(DLS). Figure 2.7 shows the dependene of the hydrodynami radius RH of the omposite17
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Figure 2.7: Hydrodynami radii of the ore-shell latexes versus temperature for di�erent degreesof rosslinking, as determined by DLS (irles: 1.25 mol.%, squares: 2.5 mol.%,triangles: 5 mol.%). Full symbols represent the measurements without addition ofsalt, whereas hollow symbols display the measurements performed by adding 5.10−2

mol.L−1 KCl.mirogels determined by DLS as funtion of the temperature. RH dereases gradually withtemperature until a sharp volume transition from swollen to unswollen states takes plae,reahing a �nal ollapsed size at a transition temperature between 34 and 38oC dependingon the degree of rosslinking. Inreasing the degree of rosslinking the transition beomesmore ontinuous and the ollapse state is shifted to higher temperatures. Without additionof salt this proess is thermoreversible without any hysteresis.The omparison between the overall size observed from the mirographs and the hy-drodynami radius as determined by the DLS an be observed in the Fig. 2.7. Thehydrodynami radius RH as measured by DLS indiated in eah ase as a shed irlearound one partile evidently provides an appropriate measure of the average radius ofthe partiles. Moreover we found that the overall radius of the partiles from these mi-rographs is in good agreement with the hydrodynami radius measured at 45oC (dashedirle). This indiates that the proess of quenhing is su�iently fast to preserve thehigh-temperature struture. This �nding is quite important inasmuh it shows that themethod of preparation does not disturb the struture of the thermosensitive partiles.This fat is of great importane when determining the e�etive volume fration of thepartiles in a onentrated suspension. Addition of 5.10−2 mol.L−1 KCl leads to a slightshrinking of the partiles. This phenomenon has been already investigated in a reentstudy [72℄. The addition of salt sreens the residual eletrostati interation of the parti-les. Hene, at higher temperatures the dispersions beome unstable and aggregate [72℄.For the systems under onsideration aggregation takes plae above 32oC for the KS1 andabout 33oC for the KS2 and KS3. Evidently, experiments aiming at an understanding ofthe �ow behavior of stable suspensions must be done below these temperatures. On theother hand, salt must be added for a su�ient sreening of the eletrostati interationin order to obtain a model dispersions that interats solely through steri repulsion.We an now disuss the modeling of the swelling data shown in Fig. 2.7 in terms of theFlory-Rehner theory. Parameter of the di�erent sets of data is the degree of rosslinking.18
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Figure 2.8: Experimental phase diagram T − φ for di�erent degrees of rosslinkings (full irles:1.25 mol.%, full squares: 2.5 mol.%, hollow triangles: 5 mol.%). Lines presentthe �ts obtained from eq.(2.9℄. The vertial dashed line marks the referene volumefration φ0 = 0.7 in the ollapsed state.
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2 CharaterizationTable 2.5: Parameters of the Flory-Rehner �t. (eq. 2.9 and Fig. 2.8).KS1 KS2 KS3n(BIS)/n(NiPAM) [mol.%℄ 1,25 2,50 5,00
φ0 0,7 0,7 0,7
A -8,7 -8,7 -8,7
χ2 0,9 0,9 0,9
Θ [K℄ 312 314 316
NGel 80 45 22LCST [oC℄ 31.7 32.3 32.2
T (χ = 1) [oC℄ 35.1 36.2 38.2The �t proedure used to model the phase transition is the same as reported reently [49℄.The �ts are presented together with the experimental data as shown in the T −φ diagram(Fig. 2.8). The resultant �tting parameters are summarized in the table 2.5. Consideringthat only the amount of rosslinker is hanging, we keep the same value for φ0, A and χ2for all the systems and we only vary θ and N .For the present system the best agreement for the referene polymer volume fration inthe ollapsed state has been found for φ0 = 0.7. This value has already been expetedfrom the previous analysis of the partiles by SAXS and SANS [63℄. Indeed as reportedby reent nulear magneti resonane measurements water moleules are still present inthe shell above the LCST but they are strongly on�ned [58℄.The N values (see table 2.4) found are proportional to the degree of rosslinking but areabout two times larger than those orresponding to the rosslinking in a homogeneousnetwork. A ontent of 2.5mol.% of the rosslinker BIS would orrespond to Ngel =20. Thisdisrepany an be traed bak to the inhomogeneities in the PNIPAM mirogels. Indeed,Wu et al. [73℄ investigated the polymerization of NIPAM and BIS during the mirogelsynthesis. The rosslinker was found to be onsumed faster than the NIPAM indiatingthat the partiles are unlikely to have a uniform omposition. This �nding has beenon�rmed by SAXS and SANS, revealing that the segment density in the swollen state isnot homogeneous, but gradually deays at the surfae [60, 63℄. Moreover high-sensitivealorimetri study have on�rmed this assumption [55℄. Given the various unertainties ofthe Flory-Rehner analysis, the present �ts seem to provide a su�ient desription of thedata. Moreover, it should be kept in mind that the original theory has been developed formarosopi, three-dimensional networks while it is applied here to mirosopi systemswhih an swell only along the radial diretion.Fig. 2.9 displays the evolution of the solvent parameter χ derived from the �t from the�g. 2.8 as funtion of the temperature for the three systems. The LCST then orrespondsto the temperature where χ is equal to 0.5. We found that inreasing the ross-linkingslightly shifts the LCST to higher temperature between 1.25 and 2.5 mol.% rosslinker,but the LCST found from this analysis is rather lose to 32oC whih orresponds tothe LCST of linear PNIPAM hains [55℄. On the ontrary the temperature where theshell is totally ollapsed obtained from χ = 1 shifts from 35.1 to 38.2 oC with inreasingrosslinking, whih an be attributed to a higher rubber elastiity of the network. Thisillustrates the transition from a sharp to a ontinuous volume transition by inreasing therosslinking of the shell.20



2.1 In�uene of the degree of rosslinking on the struture and swelling behavior ofthermosensitive ore-shell olloidal latexes.The present analysis thus demonstrates that the ore-shell mirogels an be modelled inthe same way as marosopi systems.2.1.5 SummaryIn this hapter, omposite PS/PNIPAM ore-shell mirogels with di�erent degrees ofrosslinking have been synthesized and haraterized by ryogeni transmission eletronmirosopy, small-angle X-rays sattering and dynami light sattering. The analysisdemonstrates that the shell forms a well-de�ned network around the pratially monodis-perse ore partiles. Inreasing the degree of rosslinking was also found to lead to smallerand denser partiles. Moreover, diret imaging of the partiles by Cryo-TEM shows the in-homogeneities within the network. Cryo-TEM shows also the bukling of the shell ausedby the one-dimension swelling of the shell. This bukling e�et whih is well-known frommarosopi systems leads to a slightly irregular shape partially explaining the disrep-anies between the SAXS and the DLS. Moreover a paraboli density pro�le for the shellhas been evidened by SAXS. The volume transition within the shell of these partilesan be desribed very well by the Flory-Rehner theory. All results demonstrate that thetwo-step synthesis of the partiles leads to well-de�ned partiles suitable as model systemsfor studying the dynamis of onentrated suspensions.

21



2 Charaterization2.2 Quantitative analysis of polymer olloids bynormal and ryo-transmission eletron mirosopy.2.2.1 IntrodutionFor many deades, transmission eletron mirosopy (TEM) is one of the most importanttehniques for the study of nanostrutured materials. In reent years, ryogeni TEM(ryo-TEM) has greatly enlarged the sope of this tehnique and has thus beome anindispensable tool of biologial researh [74�77℄. Aqueous solutions ontaining e.g. virusesare vitri�ed by shok-freezing in liquid ethane. Thus, thin �lms of vitri�ed solutions anbe analyzed by TEM. Evidently, ryo-TEM allows us to study sensitive biologial andolloidal [78�85℄ strutures in-situ, that is, in aqueous solution. Thus, there is no needfor any further preparatory step. Up to now,there is a large number of morphologialstudies using ryo-TEM [22, 66, 86�88℄. However, there are only few investigations whihevaluate the ryo-TEM mirographs in a quantitative manner [75, 76, 78�82℄.In a similar fashion, small-angle X-ray sattering (SAXS) [67, 88, 89℄ and small-angleneutron sattering (SANS) [90℄ present well-established tools for the analysis of nanos-trutures. There is a huge number of publiations in whih one of these methods has beenused to analyze partiulate strutures in solution and the literature in this �eld is hardto overlook.Both SAXS and Cryo-TEM are sensitive toward the loal eletron density in the objetand thus lead to similar information about the sample under srutiny. In priniple, thegray sale of TEM-mirographs ould be evaluated to yield the eletron density of thesample. This in turn will lead diretly to the SAXS-intensities and vie versa. To theauthors' best knowledge, this obvious relation between SAXS and TEM has hardly beenexploited yet. The reasons for this are given by the fat that the quantitative evaluationof TEM-mirographs presents a di�ult task beause of the multiple sattering of theeletrons in thik samples [76, 91�93℄. Moreover, any staining proedure or other prepa-ration of the sample will lead to irreversible hanges and render a quantitative omparisonbetween TEM and SAXS impossible.Here we present a quantitative omparison between the analysis of a olloidal system byryo-TEM and SAXS. Following previous work by Langmore et al. [80, 81℄, we evaluatethe loal exess eletron density from the gray sale of the ryo-TEM mirographs. Inpartiular, we alulate the SAXS-intensity diretly from the ryo-TEM mirograph andompare these results to measured intensities.As an example for this analysis we �rst hose aqueous dispersions of the ore partilesdesribed in the hapter 2.1, whih serves as a simple model for partiles with well-knownstruture. Then we investigate the ore-shell partiles also presented in the previoushapter. The reason for the hoie of this system for the present purpose is given by thefat that ore-shell mirogels PS/PNIPAM have already been the subjet of a number ofstudies employing SAXS and SANS [17, 63, 64℄ inluding the SAXS analysis desribed inthe setion 2.1.4. In the setion 2.1.4, it has been also demonstrated that ryo-TEM is well-suited to investigate the volume transition and the struture of omposite PS/PNIPAMore-shell. Hene, this system is well-suited for a quantitative omparison of SAXS andryo-TEM.22



2.2 Quantitative analysis of polymer olloids by normal and ryo-transmission eletronmirosopy.
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Figure 2.10: Plot Γ versus q2 for the ore (down triangles) and ore-shell (irles) partiles mea-sured at 23oC. The di�usion oe�ient D0 of both systems is obtained from theslope of the linear extrapolation given by the dashed and solid lines.This hapter is organized as follows: In setion 2.2.2 the partiles and methods used inthis study are presented while setion 2.2.3 gives the theoretial bakground of ontrast ineletron mirosopy. In setion 2.2.4 the analysis of the TEM and ryo-TEM mirographsis �rst validated using homogeneous polystyrene partiles arrying a thin layer of PNI-PAM. Moreover, the e�et of the fousing, dose, sample thikness and energy �ltering willbe disussed. Finally, the quantitative omparison between the ryo-TEM mirographsof the ore-shell system with the respetive SAXS-data desribed in the hapter 2.1 willbe given.The objet of the present hapter is three-fold: First, we present a method for the quanti-tative evaluation of TEM and ryo-TEM pitures whih is validated using a simple modelsystem (ore V2). Seond, we demonstrate that the analysis of suh olloidal partiles byryo-TEM and SAXS (see setion 2.1.4) an be treated on equal footing and supplementeah other in a nearly ideal fashion. Third, the ombination of these methods leads toa detailed analysis of a mirosopi thermosensitive network and an be ompared toearlier investigations by SAXS and SANS arried out on omparable ore-shell partiles[17, 60�64, 71, 94℄.2.2.2 ExperimentalMaterialsAll partiles used herein have been synthesized and puri�ed as desribed in a preedingsetion (see setion 2.1.2). The present analysis was performed on the ore partiles andon the ore-shell partiles ontaining 2.5 mol.% rosslinker (KS2).MethodsTEM and ryo-TEM were performed as desribed in the setion 2.1.2 as well as thedensity measurements. Dynami light sattering experiments were arried out at 23oC asdesribed in the setion 2.1.2 exept that in this ase the deay rate Γ was obtained from23



2 Charaterizationthe seond umulant analysis for sattering angle from 30 to 150o with an inrement of10o. As Γ = D0q
2, the di�usion oe�ient was determined by linear extrapolation of Γversus q2, and the hydrodynami radii of the ore and of the ore-shell were determinedat 55 nm and 113 nm via Stokes-Einstein equation (see �g. 2.10).2.2.3 TheoryContrast transfer funtionIn priniple, the image formation in an eletron mirosope an be desribed in terms ofthe �rst order theory for amplitude and phase ontrast. The relationship between objetdensity, phase and sattering ontrast is usually desribed by the ontrast transfer funtion

CTF (α) as funtion of spatial frequeny [78�81, 93℄. Considering only the ontributionof eletron optis, the relationship between objet density and the eletron intensity anbe written as [93, 95℄
Fi(α, φ) = CTF (α) · F0(α, φ)2A(α)f(α)/λ (2.16)where Fi(α, φ) is the Fourier transform of the image intensities, F0(α, φ) the Fourier trans-form of the objet density, φ the azimuthal angle, A(α) the objetive aperture funtion(1 for α < α0, 0 for α > α0) and f(α) the moleular sattering amplitude. The Brogliewavelength λ an be alulated relativistially in the ase that the kineti energy E usedfor the measurement is lose to the rest energy:

λ = h[2m0E(1 + e/2E0)]
−1/2 (2.17)with E the eletron energy (here 200 keV ), and E0 the rest energy eletron (E0 = m0c

2 =
511 keV )(with m0 = 9.10912.10−31 kg: rest mass, c = 2.9979.108 ms−1: speed of light).Given the above approximations, the ontrast transfer funtion CTF (α) an be expressedthrough

CTF (α) = [sinχ(α) + Q(α)cosχ(α)] (2.18)with χ(α) = 2π/λ (−Csα
4 + ∆fα2/2) where Cs is the oe�ient of spherial aberrationand ∆f the defous. The funtion sinχ(α) is the phase ontrast transfer funtion. Q(α)refers to the amplitude ontrast transfer funtion. It represents the maximum ontri-bution from amplitude ontrast relative to that deriving from phase ontrast. At lowresolutions f(α) and Q(α) an be onsidered onstant and the e�ets of spatial and tem-poral oherene are ignored, beause they are expeted to be negligible [96℄.The ratios of the Fourier transformations of the ore partiles at di�erent defoi havebeen ompared to the ratio of the theoretial values (equation 2.18) with Q as adjustableparameter (see �g. 2.11). We determined the value of Q that best desribes hanges inthe images due to defous as desribed by Langmore and Smith [80℄. An empirial valueof Q = 0.14 was found. Fig. 2.12 presents the di�erent CTF (α) obtained for di�erentdefoi. For a defous ∆f = 0 nm, the CTF (α) is almost onstant up to approximately24



2.2 Quantitative analysis of polymer olloids by normal and ryo-transmission eletronmirosopy.
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Figure 2.11: Determination of Q(α) assuming Q(α) = cste (low resolution). The mirographsof a ore partile are taken at di�erent defoi and Fourier transformed. The ratioof the Fourier transformations of di�erent defoi (5 µm, 3 µm and 1 µm) areompared to the theoretial values (equation 2.18) with Q as adjustable parameter.The theoretial values are plotted assuming the instrumental parameters of the ZeissEM922 (λ = 0.0025 nm, aberration oe�ient Cs = 1.2 mm). The best desriptionof the experimental data was obtained for Q = 0.14.0.5 nm−1. Considering the good ontrast of our pitures, there was no need to go out offous. Hene, a ompensation of the CTF (α) was not required in the following study.Thus, phase ontrast an be negleted if the image are taken in-fous, that is, ∆f = 0 nm.Moreover, the following analysis will be restrited to the region of low spatial resolution.From the above disussion of the CTF (α) it is evident, that the range of spatial frequeniesmust hene be smaller than ira 0.5 nm−1. This leads to ira 2 nm minimal spatialresolution whih is smaller than the smallest objet whih an be seen on the mirographspresented in this study. Hene, it su�es to disuss the evaluation of the images solely interms of amplitude ontrast.Amplitude ontrastAmplitude ontrast is brought about by sattering proesses that an be elasti or inelas-ti. The total eletron sattering ross setion σT (α0) therefore expressed as the sum ofthe elasti and inelasti ross-setions [80, 81, 93℄.
σT (α0) = σel(α0) + σinel(α0) (2.19)Elastially sattered eletrons are usually sattered through large angles and thus largelyontribute to the ontrast [93℄. The transmission depends on the objetive aperture α0,the eletron energy E, the mass-thikness x = ̺t (̺: density, t: thikness) and thematerial omposition (atomi weight A and atomi number Z). The inelasti satteredeletrons are mainly transmitted through the objetive aperture. In the ase of energy�ltered eletron mirosope, the inelasti part will be removed nearly totally. This willenhane the amplitude ontrast onsiderably. Hene, both elasti and inelasti proessesmust therefore be taken into aount when alulating the gray sale of the images [80, 81℄.The di�erential elasti ross setions dσ/dΩ were alulated using the Dira partial-wave25
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Figure 2.12: Calulated ontrast transfer funtion for di�erent defoi. The values are plotted as-suming the instrumental parameters of the Zeiss EM922 (λ = 0.0025 nm, aberrationoe�ient Cs = 1.2 mm [93℄).Table 2.6: Total elasti ross setions (σel) and partial elasti ross-setions σel(α0) alulatedfrom the Dira partial-wave analysis using the NIST eletron elasti-sattering ross-setion database [103℄. The inelasti ross-setions σin have been alulated from eq.2.24 with the expression given by Wall [104℄. All ross-setions have been derived in
pm2 for an aeleration voltage of 200 kV for an aperture α0 = 10 mrad.Z σel σel(α0) σin1 2.26 1.18 32.411 11.2226 50.48 27.85 79.387 54.12 34.23 85.748 56.89 39.57 91.661 equation 9 2 empirialanalysis desribed by Walker [97℄. The sattering potential was obtained from the self-onsistent Dira Hartree Fok (DHF) harge density for free atoms [98, 99℄ with theloal exhange potential of Furness and MCarthy [100℄. The numerial alulations wereperformed with the algorithm desribed by Salvat and Mayol [101℄. Further details havebeen given by Jablonski et al. [102℄. The alulation was done using the NIST eletronelasti-sattering ross-setion database (SRD 64) (version 3.1) for an energy of 200 keV(see �g. 2.13 and table 2.6) [103℄. Given the di�erential ross setions dσ/dΩ, the numberof eletrons elastially passing through an aperture α0 an be expressed through the partialelasti ross-setion σel(α0):

σel(α0) =

π
∫

α0

dσ

dΩ
2πsinαdα (2.20)Table 2.5 gathers all partial elasti ross-setion σel,PW .An estimate of the total elasti ross setion given by the integral over the entire solidangle was proposed by Langmore [80℄. It an be expressed by26
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Figure 2.13: Di�erential elasti sattering ross setion based on the single-atom omplex partialwave solutions to elasti sattering from a Hartree-Fok potential as obtained fromref [101, 102, 105℄. for di�erent atoms: hydrogen (hollow irles), arbon (hollowsquares), nitrogen (hollow down triangles) and oxygen (full irles).
σel =

1.4.10−6Z3/2

β2
[1 − 0.26Z/(137β)] (2.21)where β is the ratio of the speed of the eletrons to that of the light (β2 = 1 − [E0/(E +

E0)
2]). Furthermore, σel an be alulated for small angles to a good approximation:

σel(α0) = σelηel(α0) = σel[1 − s0/10] (2.22)where ηel de�nes the number of eletrons sattered outside the aperture and is alled theelasti e�ieny expressed as funtion of s0 the maximum spatial frequeny
s0 = 2sin(α0/2)/λ (2.23)with the objetive aperture half-angle α0 = 10 mrad, the maximum spatial frequeny

s0 = 4 nm−1 and the eletron wavelength λ = 2.5.10−3 nm.For the alulation of the inelasti sattering ross setions we used the expression derivedby Wall et al. [104℄:
σin =

1.5.10−6Z1/2

β2
ln(2/ϑe) (2.24)where ϑe = E/[β2/(V0 + mc2)] and E is the average energy loss, assumed to be 20 eVfrom the alulation of Wall et al. for organi materials [104℄.Eq. 2.24 is not valid for hydrogen [104℄. Here we use an estimate of the ross-setion givenby 11.2 pm2 at 200 kV . This value was obtained from the apparent inelasti mean freepath of ie, the alulated inelasti sattering from oxygen and density for hyperquenhedglassy water (0.92 g/cm3) [106, 107℄. We took the inelasti mean free path length of27



2 CharaterizationTable 2.7: Densities (in g/cm3) and TEM ontrast (
̺p

xk,p
) (in nm−1) for the hyperquenhed glassywater (HGW) [106, 107℄, the polystyrene ore, and the rosslinked PNIPAM shell. Thequantity (

̺p

xk,p
− ̺w

xk,w
) is the ontrast in ryo-TEM alulated in nm−1. Both ontrastsare alulated for an aeleration voltage U = 200 kV and an aperture α0 = 10 mradwith or without �ltering of the inelasti ontribution.�lter no �ltermoleules ̺ ( ̺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 0Polystyrene 1.0525 5.828·10−3 1.025·10−3 1.702·10−3 1.57·10−4PNIPAM+BIS 1.1492 6.305·10−3 1.503·10−3 1.869·10−3 3.22·10−4ie from the work of Langmore measured to 180 nm at 80 kV . The inelasti mean freepath length of ie then results to 284.6 nm at 200 kV if we onsider its dependene onthe aeleration voltage given by U1/2 [108℄. Table 2.6 gathers the inelasti satteringross-setions thus obtained for the elements of interest.Calulation of the gray sales from ross setionsIn the present approximation, the gray value obtained at a given point in an image issolely related to the amplitude ontrast, that is, to the weakening of the intensity I ofthe eletron beam by sattering proesses. In priniple, there are two di�erent ways toevaluate the gray sales from the images: One may treat this weakening in terms of thedi�erene ∆I between the rays passing through the sample and through the aqueousphase [80℄. Here we use a slightly di�erent approah shown shematially in �g. 2.14:The weakening of the intensity I of the eletron beam passing through the sample maybe treated within the frame of the Lambert-Beer law. Therefore the ratio I/I0 of therays passing through the partile and through the aqueous phase (marked in �g. 2.14),respetively, is only related to the ontrast within the partile. Other fators as e.g.multiple sattering will weaken both rays outside the partile in the same way. Theirratio is thus not a�eted by these e�ets. On the other hand, the olloidal objets underonsideration here have dimensions of the order of a few 100 nanometers only. Hene, theprerequisites of theory, most notable the assumption that multiple sattering within thepartile an be negleted are fully justi�ed.When the inelasti sattered eletrons are �ltered both the elasti and the inelasti rosssetions obtained for atoms an be used to alulate the respetive quantities of moleulesof known omposition and moleular weight M . Without energy �ltering only the elastiross-setions are taken into aount. In absene of hemial shifts we an assume thatthe sattering ross-setion of a moleule omposed of nk elements is the sum of theross-setions of the atoms (σT,i) weighted by their proportion in mass in the moleule[80℄. Thus, the derease of the transmission with inreasing mass-thikness x = ̺t an beexpressed by

dI

I
≃ −

nk
∑

i=1

νi

NAM
σT,i(α0)dx (2.25)28
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Figure 2.14: (A) TEM evaluation of the gray sale of a homogeneous spherial partile driedon a thin arbon �lm. Appliation of the Lambert-Beer law leads to eq. 2.28 (B)Polystyrene ore partile and its orresponding radial average: Considering the grayvalue from the border to the enter of the partile, enables the determination of itsradial density pro�le with a resolution of 0.61 nm given by ∆r (pixel resolution).(C) Radial average of the intensity G(r). The dashed line represents the value ofthe average intensity G0 outside the partiles. The solid line displays the �t from eq.2.28 (G0 = 1.37.104, R = 50 nm, φ = 1, ̺p

xk,p
= 5.828·10−3 nm−1 (polystyrene) (seeTable 2.7)). (D) CryoTEM evaluation of the gray sale of a homogeneous spherialpartile embedded in a thin �lm of hyperquenhed glassy water (HGW). Appliationof the Lambert-Beer law leads to eq. 2.29. (E) Core partile and its orrespondingradial average. (F) Radial average of the intensity G(r). The solid line displays the�t from eq. 15 (G0 = 1523, R = 52 nm, φ = 1, (

̺p

xk,p
− ̺w

xk,w
) = 1.025 · 10−3 nm−1(polystyrene) (see Table 2.7)).where νi is the stoihiometri oe�ient of the ith element in the ompound. We an thende�ne the ontrast thikness xk of the material as follows:

1

xk(α0)
≃

nk
∑

i=1

νi

NAM
σT,i(α0) (2.26)The image intensity I an be obtained by integration

I = I0exp

(

− x

xk(α0)

)

= I0exp

(

− ̺t

xk(α0)

) (2.27)where I0 is the intensity of inident eletron beam. The quantity (̺/xk(α0))
−1 is thetotal mean free path length of the respetive material through whih the eletron beamis passing (see Table 2.7).In the ase of the normal TEM, where a sphere with a radius R is absorbed and dried29



2 Charaterizationon a thin arbon �lm for example (see �g. 2.14 A). The gray values in the image areproportional to the respetive intensities. The transmitted eletron beam rossing thepartiles is haraterized by the gray value G(r) dependent on the distane to the enterof the partile r. Out of the partiles and thus for r > R the gray value is onstant. Thisde�nes the ontribution of the �lm G0. We an derive the following relation:
G(r)

G0
= exp

(

−2φ
√

R2 − r2

(

̺p

xk,p

)) (2.28)where φ is the volume fration of the material in the partile. For dense sphere, φ is equalto 1. It is then important to remark that in a normal preparation the ontrast is de�nedby the reiproal mean free path length in the material (̺p/xk,p). The radial gray valuepro�le is obtained by an azimuthal average of the gray values of one isolated partile.An example is given in �g. 2.14 B) in form of one ore partile with the orrespondingazimuthal average of the gray sale. The resulting radial gray sale values are displayedby the symbols in �g. 2.14 C). The dashed line represents the average value G0 out ofthe partile. The full line presents a diret appliation of the equation 2.28 onsideringthe ontrast of pure polystyrene.For the ryoTEM analysis we have to onsider a thin layer of vitri�ed water in whihspherial partiles are embedded (see Fig. 2.14 D). For r > R the ray passes only throughvitri�ed water. Hene, it orresponds to the ontribution of the vitri�ed water only andis haraterized by the gray value G0 ∝ I0exp(−̺wt/xk,w). Thus, for spheres embeddedin glassy water we obtain from eq. 2.28:
G(r)

G0

= exp

(

−2φ
√

R2 − r2

(

̺p

xk,p

− ̺w

xk,w

)

)) (2.29)For systems impenetrable by the solvent water, φ = 1. In this experiment the ontrast isnot de�ned by the ontrast of the system itself but by the di�erene of the reiproal meanfree path length in the material and in glassy water, respetively (̺p/xk,p−̺w/xk,w). Fig.2.14 E) presents an example in the form of one ore partile embedded in vitri�ed waterand the orresponding azimuthal average of the gray values. The dashed line representthe average value G0 out of the partile. The symbols in the �gure 2.14 F) present theresulting radial gray sale values. The full line orresponds to a �t with the equation 2.29onsidering the ontrast of pure polystyrene.Table 2.7 provides values of the TEM and ryo-TEM ontrasts k obtained from the partialwave alulation of the elasti ross-setion and from the equation 2.24 as desribed abovefor hyperquenhed glassy water, polystyrene and the PNIPAM rosslinked shell with orwithout energy �ltering. The table learly shows the di�erene of ontrast between thedi�erent experiments. If we take as a referene the polystyrene with energy �lter, TEMexperiments have a ontrast approximately 5.7 times higher than in the Cryo-TEM. Thesame omparison without �lter gives a fator around 10.8. Comparing now the ontrastswith and without �lter gives a fator of 3.4 for the TEM and 6.5 for the CryoTEM.This learly indiates the great advantage of the energy �ltered mirosopy respet toonventional instruments.If the polymer is porous or has taken up water, the volume fration of the polymer within30
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r. Moreover in the ase of omposite ore-shell partiles the ontrast is also dependingon the di�erent materials omposing the partiles and also depends on r.The pro�le k(r)φ(r) has then to be determined. To this purpose we have to applied amultilayers approah. The size of eah layer is restrited by the size of the pixel. Wehave to onsider G(rn)/G0 for r varying from R to 0. Fig. 2.15 shows a shematirepresentation of the multilayer model applied to a spherial geometry. We an alulatenumerially the normalized gray value G(rn)/G0 by reurrene with the ontrast kn andthe material volume fration φn following the distane to the enter rn onsidering r0 = R,
φ0 = 0 and k0 = 0. We an then used the reurrene:

G(rn)

G0
=

j=n
∑

j=1

exp(−2knφn(r2
j−1 − r2

n)1/2) (2.30)
In this approah the funtion k(r)φ(r) an be introdued in equation 2.30 to �t thenormalized gray values. 31
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Figure 2.16: (A) TEM mirographs of the ore partiles. (B) Distribution in size obtained fromthe TEM analysis, the population an be desribed by a Gaussian distribution (〈R〉 =
51.5 nm, σ = 2 nm) (solid line).2.2.4 Results and DisussionCore partiles

TEM analysisA monodisperse ore solution used for the synthesis of the ore-shell system desribed inthe setion 2.1.2 has been �rst put under srutiny. The partiles were obtained by emulsionopolymerization of styrene and NIPAM (about 5 wt.%). The partiles thus onsist on apolystyrene ore of onstant density with a thin layer of PNIPAM [17℄. The dispersionhas been �rst investigated by transmission eletron mirosopy. Fig. 2.16 presents theTEM mirographs obtained from this analysis and the normalized distribution of theradius obtained on a population of more than 200 partiles. All the mirographs weretaken as lose as possible to the fous with the same dose onditions. The partilesappear spherial and monodisperse. The average radius was found equal to 51.3 ± 2.6
nm. The distribution an be desribed by a Gaussian onsidering an average radius of51.5 nm and a standard deviation of 2 nm. This results are in good agreement with thepolydispersity of 5 % determined from the SAXS analysis. The normalized gray valueshas been alulated for more than 100 partiles as desribed in the preeding setion inorder to hek the theory. The average gray values are depited on the �g. 2.17. Thevariation between the measurement represented by the size of the error bars is rather small,whih attests on the reproduibility of the measurement from one piture to another. Theexperimental result has been diretly ompared to the theory onsidering the spheriityof the partiles, an average radius of 51.5 nm determined from the Gaussian distributionand �rst the ontrast of pure polystyrene partiles. The theory desribed relatively wellthe experimental results, nevertheless the experimental G(r)/G0 values are lower between30 and 45 nm and higher below 30 nm. This was attributed to the adsorption and dryingof the partiles on the grid. The gray value an then simply be onverted in height t asonsidering the equation:

t = −ln

(

G

G0

)

/
̺p

xk,p
(2.31)32
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Figure 2.17: Radial relative gray values G(r)/G0 of the ore partiles analyzed by TEM (irles).The full line refers to the theoretial alulation onsidering a ontrast 5.8.10−3

nm−1 (see table 2.7) and an average radius of 51.5 nm determined from the statisti(see �g. 2.16). The dotted line is the alulation for a ore-shell system with 49.5
nm polystyrene ore and a dense 2 nm thin PNIPAM shell. The dashed refersto polydisperse polystyrene partiles onsidering the distribution of the �g. 2.16.The inset presents a omparison of the pro�le of the partiles determined from thisanalysis with a spherial pro�le. The small deviation an be attributed to a smalldeformation of the partiles following the adsorption and the drying on the arbongrid.The inset of �g. 2.17 displays the average thikness of the partiles deriving from equation2.31 onsidering a pure polystyrene ore. This pro�le was then diretly ompared to thepro�le obtained for a sphere.The average pro�le of the dryed partiles thus present a maximum deviation of 7 nm inthe enter of the partiles respet to a perfet sphere of 103 nm diameter. As mentionedbefore in the setion dediated to the SAXS analysis, a thin layer of PNIPAM of about2 nm is adsorbed on the the partiles. The relative gray values G(r)/G0 of the orepartiles has been ompared to the theory alulated for a ore-shell system with apolystyrene ore with a radius of 49.5 nm and a PNIPAM layer of 2 nm. As an be seen inthe �g. 2.17 no signi�ant deviation an be observed from the TEM. The polydispersityhas been introdued onsidering the gaussian distribution determined previously andpure polystyrene partiles. This partially explained the deviation observed for r > 51.5

nm, on the other hand the results for r < 51.5 are not signi�antly a�eted by thepolydispersity. The remaining disrepany an be mainly explained by the unertaintyon the determination of the enter of the partiles during the rotational average andon the deviation from the spheriity. Nevertheless this approah desribed the TEMexperiments within the experimental error.As an appliation, this kind of analysis an by diretly applied on the TEM images toobtain a three dimensional representations of the partiles absorbed on the grid. Thissimply requires a onstant bakground with an average gray value G0 and the knowledge33
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Figure 2.18: (A) TEM mirographs of the ore partiles. (B) Transformation onsidering theequation 2.31 to aess to the height of the partiles adsorbed on the grid (see textfor further details). (C) Tomographi representation of the grid. The olor bar is alinear sale of the height between 0 and 110 nm.
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Figure 2.19: (A) CryoTEM mirographs of the ore partiles. (B) Distribution in size obtainedfrom the CryoTEM analysis, the population an be desribed by a Gaussian distri-bution (〈R〉 = 52 nm, σ = 2 nm) (solid line).of the ontrast of the partiles absorbed on the grid ̺p

xk,p
.An example is given in the �g. 2.18, whih presents the treatment performed on aTEM mirographs of our ore partiles (assimilated to polystyrene partiles) to aessto the tomography of the sample. First the initial piture (�g. 2.18 A) is transformedfollowing the equation 2.31 (�g. 2.18 B)). In this sense the gray value orrespond tothe height of the partiles absorbed on the �lm. Fig. 2.18 C) presents a 3 dimensionalrepresentation of the tomography of the grid thus obtained. Due to its simpliitythis kind of analysis presents an elegant way to aess to the third dimension withoutrequiring omplex tomographi methods and an omplement other analysis suh assanning fore mirosopy performed on the dried state.

CryoTEMCryogeni eletron mirosopy was then performed on the same system. Fig. 2.19 displaysthe mirographs obtained and the resulting normalized distribution of the radius of the34
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Figure 2.20: (A) CryoTEM mirographs of the ore partiles. (B) Mirographs of a hole per-formed in the �lm by eletroni irradiation in the viinity of the aption A. Thepiture is taken under the same onditions as in the aption A, and the average grayvalues in the hole are de�ned by G0. C) 3D representation of the thikness of theHGW �lm (only the points outside of the partiles an be onsidered) deriving from
G0 and equation 2.32 The olor bar is a linear sale of the height between 250 and450 nm.partiles. The same feature as in the TEM analysis an be observed. The partilesappears as spheres with a narrow size distribution. The average radius from this analysisalso determined over more than 200 partiles is equal to 51.4 ± 3.2 nm. The distributionan be desribed by a Gaussian entered on 52 nm with a standard deviation of 2 nm,whih is in good agreement with the TEM, with the SAXS analysis of the ore (50 nm)and the dynami light sattering (55.0 nm). The ontrast between the partiles andthe bakground is less pronouned than in the TEM as expeted from the theoretialalulation. Indeed the ontrast is this time determined by the di�erene between theontrast of the polystyrene and water (̺p/xk,p − ̺w/xk,w), whih is approximately underour experimental onditions six times smaller than the one of the pure polystyrene ̺p/xk,p(see Table 2.7). Moreover the bakground is not onstant on the whole mirographs, whihis diretly related to the variation of the thikness of the �lm. This parameter is ruialfor the rest of the analysis. Indeed the �lm has to be su�iently thik to embedded thewhole partiles.A simple method has been applied to estimate the thikness of the vitri�ed water �lm(see �g. 2.20). An idential approah is desribed in the ref. [80℄. First the mirographswere aptured as lose as possible to the fous (�g. 2.20 A)). Then in an area lose to thepartiles a hole was done in the �lm following an exessive irradiation. A piture of thehole was taken in the same onditions as the partiles before, the gray value inside thehole then de�ne our G0 (see �g. 2.20 B)). Considering the ontrast of the HGW �lm ̺w

xk,wit is possible to determined its thikness in all the points outside of the partiles in the�rst piture following the same approah as desribed for the TEM analysis. This timewe an use the relation:
t = −ln

(

G

G0

)

/
̺w

xk,w
(2.32)Fig. 2.20 C) is a olour representation of the �lm thikness following the equation 2.32.Only the values out of the partiles have to be taken into aount. A strong variation35
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Figure 2.22: G(r)/G0 of the ore partiles analyzed by ryoTEM (irles). The full line refers tothe theoretial alulation onsidering the ontrast of pure polystyrene partiles (seetable 2.7) and a radius of 52 nm determined from the statisti (see �g. 2.19). Thedotted line is the alulation for a ore-shell system with 50 nm polystyrene ore anda swollen 2 nm thin PNIPAM shell (φ = 0.5). The dashed refers to polydispersepure polystyrene partiles onsidering the distribution of the �g. 2.19.the transmitted eletron intensity will indue a dramati error in the evaluation of therelative gray values. For this reason we only onsider zero loss images in the rest of theanalysis.The normalized gray values shown in �g. 2.22 have been obtained by averaging over 100partiles. The symbols displays the mean values while the error bars gives the standarddeviation in eah point. The results has been then diretly ompared to the theoretialvalues. The average size was diretly taken equal to 52 nm from the statisti performedon the ryo-TEM mirographs and we �rst have onsidered the ontrast ( ̺p

xk,p
− ̺w

xk,w
) ofpure polystyrene in HGW. The obtained values presented by the full line desribed theexperimental result very well on�rming the spheriity of the partiles in solution and theinterest of the ryo-TEM respet to normal TEM. The small deviation between the tworesults an be attributed to possible errors in the determination of the absolute density ofthe HGW and of the inelasti ross setion of hydrogen. We also investigated the in�ueneof the thin PNIPAM shell on the absorbane. This time a swollen PNIPAM shell has beenonsidered as obtained during the SAXS analysis (see setion 2.1.4). The normalized grayvalues were alulated for a 50 nm dense polystyrene ore, and a 2 nm thin PNIPAMshell in the swollen state (φ = 0.5))(dotted lines). The deviation between the two resultsis rather small as already observed by TEM. The method presents herein to evaluate themirograph is thus not sensitive enough to reveal this thin layer of PNIPAM in term ofontrast. For this reason we only onsider pure polystyrene partiles. The polydispersityobtained from the statisti was also introdued, and partially explained the deviation for

r > 52 nm as observed for the TEM analysis.As a onlusion a new method for extrating the exess eletron density of olloidalpartiles from TEM and ryo-TEM mirographs has been developed. This method hasbeen applied to the ore partiles whih an be assimilated to pure polystyrene partiles.37



2 CharaterizationThe alulated ontrast as well as the size is in good agreement with the experimentalvalues both for TEM and ryoTEM analysis. On another hand, the normalized gray valuesan be diretly used to aess to the tomography of the partiles investigated by TEM aslong as the ontrast of the partiles is known. The results obtained for the ryoTEM areeven loser to the theory as the partiles are investigated in solution and not absorbedand dried on a surfae. Good agreement is found between the mirosopy and the SAXS,even if the SAXS was more sensitive to the presene of a thin layer of PNIPAM at thesurfae of the partiles and presents about 2 nm smaller partiles.Core-shell partilesFigure 2.23 displays the mirographs of the ore-shell mirogels obtained by ryo-TEM inpure water. The samples have been kept at 23 oC prior ryogenization (see setion 2.1.4).The thermosensitive shell is learly visible in these pitures beause of su�ient ontrastbetween the shell and the ore. Moreover, the mirographs show diretly the thermal�utuations and inhomogeneous ross-linking whih lead to a further ontribution to thesattering intensity [3, 63, 64℄. This is diretly obvious from �g. 2.23 A), whih presentsa zoom-in on a partile to evidene the inhomogeneities of the shell.As disussed in the setion 2.1.4 a feature diretly visible in the ryo-TEM images isthe bukling of the shell (see �g. 2.23 and �g. 2.1). This �nding an be related to theinstabilities of swelling or deswelling gels ourring at the surfae of swollen gels a�xedto solid substrates [69, 109�114℄. This results orroborates reent small-angles neutronsattering analysis performed on ore-shell PNIPAM/PNIPMAM also synthesized in aseed emulsion polymerization, whih pointed out the presene of a depletion zone at theinterfae ore-shell [62℄.As a onsequene, the ore-shell partiles deviate from an ideal spherial symmetry. Inorder to demonstrate this, we have evaluated the relative gray sale G(r)/G0 along thelines indiated in �g. 2.23 A). Fig. 2.23 B) shows that the size along these lines may di�erappreiably. As already disussed above, this di�erene is mainly due to the bukling ofthe shell. Fig. 2.23 C) displays the polymer volume frations that have been evaluatedusing eq. 2.30 together with the ontrasts of polystyrene (ore) and PNIPAM (shell). Forspeimens embedded in HGW, the alulated ratio of the ontrast between polystyreneand PNIPAM is 0.682 (see Table 2.7). Note that the ratio alulated with the approxima-tion given by Langmore for the elasti ross-setion (eq. 2.21 and eq. 2.22 [80℄ would givea ratio of 0.650. Fig. 2.23 C) demonstrates that the strong �utuations of the shell lead tostrong loal variations. This fat must be kept in mind when onsidering the omparisonwith SAXS-data disussed further below.In order to arrive at an average pro�le that an be ompared to a pro�le deriving fromSAXS-measurements, the analysis of the partiles has been performed on 45 partilestaken from di�erent mirographs similar to �g. 2.23 A). Only isolated partiles werebe analyzed in this way. Prior to taking the gray values, a rotational average has beenperformed as shown in Fig. 2.14 B) and E). The average relative gray values resultingfrom this analysis are displayed in the �gure 2.24. G(r)/G0 an be deomposed in twoparts: the ontribution of the ore and the ontribution of the shell. The average resulthas been �tted onsidering a dense polystyrene ore and a paraboli density pro�le for38



2.2 Quantitative analysis of polymer olloids by normal and ryo-transmission eletronmirosopy.
A) C)B)

0.85

0.90

0.95

1.00

-100 -50 0 50 100

21

r [nm]

G
(r

)/
G

0

0.85

0.90

0.95

1.00

-100 -50 0 50 100

43

r [nm]

G
(r

)/
G

0

0.85

0.90

0.95

1.00

-100 -50 0 50 100

65

r [nm]

G
(r

)/
G

0

50nm

1

2

3

4

5

6

A)

0

0.25

0.50

0.75

1.00

0 20 40 60 80 100 120

section6
section5
section4
section3
section2
section1

r [nm]

f(
r)

Figure 2.23: Comparison of ryo-TEM and SAXS. A) Average pro�le φ(r) evaluated from
G(r)/G0 aording to eq. 2.29 and the ontrasts of polystyrene and PNIPMAMgiven in Table 2.7. The inset gives the average relative gray sale that has beenused for this alulation. B) Measured SAXS-intensity and the pro�le φ(r) derivingtherefrom. C) Comparison of the overall size as determined by DLS and ryo-TEM(solid line) and by SAXS (dashed line). See text for further explanation.the shell. This paraboli pro�le follows the same desription as for the SAXS analysisand is given by the equation 2.15 (see disussion in setion 2.1.4).The same proedure was repeated this time after �tting eah partile individually. Theaverage k(r)φ(r) over the 45 partiles is presented by the open symbols in the inset of the�g. 2.24. The full line in �g. 2.24 presents the orresponding alulation of G(r)/G0. Bothapproahes lead to the same results whih an be attributed to the low polysdispersity ofthe system.Fig. 2.25 A) presents the average density pro�le obtained from the �t of the average

G(r)/G0 shown in the inset. As expeted, this pro�le exhibits a plateau within the oreup to Rc =54 nm whih is in good agreement with the 52 nm of the ore found in theprevious setion. The average pro�le an be �tted by the eq. 2.15 with K = 0.23,
Rhw = 94 nm and σ = 19 nm. Between 55 and 75 nm the ontrast inreases to reaha maximum at 75 nm showing that the shell is not totally attahed to the ore. Afterthis, the ontrast dereases parabolially until r = 113 nm is reahed. This value loselymathes the hydrodynami radius of the partiles at 23oC equals to 113 nm. The averagevolume fration φ of PNIPAM in the shell is 0.116 in good agreement with data derivedfrom a ombination of SANS and SAXS [63℄.As a omparison the density pro�le used for the SAXS analysis (see setion 2.1.4) is alsodisplayed in Fig. 2.25 A). The weight perent of the ore in the partile derived from thisanalysis was found equal to 53.3 % whih is in good agreement with the 53.4 % from thegravitometry and with the 50 % from the ryo-TEM.The overall size obtained from the SAXS has been ompared from the results obtainedfrom the Cryo-TEM mirographs. Fig. 2.25 B) displays the mirograph of a single partiletogether with the overall size determined by ryo-TEM (solid line) as well as by SAXS(dashed line). The di�erene between both methods amounts to a. 13 %. However, this39
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Figure 2.25: Comparison of ryo-TEM and SAXS. A) Average pro�le φ(r) evaluated from
G(r)/G0 (see �g. 2.24) aording to eq. 2.29 and the ontrasts of polystyrene andPNIPMAM given in table 2.7 (dashed lines). The full line presents the pro�le φ(r)deriving from the SAXS analysis in the setion 2.1.4. B) Color representation of asingle ore-shell partile and omparison of the overall size as determined by DLSand ryo-TEM (solid line) and by SAXS (dashed line). See text for further expla-nation.2.2.5 SummaryA new method for extrating the exess eletron density of olloidal partiles from TEMand ryo-TEM mirographs has been developed. The method rests on the appliation ofthe Lambert-Beer law to the TEM and the ryo-TEM images, respetively. The ontrastleading to di�erent gray values inside and outside the partiles ould be alulated fromthe elasti and the inelasti sattering ross setions of the material. This new wayof evaluation of the images has been validated using spherial polystyrene partiles. Aanalysis of these partiles by DLS leads to the same overall size of the partiles. However,SAXS is sensitive to the presene of a thin layer of PNIPAM at the surfae of the partileswhih annot be seen in the ryo-TEM images.The method has also been applied to ore-shell partiles onsisting of a polystyreneore and a shell of rosslinked poly(N-isopropylarylamide) (PNIPAM). The shell ispartially swollen by the solvent water. Using the alulated ontrast of PNIPAM inhyperquenhed glassy water (HGW) in whih these partiles are embedded, the volumefration and the average radial pro�le of the polymer in the shell ould be determinedquantitatively. The resulting radial pro�le demonstrates that the swollen PNIPAM-shellan bukle o� the surfae of the ore partiles. The partiles are also analyzed by SAXS.We �nd that SAXS "sees" mainly the bulk part of the shell while Cryo-TEM togetherwith dynami light sattering is also sensitive to small parts and protrusions of the shell.
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2 Charaterization2.3 Crystallization2.3.1 IntrodutionCrystallization of olloidal systems provides not only the knowledge of omplex �uidsbut also insights into the phase transitions in atomi systems [116�136℄. On the otherhand , olloidal rystals have been extensively used in reent years for the fabriationof nanostrutured materials suh as photoni rystals and membranes for devie applia-tions [137�140℄. Monodisperse olloidal partiles that interat through a steep repulsivepotential follow the so-alled hard spheres diagram, whih is the simplest system to showa freezing/melting transition (see Fig. 2.26). At a low volume fration, the partiles showa disordered liquid-like struture. When φeff is inreased to the freezing volume fration
φF , an ordered rystalline phase an oexist with the liquid phase. Above the meltingvolume fration φM , the omplete system assumes rystalline order [116�118℄. Finally,above the volume fration for glass formation φG the motion of partiles beomes so muhhindered that the formation of the rystalline phase takes an �in�nite� time and a mainlydisordered glassy struture remain [117℄. For harge stabilized olloids we an, in additionto the volume fration, also vary the ioni strength of the solvent. Dereasing the ionistrength e�etively inreases the range over whih the partiles interat, ausing the phasetransitions to our at a lower volume fration.Most works on the kinetis of olloidal rystallization have been foused on weakly hargedor hard-sphere-like olloids using light sattering methods [116, 118, 122�124, 133�135℄ orUV light spetrosopy [134℄. Only reently diret imaging of the nuleation and growthby bright �eld light mirosopy [124, 135℄ or by onfoal mirosopy [120℄ has been usedto investigated the rystallization of olloidal systems. Meanwhile, the phase behaviorof the aqueous dispersions of poly-N-isopropylarylamide (PNIPAM) spheres has beenintensively investigated [7, 10, 18, 27, 34, 134, 141�149℄. In partiular, it was foundthat the volume transition of mirogel partiles a�ets the solvent-mediated interpartilefores and leads to a novel phase behavior [28, 29℄. Furthermore, due to the temperature-responsive shrinkage of PNIPAM partiles [2, 28, 29℄ the attrative interpartile potentialinreases with temperature, resulting in phase behavior that deviates from the hard spheresystems at high temperatures [28, 29℄. The kinetis of rystallization at di�erent volumefrations an be onveniently measured by varying the temperature.The equilibrium rystal struture for olloidal hard spheres systems should be fae en-tered ubi (f) [150℄ but if the volume fration is low enough or in the �rst step of therystallization a body entered ubi struture (b) should dominate. But it is rarelythe ase even in the most ideal onditions [132℄. Instead, a random hexagonal lose-paking struture, energetially lose to f is usually observed [118℄. Nevertheless it hasbeen shown by neutron sattering experiments that the rystal of PNIPAM dispersionsexhibits a fae-entered ubi (f) struture [141�143℄.The rystallization in�uenes, among other things, the rheologial properties of the dis-persion and is itself, in return, a�eted by the shearing of the solution [151, 152℄. Therelation between rheology and rystallization is a omplex proess whih will be disussedhere and in the setion dynamis. This setion is dediated to the rystallization of thethermosensitive ore-shell partiles. The phase diagram has been investigated for di�erent42
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Figure 2.26: Phase diagram of a hard spheres dispersion [116�118℄.degrees of rosslinking. The nuleation and growth of the rystallites has been visualizedby polarized light mirosopy and the in�uene on the rheologial properties is disussed.2.3.2 ExperimentalThe di�erent ore-shell laties presented in the hapter 2.1 were used in this setion.Following the systems the rosslinking de�ned by the amount of BIS in the shell wasadjusted to 1.25 mol.% (KS1), 2.5 mol.% BIS (KS2) and 5 mol.% (KS3) (see setion2.1.2).The �ow urves and the dynami measurements performed on the KS2 suspensions havebeen investigated using a strain-ontrolled rotational rheometer RFS II from RheometrisSienti�, equipped with a Couette system (up diameter: 34 mm, bob diameter: 32
mm, bob length: 33 mm). Measurements have been performed on 12 mL solution andthe temperature was set with an auray of 0.05oC. A stress ontrolled rheometer MCR301 (Physia) has been used for the experiment performed on the KS3.Polarized mirosopy has been performed with a Leia DMRXE. Sample were �lled intoa 0.1 mm thik apillary thermostated with an auray of 0.05oC. In order to follow therystallization proess a thermostated ell was designed for 0.1 and 0.5 mm thik apillary(see �g. 2.27). The ell is thermostated and the temperature within the ell is ontrolledby a thermoouple with a preision of 0.1 oC. The large surfae of ontat between theell and the apillary allows a fast quenhing of the sample and makes it ideal for thediret observation of the rystallization proess. Images of the samples were taken in adark room without �lter.2.3.3 E�etive volume fration and rystallizationThe established liquid-rystal oexistene domain for hard spheres lays between the freez-ing volume fration φF at φeff = 0.494 and the melting volume fration φM at φeff =0.545 as obtained from omputer simulation [153℄. An experimental phase diagram ouldbe ahieved by determining the rystal fration of the samples from the position of the43
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)3 (2.33)where Rc is the ore radius alulated from the ryo-TEM and φc is the volume frationof the ores in the system. The latter quantity an be approximated from the weightonentration of the partiles in the system and the mass ratio between the ore and theshell of the partiles. To avoid possible errors due to the small experimental unertainty of
RH , averaged values have been taken from this graph by approximating RH by a straightline in this region of temperatures.The density of the partiles and their size is not high enough to ensure rapid sedimentationof the rystalline phase. Only after two months, rystals whih an be seen by eye bymeans of the Bragg-re�etions, have sedimented. Fig. 2.28 exhibits the liquid-rystallineregion of the di�erent samples and the orresponding phase diagram. The experimentalphase diagram was taken from the hange in the position of the oexistene boundaryindiated by the dashed lines. As expeted the experimental points desribe a lineardependene in the biphasi region. The data have been resaled to φF = 0.494 in order toompare the di�erent experimental phase diagrams. For the KS1, the oexistene domain44
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Figure 2.28: Di�erent ore-shell suspensions in the biphasi region with 1.25 mol.% (KS1), 2.5
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1mmFigure 2.29: Crystallization of a 9.48 wt.% solution at di�erent temperatures orresponding todi�erent e�etive volume frationsmanifested by the presene of distint rystals has been observed for e�etive volumebetween 0.494 and 0.535, whih is smaller as what is expeted for hard spheres. This anbe related to the softness of the system as already observed for PNIPAM mirogel [7℄. Athigher degrees of rosslinking (KS2 and KS3) the resaled oexistene domain has beenfound between 0.494 and 0.556. This is in aord with the theoretial values φM = 0.545[153℄.Fig. 2.28 shows also that the rystallization study of the thermosensitive partiles ispartially hampered by the strong turbidity of the system. This motivates the use of thinapillary for a diret observation of the rystallites. In this ase polarized mirosopyan be used to investigate the rystallization kinetis [135℄. These experiments have beenperformed on the KS2, for a onentration of 9.48 wt.% (see �g. 2.29) and 8.22 wt.%(see �g. 2.30) at di�erent temperatures. The same experiment was repeated for the KS3at a onentration of 13.01 wt% at 20oC and will be disussed in the next setion. Thesamples were �rst maintained at about 30oC in the 0.1 mm thik apillary and thenquikly ooled-down to the temperature of investigation in the thermostated ell (see �g.2.27).Below the melting temperature the rystallization proess of olloidal partiles an beinterpreted in the framework of nuleation and growth. The �rst rystals have beenobserved around Φeff = 0.50. Considering the time of observation of one hour, thisvalue is in good agreement with the phase diagram. The onset of the rystallization46



2.3 Crystallization

1mmFigure 2.30: Crystallization of a 8.22 wt.% solution at di�erent temperatures orresponding todi�erent e�etive volume frations
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Figure 2.31: Visoelasti behavior of rystallizing suspensions vs. glassy systems: The storagemodulus G′ (�lled symbols) and the loss modulus G′′ (open symbols) are measuredas funtion of time in the linear visoelasti regime at 1Hz and 1% after 5 min ofshearing at 100 s−1 for a rystallizing system (irles) and a glassy system (squares).The triangles refer to the liquid state (φeff = 0.49), The irles to a volume frationof 0.52 (two-phase regime) whereas the squares give the results for the glassy state(φeff = 0.65).is manifested by the apparition of large rystals growing on the walls of the apillary.At lower temperatures orresponding to higher Φeff most rystals are formed in bulk,the nuleation inreases, whereas the size dereases. Above Φeff = 0.542 no rystalwas observed in the 9.48 wt.% solution. This is in good agreement with observationsperformed on olloidal hard spheres assimilated suspension by light sattering [123℄. Itwas demonstrated that when the melting onentration is exeeded, nuleation eventsbeome orrelated and high nuleation rate densities suppress rystal growth. At highere�etive volume frations the rystals are indeed strongly ompressed impeding theirgrowth. On the ontrary some rystals an still be observed until Φeff = 0.57 for the 8.22
wt.% solution, whih an be attributed to a slight variation of the softness of the partilesfor the lower temperatures.2.3.4 Linear visoelasti behaviorThe previous setion has learly revealed that the thermosensitive suspensions rystallizeif the e�etive volume fration φeff is above 0.49. Moreover, the evolution of the samplesas funtion of the time suggests that the indution time until rystallization oursdepends on φeff as expeted for hard spheres system. Crystallization strongly a�etsthe mehanial properties of the solution. For this reason rheologial measurements werearried on onentrated suspensions to explore the rystallization kinetis in furtherdetails.The linear visoelasti behavior is studied �rst for di�erent KS2 solutions. For thispurpose the storage modulus G′ and the loss modulus G′′ is measured from a suspensionwith 9.48 wt.% at di�erent temperatures, orresponding to di�erent volume frations48
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Figure 2.32: Comparison between the linear visoelastiity measurement and the polarized mi-rosopy during the rystallization proess of a 13.01 wt. % KS3 solution at 20oC(φeff = 0.54). The storage modulus G′ (�lled symbols) and the loss modulus G′′(open symbols) are measured as funtion of time in the linear visoelasti regime at1Hz and 1% after 5 min of shearing at 100 s−1. The results are ompared to thepolarized mirosopy observations at 20oC for di�erent times after a fast quenhingfrom 30oC to 20oC.
φeff . A deformation of 1 % and a frequeny of 1 Hz has been hosen. Additionalmeasurements have shown that the linear visoelasti regime is attained for theseparameters. To remove the samples history, all suspensions were sheared for 5 minuteswith a shear rate of 100 s−1 prior analysis. In all ases reported here the time ofobservation was more than one hour.The solution was measured at 22oC whih orresponds to an e�etive volume fration
φeff = 0.49. G′ is higher than G′′ for the entire time of observation indiating a stable�uid phase. Lowering the temperature to 19 oC leads to a regime where G′ ≪ G′′where no rystallization is expeted. However after an indution time of 700 s a markedinrease in G′ is observed as shown in �g. 2.31. G′′ goes through a slight maximum and�nally dereases markedly so that G′ ≫ G′′ in the �nal stage attained after a. 1 hour.The highest e�etive volume fration 0.65 was reahed by lowering the temperature to8 oC. Note that this very high volume fration an easily be reahed by adjusting thetemperature. In this ase �g. 2.31 demonstrates that G′ >> G′′ as expeted for theglassy state. At this high volume fration loal rearrangements are slowing down whihis marked by a slow inrease of G′ with the time.The same experiment has been performed for the KS3. Fig. 2.32 presents the timesweepobtained for a 13.01 wt.% solution at 20oC (φeff = 0.54) and is ompared to the ob-servation by polarizing mirosopy. The inrease of G′ follows the apparition of the �rstrystallites after 420 s. After 720 s orresponding to the rossover of G′ and G′′ no furtherhange an be observed from the polarized mirosopy even if the G′ is still inreasing.The same observation was done on the others solutions investigated in the oexistenedomain. This underlines the good agreement and the omplementarity of this two teh-nis. We determined the indution time of the rystallization. This time was estimatedfrom timesweep experiments as the time where rystallization indues a 10% inrease of49
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Figure 2.33: Beginning of the rystallization desribed by the dependene of the harateristitime τi on the e�etive volume fration φeff for di�erent onentrations (12.1 wt.%:irles, 13.01 wt.%: down triangles, 13.58 wt.%: squares) at di�erent temperatures.The dashed line is here to guide the eyes.the omplex modulus G∗. This time was then normalized by the di�usion time de�nedas R2
H/D0, where RH is the hydrodynami radius and D0 the free-partile di�usion on-stant. This gives the harateristi time τi. Fig. 2.33 presents the dependene of τi on

φeff obtained for di�erent onentrations at di�erent temperatures.
τi �rst dereases with inreasing volume frations and reahes a minimum around
φeff = 0.55. An inrease is observed again for higher e�etive volume frations. Theminimum is in good agreement with the literature [123℄. This orroborates the frame-work of rystallization and growth. Close to φeff,f the growth proess predominates asthe nuleation is slow. This results in a slow rystallization and in the formation oflarge rystals. The growth proess dereases with inreasing volume fration in the ben-e�t of a faster nuleation. The rystallization kinetis reahes then a maximum around
φeff = 0.55, whih orresponds to the maximum of the nuleation rate for hard spheresolloidal suspension as found experimentally in ref. [123℄ and theoretially [119℄. To higher
φeff the rystallization is slowed down as the self di�usion of the partiles is dereasing.Moreover the proximity of the nulei hinders the growth of the rystals. For φeff > φgthe suspensions still rystallize, at least partially, by the slow growth of large and irreg-ularly shaped rystals on seondary nulei, suh as the ontainer walls and regions ofshear-aligned strutures remaining from the tumbling ation [121℄.Hene, we onlude that the rheologial experiments shown in �g. 2.31 and �g. 2.32orroborates all �ndings of the previous setion: Crystallization takes plae at su�ientlyhigh volume frations. However, the kinetis of rystallization depends markedly on φeffas expeted from previous investigations [122, 123, 155, 156℄. The study of the visoelastibehavior therefore gives diret information on the time sale in whih the systems remainsin the nonergodi state.This indiates that the thermosensitive ore-shell partiles behave as hard spheres whenonsidering their rystallization. Moreover, the fat that these systems rystallize againpoints to the narrow size distribution.50
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Figure 2.34: Shear melting of rystallized suspensions. Shear stress as funtion of shear ratefor a thermosensitive suspension ontaining 9.48 wt.% of the partiles. The opensymbols mark the measurements with inreasing shear rate whereas the �lled symbolsshow the results with dereasing shear rate. Parameter of the di�erent urves isthe temperature adjusting the e�etive volume fration φeff . The e�etive volumefrations φeff are: triangles up: 0.49; irles: 0.52; triangles down: 0.57; squares:0.64.2.3.5 Flow urves and shear meltingThe study of the linear elasti behavior demonstrates that rystallization may interveneat time sales whih are typial for rheologial experiments neessary for measuring �owurves. Evidently, rystallization leads to a marked hange of the �ow behavior and mustbe exluded in a meaningful study of the �ow urves. However, rystallites formed atsu�iently high onentrations may be shear-melted: Fig. 2.34 displays the shear stress σas the funtion of the shear rate γ̇, that is, the �ow urves of the suspensions. Parameterof the urves is the e�etive volume fration. For all volume frations the solutions wereaged for more than one hours. Hene, we used the systems disussed in onjuntion with�g. 2.31. This means that the shear �ow was started after rystallization has takenplae for the intermediate volume frations. The hollow symbols in �g. 2.34 indiate �owurves measured by raising γ̇ slowly (5 s per point) from 0.02 to 1000 s−1 whereas �lledsymbols indiate the results obtained by slowly lowering the shear rate. In ase of the�uid phase (φeff = 0.49) both sets of data agree and pratially superimpose. The sameholds true for the highest volume fration studied here (φeff = 0.64). Fig. 2.34 henedemonstrates that �ow urves present meaningful data for the present system even atexeedingly high volume frations. However, there is a strong hysteresis for the partiallyrystalline sample having an e�etive volume fration φeff = 0.52. A ritial shear stressis obviously needed to shear-melt the rystals and to attain a �uid state. Loweringthe shear rate again then leads to a �ow urve exhibiting a �rst Newtonian regime atsu�iently low γ̇. The same observations were made when adjusting the same e�etivevolume fration by a di�erent onentration and temperature. This demonstrates thatthe �ow urves represent fully reproduible data one the rystallites are molten by shear(see also Ref. [151℄ and the disussion in the setion 3.2). 51



2 Charaterization
2.3.6 SummaryConluding this setion and the preeding one we an state that suspensions of the ther-mosensitive ore-shell partiles behave expeted for hard spheres for rosslinking higherthan 1.25 mol.%. Thus, the e�etive volume fration of the partiles as derived fromtheir hydrodynami radius RH provides the base for all further analysis. The e�etivevolume fration an be adjusted by quenhing the system at di�erent temperatures, andthe rystallization kinetis an be investigated by polarizing mirosopy and by rheolog-ial measurements in the linear visoelasti regime. Thus this omposite system presenta good andidate for the rystallization study of pseudo hard spheres olloidal systems.Quenhing samples to e�etive volume frations above the freezing e�etive volume fra-tion may still lead to the formation of rystallites that must be shear-molten prior tomeasurements of the �ow urves. This problem of shear-melting will be addressed inanother setion (see setion 3.2).
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3 Dynamis3.1 Charaterization of the visoelasti behavior ofomplex �uids using the piezoeletri axialvibrator3.1.1 IntrodutionRheologial properties of omplex �uids as, e.g., polymer solutions or suspensions of olloidpartiles give important information about the mirostruture and the dynamis of thesesystems [157℄. They thus provide the base for the appliations of these systems. Complex�uids exhibit strutural features that range over many orders of magnitude [158℄. Theirrelaxation times span over an equally broad range as well. Measurements of the rheologialproperties as the storage modulus G′ and the loss modulus G′′ must therefore over anenormous sale in the time or in the frequeny domain in order to apture all relaxationproesses in these materials. Considering G′ and G′′ as funtions of the frequeny f itis obvious that low values of f are neessary to attain the �rst Newtonian region. Onthe other hand, the modulus G′ measured at high frequenies provides insight into theinterpartiular fores [159℄. Hene, the highfrequeny limiting values G′(ω) and η′(ω) ofolloidal suspensions an be used to probe the magnitude of hydrodynami interationsbetween the partiles and their repulsive potential. Moreover, G′ and G′ of suspensions ofhard spheres measured over a su�iently wide range of frequenies may be evaluated toyield information about the strutural arrest of the spheres at high volume frations thatan be related to the theory of the glass transition in these systems [39, 40, 160�165℄.This brief introdution demonstrates that tehniques apable of measuring visoelastiityof omplex �uids over a wide range of frequenies are needed [159, 166℄. Conventionalmehanial rheometers, however, an only aess the range of low frequenies (<50 Hz)beause of the inertial e�ets. Mellema and o-workers have introdued the use of torsionalresonators for the study of olloidal suspensions [167℄. More reent developments in this�eld have been summarized by Romosanu et al. [168℄. In partiular, Willenbaher ando-workers demonstrated that torsional resonators an be used for measurements at highfrequenies in the kilohertz range [159℄. The obvious disadvantage of torsional resonators isthe fat that these devies an be used only at given frequenies. Intermediate frequenieshave often been aessed by use of the time-temperature superposition priniple [157℄. Anexample for this approah in the �eld of suspension rheology is the work of Shikata andPearson on hard sphere olloids [169℄. But in general, the time-temperature superpositionpriniple is not appliable for omplex �uids. Therefore measurement tehniques thatspan the entire frequeny range without resorting to the time-temperature superpositionpriniple are of entral interest in the �eld of omplex �uids. Mirorheologial tehniquesreently introdued by Mason and Weitz [160, 170, 171℄ give aess to a wide range53



3 Dynamisof frequenies. Moreover, the mehanial spetra are derived for a ontinuous range offrequenies. Mirorheology, however, relies on the so-alled �generalized Stokes�Einsteinrelation� whih may hold only for ertain systems. It has been shown to be inadequatefor harged olloids [172℄, and its appliability to omplex �uids must be heked ineah ase. Finally, for the intermediate frequeny only a few instruments were able togive a ontinuous and reliable measurement as, e.g., the piezorheometer desribed in thework of Cagnon and Durand [173�175℄ or the piezoeletri rotary vibrator [176℄ bothworking in shear strain. Reently, Pehhold and o-workers introdued a new devienamed �piezoeletri axial vibrator� (PAV). It onsists of a dynami press with a thin gapin whih the liquid is on�ned. A squeeze �ow is generated by a piezoeletri drive andthe answer of the system measured by piezosensors an be evaluated to lead to G′ and
G′′ between 10 and 3000 Hz. In this way the PAV loses the gap in the frequeny rangeof onventional rheometers and the torsional resonators. In priniple, the onept of thePAV is very appealing and the frequeny range aessible by this instrument is exatly inthe range that must be probed for the study of typial omplex �uids. Based on earlierwork by Kirshenmann [177℄ we present a omprehensive test of the PAV as applied totypial omplex �uids as polymer solutions and olloidal suspensions. The results obtainedwith this instrument are ompared to data from onventional rotational rheometry at lowfrequenies and from a set of torsional resonators at high frequenies. Moreover, the dataobtained from rotational rheometry at various temperatures are shifted aording to thetime temperature superposition priniple in order to over the same frequeny range asthe PAV. The purpose of this study is twofold: (i) At �rst to examine the reliability of thePAV and its possible limitations and (ii) to demonstrate that the ombination of the threerheometers, namely the mehanial spetrometer, the PAV, and the torsional resonatorsprovides a onvenient and reliable aess to the visoelasti properties of omplex �uidsover 5�7 orders of magnitude in frequeny. This will be further demonstrated by analyzingthe visoelastiity of a suspension of thermosensitive partiles.3.1.2 TheoryThe general theory of squeeze �ow is well exposed in standard textbooks of rheology [178℄and the theory of the PAV has been already presented in the work of Kirshenmann [177℄.Here it su�es to delineate the main features. Figure 3.1 gives a sheme of the PAV. Thelower plate osillates with onstant fore amplitude F̂ . When the PAV is unloaded, thedynami displaement x̂ of the lower plate is measured at a given frequeny leading tothe ompliane x̂/F̂ . The same measurement is repeated at the same frequenies withthe material under onsideration �lling the gap (see �g. 3.1). This gives the modulatedompliane x̂/F̂ . From the omplex ratio x̂0/x̂, the omplex squeeze sti�ness K∗ of thematerial an be alulated by use of an appropriate mehanial equivalent iruit (see �g.3.1) and solving its equations of motion [177℄:







−ω2m1x1 = −K∗(x1 − x0) − K1x1

−ω2m0x0 = −K∗(x0 − x1) − K01(x0 − x2) + F
0 = −K01(x2 − x0) − K02x2 − F

(3.1)For linear visoelastiity this alulation leads to the formula54



3.1 Charaterization of the visoelasti behavior of omplex �uids using thepiezoeletri axial vibrator

Figure 3.1: Mehanial equivalent model of the PAV. The material with the omplex sti�ness
K∗ is enlosed in the gap (shaded area) of radius R and thikness d. The lowerplate osillates with a given frequeny with onstant fore amplitude F̂ . The dynamidisplaement of the lower plate leads to K∗ and in turn to the omplex modulus G∗.See text for further explanation.
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) + ... (3.2)where R is the radius of the plate, (d ≪ R) is the gap width, ̺ is the density of thesqueezed material, and G∗ is its omplex shear modulus. The expression of the numeratoragrees with that derived in the literature [178, 179℄. The denominator ontains the �rstterm (slit approximation) of a series expansion that takes into aount the inertia ofthe material in the gap. This e�et may beome important at very high frequenies.Equation 3.2 taitly assumes an inompressible material and hene only onsiders theomplex shear modulus G∗ or the omplex ompliane J∗ = 1/G∗.For preise measurement, however, the dynami ompressibility κ∗ must be introdued aswell. For squeeze �ow (in the limit of small amplitudes) one obtains [177℄:
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) (3.3)Equation 3.3 demonstrates that the orretion due to a �nite ompressibility dependsstrongly on the ratio R/d. Its magnitude an be obtained through performing measure-ments at di�erent gap thikness d. 55



3 Dynamis
A)

B)

Figure 3.2: A) Piezoeletri axial vibrator used in this study. The upper lid is removed to showthe plate moved by the piezodrives. B) Longitudinal ut of the PAV (left-hand side)and transversal ut (right-hand side) of the quadrati tube ontaining the ator andthe sensor piezoelements. Four ator piezoelements elements are stuk on both sideof two opposite tube walls. Another four sensor piezoelements elements are stuk onboth of the remaining walls. Four partial uts avoid diret oupling between ator andsensor elements.3.1.3 InstrumentsThe PAV is a dynami press working at frequenies between 10 and 3000 Hz. Theator/sensor is a thin-walled quadrati opper tube arrying on top a thik stainless steelplate, whih serves as the lower boundary of the sample gap (see �g. 3.2).As shown in �g. 3.2(b), four piezoelements are attahed to two opposite walls of the tubein order to exert the vibrations while four additional piezos are �xed to the remainingsides in order to pikup the response signal. Diret oupling of exitation and detetion isavoided by four lengthwise uts of the tube (see �g. 3.2(b)). This lower part of the devieis surrounded by a double walled ylinder allowing the irulation of a thermostating �uid.The whole setup is overed by a thik metal lid, whih is the upper boundary of the gapand provides a omplete sealing of the �uid. The rigidity K0 of the ylinder must at leastattain 1.108 Nm−1 to assure a high resonane frequeny for the head of the probe andthe sensor ylinder. Therefore the sample rigidity, K∗, should be lower than 109 Nm−1.The PAV is operated by a lok-in-ampli�er. The exiting voltage of the driving piezosis proportional to the axial fore. The measured voltage of the piezos that monitor thedeformation is the signal used for determining K∗. The width d of the gap of the squeeze-�ow rheometer is de�ned by the lid mounted onto the rheometer (see �g. 3.2). In order tovary the gap, several rings of 10, 35, 50, 100 µm thikness an be used. The variation ofthe gap turned out to be neessary in order to perform the measurements in the orret56



3.1 Charaterization of the visoelasti behavior of omplex �uids using thepiezoeletri axial vibratorTable 3.1: Visosities of di�erent glyerol/water mixtures at 20 oC [180℄ used for the alibrationof the PAV.Weight fration of glyerol η at 20oC (mPas).0 2.2635 3.04050 6.05065 15.5475 36.4685 112.995 545100 1499range. Systems with low visosities must be measured using a small d whereas highervisosities needed a wider gap (see later). Hene, variation of the gap width between 20and 200 µm overs measurements of the visosity in the range between 1 and 2000 mPas.The required sample volume is on the order of 100 mL depending on the width of thegap. In all ase the amount of liquid was aurately adjusted by a mirosyringe. Thetemperature was ontrolled with an auray of ± 0.02oC.3.1.4 Calibration of the instrument and aurayThe instrument was alibrated using Newtonian liquids of di�erent visosity to determinethe optimal gap for eah range of visosities. For this purpose a set of di�erent gly-erol/water mixtures was used. The visosities of these mixtures are summarized in TableI. In order to ompare the visosities obtained by the PAV to data from other systems,two rheometers have been employed: A rheometris �uid spetrometer for the rangeof low frequenies (0.01�15 Hz), and the torsional resonators introdued reently byWillenbaher and o-workers for the region of high frequenies [159℄. In the following wegive a brief desription of the measurements using these devies. The Fluids SpetrometerRFS II from Rheometris Sienti� is a strain-ontrolled rotational rheometer equippedwith a Couette system (up diameter: 34 mm, bob diameter: 32 mm, bob length: 33 mm).Strains are applied in the range starting from 500 % for the low visosity liquidsto provide an aurate response up to 0.5% for the more visoelasti solutions. Foreah measurement the deformation was set to remain in the linear visoelasti regime.Measurement were performed on 10 mL of the �uid and the temperature was set with anauray of ± 0.05oC. Two torsional resonators supplied by the Institut für dynamisheMaterialprüfung, Ulm, Germany, have been used to obtain data at high frequenies [159℄.Two geometries are available (ylinder or double-dumbbell) allowing for measurementsat 13, 25, and 77 kHz. The penetration depth of the shear wave is typially on theorder of 50 nm for the samples investigated here. This ensures that the method probesthe visoelasti properties of the bulk phase. The measuring ell, however, is muhlarger than this penetration depth and no disturbane may result from the walls of theontainer. The small amplitudes of the torsion of the ylinder (< 50 nm) ensure that themaximum strain is small. The measurements are hene taken in the linear visoelasti57
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Figure 3.3: Visosities of water-glyerin mixtures measured with �uid spetrometer RFS II (opensquares), PAV (�lled symbols), and torsional resonators (open triangles). The weightperent of glyerol is varied between 0% and 100% as indiated in the graph in orderto adjust a wide range of visosities. The values of Table I are indiated by the dashedlines. Di�erent gap thikness were used for the PAV: 20, 35, 50, 100, and 200 nmto obtain the optimal measurement. An experimental value of the true gap thiknesswas also alulated for eah gap and given diretly in the graph.regime. The experimental proedure and the evaluation of data have been desribedreently [159℄. The real part of the omplex visosity of water-glyerine mixtures isplotted against the frequeny in �g. 3.3. Here data obtained by all the three devies arepresented. The gaps of the PAV was varied (d =20, 35, 50, 100, and 200 µm) in orderto adjust for the visosity of the sample ranging from 1 to 1500 mPas (dashed lines in�g. 3.3). The visosity was alulated using eq. 3.2 and the width d of the gap wasslightly adjusted so that the experimental value was mathed. This alibration of thewidth of the gap is used in subsequent measurements. Moreover, results obtained for onesample but di�erent gap widths demonstrated that the ontribution due to the dynamiompressibility (f. eq. 3.3) is negligible for these Newtonian liquids as expeted. Figure3.3 also delineates the optimal domains of the measurement of the PAV by dashed lines.In these domains the measured visosity is independent of the frequeny.In the following only data from these optimal domains will be shown. The good orrespon-dene between the three apparatus illustrates the quality of the measurements providedby the PAV for the Newtonian solutions.3.1.5 Visoelasti �uidsPolystyrene solutionA ommerial polystyrene grade (PS 148 H from BASF) dissolved in ethylbenzene is usedas a benhmark system to hek the auray of the measurements of G′ and G′′ by thePAV. Conentrated polymer solutions present well-studied examples of visoelasti �uids58



3.1 Charaterization of the visoelasti behavior of omplex �uids using thepiezoeletri axial vibrator
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Figure 3.4: Validation of G′ (full symbols) and G′′ (hollow symbols) measured with �uids spe-trometer RFS II (quadrangles), PAV (irlesd), and torsional resonators (triangles)obtained for a 30% polystyrene solution in ethylbenzene. The data are ompared toresults derived from the time temperature superposition priniple. Values of G′ areindiated by dashed lines whereas G′′ is given by solid lines. The data obtained by thePAV have been measured at the optimal gap thikness.that exhibit moduli varying over many orders of magnitude with inreasing frequeny[181℄. The ethylbenzene used was of ommerial grade without speial puri�ation. Thesolution ontains 30% polystyrene with Mw = 148000 g.mol−1. Solutions of polystyrenewere arefully studied and preise data based on the time-temperature superpositionpriniple are available [181, 182℄. G′ and G′′ of this solution as the funtion of frequenywas obtained as follows: Rheologial measurements with a mehanial rheometer weredone at -80, -50, and 24oC. In order to obtain a wide range of frequenies, the frequeny-temperature superposition priniple has been used as already disussed by Baumgärteland Willenbaher [182℄. The temperature dependene an be desribed by a universal,onentration invariant Williams�Landel�Ferry-shift parameter aT [183℄:
log10aT =

−c1(T − Tref)

c2 + T − Tref
. (3.4)We have hosen Tref = 20oC and obtain c1 = 1.47 and c2 =143 K. Figure 3.4 displays

G′ and G′′ as the funtion of the frequeny. Data at low frequeny have been obtainedby the mehanial spetrometer RFS II whereas the three points referring to the highestfrequenies have been measured using the torsional resonators.The data at intermediate frequenies have been obtained with the PAV using the optimalwidth of the gap (see the disussion of Fig. 3.3). The data obtained by the three widelydi�erent instruments �t together within the limits of error of the respetive devies. Thelines give the respetive values of G′ (dashed) and G′′ (full) derived from eq. 3.4. Goodagreement is seen over six orders of magnitude. There are only small deviations betweenthe measured data and the spetra alulated from the time-temperature superposition59
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Figure 3.5: Enlarged portion of Fig. 4 showing G′ and G′′ measured by the PAV with di�erentwidth d of the gap: 100 (down triangles), 150 (squares), 185 (up triangles), and 200
µm (irles).priniple. We assign these small disrepanies to the limitation of eq. 3.4 and to theexperimental unertainties in obtaining the moduli in suh a wide temperature range.Figure 5 demonstrates that the width d of the gap has a minor in�uene on the resultingvalues of G′ and G′′. Here G′ and G′′ obtained from the polystyrene solution by the PAVfor di�erent width of the gap are plotted against the frequeny f . Evidently, G′ and G′′do not depend on d within the given limits of error. The maximum of error amounts to20% if the width of the gap is not optimal. This further on�rms the reliability of theinstrument and justi�es the neglet of the dynami ompressibility (f. eq. 3.3). Thus,the earlier disussion has established two riteria for the auray of the measurement:First, the optimal width of the gap is obtained by measurement of Newtonian liquids.The small orretions for the width of the gap, whih followed from this alibrationdemonstrates that eq. 3.3 provides a aurate desription of the �ow in the instrument.Seond, the measured spetra of G′ and G′′ must be independent of the width d. Thisis seen indeed in Fig. 3.5 and the residual disrepanies at low frequeny an be traedbak to a width of the gap whih is not optimal. From these data and the foregoingomparison using a polystyrene solution as a benhmark system we onlude that thePAV gives reliable data for polymer systems that exhibit a marked visoelasti behavior.The range of onentrations that an be studied is only limited by the smallest gapavailable (see the disussion of �g. 3.3). Hene, highly dilute polymer solutions in whihthe visosity exeeds hardly the one of the solvent annot be measured with the PAV withsu�ient auray (see the disussion of this problem in Stokih et al. [184℄).60
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Figure 3.6: Elasti (full symbols) and loss (hollow symbols) modulus of a 1.5 wt.% methylellulosesolution at 20oC measured with �uids spetrometer RFS II (squares), PAV (irles);measured at optimal thikness of the gap 100 µm, and torsional resonators (triangles).The �t was done using the generalized Maxwell's model inluding the high frequenyontribution [Eq. (5)℄. The �tted parameters are: η0 =1.4 Pas, η∞ =2.5 mPas,
τ0 =0.002 s, h =0.32.Methylellulose in solutionAqueous solutions of methylellulose (MC) gel upon heating [185℄. The gelation is ther-moreversible and asribed to the presene of hydrophobi interations. The rheology ofthis system was already investigated in a study of Desbrières [186℄ and the rheologialexperiments were arried out on the piezorheometer built by Palierne [173�175℄. Hene,these solutions provide another benhmark system. Methylellulose has been purhasedfrom Sigma-Aldrih. The weight average moleular weight of MC is 86000 g.mol−1. Thedegree of substitution is ranging from 1.6 to 1.9 as indiated by the manufaturer. It waspuri�ed by dialysis in order to remove salts and other low moleular weight impurities.Solutions of 0.2 wt.% of methylellulose were prepared in de-ionized water and stirred for2 days to ensure a homogeneous solution. This solution was then paked in Spetra/Por R©dialysis tube membranes whih were bought from Spetrumlabs (MWCO-2000). Dialysiswas arried out until the ondutivity of water beame equal to pure de-ionized water.Later the solution was dried in a vauum oven at 80oC. The pure methylellulose wasthen stored for further use. The measurements were performed on a solution of 1.5 wt.%at 20oC. Again the range of frequenies was overed by measurement using the threeinstruments. The rheogram shown in Fig. 6 is typial of an entangled polymer solutions.As an be seen from Fig. 3.6, a good orrespondene between the three instruments isseen. The residual di�erenes between the instruments are within their respetive limits oferror. This demonstrates again that onentrated polymer solutions an be measured bythe ombination of the three instruments. Following earlier work [186℄ a general Maxwell'smodel was used to desribe the data. The expression that inludes the high-frequenyontribution reads 61
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η∗ =

η0

1 + (iωτ0)1−η + η∞
, (3.5)where η0 is the zero-shear visosity and η∞ denotes the high-shear visosity. Finally, t0 isthe average time of relaxation and the parameter h desribes the width of the relaxationtime distribution. Figure 3.6 demonstrates that eq. 3.5 provides a good desription of theresults over the entire range of frequenies under onsideration here. This is in agreementwith the earlier studies [186℄.Thermosensitive latex partiles.As an example for a omplex �uids we analyze here a thermosensitive latex that has beenunder srutiny reently [34, 35℄. The partiles onsist of a solid polystyrene ore and ashell omposed of rosslinked poly-N-isopropylarylamide (PNIPAM) hains. Suspendedin water these partiles swell when lowering the temperature below room temperaturethrough the uptake of water in the shell. Going to temperatures above 25�30oC leadsto a marked derease of the partiles radius beause the water is expelled from thethermosensitive PNIPAM-layer again. This swelling transition within the layer is fullyreversible [17, 63℄ and an be used to adjust the e�etive volume fration φeff of thepartiles by inreasing or lowering the temperature [34℄. Evidently, the time-temperaturesuperposition priniple annot be applied for determining G′ and G′′. The ore-shelllatex used in this study was prepared as desribed in the setion 2.1.2 and orresponds tothe KS4. The ore partiles has a radius of 52.0 nm and the shell a thikness of 53.3 nmat 10oC as determined by light sattering. The degree of rosslinking was 2.5 mol.% withregard to monomer N-isopropylarylamide. The latex was puri�ed by ultra�ltration. Theweight onentration of the latex was 10.85 wt.% and the orresponding e�etive volumefration φeff was alulated as desribed in the setion 2.3. For the suspension underonsideration here φeff =0.585 at a temperature of 10oC. The rheologial measurementswere realized with the set of the three instruments. A period of 1 h was allowed forthermal equilibrium before starting eah measurement. Figure 3.7 displays G′(ω) and

G′′(ω) obtained in this way over the entire range of frequenies. As already disussed byMason et al. [160, 161℄, a suspension of hard spheres in the viinity of the glass transitionshould exhibit the features seen in Fig. 3.7: The storage modulus G′ is expeted toexhibit a marked plateau for a rather wide range of frequenies while G′′ is expeted togo through a pronouned minimum.The model proposed by Mason and Weitz [160, 161℄ has been �rst used for the qualitativedesription of the data thus obtained. It is based on the ombination of three majore�ets. The low frequeny behavior is desribed within mode oupling theory [162�165℄.It assumes that the stress autoorrelation funtion has the same funtional form as thedensity autoorrelation funtion. The high-frequeny the data analysis is ompliated dueto an anomalous ontribution to both G′ and G′′ proportional to ω0.5 whih arises froma di�usional boundary layer between the spheres [187℄. The high frequeny suspensionvisosity η′
∞ 8 leads to a ontribution to G′′ that is proportional to ω. It an be taken fromthe experimental data obtained at highest frequenies by use of the torsional resonators.The resulting expressions for G′ and G′′ are [160, 161℄:62
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Figure 3.7: Elasti (full symbols) and loss (hollow symbols) moduli of a onentrated thermosen-sitive latex 10.85 wt.% at 10oC (φeff =0.585) measured with �uid spetrometer RFSII (squares), PAV (irles), and torsional resonators (triangles). The data obtainedby the PAV have been measured at the optimal thikness of the gap. The experimentaldata are �tted by the model proposed by Mason and Weitz (eq. 3.6�3.7) with GP =21
Pa, Gσ =0.4 Pa, tσ =1 srad−1, φeff =0.585, DS =4.10−13 m2s−1, and η′∞ =3
mPas.
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∞(ω)(3.7)where Γ(x) is the gamma funtion, a′ =0.301, B =0.963, as and b′ =0.545 are parameterspredited for suspensions of hard spheres [162℄. Gσ is a �t parameter. The storage mod-ulus has an in�etion point at the plateau value GP , and the frequeny at the minimumof the loss modulus is set by the value of the plateau, 1/tσ. Following the approahof Mason et al. [160, 161℄ the frequeny dependene of G′
D and G′′

D for hard spheresuspensions is used here as given by Lionberger et al. [187℄ and by De Shepper et al. [188℄:
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kBT

a3
φ2g(2a, φ)[ωτD]1/2 (3.8)where τD = a2/Ds, is the di�usional time determined by the φ-dependent short-timedi�usion oe�ient with a being to the radius of the partiles. The radial pair distributionfuntion at ontat is approximated by g(2a, φ) = 0.78/(0.64 − φ) again mapping this63



3 Dynamissuspension onto an e�etive hard sphere system (see the disussion of this point by Mason[171℄). Moreover, we equate φ = φeff . Hene, Gσ and Ds are the only free �t parametersremaining here. Figure 3.7 demonstrates that there is good agreement between the dataobtained by the three instruments. Moreover, good agreement is seen over eight ordersof magnitude. The lines give the respetive values of G′ (solid line) and G′′ (dashed line)derived from eqs. 3.6 and 3.7. This agreement is more remarkable when onsidering thatonly two �t parameters had to be used in this omparison. Hene, the model of Masonet al. [160, 161℄ based on the mode-oupling theory explains the measured visoelastiityof suspensions very well. Nevertheless it fails to desribe the relaxation of the system forthe very long times below the glass transition. Biased on this pioneer work a new modelproposed by Fuhs has been developed to ome to a quantitative desription of the linearvisoelastiity of hard spheres suspensions in the viinity of the glass transition and willbe presented in the next setion of this hapter.3.1.6 SummaryA new rheometer, the PAV, has been introdued and tested by using Newtonian liquidsand visoelasti polymer solutions. The data presented here demonstrate that the PAVworks reliably between 10 and 3000 Hz. It thus loses the gap between onventionalmehanial spetrometers and the torsional resonators. The ombination of all threedevies gives aess to G′ and G′′ as the funtion of frequeny over 7�8 orders of magnitude.This provides a sound basis for a omprehensive study of the visoelastiity of omplex�uids as was shown for the ase of polymer solutions and suspensions of olloidal partiles.
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3.2 Shear stresses of olloidal dispersions at the glass transition in equilibrium and in�ow3.2 Shear stresses of olloidal dispersions at the glasstransition in equilibrium and in �ow3.2.1 IntrodutionComplex �uids and soft materials in general are haraterized by a strong variability intheir rheologial and elasti properties under �ow and deformations [158, 189℄. Withinthe linear response framework, storage- and loss- (shear) moduli desribe elasti ontribu-tions in solids and dissipative proesses in �uids. Both moduli are onneted via Kramers-Kronig relations and result from Fourier-transformations of a single time-dependent fun-tion, the shear modulus glr(t). Importantly, the linear response modulus glr(t) itself isde�ned in the quiesent system and (only) desribes the small shear-stress �utuationsalways present in thermal equilibrium [33, 158℄.Visoelasti materials exhibit both, elasti and dissipative, phenomena depending on ex-ternal ontrol parameters like temperature and/ or density. The origins of the hange be-tween �uid and solid like behavior an be manifold, inluding phase transitions of variouskinds. One mehanism existent quite universally in dense systems is the glass transition,that strutural rearrangements of partiles beome progressively slower [164℄. It is aom-panied by a strutural relaxation time whih grows dramatially. Maxwell was the �rst todesribe this �uid-solid transition phenomenologially. Dispersions onsisting of olloidal,slightly polydisperse (near) hard spheres arguably onstitute one of the most simple vis-oelasti systems, where a glass transition has been identi�ed. It has been studied indetail by dynami light sattering measurements [155, 156, 190�195℄, onfoal mirosopy[126℄, linear [161, 196℄, and non-linear rheology [7, 34, 197�201℄. Computer simulations areavailable also [202�204℄. Mode oupling theory (MCT) has provided a semi-quantitativeexplanation of the observed glass transition phenomena, albeit negleting ageing e�ets[205℄ and deay proesses at ultra-long times that may ause (any) olloidal glass to �owultimately [162�165℄. Importantly, MCT predits a purely kineti glass transition and de-sribes it using only equilibrium strutural input, namely the equilibrium struture fator
Sq [33, 206℄ measuring thermal density �utuations.The stationary, nonlinear rheologial behavior under steady shearing provides additionalinsight into the physis of dense olloidal dispersions [33, 158℄. A priori it is not lear,whether the mehanisms relevant during glass formation also dominate the nonlinearrheology. Solvent mediated interations (hydrodynami interations), whih do not a�etthe equilibrium phase diagram, may beome ruially important. Also, shear may auseordering or layering of the partiles [207℄. Simple phenomenologial relations betweenthe frequeny dependene of the linear response and the shear rate dependene of thenonlinear response, like the Cox-Merz rule, have been formulated, but often lak �rmtheoretial support or are limited to speial shear history [158, 208℄.On the other hand, within a number of theoretial approahes a onnetion betweensteady state rheology and the glass transition has been suggested. Brady worked out asaling desription of the rheology based on the onept that the strutural relaxationarrests at random lose paking [209℄. In the soft glassy rheology model, the trap modelof glassy relaxation by Bouhaud was generalized to desribe mehanial deformationsand ageing [210�212℄. The mean �eld approah to spin glasses was generalized to sys-65



3 Dynamistems with broken detailed balane in order to model �ow urves of glasses under shear[213, 214℄. The appliation of these novel approahes to olloidal dispersions has leadto numerous insights, but has been hindered by the use of unknown parameters in theapproahes. MCT, also, was generalized to inlude e�ets of shear [215�217℄, and, withinthe integrations through transients (ITT) approah, to quantitatively desribe all aspetsof stationary states under steady shearing [41, 44, 45℄, Some aspets of the ITT approahto �ow urves have already been tested [218℄, but the onnetion, entral in the approah,between �utuations around equilibrium and the nonlinear response, has not been inves-tigated experimentally up to now.In the present hapter the onnetion between strutural relaxation lose to glassy ar-rest and the rheologial properties far from equilibrium is explored. We used the theorydeveloped by the Prof. Matthias Fuhs and his oworkers. Within the sope of this ol-laboration we ruially test the ITT approah, whih aims to unify the understandingof these phenomena. It requires, as sole input, information on the equilibrium stru-ture (namely Sq), and, �rst gives a formally exat generalization of the shear modulusto �nite shear rates, g(t, γ̇), whih is then approximated in a onsistent way. We inves-tigate a model dense olloidal dispersion at the glass transition, and determine its linearand nonlinear rheology. Thermosensitive ore-shell partiles onsisting of a polystyreneore and a rosslinked poly(N-isopropylarylamide)(PNIPAM) shell were synthesized andtheir dispersions haraterized in detail. Data over an extended range in shear rates andfrequenies are ompared to theoretial results from MCT and ITT.This hapter is organized as follows: �rst the experimental and methods are presented aswell as an introdution of the linear and non linear rheology. The next part summarizesthe equations of the mirosopi ITT approah in order to provide a self-ontained presen-tation of the theoretial framework. Afterwards some of the universal preditions of ITTare disussed in order to desribe the phenomenologial properties of the non-equilibriumtransition studied in this work. Building on the universal properties, a simpli�ed modelwhih reprodues the phenomenology is introdued. The omparison of ombined mea-surements of the linear and non-linear rheology of the model dispersion is then omparedwith alulations in mirosopi and simpli�ed theoretial models.3.2.2 Experimental system and methodsThe ore-shell partiles with 5 mol.% rosslinking (KS3) are used in this study. Thesynthesis and haraterization of this system are desribed in hapter 2.1. Di�erent solu-tions were prepared between 10.75 and 13.58 wt.%. The onentration in salt (KCl) wasadjusted to 5.10−2 molL−1 KCl to sreen the remaining eletrostati interations. The de-pendene of φeff on the temperature is given by the hydrodynami radius RH determinedfrom the dynami light sattering in the dilute regime. RH was linearly extrapolatedbetween 14 and 25oC (RH = −0.85925T + 123.78 with T the temperature in oC and φeffwas alulated following eq. 2.33 following the proedure desribed in hapter 2.3.Three instruments were employed in the present study to investigate the rheologialproperties of the suspensions. The �ow behavior and the linear visoelasti propertiesfor the range of the low frequenies were measured with a stress-ontrolled rotationalrheometer MCR 301 (Anton Paar), equipped with a Searle system (up diameter: 28.92966



3.2 Shear stresses of olloidal dispersions at the glass transition in equilibrium and in�ow
mm, bob diameter: 26.673 mm, bob length: 39.997 mm). Measurements have beenperformed on 12 mL solution and the temperature was set with an auray of ± 0.05oC.The shear stress σ versus the shear rate γ̇ (�ow urve) was measured after a pre-shearingof γ̇ = 100 s−1 for two minutes and a timesweep of 1 hour at 1 Hz and 1 % deformationin the linear regime. The �owurve experiments were performed setting γ̇, �rst withinreasing γ̇ from γ̇ = 10−4 − 103 s−1 with a logarithmi time ramp from 600 to 20 s, andthen with dereasing γ̇. The frequeny dependene of the loss G′′ and elasti G′ modulihas been measured for 1 % strain from 15 to 10−3 Hz with a logarithmi time rampfrom 20 to 600 s. The measurements were �rst performed without pre-shearing after thetimesweep, before the �owurves experiments, and then after the �owurves experiments10 s two minutes after pre-shearing at γ̇ = 100 s−1 to melt eventual rystallites. Weonly onsidered experiments performed after pre-shearing in the following disussion of
G′ and G′′ for the lowest frequenies.Additional rheologial experiments were arried out on Piezoeletri vibrator (PAV) andylindrial torsional resonator desribed in the previous hapter (see hapter 3.1). ThePAV was operated from 10 to 3000 Hz. The gap was adjusted with a 100 µm ring.Only the measurements in the glassy state have been performed with the PAV as theinstrument does not allow any pre-shearing. The ylindrial torsional resonator used wasoperated at a single frequeny (25 kHz). The experimental proedure and the evaluationof data have been desribed reently [35, 159℄.The e�et of the shear rate γ̇ on the partile dynamis is measured by the Pelet number[33℄, Pe0 = γ̇R2

H/D0, whih ompares the rate of shear �ow with the time an isolatedpartile requires to di�use a distane idential to its radius. Similarly, frequeny willbe reported in the following resaled by this di�usion time, ω′ = ωR2
H/D0. The selfdi�usion oe�ient D0 at in�nite dilution was alulated from the hydrodynami radius

RH and the visosity of the solvent ηs with the Stokes-Einstein relation so that D0 =
kBT/6πηSRH . In dense dispersions, however, the strutural rearrangements proeed farslower than di�usion at in�nite dilution, and therefore, very small Pelet numbers andresaled frequenies ω′ are of interest in the following. Stresses will be measured in unitsof kBT/R3

H in the following.3.2.3 Linear and non linear rheologyThis setion presents the basis of the rheology of olloidal suspensions. In the rest ofthe hapter the mode oupling theory is introdued to give a quantitative desriptionof the visoelastiity of the system in the linear regime and of the �ow behaviour inthe stationary regime. By linear visoelastiity we onsider a system experiening anosillatory strain. The dependene of the stress to the amplitude γ and frequeny ofthe soliitation is used to estimate the elasti and loss ontribution usually represent bythe moduli G′ and G′′. If we �x the frequeny, the linearity is onsidered per de�nitionfor strains γ where these two moduli are onstant. At this point the struture of thesystem is not disturbed and the system is in equilibrium. If the strain exeeds a ertainvalue γo this ondition is not respeted anymore and the struture is disturbed leading67
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Figure 3.8: A) step �ow experiment performed at di�erent shear rate with di�erent time inre-ments: 50 ms (rosses), 100 ms (squares), 200 ms (irles). The lines present the�ts obtained from equation 3.10. B) Comparison of the �owurves measured experi-mentally with inreasing and dereasing shear rates (full and dashed lines) with thestresses measured for di�erent waiting times from the step �ow experiments: 50 ms(down triangles), 100 ms (heked boxes), 1 s (up triangles), 10 s (hollow squares),100 s (hollow irles) and stationary regime (full irles). C) Strain sweep at di�er-ent frequenies. D) Shear stress measured as funtion of the strain from the step �owexperiments at di�erent shear rates (hollow symbols) and frequenies (full symbols).The same symbols are used for the same values of the frequeny and shear rates. Thedashed lines present the �ts from equation 3.10.
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3.2 Shear stresses of olloidal dispersions at the glass transition in equilibrium and in�owto the relaxation and �ow of the system. The simplest representation of suh a systemis the model of Maxwell. In the rest of the experiments the theory was applied to thefrequeny dependent measurement of G′ and G′′ in the linear regime. For this reason themoduli have been measured as funtion of the strain for di�erent frequenies in order toensure that the deformations used in the frequeny dependent experiment belong for allthe frequenies to the linear regime. An example is given by the �gure 3.8 C). A densesolution with an e�etive volume φeff = 0.622 is subjet deformationsweep experiment ispresented for a dense 13.01 wt% solution at 14oC for di�erent frequeny. The moduli areonstant until a strain around 4 %. This solution represents the highest e�etive volumefration investigated in this work, for this reason a strain of 1 % ful�l the ondition oflinearity in all the frequeny sweep experiments presented in this hapter.The �ow urves have been measured in the stationary regime. This means pratiallythat the solution is sheared at a onstant shear rate γ̇ long enough, to ensure a laminar�ow resulting in a onstant stress that we will de�ne as σ(γ̇), whih is the prerequisiteof the theory. The stationarity has been heked by step �ow experiments also for thehighest e�etive volume fration (13.01 wt% solution at 14oC, φeff = 0.622). Figure3.8 A) presents the experiments performed for di�erent shear rates, with di�erent timeinrements (50, 100, 200 ms). No signi�ant variations ould be observed between thedi�erent times. For the lowest shear rates (γ̇ = 10−4 − 10−1 s−1). The stress σ(γ̇, t) �rstdereases in the very small time, and then inreases again to reah the onstant value
σ(γ̇). The experimental values of σ(γ̇) (solid irles) have been reported in the �gure 3.8B) and ompared to the �ow urves measured with inreasing and dereasing shear rates(full and dashed urves) in the experimental onditions desribed above and with themeasurement for di�erent time. No signi�ant di�erene an be observed whih provesthat the �ow urves are measured in the stationary regime. On the ontrary a markeddisrepany an be observed if the time of measurement is not long enough. This resultan be diretly ompared to the work of Heymann et al. [219, 220℄ where the authorsinvestigated the in�uene of the measurement time on the �ow urves of onentratedsuspensions of spherial partiles.Step �ow and strain sweep experiments are very lose in the sense that they desribe theevolution of the system as funtion of the time and strain and have been the objet ofreent studies [208, 221, 222℄. If we onsider the step �ow experiments of the �gure 3.8 A)the origin of the �rst deay in the short time is not fully understood and must be related toshort time relaxation proess. Nevertheless the experimental points in the short times forthe low shear rates superpose into a master urve, whih an be desribed as a power lawwith an exponent -0.4. Then the stress inreases again quasi linearly for the slowest shearrate to �nally relax and reah a onstant value. The two experiments an be ompared,if we onsider the evolution of the stress as a funtion of the strain. For this the moduliof the strain sweep are �rst transformed into omplex modulus G∗ = ((G′)2 + (G′′)2)0.5and then onverted in stress σ∗ = G∗/γ. Conerning the step �ow experiments the strainis obtained by multiplying the time t with the shear rate γ̇. To this high volume frationthe system is in the glassy state and the omplex modulus is almost onstant between10−2 and 10 Hz and the value at the plateau G∗

p is approximately equal to 23 Pa. Theomparison is presented in the �gure 3.8 D). σ∗ is inreasing linearly with the strain forthe small strain and relax for the higher strain. This kind of resaling underlines theorrespondene of the two experiments in the linear regime. For the non linear regime a69



3 Dynamisdiret omparison is obtained if the stress is measured for both experiments are done atthe same strain and shear rate. For this purpose we have to de�ne the strain-rate de�nedas γ̇0 = γω. The omparison is done on the �gure 3.9, where both experiments superposeeah other to desribe the seond relaxation of the stress.A simple approah lose to the one proposed by Wyss et al. [208℄ was used to aountof the linear visoelastiity de�ned by the omplex modulus G∗(γ̇0 = γ̇) (in the linearregime) at the lower strains and of the stationarity and �ow at higher strains de�ned bythe onstant stress σ(γ̇).The model onsists on a simple Maxwell element, de�ned with its general equation ofmovement:
dγ

dt
=

1

G

dσ

dt
+

σ

η
(3.9)We onsider now a steady shear (dγ/dt = γ̇), G = G∗(γ̇0 = γ̇) the linear visoelastiontribution, η = σ(γ̇)/γ̇ with σ(γ̇) the stress in the stationary regime. Considering thatat t = 0, σ(t) = 0, the resolution of this equation gives the following expression for thestress:

σ(γ̇, t) = σ(γ̇) (1 − exp(−G∗(γ̇0 = γ̇)γ̇t/σ(γ̇))) (3.10)This expression have been used for the step �ow and strain sweep experiments onsidering
G∗(γ̇0 = γ̇) = G∗

p = 23 Pa (see �g. 3.8 A) and D) and �g. 3.9). This simple approahdesribes very well the seond relaxation observed experimentally in the glassy regimefor both experiments. Of ourse this kind of experiment is muh more ompliated andthe orrelation between the time, frequeny, strain and shear rate has to be addressedmore in depth. Nevertheless it shows learly the onnetion between linear and non linearrheology whih will be presented in the rest of the hapter.3.2.4 TheoryMirosopi approahThe next setions provide a full desription of the theory developed as mentioned in theintrodution by the professor Matthias Fuhs and his oworkers. We onsider N spherialpartiles with radius RH dispersed in a volume V of solvent (visosity ηs) with imposedhomogeneous, and onstant linear shear-�ow. The �ow veloity points along the x-axisand its gradient along the y-axis. The motion of the partiles (with positions ri(t) for
i = 1, . . . , N) is desribed by N oupled Langevin equations [206℄

ζ

(

dri

dt
− vsolv(ri)

)

= Fi + fi . (3.11)Solvent frition is measured by the Stokes frition oe�ient ζ = 6πηsRH . The N vetors
Fi = −∂/∂ri U({rj}) denote the interpartile fore on partile i deriving from potential70



3.2 Shear stresses of olloidal dispersions at the glass transition in equilibrium and in�ow

Figure 3.9: Shear stress measured as funtion of the strain from the strain sweep (full symbols)and step �ow experiments (hollow symbols). The same symbols are used for the samevalues of shear rates γ̇ and strain rates γ̇0 = ωγ.interations with all other partiles; U is the potential energy whih depends on all par-tiles' positions. The solvent shear-�ow is given by vsolv(r) = γ̇ y x̂, and the Gaussianwhite noise fore satis�es (with α, β denoting diretions)
〈fα

i (t) fβ
j (t′)〉 = 2ζ kBT δαβ δij δ(t − t′) ,where kBT is the thermal energy. Eah partile experienes interpartile fores, solventfrition, and random kiks. Interation and frition fores on eah partile balane onaverage, so that the partiles are at rest in the solvent on average. The Stokesian fritionis proportional to the partile's motion relative to the solvent �ow at its position; thelatter varies linearly with y. The random fore on the level of eah partile satis�es the�utuation dissipation relation.An important approximation in Eq. (3.11) is the neglet of hydrodynami interations,whih would arise from the proper treatment of the solvent �ow around moving partiles[33, 206℄. In the following we will argue that suh e�ets an be negleted at high densitieswhere interpartile fores hinder and/or prevent strutural rearrangements, and wherethe system is lose to arrest into an amorphous, metastable solid. Another importantapproximation in Eq. (3.11) is the assumption of a given, onstant shear rate γ̇, whihdoes not vary throughout the (in�nite) system. We start with this assumption in thephilosophy that, �rst, homogeneous states should be onsidered, before heterogeneitiesand on�nement e�ets are taken into aount. All di�ulties in Eq. (3.11) thus areonneted to the many-body interations given by the fores Fi, whih ouple the NLangevin equations. In the absene of interations, Fi ≡ 0, Eq. (3.11) leads to super-di�usive partile motion termed 'Taylor dispersion' [206℄.While formulation of the onsidered mirosopi model handily uses Langevin equa-tions, theoretial analysis proeeds more easily from the reformulation of Eq. (3.11) as71



3 DynamisSmoluhowski equation. It desribes the temporal evolution of the distribution funtion
Ψ({ri} , t) of the partile positions

∂tΨ({ri} , t) = Ω Ψ({ri} , t) , (3.12)employing the Smoluhowski operator [33, 206℄,
Ω =

N
∑

j=1

[

D0
∂

∂rj
·
(

∂

∂rj
− 1

kBT
Fj

)

− γ̇
∂

∂xj
yj

]

, (3.13)built with the (bare) di�usion oe�ient D0 = kBT/ζ of a single partile. We assume thatthe system relaxes into a unique stationary state at long times, so that Ψ(t → ∞) = Ψsholds. Homogeneous, amorphous systems are studied so that the stationary distributionfuntion Ψs is translationally invariant but anisotropi. Negleting ageing, the formalsolution of the Smoluhowski equation within the ITT approah an be brought into theform [41, 44℄
Ψs = Ψe +

γ̇

kBT

∞
∫

0

dt Ψe σxy eΩ†t , (3.14)where the adjoint Smoluhowski Ω† operator arises from partial integrations. It ats onthe quantities to be averaged with Ψs. Ψe denotes the equilibrum anonial distributionfuntion, Ψe ∝ e−U/(kBT ), whih is the time-independent solution of Eq. (3.12) for γ̇ = 0;in Eq. (3.14), it gives the initial distribution at the start of shearing (at t = 0). Thepotential part of the stress tensor σxy = −
∑N

i=1 F x
i yi entered via ΩΨe = γ̇ σxy Ψe. Thesimple, exat result Eq. (3.14) is entral to the ITT approah as it onnets steadystate properties to time integrals formed with the shear-dependent dynamis. The latterontains slow intrinsi partile motion.In ITT, the evolution towards the stationary distribution at in�nite times is approxi-mated by following the slow strutural rearrangements, enoded in the transient densityorrelator Φq(t). It is de�ned by [41, 44℄

Φq(t) =
1

NSq

〈 δ̺∗
q eΩ†t δ̺q(t) 〉(γ̇=0) . (3.15)It desribes the fate of an equilibrium density �utuation with wavevetor q, where ̺q =

∑N
j=1 eiq·rj , under the ombined e�et of internal fores, Brownian motion and shearing.Note that beause of the appearane of Ψe in Eq. (3.14), the average in Eq. (3.15) anbe evaluated with the equilibrium anonial distribution funtion, while the dynamialevolution ontains Brownian motion and shear advetion. The normalization is given by

Sq the equilibrium struture fator [33, 206℄ for wavevetor modulus q = |q|. The advetedwavevetor enters in Eq. (3.15)
q(t) = q − γ̇t qx ŷ , (3.16)72
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q(0)

t>0

t=0

q(t)Figure 3.10: Shear advetion of a �utuation with initial wavevetor in x-diretion, q(t=0) =
q (1, 0, 0)T , and adveted wavevetor at later time q(t>0) = q (1,−γ̇t, 0)T . At alltimes, q(t) is perpendiular to the planes of onstant �utuation amplitude. Notethat the magnitude q(t) = q

√

1 + (γ̇t)2 inreases with time. Brownian motion,negleted in this sketh, would smear out the �utuation.where unit-vetor ŷ points in y-diretion) The time-dependene in q(t) results from thea�ne partile motion with the shear �ow of the solvent. Translational invariane un-der shear ditates that at a time t later, the equilibrium density �utuation δ̺∗
q has anonvanishing overlap only with the adveted �utuation δ̺q(t) (see �g. 3.10), where anon-deorrelating �utuation is skethed under shear. In the ase of vanishing Brownianmotion, viz. D0 = 0 in Eq. (3.13), we �nd Φq(t) ≡ 1, beause the adveted wavevetortakes aount of simple a�ne partile motion [223℄. The relaxation of Φq(t) thus her-alds deay of strutural orrelations. Within ITT, the time integral over suh struturaldeorrelations provides an approximation to the stationary state:

Ψs ≈ Ψe +
γ̇

2kBT

∞
∫

0

dt
∑

k

kxky S ′
k

k NS2
k(t)

Φ2
k(t)

(

Ψe ̺∗
k(t) ̺k(t)

)

, (3.17)with S ′
k = ∂Sk/∂k [224℄. The last term in brakets in Eq. (3.17) expresses, that the expe-tation value of a general �utuation A in ITT-approximation ontains the (equilibrium)overlap with the loal struture, 〈̺∗

k ̺k A〉(γ̇=0). The di�erene between the equilibriumand stationary distribution funtions then follows from integrating over time the spatiallyresolved (viz. wavevetor dependent) density variations.The general results for Ψs, the exat one of Eq. (3.14) and the approximation Eq. (3.17),an be applied to ompute stationary expetation values like for example the thermody-nami transverse stress, σ(γ̇) = 〈σxy〉/V . Equation (3.14) leads to an exat non-linearGreen-Kubo relation:
σ(γ̇) = γ̇

∞
∫

0

dt g(t, γ̇) , (3.18)73



3 Dynamiswhere the generalized shear modulus g(t, γ̇) depends on shear rate via the Smoluhowskioperator from Eq. (3.13)
g(t, γ̇) =

1

kBTV
〈 σxy eΩ†t σxy 〉(γ̇=0) . (3.19)In ITT, the slow stress �utuations in g(t, γ̇) are approximated by following the slowstrutural rearrangements, enoded in the transient density orrelators. The generalizedmodulus beomes, using the approximation Eq. (3.17), or, equivalently, performing amode oupling approximation [44, 45, 216℄:

g(t, γ̇) =
kBT

2

∫

d3k

(2π)3

k2
xkyky(t)

k k(t)

S ′
kS

′
k(t)

S2
k(t)

Φ2
k(t) , (3.20)Summation over wavevetors has been turned into integration in Eq. (3.20) onsideringan in�nite system.The familiar shear modulus of linear response theory desribes thermodynami stress�utuations in equilibrium, and is obtained from Eqs. (3.19,3.20) by setting γ̇ = 0 [33,158, 225℄. While Eq. (3.19) then gives the exat Green-Kubo relation, the approximationEq. (3.20) turns into the well-studied MCT formula. For �nite shear rates, Eq. (3.20)desribes how a�ne partile motion auses stress �utuations to explore shorter andshorter length sales. There the e�etive fores, as measured by the gradient of the diretorrelation funtion, S ′

k/S
2
k = nc′k = n∂ck/∂k, beome smaller, and vanish asymptotially,

c′k→∞ → 0; the diret orrelation funtion ck is onneted to the struture fator via theOrnstein-Zernike equation Sk = 1/(1 − n ck), where n = N/V is the partile density.Note, that the equilibrium struture su�es to quantify the e�etive interations, whileshear just pushes the �utuations around on the 'equilibrium energy landsape'.Strutural rearrangements of the dispersion a�eted by Brownian motion is enoded inthe transient density orrelator. Shear indued a�ne motion, viz. the ase D0 = 0,is not su�ient to ause Φk(t) to deay. Brownian motion of the quiesent orrelator
Φ

(γ̇=0)
k (t) leads at high densities to a slow strutural proess whih arrests at long timesin (metastable) glass states. Thus the ombination of strutural relaxation and shearis interesting. The interplay between intrinsi strutural motion and shearing in Φk(t)is aptured by (i) �rst a formally exat Zwanzig-Mori type equation of motion, and (ii)seond a mode oupling fatorisation in the memory funtion built with longitudinal stress�utuations [41, 44℄. The equation of motion for the transient density orrelators is

∂tΦq(t) + Γq(t)







Φq(t) +

t
∫

0

dt′ mq(t, t′) ∂t′ Φq(t
′)







= 0 , (3.21)where the initial deay rate Γq(t) = D0 q2(t)/Sq(t) generalizes the familiar result from lin-ear response theory to adveted wavevetors; it ontains Taylor dispersion. The memoryequation ontains �utuating stresses and similarly like g(t, γ̇) in Eq. (3.17), is alulatedin mode oupling approximation
mq(t, t

′) =
1

2N

∑

k

Vqkp(t, t′) Φk(t′)(t − t′) Φp(t′)(t − t′) , (3.22)74



3.2 Shear stresses of olloidal dispersions at the glass transition in equilibrium and in�owwhere we abbreviated p = q − k. The vertex generalizes the expression in the quiesentase [44℄:
Vqkp(t, t′) =

Sq(t) Sk(t′) Sp(t′)

q2(t) q2(t′)
Vqkp(t) Vqkp(t′) ,

Vqkp(t) = q(t) ·
(

k(t) nck(t) + p(t) ncp(t)

)

. (3.23)With shear, wavevetors in Eq. (3.23) are adveted aording to Eq. (3.16).Equations (3.17,3.21,3.22), with the spei� example of the generalized shear modulusEq. (3.20), form a losed set of equations determining rheologial properties of a sheareddispersion from equilibrium strutural input [41, 44℄. Only the stati struture fator
Sq is required to predit (i) the time dependent shear modulus within linear response,
glr(t) = g(t, γ̇ = 0), and (ii) the stationary stress σ(γ̇) from Eq. (3.18). The loss andstorage moduli of small amplitude osillatory shear measurements [33, 158℄ follow fromEq. (3.19) in the linear response ase (i)

G′(ω) + i G′′(ω) = iω

∞
∫

0

dt e−i ω t g(t, γ̇ = 0) . (3.24)While, in the linear response regime, modulus and density orrelator are measurable quan-tities, outside the linear regime, both quantities serve as tools in the ITT approah only.The transient orrelator and shear modulus provide a route to the stationary averages,beause they desribe the deay of equilibrium �utuations under external shear, andtheir time integral provides an approximation for the stationary distribution funtion,see Eq. (3.17). Determination of the frequeny dependent moduli under large amplitudeosillatory shear has beome possible reently only [226℄, and requires an extension of thepresent approah to time dependent shear rates in Eq. (3.13) [221℄.Universal aspetsThe summarized mirosopi ITT equations ontain a bifuration in the long-time be-havior of Φq(t), whih orresponds to a non-equilibrium transition between a �uid anda shear-molten glassy state. Close to the transition, (rather) universal preditions anbe made about the non-linear dispersion rheology and the steady state properties. Theentral preditions are introdued in this setion and summarized in the overview givenby �g. 3.11. It is obtained from the shemati model whih is also used to analyse thedata, and whih is introdued in setion 3.2.4.A dimensionless separation parameter ε measures the distane to the transition whihis situated at ε = 0. A �uid state (ε < 0) possesses a (Newtonian) visosity, η0(ε <
0) = limγ̇→0 σ(γ̇)/γ̇, and shows shear-thinning upon inreasing γ̇. Via the relation η0 =
limω→0 G′′(ω)/ω, the Newtonian visosity an also be taken from the loss modulus atlow frequenies, where G′′(ω) dominates over the storage modulus. The latter varies like
G′(ω → 0) ∼ ω2. A glass (ε ≥ 0), in the absene of �ow, possesses an elasti onstant G∞,whih an be measured in the elasti shear modulus G′(ω) in the limit of low frequenies,75
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Figure 3.11: Overview of the properties of the F(γ̇)
12 -model harateristi for the transition between�uid and yielding glass. The upper panel shows numerially obtained transient or-relators Φ(t) for ε = 0.01 (blak urves), ε = 0 (red), ε = −0.005 (green), and

ε = −0.01 (blue). The shear rates are |γ̇/Γ| = 0 (thik solid lines), |γ̇/Γ| = 10−6(dotted lines), and |γ̇/Γ| = 10−2 (dashed lines). For the glass state at ε = 0.01(blak), |γ̇/Γ| = 10−8 (dashed-dotted-line) is also inluded. All urves were alu-lated with γc = 0.1 and η∞ = 0. The thin solid lines give the fatorization resultEq. (3.25) with saling funtions G for |γ̇/Γ| = 10−6; label a marks the ritiallaw (3.27), and label b marks the von Shweidler-law (3.28). The ritial glassform fator fc is indiated. The inset shows the �ow urves for the same valuesfor ε. The thin blak bar shows the yield stress σ+
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∞ is marked also.
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3.2 Shear stresses of olloidal dispersions at the glass transition in equilibrium and in�ow
G′(ω → 0, ε ≥ 0) → G∞(ε). Here the storage modulus dominates over the loss one, whihdrops like G′′(ω → 0) ∼ ω. Enforing steady shear �ow melts the glass. The stationarystress of the shear-molten glass always exeeds a (dynami) yield stress. For dereasingshear rate, the visosity inreases like 1/γ̇, and the stress levels o� onto the yield-stressplateau, σ(γ̇ → 0, ε ≥ 0) → σ+(ε).Close to the transition, the zero-shear visosity η0, the elasti onstant G∞, and the yieldstress σ+ show universal anomalies as funtions of the distane to the transition: thevisosity diverges in a power-law η0(ε → 0−) ∼ (−ε)−γ with material dependent exponent
γ around 2−3, the elasti onstant inreases like a square-root G∞(ε → 0+)−Gc

∞ ∼ √
ε,and the dynami yield stress σ+(ε → 0+) also inreases with in�nite slope above its value

σ+
c at the bifuration. The quantities Gc

∞ and σ+
c denote the respetive values at thetransition point ε = 0, and measure the jump in the elasti onstant and in the yieldstress at the glass transition; in the �uid state, G∞(ε < 0) = 0 and σ+(ε < 0) = 0 hold.The desribed results follow from the stability analysis of Eqs. (3.21,3.22) around anarrested, glassy struture fq of the transient orrelator [44, 45℄. Considering the timewindow where Φq(t) is metastable and lose to arrest at fq, and taking all ontrol pa-rameters like density, temperature, et. to be lose to the values at the transition, thestability analysis yields the 'fatorization' between spatial and temporal dependenies

Φq(t) = f c
q + hq G( t/t0, ε, γ̇t0 ) + . . . , (3.25)where the (isotropi) glass form fator f c

q and ritial amplitude hq desribe the spatialproperties of the metastable glassy state. The ritial glass form fator f c
q gives the long-lived omponent of density �utuations, and hq aptures loal partile rearrangements.Both an be taken as onstants independent on shear rate and density, as they are eval-uated from the verties in Eq. (3.23) at the transition point. All time-dependene and(sensitive) dependene on the external ontrol parameters is ontained in the funtion G,whih often is alled 'β-orrelator' and obeys the non-linear stability equation

ε − c(γ̇) (γ̇t)2 + λ G2(t) =
d

dt

t
∫

0

dt′ G(t − t′) G(t′) , (3.26)with initial ondition
G(t → 0) → (t/t0)

−a . (3.27)The two parameters λ and c(γ̇) in Eq. (3.26) are determined by the stati struturefator at the transition point, and take values around λ ≈ 0.73 and c(γ̇) ≈ 3 for Sq takenfrom Perus-Yevik approximation [33℄ for hard sphere interations [44, 45, 227℄. Thetransition point then lies at paking fration φc ≈ 0.52 (index c for ritial), and theseparation parameter measures the relative distane, ε = C (φ − φc)/φc with C ≈ 1.3.The 'ritial' exponent a is given by the exponent parameter λ via λ = Γ(1−a)2/Γ(1−2a)[162, 164℄.The time sale t0 in Eq. (3.27) provides the means to math the funtion G(t) to themirosopi, short-time dynamis. The Eqs. (3.21,3.22) ontain a simpli�ed desriptionof the short time dynamis in olloidal dispersions via the initial deay rate Γq(t). Fromthis model for the short-time dynamis, the time sale t0 ≈ 1.6 10−2R2
H/D0 is obtained.Solvent mediated e�ets on the short time dynamis are well known and are negleted77



3 Dynamisin Γq(t) in Eq. (3.21). If hydrodynami interations were inluded in Eq. (3.21), allof the mentioned universal preditions of the ITT approah would remain true. Onlythe value of t0 will be shifted and depend on the short time hydrodynami interations.This statement remains valid, as long as the hydrodynami interations do not a�et themode oupling vertex in Eq. (3.23). In this sense, hydrodynami interations an beinorporated into the theory of the glass transition, and amount to a resaling of themathing time t0, only.Obviously, the mathing time t0 also provides an upper ut-o� for the time window of thestrutural relaxation. At times shorter than t0 the spei� short-time dynamis matters.The ondition γ̇t0 ≪ 1 follows and translates into a restrition for the aessible range ofshear rates, γ̇ ≪ γ̇∗, where the upper-ut o� shear rate γ̇∗ is onneted to the mathingtime.The parameters ε, λ and c(γ̇) in Eq. (3.26) an be determined from the equilibriumstruture fator Sq at or lose to the transition, and, together with t0 and the shear rate
γ̇ they apture the essene of the rheologial anomalies in dense dispersions. A divergentvisosity follows from the predition of a strongly inreasing �nal relaxation time in G inthe quiesent �uid phase

G(t → ∞, ε < 0, γ̇ = 0) → − (t/τ)b , with t0
τ

∝ (−ε)γ . (3.28)The entailed temporal power law, termed von Shweidler law, initiates the �nal deay ofthe orrelators, whih has a density and temperature independent shape Φ̃q(t̃). The �naldeay, often termed α-relaxation, depends on ε only via the time sale τ(ε) whih resalesthe time, t̃ = t/τ . Equation (3.26) establishes the ruial time sale separation between
t0 and τ , the divergene of τ , and the strething (non-exponentiality) of the �nal deay; italso gives the values of the exponents via λ = Γ(1+ b)2/Γ(1+2b), and γ = (1/a+1/b)/2.Using Eq. (3.20), the divergene of the Newtonian visosity follows [162, 164℄. Duringthe �nal deay the shear modulus beomes a funtion of resaled time, g̃(t̃ = t/τ, γ̇ = 0),leading to η0 ∝ τ(ε); its initial value is given by the elasti onstant at the transition,
g̃(t̃ ≪ 1, ε → 0−, γ̇ = 0) = Gc

∞.On the glassy side of the transition, ε ≥ 0, the transient density �utuations stays lose toa plateau value for intermediate times whih inreases when going deeper into the glass,
G(t0 ≪ t ≪ 1/|γ̇|, ε ≥ 0) →

√

ε

1 − λ
+ O(ε) . (3.29)Entered into Eq. (3.20), the square-root dependene of the plateau value translates intothe square-root anomaly of the elasti onstant G∞, and auses the inrease of the yieldstress lose to the glass transition.Only, for vanishing shear rate, γ̇ = 0, an ideal glass state exists in the ITT approah forsteady shearing. All density orrelators arrest at a long time limit, whih from Eq. (3.29)lose to the transition is given by Φq(t → ∞, ε ≥ 0, γ̇ = 0) = fq = f c

q + hq

√

ε/(1 − λ) +
O(ε). Consequently the modulus remains elasti at long times, g(t → ∞, ε ≥ 0, γ̇ = 0) =
G∞ > 0. Any (in�nitesimal) shear rate, however, melts the glass and auses a �nal deayof the transient orrelators. The funtion G initiates the deay around the ritial plateauof the transient orrelators and sets the ommon time sale for the �nal deay under shear78



3.2 Shear stresses of olloidal dispersions at the glass transition in equilibrium and in�ow
G(t → ∞, ε ≥ 0) → −

√

c(γ̇)

λ − 1
2

|γ̇t| . (3.30)Under shear all orrelators deay from the plateau as funtion of |γ̇t|. Steady shearingthus prevents non-ergodi arrest and restores ergodiity. This aspet of Eq. (3.26) hastwo important rami�ations for the steady state of shear molten glasses [44, 45℄. First,ITT �nds that shear melts a glass and produes a unique steady state at long times.This onlusion is restrited by the assumption of homogeneous states and exludes thepossible existene of ordering or layering under shear. Also, ageing was negleted, whihould remain beause of non-ergodiity in the initial quiesent state. Ergodiity of thesheared state however suggests ageing to be unimportant under shear [212, 213℄. Seond,all stationary averages, whih in ITT are obtained from integrating up the transient�utuations, do not exhibit a linear response regime in the glass. Rather they take�nite values for vanishing shear rate, whih jump disontinuously at the glass transition.This holds beause the shear-driven deay of Eq. (3.30) initiates a saling law where thetransient orrelators deay as funtion of |γ̇t| down from the plateau fq to zero, denoted as
Φ+

q (t|γ̇|). When entered into Eq. (3.17), time appears only in the ombination togetherwith shear rate and thus after time integration the shear rate dependene drops out,yielding a �nite result even in the limit of in�nitesimal shear rate. Prominent exampleof a stationary average that has no linear response regime with respet to γ̇ in the glassphase is the shear stress σ(γ̇, ε ≥ 0). It takes �nite values for vanishing shear rate,
σ+(ε) = σ(γ̇ → 0, ε ≥ 0), and jumps at the glass transition from zero to a �nite value.Beause of Eq. (3.29) it inreases rapidly when moving deeper into the glass.Shemati modelThe universal aspets desribed in the previous setion are ontained in any ITT modelthat ontains the entral bifuration senario and reovers Eqs. (3.25,3.26). Equation(3.25) states that spatial and temporal dependenes deouple in the intermediate timewindow. Thus it is possible to investigate ITT models without proper spatial resolu-tion. Beause of the tehnial di�ulty to evaluate the anisotropi funtionals in Eqs.(3.20,3.22), it is useful to restrit the desription to few or to a single transient orrelator.In the shemati F

(γ̇)
12 -model [45℄, a single 'typial' density orrelator Φ(t), onvenientlynormalized aording to Φ(t → 0) = 1 − Γt, obeys a Zwanzig-Mori memory equationwhih is modeled aording to Eq. (3.21)
∂tΦ(t) + Γ







Φ(t) +

t
∫

0

dt′ m(t − t′) ∂t′Φ(t′)







= 0 . (3.31)The parameter Γ mimis the mirosopi dynamis of the 'typial' density orrelatorhosen in Eq. (3.31), and will depend on strutural and hydrodynami orrelations. Thememory funtion desribes stress �utuations whih beome more sluggish together withdensity �utuations, beause slow strutural rearrangements dominate all quantities. Aself onsistent approximation losing the equations of motion is made mimiking Eq.79



3 Dynamis(3.22). In the F
(γ̇)
12 -model one inludes a linear term (absent in Eq. (3.22)) in order to (i)sweep out the full range of λ values in Eq. (3.26), and (ii) retain algebrai simpliity:

m(t) =
v1 Φ(t) + v2 Φ2(t)

1 + (γ̇t/γc)
2 (3.32)This model, for the quiesent ase γ̇ = 0, had been suggested by Götze in 1984 [162, 228℄,and desribes the development of slow strutural relaxation upon inreasing the ouplingverties vi ≥ 0; they mimi the dependene of the verties in Eq. (3.22) at γ̇ = 0on the equilibrium struture given by Sq. Under shear an expliit time dependene ofthe ouplings in m(t) aptures the aelerated loss of memory by shear advetion (seeeq. Eq. (3.22)). Shearing auses the dynamis to deay for long times, �utuationsare adveted to smaller wavelengths where small sale Brownian motion relaxes them.Equations (3.31,3.32) lead, with Φ(t) = f c + (1 − f c)2 G(t, ε, γ̇), and the hoie of theverties v2 = vc

2 = 2, and v1 = vc
1 + ε (1 − f c)/f c, where vc

1 = 0.828, to the ritial glassform fator f c = 0.293 and to the stability equation (3.26), with parameters
λ = 0.707 , c(γ̇) = 0.586/γ2

c , and t0 = 0.426/Γ .The hoie of transition point (vc
1, v

c
2) is motivated by its repeated use in the literature.Atually, there is a line of glass transitions where the long time limit f = Φ(t → ∞) jumpsdisontinuously. It is parameterized by (vc

1, v
c
2) = ((2λ − 1), 1)/λ2 with 0.5 ≤ λ < 1, andthe present hoie is just a typial one, whih orresponds to the given typial λ-value.The separation parameter ε is the ruial ontrol parameter as it takes the system throughthe transition. The parameter γc is a sale for the magnitude of strain that is required inorder for the aumulated strain γ̇t to matter [229℄. In Eq. (3.26), it is onneted to theparameter c(γ̇) .For simpliity, the quadrati dependene of the generalized shear modulus on density�utuations is retained from the mirosopi Eq. (3.20). It simpli�es beause only onedensity mode is onsidered, and as, for simpliity, a possible dependene of the vertex(prefator) vσ on shear is negleted

g(t) = vσ Φ2(t) + η∞ δ(t) . (3.33)The parameter η∞ haraterizes a short-time, high frequeny visosity and models visousproesses whih require no strutural relaxation. Together with Γ (respetively t0), it isthe only model parameter a�eted by solvent mediated interations. Steady state shearstress under onstant shearing, and visosity then follow via integrating up the generalizedmodulus:
σ = η γ̇ = γ̇

∞
∫

0

dt g(t) = γ̇

∞
∫

0

dt vσΦ2(t) + γ̇ η∞ . (3.34)Also, when setting shear rate γ̇ = 0 in Eqs. (3.31,3.32), so that the shemati orre-lator belongs to the quiesent, equilibrium system, the frequeny dependent moduli areobtained from Fourier transforming:
G′(ω) + i G′′(ω) = i ω

∞
∫

0

dt e−i ω t vσ Φ2(t)
∣

∣

γ̇=0
+ iω η∞ . (3.35)80



3.2 Shear stresses of olloidal dispersions at the glass transition in equilibrium and in�owBeause of the vanishing of the Fourier-integral in Eq. (3.35) for high frequenies, theparameter η∞ an be identi�ed as high frequeny visosity:
lim

ω→∞
G′′(ω)/ω = ηω

∞ , with ηω
∞ = η∞ . (3.36)At high shear, on the other hand, Eq. (3.32) leads to a vanishing of m(t), and Eq. (3.31)gives an exponential deay of the transient orrelator, Φ(t) → e−Γ t for γ̇ → 0. The highshear visosity thus beomes

ηγ̇
∞ = lim

γ̇→∞
σ(γ̇)/γ̇ = η∞ +

vσ

2 Γ
= ηω

∞ +
vσ

2 Γ
. (3.37)Representative solutions of the F(γ̇)

12 -model are summarized in �g. 3.11, whih bring outthe disussed universal aspets inluded in all ITT models.Extended model inluding hoppingThe ITT equations ontain the feed bak mehanism that the frition inreases beauseof slow strutural rearrangements. In the shemati F(γ̇)
12 -model this is aptured by theapproximation for the generalized frition kernel m(t) in Eq. (3.32). For γ̇ = 0 it leadsto non-ergodi glass states at large enough verties v1,2. A dissipative proess explain-ing the �uidity of glassy states should renormalize the di�usion kernel ∆(t). Moreover,this mehanism should beome more important the longer the relaxation time in m(t).If, however, the additional dissipative proess is too strong, all e�ets of the bare ITTapproah are smeared out and the desribed phenomenology of the glass transition annot be observed.Götze and Sjögren found when onsidering (possibly unrelated) dissipative proesses insimple liquids that this an by ahieved by splitting the di�usion kernel into two deayhannels, one onneted to the original m(t), and the other one onneted to the newdissipation mehanism. In order for the seond deay hannel to take over in glassy states,it su�es to model it by one additional parameter δ in a linear ansatz ∆dissip(t) = δ m(t).This leads to the following replaement of Eq. (3.31) in the F(γ̇)

12 -model
∂tΦ(t) + Γ







Φ(t) +

t
∫

0

dt′ m(t−t′) [∂t′Φ(t′)+ δ Φ(t′)]







= 0 (3.38)The memory funtion m(t) is still given by Eq. (3.32) beause shearing deorrelatesarbitrary �utuations via shear-advetion. All parameters of the model are kept andsolutions of this extended model with parameter δ given in the aption are inluded in�g. 3.14. Importantly, the �uid like behavior in the rheology at exeedingly small γ̇ and
ω an now be aptured without destroying the agreement with the original ITT at higherparameters. As it will be shown later in this study, a single parameter δ is not su�ient tomodel the non-exponential shape of the �nal relaxation proess in the glass. Yet, furtherextensions of the model in order to desribe this non-exponentiality go beyond our presentaim. 81



3 Dynamis3.2.5 Comparison of theory and experimentShear stresses measured in non-linear response of the dispersion under strong steady shear-ing, and frequeny dependent shear moduli arising from thermal shear stress �utuationsin the quiesent dispersion were measured and �tted with results from the shemati F(γ̇)
12 -model. Some results from the mirosopi MCT for the equilibrium moduli are inludedalso; see setion 3.2.5 for more details [230℄. In the following disussion, we �rst startwith more general observations on typial �uid and glass like data, and then proeed toa more detailed analysis. Figures 3.12 and 3.13 show measurements in �uid states, at

φeff = 0.540 and φeff = 0.567, respetively, while �g. 3.14 was obtained in the glass at
φeff = 0.627. From the �ts to all φeff , the glass transition value φc

eff = 0.58 was obtained,whih agrees well with the measurements on lassial hard sphere olloids [121, 191, 194℄.Crystallization e�etsWe start the omparison of experimental and theoretial results by realling the interpre-tation of time in the ITT approah. Outside the linear response regime, both Φ(t) and
g(t) desribe the deorrelation of equilibrium, �uid-like �utuations under shear and in-ternal motion. Integrating through the transients provides the steady state averages, likethe stress. While theory �nds that transient �utuations always relax under shear, realsystems may either remain in metastable states if γ̇ is too small to shear melt them, orundergo transitions to heterogeneous states for some parameters. In these irumstanes,the theory an not be applied, and the rheologial response of the system, presumably, isdominated by the heterogeneities. Thus, are needs to be taken in experiments, in orderto prevent phase transitions, and to shear melt arrested strutures, before data an bereorded.The small size polydispersity of the present partiles enables the system to grow rystal-lites aording to its equilibrium phase diagram. Fortunately, when reording �ow urves,viz. stress as funtion of shear rate, data an be taken when dereasing the shear rate.We �nd that the resulting 'down' �ow urves orrespond to amorphous states and reahthe expeted low-γ̇ asymptotes (σ = η0 γ̇, see �g. 3.12), exept for very low γ̇, whenan inrease in stress indiates the formation of rystallites. 'Up' �ow urves, however,obtained when moving upwards in shear rate during the measurement of the stress area�eted by rystallites formed after the initial shearing at 100 s−1 during the timesweepand the �rst frequeny sweep experiments. See the hysteresis between 'up' and 'down'�ow urves in �gs. 3.12 and 3.13, where measurements for two �uid densities are reported.Above a ritial shear stress γ̇c ∼ 4−1 no hysteresis has been observed, whih proved thatall the rystallites have been molten. In the present work we fous on the 'down' �owurves, and onsider only data taken either for γ̇ > γ̇c, or (for γ̇ < γ̇c) before the timerystallization sets in. This time was estimated from timesweep experiments as the timewhere rystallization aused a 10% deviation of the omplex modulus G∗. Thus, onlythe portions of the �ow urves una�eted by rystallization are taken into aount. In�g. 3.12,�g. 3.13,�g. 3.15 and �g. 3.19 vertial bars denote the limits. We �nd that thee�et of rystallization on the �ow urves is maximal around φ = 0.55 and beomes pro-gressively smaller and shifts to lower shear rates for higher densities as disussed in thehapter rystallization (see hap. 2.3 and �g. 2.33). This agrees with the notion that82



3.2 Shear stresses of olloidal dispersions at the glass transition in equilibrium and in�ow
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Figure 3.12: The redued �ow urves and the orresponding moduli for a �uid state at 13.01wt%,T= 20oC, and φeff = 0.540. Flow urves measured proeeding from higher to lowershear rates (alled 'down' �ow urves) and dynami experiments were �tted wheree�ets from rystallization an be negleted; the lower limits of the una�eted-dataregions are marked by vertial bars. The red lines show the �ts with the shemati
F

(γ̇)
12 -model while the blue lines show the results from mirosopi MCT (solid G′,broken G′′), with parameters: ε = −0.05, DS

D0
= 0.14, and η∞ = 0.3 kBT/(D0RH);the moduli were saled up by a fator cy = 1.4.

83



3 Dynamisthe glass transition slows down the kinetis of rystallization and auses the average sizeof rystallites to shrink [191℄. For the highest densities, whih are in the glass withoutshear, the hysteresis in the lowest γ̇ has been attributed to a non stationarity of the upurve (see �g. 3.14). This e�et has been on�rmed by step �ow experiments, but doesnot a�et the bak urves (see setion 3.2.3).The linear response moduli similarly are a�eted by the presene of small rystallites atlow frequenies. G′(ω) and G′′(ω) inrease above the behavior expeted for a solution(G′(ω → 0) → η0 ω and G′′(ω → 0) → c ω2) even at low density, and exhibit elastiontributions at low frequenies (apparent from G′(ω) > G′′(ω)) (see �gs. 3.12 and 3.13).This e�et follows the rystallization of the system during the measurement after theshearing at γ̇ = 100 s−1. The data have only been onsidered before the rystallizationtime. For higher e�etive volume fration other e�ets suh as ageing and an ultra-slowproess had to be taken into aount and will be disussed more in detail in the nextsetion.Shapes of �ow urves and moduli and their relationsThe �ow urves and moduli exhibit a qualitative hange when inreasing the e�etivepaking fration from around 50% to above 60%. For lower densities (see Fig. 3.12),the �ow urves exhibit a Newtonian visosity η0 for small shear rates, followed by asublinear inrease of the stress with γ̇; viz. a region of shear thinning behavior. Forthe same densities, the frequeny dependent spetra exhibit a broad peak or shoulder,whih orresponds to the �nal or α-relaxation disussed in setion 3.2.4. Its peak position(or alternatively the rossing of the moduli, G′ = G′′) is roughly given by ωτ = 1 (see�g. 3.13). These properties haraterize a visoelasti �uid. For higher density, see �g.3.14, the stress in the �ow urve remains above a �nite yield value even for the smallestshear rates investigated. The orresponding storage modulus exhibits an elasti plateauat low frequenies. The loss modulus drops far below the elasti one. These observationsharaterize a soft solid. The loss modulus rises again at very low frequenies, whih mayindiate that the olloidal solid at this density is metastable and may have a �nite lifetime(an ultra-slow proess is disussed in setion 3.2.5).Simple relations, like the 'Cox-Merz rule', have sometimes been used in the past to om-pare the shapes of the �ow urves σ(γ̇) with the shapes of the dissipative modulus G′′(ω).Both quantities an be interpreted in terms of a (generalized) visosity, on the one handas funtion of shear rate η(γ̇) = σ(γ̇)/γ̇, and on the other hand as funtion of frequeny
η(ω) = G′′(ω)/ω. The Cox-Merz rule states that the funtional forms of both visositiesoinide.Figures 3.12 to 3.14 provide a sensitive test of relations in the shapes of σ(γ̇) and G′′(ω).Figure 3.13 shows most onlusively, that no simple relation between the far-from equi-librium stress as funtion of external rate of shearing exists with the equilibrium stress�utuations at the orresponding frequeny. While σ(γ̇) inreases monotonially, the dis-sipative modulus G′′(ω) exhibits a minimum for �uid states lose to the glass transition.It separates the low-lying �nal relaxation proess in the �uid from the higher-frequenyrelaxation.As shown in Fig. 3.11, the frequeny dependene of G′′ in the minimum region is given by84



3.2 Shear stresses of olloidal dispersions at the glass transition in equilibrium and in�ow

-6 -4 -2 0
log10(Pe0)

-1

0

1

lo
g 10

(σ
R

3 H
/k

B
T

) down
up

-4 -2 0 2
log10(ωR

2
H/D0)

0

1

2

lo
g 10

(G
’, 

G
’’ 

R
3 H
/k

B
T

)

G’’
G’
G’’
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3 Dynamisthe saling funtion G of setion 3.2.4, whih desribes the minimum as rossover betweentwo power laws. The approximation for the modulus around the minimum
G′′(ω) ≈ Gmin

a + b

[

b

(

ω

ωmin

)a

+ a
(ωmin

ω

)b
] (3.39)has been found in the quiesent �uid (ε < 0, γ̇ = 0), and works quantitatively if therelaxation time τ is large, viz. time sale separation holds for small |ε| [162℄. Theparameters in this approximation follow from Eqs. (3.27,3.28) whih give Gmin ∝

√
−εand ωmin ∝ (−ε)1/2a. For paking frations too far below the glass transition, the �nalrelaxation proess is not learly separated from the high frequeny relaxation. This holdsin �g. 3.12, where the �nal strutural deay proess only forms a shoulder. Closer to thetransition, in �g. 3.13, it is separated, but rystallization e�ets prevent us from �ttingEq. (3.39) to the data.Asymptoti power-law expansions of σ(γ̇) exist lose to the glass transition, whih werededued from the stability analysis in setion 3.2.4 [45, 231, 232℄; yet we refrain fromentering their detailed disussion and desribe the qualitative behavior in the following.For the same parameters in the �uid, where the minimum in G′′(ω) appears, the �owurves follow a S-shape in a double logarithmi plot, rossing over from a linear behavior

σ = η0 γ̇ at low shear rates to a downward urved piee, followed by a point of in�etion,and an upward urved piee, whih �nally goes over into a seond linear behavior at verylarge shear rates, where σ = ηγ̇
∞ γ̇. This S-shape an be reognized in �gs. 3.12 and 3.13.Beause of the �nite slope of log10 σ versus log10 γ̇ at the point of in�etion, one mayspeulate about an e�etive power-law log10 σ ≈ c + c′ log10 γ̇. In Fig. 3.12 this happensat Pe0 ≈ 10−2. Yet, the power-law is only apparent beause the point of in�etion moves,the slope hanges with distane to the glass transition, and the linear bit in the �ow urvenever extends over an appreiable window in γ̇ [232℄.A qualitative di�erene of the glass �ow urves to the �uid S-shaped ones, is that theshape of σ(γ̇) onstantly has an upward urvature in double-logarithmi representation.The yield stress an be read o� by extrapolating the �ow urve to vanishing shear rate.In Fig. 3.14 this leads to a value σ+ ≈ 0.24 kBT/R3

H at φeff = 0.622, whih is in agreementwith previous measurements in this system over a muh redued window of shear rates[39℄. While this agreement supports the predition of an dynami yield stress in the ITTapproah, and demonstrates the usefulness of this onept, small deviations in the �owurve at low γ̇ are present in �g. 3.14. We postpone to setion 3.2.5 the disussion ofthese deviations, whih indiate the existene of an additional slow dissipative proess inthe glass. Its signature is seen most prominently in the loss modulus G′′(ω) in �g. 3.14.On the ontrary the storage modulus of the glass shows striking elasti behavior. G′(ω)exhibits a near plateau over more than three deades in frequeny, whih allows to reado� the elasti onstant G∞ easily.Mirosopi MCT resultsInluded in �gures 3.12 to 3.14 are alulations using the mirosopi MCT given by Eqs.(3.20) to (3.24) evaluated for hard spheres [230℄. This is presently possible without shearonly (γ̇ = 0), beause of the ompliations arising from anisotropy and time dependenein Eq. (3.22). The only a priori unknown, adjustable parameter is the mathing time sale86
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Figure 3.14: The redued �ow urves and the orresponding moduli for a glass state at 13.01wt%,T= 14oC, and φeff = 0.622. See �gure 3.12 for further explanations. Mirosopiparameters: ε = 0.03, DS

D0
= 0.08, and η∞ = 0.3 kBT/(D0RH); moduli sale fator

cy = 1.4 (blue). Curves from the shemati F(γ̇)
12 -model with an additional dissipativeproess inluded (Eq. 3.38) are shown as dashed lines; δ = 10−7 Γ (long dashes, lightgreen) and δ = 10−8 Γ (short dashes, dark green). Here Γ = 88D0/R

2
H . The redurves give the shemati model alulations for idential parameters but withoutadditional dissipative proess (viz. δ = 0).

87



3 Dynamis
t0, whih we adjusted by varying the short time di�usion oe�ient appearing in the initialdeay rate in Eq. (3.21). The omputations were performed with Γq(t) ≡ Γq = Ds q2/Sq,and values for Ds/D0 are reported in the aptions of Figs. 3.12 to 3.14, and in table 3.2.Gratifyingly, the stress values omputed from the mirosopi approah are lose to themeasured ones; they are too small by 40% only, whih may arise from the approximatestruture fators entering the MCT alulation; the Perus-Yevik approximation wasused here [33℄. In order to ompare the shapes of the moduli the MCT alulations weresaled up by a fator cy = 1.4 in �gs. 3.12 to 3.14. Mirosopi MCT also does not hitthe orret value for the glass transition point [162, 164℄. It �nds φMCT

c = 0.516, whileour experiments give φexp
c ≈ 0.58. Thus, when omparing, the relative separation fromthe respetive transition point needs to be adjusted as, obviously, the spetra dependsensitively on the distane to the glass transition; the �tted values of the separationparameter ε are inluded in �g. 3.16.Considering the low frequeny spetra in G′(ω) and G′′(ω), mirosopi MCT andshemati model provide ompletely equivalent desriptions of the measured data. Dif-ferenes in the �ts in Figs. 3.12 to 3.14 for ωR2

H/D0 ≤ 1 only remain beause of slightlydi�erent hoies of the �t parameters whih were not tuned to be lose. These di�erenesserve to provide some estimate of unertainties in the �tting proedures. Main onlusionof the omparisons is the agreement of the moduli from mirosopi MCT, shemati ITTmodel, and from the measurements. This observation strongly supports the universalityof the glass transition senario whih is a entral line of reasoning in the ITT approahto the non-linear rheology.At large γ̇ and large ω hydrodynami interations beome important. In the �ow urves,
ηγ̇
∞, and, in the loss modulus, ηω

∞ beome relevant parameters, and the strutural relax-ation aptured in ITT and MCT is not su�ient alone to desribe the rheology. Qualita-tive di�erenes appear in the moduli, espeially in G′(ω), between the shemati modeland the mirosopi MCT. While the storage modulus of the F(γ̇)
12 -model rosses over toa high-ω plateau already at rather low ω, the mirosopi modulus ontinues to inreasefor inreasing frequeny, espeially at lower densities; see the region ω >≈ 102D0/R

2
H inFigs. 3.12 to 3.13. The latter aspet is onneted to the high-frequeny divergene ofthe shear modulus of partiles with hard sphere potential [161℄, as aptured within theMCT approximation [225, 230℄, As arefully disussed by Lionberger and Russel, lubria-tion fores may suppress this divergene and its observation thus depends on the surfaeproperties of the olloidal partiles [187℄. Clearly, the region of (rather) universal proper-ties arising from the non-equilibrium transition between shear-thinning �uid and yieldingglass is left here, and partile spei� e�ets beome important.ParametersIn the mirosopi ITT approah from setion 3.2.4 the rheology is determined from theequilibrium struture fator Sq alone. This holds at low enough frequenies and shearrates, and exludes the time sale parameter t0 of Eq. (3.27), whih needs to be foundby mathing to the short time dynamis. This predition has as onsequene that the�ow urves and moduli should be a funtion only of the thermodynami parametersharaterizing the present system, viz. its struture fator.88
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Figure 3.15: The plots demonstrate that the redued �ow urves and the redued moduli are uniquefuntions only depending on φeff . All �ow urves are down urves. The �ts usingthe shemati F(γ̇)
12 -model were performed with the data points at 13.01wt% takenbefore the onset of rystallization (data to the right of the vertial bars). Blakdiamonds: 12.10wt% and φeff = 0.527. Blak irles: 13.01wt% and φeff = 0.527.Red diamonds: 12.10wt% and φeff = 0.578. Red irles: 13.01wt% and φeff = 0.580.Green diamonds: 13.01wt% and φeff = 0.608. Green irles: 13.58wt% and φeff =

0.606.
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3 DynamisFigure 3.15 supports this laim by proving that the rheologial properties of the dispersiononly depend on the e�etive paking fration, if partile size is taken aount of properly.Figure 3.15 ollets �ow urves and moduli measured for di�erent onentrations of par-tiles aording to weight, and for di�erent radii RH adjusted by temperature. Wheneverthe e�etive paking fration, φeff = (4π/3)nR3
H , is lose, the rheologial data overlapin the window of strutural dynamis. Obviously, appropriate sales for frequeny, shearrate and stress magnitudes need to be hosen to observe this. The dependene of the ver-ties on Sq (Eqs. (3.20,3.23)) suggests that kBT sets the energy sale as long as repulsiveinterations dominate the loal paking. The length sale is set by the average partileseparation, whih an be taken to sale with RH in the present system. The time saleof the glassy rheology within ITT is given by t0 from Eq. (3.27), whih we take to salewith the measured dilute di�usion oe�ient D0. Thus the resaling of the rheologialdata an be done with measured parameters alone. Figure 3.15 shows quite satisfatorysaling. Whether the partiles are truely hard spheres is not of entral importane to thedata ollapse in Fig. 3.15 as long as the stati struture fator agrees for the φeff used.Fits with the F(γ̇)

12 -model to all data are possible, and are of omparable quality to the �tsshown in Figs. 3.12 to 3.14.The �tted parameters used in the shemati F(γ̇)
12 -model are summarized in Fig. 3.16.Parameters orresponding to idential onentrations by weight are marked by identialolours. Within the satter of the data one may onlude that all �t parameters dependon the e�etive paking fration only. This again supports the mentioned dependene ofthe glassy rheology on the equilibrium struture fator. The initial rate Γ, whih sets t0,appears a unique funtion of φeff , also; an observation whih is not overed by the presentITT approah. It suggests that hydrodynami interations appear determined by φeff inthe present system also.Importantly, all �t parameters exhibit smooth and monotonous drifts as funtion of theexternal thermodynami ontrol parameter, viz. φeff here. Nevertheless, the moduli at lowfrequenies (e.g. G′(ω) at ωR2

H/D0 = 0.01), or the stresses at low shear rates (e.g. σ(γ̇)at γ̇R2
H/D0 = 10−4) hange by more than an order in magnitude in Figs. 3.12 to 3.14.Even larger hanges may be obtained from taking experimental data not shown, whose�t parameters are inluded in Fig. 3.16. It is this sensitive dependene of the rheology onsmall hanges of the external ontrol parameters that ITT addresses.When omparing the parameters from the shemati model to the ones obtained fromthe mirosopi MCT alulation of the moduli, one observes qualitative and semi-quantitative agreement (see the aptions to Figs. 3.12 to 3.14, table 3.2, and the upperinset of Fig. 3.16). For example, the inrease of the prefator vσ of stress �utuationsis aptured in the mirosopi vertex where Sq enters (this follows beause the resalingfator cy is density independent). Also the hydrodynami visosity η∞ = ηω

∞ roughlyagrees and may be taken φeff-independent in the �ts with the mirosopi moduli. Onloser inspetion, one may notie that the separation parameter of the mirosopi hardsphere alulation obtains larger positive values than ε �tted with the shemati model.Moreover, it follows an almost linear dependene on the e�etive paking fration asasymptotially predited by MCT, ε ≈ 0.65 (φeff − φc
eff)/φc

eff with glass transition density
φc = 0.587 slightly higher than from the shemati model �ts. The di�ering behaviorof the separation parameter from the �ts with the F(γ̇)

12 -model in the glass is not under-stood presently. The mirosopi alulation signals glassy arrest more learly than the90
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Figure 3.16: The �tted parameters of the F(γ̇)
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3 Dynamis

Figure 3.17: Newtonian visosity η0 (diamonds, left axis), elasti onstant G∞ (squares), andyield stress σ+ (irles; data resaled by a fator 30; both G∞ and σ+ right axis),as funtions of the e�etive paking fration φeff as obtained from the �ts per-formed with the F(γ̇)
12 -model. Filled symbols indiate where diret measurementsof η0 were possible. Blak symbols: 10.75wt%, red symbols: 12.10wt%, greensymbols: 13.01wt%, blue symbols: 13.58 wt%. The line gives a power-law �t tothe visosity-date over the full range using the known γ = 2.34 exponent fromMCT, log10 η0 = A − γ · log10 (φc

eff − φeff); the ritial paking fration is foundas φc
eff = 0.580. The horizontal bar denotes the ritial elasti onstant Gc

∞.shemati model �t. The short time di�usion oe�ient Ds/D0 in the mirosopi alula-tion dereases as expeted from onsiderations of hydrodynami interations. The initialrate Γ, however, of the shemati model inreases with paking fration. The ad ho in-terpretatation of Γ as mirosopi initial deay rate evaluated for some typial wavevetor
q∗, viz. the ansatz Γ = Dsq

2
∗/Sq∗, thus apparently does not hold.While the model parameters adjusted in the �tting proedure only drift smoothly withdensity, the rheologial properties of the dispersion hange dramatially. Figure 3.17 showsthe Newtonian visosity as obtained from extrapolations of the �ts in the F(γ̇)

12 -model. Ithanges by 6 orders in magnitude. From the ombination of G′′(ω)- and �ow urve datawe an follow this divergene over more than one deade in diret measurement. Fromthe divergene of η0 the estimate of the ritial paking fration an be obtained usingthe power-law Eq. (3.28), beause the exponent γ is known. We �nd φc
eff = 0.580 innie agreement with the value expeted for olloidal hard spheres. On the glass side, theelasti onstant and yield stress jump disontinuously into existene. Reasonable valuesare obtained from the F(γ̇)

12 -model �ts ompared to data from omparable systems. Thestrong inrease of the elasti quantities upon small inreases of the density is apparent.Additional dissipative proess in glassOne of the major preditions of the ITT approah onerns the existene of glass states,whih exhibit an elasti response for low frequenies under quiesent onditions, andwhih �ow only beause of shear and exhibit a dynami yield stress under stationaryshear. Figure 3.14 shows suh glassy behavior, as is revealed by the analysis using the92



3.2 Shear stresses of olloidal dispersions at the glass transition in equilibrium and in�owTable 3.2: Parameters of the �ts with the mirosopi MCT to the linear-response moduli G′(ω)and G′′(ω). The �rst two olumns of separation parameter ε and short-time di�usionoe�ient ratio Ds/D0 orrespond to the �ts shown in Figs. 3.12 to 3.14 and Fig. 3.19(solid lines), while the seond olumns of ε′ and D′
s/D0 orrespond to the dashed-linesin Fig. 3.19; when no value is given, the values from the �rst two olumns apply. Inall ases cy = 1.4 and η∞ = 0.3 kBT/(D0RH) are used.

φeff ε Ds/D0 ε′ D′
s/D00.527 - 0.08 0.150.540 - 0.05 0.150.567 - 0.01 0.150.580 0.005 0.13 - 0.01 0.150.608 0.02 0.11 - 0.003 0.150.622 0.03 0.08 - 0.003 0.15
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Figure 3.18: Ageing experiment on a dense ore shell suspension in the glassy state (φeff = 0.622,
T = 14 oC). The storage G′(ω) and loss G′′(ω) moduli for di�erent waiting times
tw. The data have been also plotted as funtion of ωt as suggested reently [205, 233℄.See text for further explanation.
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Figure 3.19: Fits with mirosopi MCT to the linear-response moduli G′(ω) (upper panel) and
G′′(ω) (lower panel) for the paking frations φeff = 0.527 (blak diamonds andlines), φeff = 0.540 (violet), φeff = 0.567 (light blue), φeff = 0.580 (red), φeff = 0.608(dark blue), and φeff = 0.622 (orange). Continuous lines give the �ts optimized fordesribing the storage modulus G′(ω); these �ts are also shown in Figs. 3.12 to3.14, and the orresponding parameters are inluded in Fig. 3.16, and summarizedin the left two olumns in table 3.2. Broken lines for φeff = 0.580 (red, overlappingwith the solid light blue urve), and φeff = 0.608 (dark blue; the same urve would�t φeff = 0.622) show mirosopi MCT alulations attempting to �t the minimain G′′(ω) enforing negative separation parameters ε (parameters inluded in table3.2). These �uid like spetra an rationalize G′′(ω), but fail qualitatively to desribe
G′(ω). Vertial bars in orresponding olors denote the frequenies below whihrystallization a�ets the data at the di�erent φeff .
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3.2 Shear stresses of olloidal dispersions at the glass transition in equilibrium and in�owshemati and the mirosopi model. Nevertheless, the loss modulus G′′(ω) rises at lowfrequenies, learly indiating the presene of a dissipative proess. It is not aountedfor by the present theory. Also, the storage modulus G′(ω) shows some downward bendat the lowest frequenies.These deviations an not be rationalized by ageing e�ets or non-linearities in the re-sponse; see Fig. 3.18. We heked the dependene on time sine quenh to this glass stateand also the linear dependene of the stress on the shear amplitude. While we �nd ageinge�ets shortly after essation of pre-shear [205, 210, 211℄, these saturate after one day,when the drifts of the spetra ome to a stop. Ageing e�ets do not hange the spetraqualitatively, as the dissipative proess appears to possess a �nite equilibrium relaxationtime. As suggested reently for dense PNIPAM mirogel dispersions [205, 233℄ the samedata have been plotted as funtion of ωt. Here, t is the total waiting time and is de�ned asfuntion of the waiting time tw before starting the measurement and the time δ(t(ωn)) ex-pired between tw and the aquisition of the data as t = t(ωn) = tw + δ(t(ωn)). The urvesollapsed in the master urve in the low frequeny range up to ωt ≈ 3000 as expetedfrom ageing theory for waiting time tw < 8200 s. This predition is no more respeted forlonger waiting times, where an additional relaxation proess is identi�ed. This supportsthe introdution of hopping phenomenon in our model, with a harateristi relaxationtime of the order of 104 s (≈ R2
H/δD0 = 108R2

H/ΓD0 = 8.8 103 s see Fig.3.14).Let us stress, moreover, that the state shown in Fig. 3.14 is not a �uid state within thepresent approah. The presene of an elasti window in G′(ω), its inrease as funtion ofpaking fration, and the upward urvature of the �ow urves rule out a negative sepa-ration parameter ε < 0 of this state at φeff = 0.622. Calulations within the mirosopiMCT doument this onviningly. Figure 3.19 ompares the MCT alulations for hardspheres with moduli ranging from �uid to glassy states. By adjusting the e�etive pak-ing fration, MCT semi-quantitatively desribes the dominating modulus, either loss orstorage one, for all states (orresponding urves already shown in Figs 3.12 to 3.14). Athigh onentrations, it desribes the storage modulus G′(ω) on an error level of 1kBT/R3
H ,and misses the loss modulus G′′(ω) by a similar absolute error. Yet, beause the latteris itself of the order of G′′(ω) ≈ 1kBT/R3

H in the measurements, MCT fails to desribe
G′′(ω) adequately. If, however, the e�etive paking fration in the MCT alulations isadjusted to math the loss modulus G′′(ω), then this �t fails ompletely to apture G′(ω)at high densities; see the dashed lines in Fig. 3.19. Beause the storage modulus, however,dominates the linear mehanial response of the glass, the seond �t needs to be rejeted.In onlusion, MCT orretly identi�es the transition to a glass at high densities withdominating elasti response and yielding behavior under �ow. It misses an additionaldissipative proess, whih ontributes on the 10% level to the shear moduli and stressesin the frequeny and shear rate window explored in our experiments.The existene of an additional dissipative proess ontradits the notion of 'ideal' glassstates as desribed by the present ITT or MCT approah. Clearly, the system at
φeff = 0.622 beomes a �uid at even longer times, or lower shear rates and frequen-ies than observed in Fig. 3.14. This does not, however, ontradit the observation thatthe strutural relaxation as aptured in the ITT equations has arrested. In an exten-sion of the ITT approah, it is possible to aount for the additional deay hannel in aan extended shemati model (see setion 3.2.4). Results from this extended F(γ̇)

12 -modelare inluded in Fig. 3.14 and demonstrate that none of the qualitative features disussed95



3 Dynamiswithin ITT hange at �nite frequenies or shear rates. The additional proess leads to�uid behavior at even lower ω or γ̇, and needs to be taken into aount only, if exeed-ingly small frequenies or shear rates are tested; its relaxation time at φeff = 0.622 exeeds
108R2

H/D0 = 8.8.103 s. It does not shift the loation of the 'glass transition' as de�nedwithin the idealized ITT (MCT) approah, beause this is already determined by theshapes of the �ow urves and spetra in the observed windows.3.2.6 SummaryIn the present hapter, we explored the onnetion between the physis of the glass tran-sition and the rheology of dense olloidal dispersions, inluding in strong shear �ow.Using model olloidal partiles made of thermosensitive ore-shell partiles, we ould in-vestigate in detail the viinity of the transition between a (shear-thinning) �uid and a(shear-molten) glass. The high sensitivity of the partile radius to temperature enabledus to losely vary the e�etive paking fration around the ritial value. We ombinedmeasurements of the equilibrium stress �utuations, viz. linear storage and loss moduli,with measurements of �ow urves, viz. nonlinear steady state shear stress versus shearrate, for idential external ontrol parameters. In this way we ould verify the onse-quenes from the reent suggestion, that the glassy strutural relaxation an be driven byshearing and in turn itself dominates the low shear or low frequeny rheology.In the employed theoretial approah developed in the group of Prof. M. Fuhs, the equi-librium struture as aptured in the equilibrium struture fator Sq su�ed to desribeall phenomena qualitatively. As only exeption, we observed an ultra-slow deay of allglassy states that is yet not aounted for by theory. Mirosopi alulations were possi-ble for the linear response quantities using mode oupling theory applied to hard spheres.Shemati model alulations were possible within the integration through transients ap-proah, and simultaneously aptured the linear and nonlinear rheology using identialparameter sets. Semi-quantitative agreement between mirosopi and shemati modelalulations and with the measured data for varying e�etive paking fration ould beahieved adjusting a small number of �t parameters in smooth variations.
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4 Assoiation4.1 Reversible self-assembly of omposite mirogels.4.1.1 IntrodutionPoly(N-isopropylarylamide) mirogels present a versatile phase behavior: on one handthey an behave like hard sphere with a liquid-rystal transition below the ritial tem-perature as disussed in the hapter 2.3. On the other hand in the absene of eletrostatistabilization or in saturated salt onentrations the partiles beome attrative after thelow ritial solution temperature [28, 29℄.This leads to a partially or totally reversible aggregation of the system in the diluteregime and to the gelation of the system for higher onentrations [25, 27, 30, 234℄. Thedependene of the ritial �oulation temperature (CTF) of PNIPAM mirogels on theonentration of CaCl2 was reported by Pelton and Chibante [235℄. The in�uene of thetemperature and of the NaCl onentration was studied by Rasmusson et al. [236℄. Theauthors demonstrated that the �oulation of the PNIPAM partiles is onsistent with aweak reversible �oulation model. Zhu and Napper investigated the aggregation kinetisof omposite PS/PNIPAM ore-shell partiles in the presene of di�erent eletrolyte andreported some unexpeted ion e�ets [237, 238℄. Duraher et al. desribed the stability ofationi ore-shell systems PS/PNIPAM [239℄. The in�uene of the initiator onentrationon the CFT was disussed as well. They also measured the eletrophoreti mobility of thepartiles below the LCST, whih was supported by a more reent study on anioni andationi ore-shell partiles given by López-León et al. [72℄. These two studies reportedthe derease of the LCST with inreasing salt onentrations.The phase transition in the PNIPAM shell of omposite Polystyrene/Poly(N-isopropylarylamide) ore-shell partiles has been investigated by diverse methods asdisussed in the hapter 2.1. Moreover it was onsidered as suitable model system forthe understanding on the nature of liquids, solids and glasses as shown in the hapter 3.2.Ishikawa et al. [240, 241℄ and Hofkens et al. [242℄ investigated the laser-indued phasetransition of linear PNIPAM in aqueous solutions. Submirometer aggregates have beenobtained as a result from the phase separation ourring by loally heating the systemwith an IR laser beam. Besides the photothermal e�et, the in�uene of the radiationpressure upon the phase transition has been disussed arefully [242℄. This approah hasbeen used reently for mirogels mixed with gold nanopartiles. The loal annealing wasused to obtain transition from glass to rystal and rystal to liquid after radiation with agreen laser [11, 243℄.In this hapter we present a omprehensive investigation on the temperature ontrolledself-assembly of the ore-shell partiles presented in the hapter 2.1. The aent is �rst puton the reversibility of the oagulation proess. In presene of salt the partiles reversibly97



4 Assoiationoagulate after 32oC as shown by dynami light sattering. To our best knowledge weinvestigate for the �rst time for this kind of system the oagulation kinetis in the earlystage by dynami light sattering following the method proposed by Holtho� et al. [244℄.The seond part is dediated to the thermogelation of the onentrated solutions followedby rheologial measurements. The in�uene of the attrative interations on the strutureof the samples after drying has been imaged by atomi fore mirosopy and optialmirosopy. The transition from liquid to attrative glass is aompanied by a stronginrease of the turbidity. In the last setion of this hapter we investigate the self-assemblyof the partiles at the mirosale indued by fousing a laser on the solutions.4.1.2 Coagulation kinetisAs shown by Holtho� et al. [244℄ the kinetis of Brownian oagulation of partiles in theearliest stage with the transition from single partiles to doublets an be desribed by
dNz

dt
=

1

2

∑

i+j=2

k12NiNj − Nz

∞
∑

i=1

kizNi (4.1)where kij is a seond-order oagulation rate onstant, t is the time, and Nz is the totalpartile onentration of z-fold aggregates.The partile onentration of singlets N1 and doublets N2 as a funtion of time an beobtained by solving eq. 4.1 analytially. Assuming kij = k11 and the initial partileonentration N0 we obtain
N1 =

2N0

2 + k11N0t
(4.2)using eq. 4.1 and integrating leads to
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(4.3)Developing N1 and N2 for the short times leads to
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N2

N0

=
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+ ... (4.5)If we onsider that the oagulation of spherial partiles is just ontrolled by Brownian dif-fusion, aording to the theory of Smoluhsovski [245, 246℄, the oagulation rate onstantbeomes:

k11 = 2ks =
8kBT

3η
(4.6)98



4.1 Reversible self-assembly of omposite mirogels.where kB is the Boltzmann onstant, T the temperature, and η the visosity of the �uid.Considering the hydrodynami interations and the interpartiles potential leads to amore ompliated expression [247℄.In the early stage of the aggregation, where the doublets are formed, the sattering inten-sity an be expressed as the sum of the sattering intensity I(q, t) of the single partiles
I1(q) and doublets I2(q).

I(q, t) = N1(t)I1(q) + N2(t)I2(q) (4.7)Using the expression of the singlets and the doublets of the equations 4.4 and 4.5, thesattered light intensity results in
1
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)
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=

(
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− 1

)

k11N0 (4.8)the value for the form fator of an aggregate of z idential spheres an be alulatedwithin the Rayleigh-Gans-Debye approximation [247, 248℄, onsidering that independentprimary partiles within an aggregate with idential satterers. The oagulation rate anbe determined from the stati intensity with
1
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sin(2aq)
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)

k11N0 (4.9)with a the radius of the primary partiles.In the dynami light sattering the intensity-weighted average of the di�usion oe�ient
D(q, t) between single partiles and doublets an be alulated from the �rst moment ormean deay rate Γ(q, t).

|D(q, t)| =
|Γ(q, t)|

q2
=

N1(t)I1(q)D1 + N2(t)I2(q)D2

N1(t)I1(q) + N2(t)I2(q)
(4.10)Aording to the Stokes-Einstein equation, the di�usion oe�ient is related to the hy-drodynami radius of the partile

D(q, t) =
kbT

6πηrh(q, t)
(4.11)If we onsider oagulation at the early stage, where only doublets are formed, and if weassume that a = rh(q, t = 0) = rh,1 we obtain

1

rh(q, t)
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N1(t)I1(q)/rh,1 + N2(t)I2(q)/rh,2

N1(t)I1(q) + N2(t)I2(q)
(4.12)where rh,1 and rh,2 are the hydrodynami radii of the singlet and doublet, respetively.Eliminating the number of partiles with eq. 4.4 and 4.5 and after di�erentiation, eq.4.13 an be written as 99



4 Assoiation
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Figure 4.1: Experimental setup for the laser ontrolled oagulation experiment.
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k11N0t (4.13)where the doublet hydrodynami radius is given by rh,2 ≈ 1.38rh,1 [249℄.A ombination of both stati and dynami light sattering from the equation 4.9 and 4.13allows the determination of k11 independently on the form fator.
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(
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) (4.14)4.1.3 ExperimentalThe ore-shell partiles with 5 mol.% rosslinker desribed in the hapter 2.1 were used inthis hapter. The kinetis of the oagulation was investigated by dynami light sattering(DLS) using a Peters ALV 5000 light sattering goniometer where the temperature wasontrolled with an auray of ± 0.1oC as. The reversibility of oagulation was measuredby DLS with a Zetaziser (Malvern model nanoZS) in bak sattering at 173o with astrit ontrol of the temperature set by Peltier elements at ± 0.1oC. Cryogeni eletronmirosopy was performed as desribed in setion 2.1.2.Sanning fore mirosopy (SFM) experiments were arried on at room temperature aDimension 3100 mirosope (Veeo Instruments In.). The SFM was operated in tappingmode using silion tips with a spring onstant of ira 40 Nm−1 and a resonane frequenyranging from 200 to 300 Hz. The san rate was varied between 0.5 and 1.0 Hz to optimizethe image quality. The samples have been prepared as followed: a drop 30 µL 0.1 wt%latex solution has been deposited on siliium wafer and dried at 60oC. The same sampleswere then examined in a Zeiss Axioteh vario polarized optial mirosope in re�etion.The experimental setup for the laser ontrolled self-assembly onsists on an inverted mi-rosope with a laser port (Olympus IX-71) (see �g. 4.1). Two mirrors mounted onmagnet losed loop galvano sanners are situated in a onjugate onfoal plane with a100



4.1 Reversible self-assembly of omposite mirogels.
A) B)

Figure 4.2: A) Hydrodynami radius of the ore-shell latex versus temperature, as determined bydynami light sattering. Without salt (hollow symbols) the PNIPAM network shrinksupon heating and remains stable even at high temperature. With addition of salt(5.10−2 M KCl) the partiles oagulate above the Low Critial Solution Temperature(LCST) around 33oC. B) Reversible oagulation of a 2.5.10−3 wt. % dispersion mea-sured by dynami light sattering with the Zetasizer as funtion of the time hangingthe temperature above and beyond the LCST.sanning point in the sample. The onjugate planes are formed with the help of twolenses teleentri system and an objetive. The latter serves both for fousing of the laserbeam and for observation of the sample. The laser (Coherent Verdi V-5, λ = 532 nm)an be foused down to below 1 µm by the objetive (Olympus LCACHN 40xPH) andtypial power values are between 0.1 and 100 mW . The ell is mounted horizontally in atemperature-ontrolled xyz-stage. It has a gap thikness of 50 µm (Hellma 106-QS) . Thesample is illuminated by a white light soure (halogen lamp) with Köhler illumination[250℄. The interferene �lter in front of the amera avoids damage to the CCD hip byfoussed laser or �uoresent light [251℄. The pitures are taken with a CCD amera (PCOpixel�y).4.1.4 Results and DisussionReversible oagulation and stabilityThe struture and the swelling of the partiles used in this setion have been arefullyinvestigated in hapter 2. The volume transition within the shell an easily be studiedby dynami light sattering (DLS) as desribed in the setion 2.1.4. Figure 4.2 A) showsthe dependene of the hydrodynami radius RH determined by DLS on the temperature.
RH dereases gradually with temperature until a sharp volume transition from swollen tounswollen states takes plae, reahing a �nal ollapsed size at a transition temperaturearound 38 oC. Without addition of salt this proess is thermoreversible without anyhysteresis.Addition of 5.10−2 mol.L−1 KCl leads to a slight shrinking of the partiles. This phe-nomenon has been already investigated in reent studies [72℄. The addition of salt sreens101



4 Assoiationthe residual eletrostati interation of the partiles as shown by eletrophoreti mobil-ity measurements [72℄. Hene, at higher temperatures the dispersions beome unstableand aggregate [72℄. Aggregation takes plae between 32 and 33 oC, whih is lose to theLCST value determined from the dynami light sattering analysis at 32.2oC (see se-tion 2.1.4). This asserts that the system interats solely through steri interation belowthe LCST, whih makes it suitable as a model dispersion as demonstrate in the setionrystallization (see hapter 2.3) and in the investigation of the dynamis in equilibriumand in �ow (see hapter 3.2). In the dilute regime the reversibility of the aggregationproess has been investigated by dynami light sattering (see �g. 4.2b)). For this pur-pose the Zetasizer was used, where the temperature ontrolled by Peltier elements anbe rapidly adjusted. In this experiment the system is �rst maintained 10 min at 25oC,then heated �rst at 32oC, and after at di�erent temperatures from 33oC to 35oC. Theooling proess was then reorded �rst at 32oC and then at 25oC. Whereas the system isstable at 25 and 32oC it aggregates at 33oC. The aggregation speed was found to inreasewith inreasing temperature and the hydrodynami radius varies between 150 and 400
nm within 10 min. Cooled down at 32oC the hydrodynami radius sharply dereasedto reahed the same value as before the aggregation ourred, whih was also heked at25oC. In opposition to ore-shell system with linear PNIPAM, whih usually aggregatesin a non reversible way [237℄, the aggregation was found to be totally reversible in thisexperiment. Above 32oC the partiles shrink whih is aompanied by a diminution ofsteri interations. This last ones are not able to ompensate the van der Waals attrativeinterations whih results in the aggregation of the system. The dense ross-linked shellaround the polystyrene partiles prevents the interpenetration of the networks. Coolingdown indues the reswelling of the partile and the onset of the strong osmoti pressurebringing the system to separate again. The response of the system is fast due to the sizeof the mirogel. Moreover when the aggregation proess is mostly limited to the di�usionof the partiles in the fast mode regime [244℄ the dissolution of the aggregates was foundto be muh faster for the investigated onentrations.The kinetis of the aggregation proess has been investigated by DLS as funtion of thetemperature for di�erent onentrations in presene of 5.10−2 molL−1 KCl. The treat-ment was performed following the method proposed by Holthof et al. [244℄. Fig. 4.3presents the evolution of the normalized hydrodynami radius for the di�erent temper-atures measured at 90o for a 1.25.10−3 wt% solution. The same experiment has beenrepeated for di�erent onentrations ranging between 2.5.10−3 and 2.5.10−5 wt%. Theexperiment was performed as follow: 2.3 mL of the latex solution was equilibrated at thewished temperature in the DLS for 20 min. Then 0.2 mL of a 0.625 molL−1 KCl main-tained at the same temperature were quikly added to set the salt onentration at 5.10−2

molL−1. After homogenization the measurement was started. The ountrate and thehydrodynami radius resulting from the seond umulant analysis were then monitoredas funtion of the time at a sattering angle of 90o. The hydrodynami radius was �rstfound to derease after the addition of the salt and then to inrease following the aggrega-tion proess. The intensity was �rst onstant and then inreased. After few minutes theintensity dereased. This an be attributed to the form fator of the aggregates followingthe aggregation proess [244, 247, 248℄. Only the dynami light sattering experimentshave been treated in the following study onsidering the di�ulty to analyze the statilight sattering experiments. The initial hydrodynami radius RH,0 was onsidered at the102



4.1 Reversible self-assembly of omposite mirogels.
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4.1 Reversible self-assembly of omposite mirogels.
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Figure 4.6: A) Complex visosity η∗ as funtion of the temperature (10 min/oC) for 1 Hz and 1
% for di�erent onentrations with 5.10−2M KCL: 12.1 wt % (full line), 10.75 wt
% (dashed line), 8 wt % (dotted-dashed line) and 6 wt % (dotted line). B) Diretobservation of the 12.1 wt % solution at di�erent temperatures. C) Redued visosity
η∗/ηs of the di�erent onentrations as funtion of the e�etive volume fration φefffor temperatures below 25oC.From repulsive to attrative glassesThe in�uene of the attrative interations has been then investigated for more onen-trated solutions varying between 6 and 12 wt%. The phase diagram of the PNIPAMmirogels has been already intensively studied experimentally [7, 25�27, 30, 234℄, and israther well understood theoretially [27℄. The omposite mirogels were found to followthe same features. Indeed the rystallization and the glass transition of this system hasbeen presented in the hapter 2.3 and 3.2. It was found that below 25oC the systembehaves like hard spheres. For e�etive volume frations below 0.49 the solution are inthe liquid state whih is haraterized by a smaller turbidity. Raising the temperatureabove 32oC the system beomes white and opaque. After a longer time a phase sepa-ration ours. For less onentrated systems this results immediately in the oagulationof the system. As an example �g. 4.6 B) displays the a 12.1 wt% solution maintainedat di�erent temperatures for half an hour. At 10oC the solution is in the glassy stateand the solution appears bluish. The orresponding volume fration alulated for thistemperature is equal to 0.63. At 17oC whih orresponds to an e�etive volume frationof 0.54, partiles rearrange into rystals. This is aompanied by the hange of the solu-tion olor to green due to the Bragg's re�etions. At 30oC the solution is in the liquidstate. The samples at 35 and 40oC present the solution after the o�set of the attrativeinterations. The solution beomes white and opaque and remains relatively stable after30 min, whereas the solution at 45oC learly shows a phase separation.An appropriate method to follow the phase transition of the system is to measure theomplex visosity η∗ of the system as funtion of the temperature (see �g. 4.6 A)) [25, 30℄.A deformation of 1% and a frequeny of 1 Hz have been used whih remains in thelinear visoelasti domain at least for temperatures below 32oC. Thus the transitionswithin the system an be measured without disturbing the system. The measurementswere performed on four onentrations (6, 8, 10.75 and 12.1 wt%) by inreasing the105



4 Assoiation
A)

B)

C)

D)

Figure 4.7: A)C) SFM mirographs and optial mirosopy of a 0.1 wt% omposite mirogelssolution ontaining 5.10−2 molL−1 KCl after dropasting and drying at 60oC onsiliium wafer. C)D) SFM mirographs and polarized optial mirosopy of a 0.1 wt%omposite mirogels solution without addition of salt after dropasting and drying at60oC on siliium wafer.temperature at a rate of 0.175oC/min after shearing 5 min at 100 s−1 to remove all thehistory of the sample. As shown in �g. 4.2 the hydrodynami radius dereases withinreasing temperatures. This leads to a derease of the e�etive volume fration φeffaompanied by a derease of η∗. For a better understanding of this experiment when thesystem is purely repulsive, whih orresponds to temperatures below 25oC, the reduedvisosity η∗/ηs has been plotted as funtion of φeff . The alulation of φeff for thissystem desribed in the setion 2.3.3 onsiders the evolution of the hydrodynami radiusas funtion of the temperature. η∗/ηs dereases slowly between 0.63 and 0.545, whihorresponds to the rystalline and glassy state (solid state). In the liquid/rystallineoexistene domain between 0.494 and 0.545 the redued omplex visosity dereases muhfaster. For e�etive volume below 0.494, orresponding to the melting of the rystallites,the solution is in the liquid state and the redued visosity dereases slower. After 33oC agelation proess an be observed, where the omplex visosity inreases for more than fourdeades within approximately 2oC. A maximum was observed at 35.3oC for 12.1, 10.7and 8.0 wt% solutions, whereas the 6 wt% solution ontinuously inreases. This an berelated to a earlier phase separation for less onentrated systems. After this maximumthe visosity dereases again and reahes a plateau. This an be attributed to the phaseseparation of the system as shown on the photograph in �g. 4.6 B) at 45oC. At this pointthe measurement an just be onsidered qualitatively as the assumption of an isotropimaterial is not respeted anymore.Sanning Fore Mirosopy and optial mirosopy were performed in order to image thein�uene of the attrative interations on the struture of a dense suspensions after dryingon a siliium wafer at temperature above the LCST (see �g. 4.7). To this purpose 0.1
wt% solutions have been prepared, one without salt and one with 5.10−2 molL−1 KCl.After drop asting on siliium wafer, the solution have been quikly dried at 60oC in theoven. The salty solution shows a metastable struture and a rather rough surfae arisingfrom the attrative interations. This was on�rmed by the optial mirosope equipped106
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Figure 4.8: Miroaggregation of the omposite mirogels maintained at 34oC after di�erent timeof irradiation of a 10.75 wt.% latex solution with a laser power of 1W . The ab-sorbane A(r) is plotted as funtion of the radial distane. The dashed line presentsthe alulation from the absorbane alulated after the LCST at 35.4oC from eq.4.15. The full lines present the best �t onsidering the adsorption of the aggregate asadjustable parameter.with a polarizer where no iridesene ould be observed. Indeed at high temperaturesthe partiles start to stik together, whih prevents any ordering with inreasing onen-tration. On the ontrary without salt the solution is still stable at high temperatures.The eletrostati interations prevent the partiles to ome into ontat, and allow themto order during the drying proess. Ordered domains and a more ompat struture anthen be observed by SFM, as already shown for similar systems by Hellweg and al. [59℄.The ordering an be visualized by polarized optial mirosopy in the form of photonirystals.Laser ontrolled miro-patterningAs shown by Lyon and oworkers, phase transition an be obtained on the mirosale byfousing a green laser on a mirogel solution doped with gold nanopartiles [11, 243℄. Atransition from the glassy to the rystalline state, and from rystal to liquid ould thusbe obtained by loally heating the sample.We have performed similar experiments, however, with a temperature losely below theLCST in order to indue a transition from liquid to attrative glass. Due to a slightabsorption of the sample at the laser wavelength of 532 nm we did not have to use to107
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Figure 4.9: Evolution of the radius in µm (hollow symbols) and of the absorption A (in µm−1)(full symbols) of the aggregate obtained during the irradiation of a 10.75 wt% solution.Dashed line indiates the essation of the irradiation.additional dye or gold doping. The reason for the optial absorption is still unlear andthe absorption spetrum is di�ult to measure by onventional UV-VIS-spetrosopy dueto the strong sattering bakground. Nevertheless, as will be demonstrated below, wehave been able to determine the absorption oe�ient, at least at the laser wavelength,from the observed sample heating.The whole experiment was performed with an inverted optial mirosope equipped witha CCD amera and a laser port through whih the beam of a diode-pumped frequenydoubled solid state laser ould be oupled in and foused onto the sample. A ell of d = 50
µm thikness was employed and the sample was equilibrated at a measured temperatureof 32.2oC for 30 min before starting the experiment. Sine the temperature is measuredat the sample holder, it does not represent the exat temperature within the liquid andneeds to be orreted. The temperature o�set was determined by slowly heating thesample with a rate of 0.013oC/min, thereby keeping the laser o� and observing the overalloptial transmittane. The ollapse of the PNIPAM shell and the formation of aggregatesare aompanied by a strong inrease of the turbidity at a temperature of 33.0oC (�g.4.6). This temperature has been used as an internal referene in order to orret thetemperature measured outside of the sample ell.The laser power was adjusted to 100 mW and foused into the enter of the ell. Im-mediately, a strong onvetive �ow is observed. Beause of the strong onvetion, thetemperature of the illuminated volume inreases only moderately. After approximately300 s suddenly a stable luster forms within the laser fous. The aompanying strongvisosity inrease (see �g. 4.6 A)) leads to an immediate jamming and onvetion eases.Without onvetion, heat is no longer e�iently transported away from the laser fousand a ondutive state with a stationary temperature distribution develops within a fewseonds. Due to the inreased sattering, the aggregated region appears as a dark spot inthe transmission mirograph.Fig. 4.8 shows the time evolution of the aggregated spot over a longer time. Alreadyfrom a visual inspetion of the mirographs it is apparent that the spot quikly reahesits �nal diameter and that there is only a slight inrease of ontrast over time. At t = 5100108



4.1 Reversible self-assembly of omposite mirogels.
s the laser was swithed o� and the aggregates dissolved within a few seonds. Only asmall `bubble' at the position of the laser fous persisted even after �ve minutes. For ashorter exposure time of 500 s no irreversible hange was observed and the whole spotdissolved instantaneously without leaving any residue. Possibly, the bubble is aused bya marosopi phase separation as observed in �g. 4.6 at 45 oC, but also thermodi�usion[254�256℄ may play an important role.Sine above 33.0oC the ollapse of the PNIPAM-shell and the aggregate formation ourvery rapidly, the dark region marks the volume where the stationary temperature pro�leexeeds this ritial value, just reahing it at the perimeter.Sine the aggregation proess is not expeted to hange the refrative index, we use thepiture of a spherial objet where the light passes through without refration. Then, theattenuation of a beam traversing the sphere at a distane r from the enter is given by

A(r) = − ln
G(r)

G0
= 2(αagg − αliq)(R2 − r2)−1/2 (4.15)

G(r) and G0 are the gray values measured at the position r and far away from theaggregate. αagg and αliq are the attenuation oe�ients of the aggregate and the liquidstate, respetively. Numerial values of the attenuation oe�ients will be given later inthe text.In �g. 4.8 we have �tted semiirles to ross setions through the enter of the spot inorder to obtain some quantitative parameterization. The determined diameter and graysale amplitude are plotted in �g. 4.9. As desribed above, the onstant radius of R ≈ 20
µm and the slight amplitude inrease an learly be seen.The diameter 2R ≈ 40 µm is omparable to the ell thikness of d = 50 µm and rendersthe objet, in a rude approximation, spherial. In a di�erent ontext, we have performeddetailed numerial alulations of the temperature pro�le reated by a laser in a thinliquid layer sandwihed between two optial windows [255℄. There, the isothermal surfaesresemble the shape of a football rather than a sphere. Suh a detailed treatment is,however, beyond the sope of the present study.Knowing the temperature T0 = 32.2oC far away from the enter and the temperature
T (R) on the surfae of the `sphere', we an use this information to determine the power Q̇absorbed from the laser beam and, hene, the optial absorption oe�ient. Integrationof the total heat �ux through a sphere entered around the laser fous from in�nity to Ryields

Q̇ = 4πκR (T (R) − T0) . (4.16)We take κ = 1.0 W (mK)−1 as average heat ondutivity for the window material(Suprasil, κ = 1.36 W (mK)−1) and water (κ = 0.6 W (mK)−1). Inserting the numbersyields Q̇ = 200 µW .In the weak absorption limit (αad ≪ 1) the absorbed power is related to the optialabsorption oe�ient αa by
Q̇ = P0αad (4.17)109



4 Assoiation
P0 = 100 mW is the laser power at the position of the sample. With above assumptions weobtain αa = 4×10−5 µm−1. In order to ompare this to the sattering losses in the samplewe measured the intensity transmitted through a homogeneously heated sample below andabove the transition temperature. After normalization to the transmittane of an emptyuvette, we ould derive white-light averaged attenuation oe�ients of αliq = 3.8× 10−3

µm−1 and αagg = 2.4 × 10−2 µm−1, respetively. Thus, even in the transparent non-aggregated state, the sattering losses are muh larger than the absorption losses, andthe attenuation oe�ients αliq/agg = α
liq/agg
s + αa are almost idential to the satteringoe�ients α

liq/agg
s .In order to obtain an estimation of the temperature inside the aggregate, we onsidera sphere of radius r < R that is entered around the laser fous. The total power Q̇sabsorbed within the sphere is proportional to the optial path length inside this sphere:

Q̇s = Q̇ 2r/d ≈ Q̇ r/R. Assuming isotropi heat transport for simpliity, this power isonduted through the surfae of the sphere aording to
Q̇r

R
= −4πκr2δrT (r) (4.18)Integration of Eq. 4.18 yields a weak logarithmi temperature inrease towards the enterof the sphere:

T (r < R) =
Q̇

4πκR
ln

R

r
+ T (R) (4.19)Remember that T (R) is the transition temperature that de�nes the surfae of the aggre-gated sphere of radius R. If we insert r = 1 µm for the laser fous, we an estimate atemperature of 36.2oC in the enter.An interesting question arises with respet to the observed onvetion prior to aggregateformation. Within above model the radiation fore due to the sattering and absorptionproesses, Fr = P0α

liqd/c, with c being the speed of light, exeeds the buoyany fore at-ing on the heated volume by several orders of magnitude. Hene, the observed onvetionis not of thermal origin but rather aused by the radiation pressure of the laser beam.4.1.5 SummaryComposite partiles PS/PNIPAM reversibly swell and deswell as funtion of the temper-ature ause of their remaining eletrostati interation. Adding 5.10−2 molL−1 KCl, thesystem is only sterially stabilized, whih results in a reversible oagulation proess after32oC. The reversibility of the proess was attributed to the dense rosslinked shell avoidingthe interpenetration of the network. The kinetis have been investigated by dynami lightsattering. The fast regime was reahed after 34oC whih orresponds approximately tothe end to the phase transition of the PNIPAM shell. Inreasing the onentration over8 wt%, the onset of the attrative interation was aompanied by an inrease over 4deades of the omplex visosity between 33 and 35oC aompanied by a strong inreaseof the turbidity. This an be onsidered as a transition from liquid to attrative glass,for higher temperatures or a longer time the system presents a phase separation. Even110



4.1 Reversible self-assembly of omposite mirogels.after the phase separation the system an be easily redispersed after ooling down andagitation. This phenomenon an be ontrolled on the mirosale by fousing a laser inthe solution maintained lose to the transition temperature. Stable aggregates of about20 µm were obtained after 5 min irradiation. The aggregates quikly get dissolved afterswithing o� the laser for exposure time lower than 15 min, for longer exposure times asmall aggregate of the size of the foal volume remained. The origin of the onvetionwas lari�ed. The temperature gradient after the formation of the aggregate ould besuessfully approximated in agreement with the experimental observations.This hapter presents this system as the ideal andidate for the study of attrative glassesor for the loal phase transition. Moreover its responsivity, its reversibility and the strongthikening above the transition temperature makes him suitable for number of futureappliations.
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4 Assoiation4.2 Eletrostati Dipole Formation by Assoiationbetween Composite Mirogels and GoldNanopartiles4.2.1 IntrodutionBiologial olloidal systems like virus and proteins often present a omplex and de�nedstruture with di�erent funtionalities whih is the prerequisite of their spei� and tar-geted appliations. They an be onsidered in many ases as omplex polyeletrolyteswith a pathy struture, a mosai of negative, positive or neutral areas.Obtaining suh strutures synthetially is muh more hallenging. Complex geometriesand de�ned lusters ould be obtained via pikering emulsion and evaporation of thesolvent as initiated by Pine et al. on mirometri partiles [257℄ and on bidisperse olloids[258, 259℄. This approah was reently extended by Wagner et al. to olloidal system[260℄. Another strategy onsists on the use of a template as shown reently by Xia et al.[261℄. Nevertheless most of the time these lusters are not spei�ally funtionalized andlak of long ranged interations.At the same time many e�orts have been put into the synthesis and haraterization ofJanus systems [262�268℄, whih present a versatile behavior and interesting propertiesas stabilizers for instane [265, 267℄. Most of these new systems rely on their ambivalentnature, nevertheless it remains di�ult to synthesized stable olloidal eletrostati dipoles.Indeed mixing oppositely harged olloids most of the time leads to the destabiliza-tion of the system [269℄. In this setion we onsidered the assoiation of ationigold nanopartiles with thermosensitive anioni ore-shell mirogels polystyrene/poly(N-isopropylarylamide) in the dilute regime.For this purpose ationi gold nanopartiles were prepared as desribed formerly by Ni-idome, where the authors illustrated their appliation in the funtional gene delivery andanerous ells detetion [270℄. The use of inorgani nanopartiles for gene therapy suhas amino-modi�ed silia nanopartiles and ationi gold nanopartiles was reently re-ported [270�272℄. The speial harater of these nanopartiles di�ers from that of organigene arrier moleules, and they are expeted to be a novel base material for the nextgeneration of funtional gene arriers. Gold nanopartiles have the advantages of easypreparation and the possibility of hemial modi�ation of the surfae. Moreover theyhave been found suitable in many appliations spanning from atalysis and nano-eletronito treatment and detetion of anerogeni ells [273�275℄.On the other hand omposite mirogels have been intensively studied and used in manyappliations from the protein adsorption [19, 20℄ to the use as template for the redutionof metal nano-partiles [21�23℄. Inreasing the temperature these mirogels swell anddeswell in a ontinuous or disontinuous fashion following their degree of ross-linkingas shown in the setion 2.1.4. Not only the size of the partiles an be ontrolled withthe temperature, but also their potential. As presented in the former setion, systemssynthesized by seeded emulsion polymerization with an anioni initiator were found topresent some eletrostati originated from remaining initiator fragments mostly based onthe surfae of the ore partiles. This ensures the stability of the system even after the112



4.2 Eletrostati Dipole Formation by Assoiation between Composite Mirogels andGold Nanopartilesvolume phase transition. Thus the interation potential an be adjusted ontrolling thesize and salt onentration of the dispersion. In an exess of salt, the system is not stableanymore above the volume phase transition and was found to reversibly oagulate (seehapter 4.1).The eletrostati stabilization related to the presene of negative harges ombined withthe steri stabilization ensured by the shell has already been used to absorb ationi goldnanorods [31, 32℄ and silver nanopartiles [276℄. Whereas most of the studies foussedon the adsorption of small partiles, we investigate the adsorption of larger partiles(size ratio in the range 1 to 4). We present a simple way to suessfully adsorbed thegold on our omposite mirogels to obtain anorgani/organi doublet or triplet keepingthe dipolar harater of the assoiation. The in�uene on the size ratio and on thepreparation is �rst disussed. Afterwards we investigate the orrelation between bothpartiles by turbidimetri titration, UV light spetrosopy, zeta potential measurement,dynami light sattering and mirosopi methods. The struture and stability of theassoiation is onsidered at the end of this setion.4.2.2 ExperimentalMaterialsThe system used in this study onsists on a polystyrene ore with a rosslinked PNI-PAM shell ontaining 2.5 mol% BIS (KS2) (see setion 2.1.2 for further details). Thegold nanopartiles were synthesized following the reipe desribed by Niidome et al.[270℄. The gold nanopartiles were prepared by NaBH4 redution of HAuCl4 in the pres-ene of 2-aminoethanethiol at a Au/NaBH4/ 2-aminoethanethiol ratio of 56 : 0.1 : 85(mol/mol/mol). Immediately after the NaBH4 redution, the solution was opaque andbeome a red wine olor. The partiles were then used for the assoiation without furtherpuri�ation.The sample were prepared by slow addition of the 0.28 gL−1 gold solution on dilute miro-gel solutions. The mirogel onentration was either set at 0.2 gL−1 for the zeta potentialand for the UV light spetrometry measurement, and between 4.10−2 and 2.6.10−2 gL−1for the sample prepared by titration. The gold nanopartiles were stable for approxi-mately two weeks, afterwards they started to get adsorbed at the surfae of the glassontainer. Thus the haraterization of the gold nanopartiles and the preparation of thedi�erent solutions were done with a fresh gold solution within one week.MethodsSanning fore mirosopy (SFM) experiments were arried on a ommerial SFM (ModelDimension 3100, from Veeo Instruments In.) (see setion 4.1.3 for further details). Field-emission sanning eletron mirosopy (FESEM) was performed using a LEO Geminimirosope equipped with a �eld emission athode. The samples have been preparedby spin oating at 2000 rpm on siliium waver for the FESEM experiments, whereasthe SFM samples have been prepared by dipoating on mia. Transmission eletronmirosopy (TEM) and ryogenized Transmission Eletron Mirosopy (Cryo-TEM) have113
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3 providing the ationi harater of the partiles. More-over the size of the orona respet to the size of the moleule supposes the organizationin a multilayer. In order not to damage this layer the piture have been taken under lowdose onditions. Nonetheless the surfatant is still very sensitive to the radiation andget easily damage after too long exposure. Thus it is not easy to determine its thiknesspreisely. The average hydrodynami radius has been also measured by dynami light114



4.2 Eletrostati Dipole Formation by Assoiation between Composite Mirogels andGold Nanopartiles
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Figure 4.11: Adsorption of the ationi gold nanopartiles on the omposite mirogels. The 0.28
gL−1 gold solution was added to 16 mL 4.10−2 gL−1 latex solution. The turbidity ofthe solution was measured during the addition proess. The turbidity was expressedin term of the absorbane A = −ln(I/I0) where I0 orresponds to the initial intensityof the latex solution (see text for further details). The di�erent number orrespondsto the di�erent solutions prepared following the same proedure for di�erent goldonentrations.sattering between 25 and 45oC in bak sattering at 173o with the Zetasizer. No signif-iant dependene on the temperature was observed. The average hydrodynami radiusobtained from the seond umulant analysis was found equal to 27 nm with a relative highpolydispersity index (0.28). On the ontrary of the evaluation of the size by TEM, theDLS is more sensitive to the presene of aggregates in the solution. Nonetheless this valuepresents a nie agreement with the TEM if we onsider the ontribution of the surfatantlayer. The eletrophoreti mobility has been expressed by the way of a Zeta potentialalulated from the Smoluhowski approximation between 25 and 45oC. This value wasalso not sensitive to the temperature and the average zeta potential was found equal to27 mV . This on�rms the ationi harater of the partiles, nevertheless this value islower than the one reported in the literature for the same sample preparation (36.2 mV ).Turbidimetri titrationWhereas a slow addition of latex on an exess of gold partiles diretly leaded to thedestabilization of the solution, it was possible to add gold on an exess of latex partiles.For this reason the solutions have been prepared by slow addition of the gold on the ore-shell partiles. We performed turbidimetri titration in order to follow the assoiation ofthe ationi gold nanopartiles onto the omposite migrogels. To this purpose we prepareda 16 mL latex solution with an initial onentration of 4.10−2 gL−1 and added at a rate of0.25mL/min a 0.28 gL−1 gold solution. The turbidity of the solution was measured duringthe whole addition proess. The gold solution as a strong absorption at 525 nm losed tothe wavelength of the probe (523 nm). For this reason we used the transmitted intensity

I0 of the latex solution as referene to normalize the transmitted intensity I of the solutionand we followed the evolution of the absorbane de�ned by A = −ln(I/I0) as funtionof the gold onentration (see �g. 4.11). As expeted, the absorbane inreases �rst115
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Figure 4.12: Zeta potential of the gold nanopartiles (hollow squares), of ore (full irles) andCore-Shell (full squares) partiles alulated with the Smoluhowski approximationas funtion of the temperature with and without addition of gold for a 0.2 gL−1latex solution. Remaining eletrostati interations explain the stability of the latexat high temperature. Addition of the gold solution is sreening the Zeta potential(see the di�erent onentrations in the legend). An aggregation an be observed fora onentration of 0.160 gL−1 at 35oC.linearly until a gold onentration of 0.03 gL−1. After this onentration the absorbanestill inreased linearly but with a lower slope. This deviation was attributed to a fastaggregation proess followed by the destabilization of the solution, to the shift of theplasmon maximum towards higher wavelengthes on�rmed by a hange of the solutionfrom red to blue and to the presene of free gold partiles. Four di�erent samples wereprepared following the same proedure (see �g. 4.11). For a onentration higher than 0.03
gL−1, the solution were not stable and sedimented within an hour. We approximated theorresponding number ratio between the gold and latex partiles onsidering the densityof gold (19.3 gcm−3), the size of the gold partiles determined from the transmissioneletron mirosopy and the number of omposite mirogel partile present in solution(as desribed in setion 2.1.2). We found out a ratio of 1.05, whih basially means thatin average no more than one gold partiles ould be adsorbed onto the mirogels underthis onditions. This �nding was on�rmed after keeping the solutions for more than sixmonths. Below this ritial onentration the solution ould be very easily redispersedand no gold was absorbed on the surfae of the glass ontainer whih is a strong indiationof the orrelation of the gold with the mirogel. On the ontrary for higher onentrationsthe solutions ould not be redispersed anymore after two months and a part of the goldwas absorbed on the surfae of the glass ontainer, whih on�rmed the assumption offree gold partiles in the solution.Zeta potential measurementWe measured the Zeta potential of solution onsisting on 0.2 gL−1 latex solution with dif-ferent onentrations of gold varying between 5.4.10−3 and 1.6.10−1 gL−1. The polystyreneore partiles used for the synthesis of the omposite mirogels has been measured as wellas the pure gold nanopartiles solution and the pure ore-shell partiles as funtion of thetemperature (see �g. 4.12). The ore partiles presented a relatively onstant zeta poten-116
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Figure 4.13: A) UV visible extintion spetrum of a pure 0.2 gL−1 ore-shell dispersion (dashedline) and of 0.2 gL−1 ore-shell dispersion with 0.0280, 0.120 and 0.160 gL−1ationi gold measured at 20oC. The inset display the adsorption of the pure gold(dashed line) and of the three solutions after substration of the latex ontribution.The position of the maximum adsorption λmax of the gold shifts from 525 to 535
nm after adsorption on the omposite mirogels as shown by the thin dotted lines).B) Adsorption of a 0.02 gL−1 ore-shell dispersion with 0.120 gL−1 ationi goldsolution measured with inreasing temperature. C) Maximum of the orrespondingplasmon band of the gold nanopatiles as a funtion of temperature (full irles)ompared with the evolution of polymer volume fration of the PNIPAM shell (hol-low squares). The full line presents the �t following the Flory-Rehner theory (seesetion 2.1.4).

tial at -43 mV over all the temperature range. Conerning the pure ore-shell dispersionbelow 32oC, the eletrophoreti mobility was found to around -15 mV , re�eting both thelow surfae harge density and the high frition oe�ient of the swollen partiles. How-ever, a dramati hange in the eletrophoreti mobility versus temperature was observedabove the volume transition temperature. As expeted, the absolute values of the zetapotential inreased with inreasing temperature due to the thermal sensitivity and shrink-ing of the PNIPAM shell to reah approximately the value of the ore zeta potential athigh temperatures as desribed by López-León et al. [72℄. The temperature dependeneof the zeta potential ould be interpreted by the inrease in the surfae harge density dueto the redution in the partile size, the enhanement of the loal harge onentrationon the partile's surfae and the fritional oe�ient redution of the ollapsed partiles.This e�et ould be diretly visualized onsidering the strong bukling up of the shell atlow temperature and the ollapsed form of the shell at higher temperature as shown in�gure 2.2.Adding gold indued the derease of the absolute value of the zeta potential to be almostequal to zero for a onentration for a onentration of 1.6.10−1 gL−1 below the volumephase transition. At higher temperatures the thermosensitivity was maintained with atransition around 32oC. All the measurements presented a mononodale distribution ofthe zeta values on�rming the assoiation of the gold with the mirogel. For the higheronentration orresponding to a number ratio of one gold for one mirogel a oaggulationproess has been observed for temperatures higher than 40oC. The diminution of the zetapotential ould be interpreted as an indiation of the assoiation of the oppositely hargedpartiles leading �rst to the distortion of the harge distribution, to the inrease in thesize of the partiles and to the inrease of the surfatant onentration in the solution.117



4 AssoiationThermoresponsive optial propertiesThe assoiation of the gold nanopartiles with the mirogels was investigated by UV-visspetrosopy. The dependene of the plasmon adsorption on the size and temperature ofolloidal gold partiles in aqueous solution has been already disussed by Link et al. [277℄.They found out that monodisperse 21.7 nm gold partiles have a maximum adsorption at521 nm. The maximum in the adsorption was observed at 525 nm for our solution whihis in good results with the literature if we onsider the in�uene of the polydispersity andof the surfatant adsorbed at the surfae of the gold partiles.In order to on�rm the assoiation between the gold and the mirogel we investigate thedi�erent solutions by UV-vis spetrosopy. The pure gold solution was �rst measured.A maximum in the adsorption was obtained at 525 nm whih is ommon for partilesin this size range [277℄. On the ontrary the latex solution did not present any spei�adsorption. After adsorption of the gold (�g. 4.13 A)), the plasmon maximum measuredafter substration of the latex ontribution shifted from 525 to 535 nm (see inset �g. 4.13A)).The adsorption was measured for a 0.2 gL−1 ore-shell dispersion with 0.120 gL−1 ationigold varying the temperature between 10 and 45oC (see �g. 4.13 B)) as desribed reently[31, 32℄. The adsorption was found to inrease with the temperature followed by a red shiftfrom 535 to 543 nm between 10 and 45oC whih have been attributed to the inrease of theloal refrative index upon mirogel ollapse for low surfae overage [31℄. The positionof the maximum λmax has been monitored for the di�erent temperature and ompared tothe variation of polymer volume fration φ of the shell of unoated omposite mirogeltaken from the setion 2.1.4 (see �g. 4.13 C)). The line displays the theoretial �t usingthe Flory-Rehner theory. The transition observed in the variation of λmax follows thesame feature as the transition in the PNIPAM network exept that the transition oursabout 2oC before the LCST of the pure mirogel. This again orroborates the assoiationof the gold with the mirogels.Colloidal stability and oagulationThe stability of the partiles has been heked by adding di�erent onentrations of goldon a 2 gL−1 mirogels solution (see �g. 4.14). At 32oC the system was perfetly stable.Inreasing the temperature at 35oC leads to the oagulation of the system for onentra-tions higher than 0.107 gL−1. Dark red aggregates were observed, whih quikly sedimentletting a lear solution in omparison to the pure gold and ore-shell solutions. This on-�rms the assoiation of the gold with the mirogel. The system reovered its original form25oC after a small redispersion. The understanding of the aggregation proess is quitehallenging. First we hek if it was orrelated to the ratio between gold and mirogels.For the same partile ratio but after a dilution by ten the system did not aggregate. Weonsidered the in�uene of the gold onentration for di�erent latex onentration. For aonentration of 0.160 gL−1 the system was found to aggregate for 2 and 0.2 gL−1 latexonentrations. Thus, the onentration of gold and not the number ratio gold/mirogelsseems to be the determinant fator for the reversible oagulation at high temperatures.The omposite mirogels are sterially stabilized by the PNIPAM shell and eletrostati-ally due to the use of an anioni initiator and to the remaining SDS providing from the118



4.2 Eletrostati Dipole Formation by Assoiation between Composite Mirogels andGold Nanopartiles
32°C

35°C

25°CFigure 4.14: Stability and oagulation of the solutions as funtion of the gold onentration and ofthe temperature. The di�erent solutions are from the right to the left: a pure 2 gL−1ore-shell solution, a 2 gL−1 ore-shell solution + 0.054, 0.107, 0.160, 0.220, 0.280gL−1 gold respetively and a pure 0.2 gL−1 gold solution. All solutions were observed�rst at 32oC, then at 35 oC and 25oC. The samples at 25oC were redispersed to pointout the reversibility of the oagulation proess.synthesis. As disussed in the setion 4.1, addition of salt redues the Debye length andthe stability of the system at high temperature. Fig. 4.12 learly shows this e�et in termof a diminution of the zeta potential with inreasing gold onentration. It is still notfully understood how the gold nanopartiles and the remaining surfatant ontribute tothe sreening of the eletrostatis.Eletri dipoles formation and dynami lustersThe former experiments learly show the assoiation of the gold with the mirogels. Never-theless the struture of the omplex has not been investigated until now. For this purposedynami light sattering was performed on the solution 1, 2 and 3 of the �g. 4.11 at 23,33 and 45oC (see �g. 4.15). Solution 2 and 3 orresponds to a number ratio betweengold and mirogel of 0.47 and 0.93, whereas the solution 1 refers to the pure ompositemirogels. After addition at 23oC of the gold the solution develops large luster as anbe diretly see on the orrelation funtion at 90o (�g. 4.15 A)). In order to evaluate thesize of the luster the angular dependene of the deay rate Γ has been evaluated fromthe seond umulant analysis. Plotting Γ versus q2 presents a linear dependene and thusallows the determination of the di�usion oe�ient from the slope (�g. 4.15 B)). Fig.4.15 C) displays the hydrodynami radius derived from the Stoke-Einstein relation as forthe di�erent solutions at di�erent temperature. Adding gold results in an inrease of the119



4 Assoiation
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Figure 4.15: A) normalized �eld autoorrelation funtion for the solution 1 (down triangles), 2(irles) and 3 (squares) measured at 23oC. B) Dependene on Γ on the squaredsattering vetor q2 for the three orresponding solutions. C) Hydrodynami radiusobtained from the linear extrapolation as funtion of the gold onentration at 23oC(full irles), 33oC (squares) and 45oC (down triangles). Lines are here to guidethe eyes.
hydrodynami radius from 113 to 170 and 440 nm for number ratio of 0.47 (solution 2)and 0.93 (solution 3). Moreover the hydrodynami radius was found to derease withinreasing temperature following the same feature as for the pure mirogels as already ob-served from the former analysis (see �g. 4.15 C)). The addition of gold thus results in theformation of stable lusters. The di�erent solutions have been investigated by transmis-sion eletron mirosopy (TEM), sanning eletron mirosopy (SEM) and sanning foremirosopy (SFM) (see �g. 4.16). The TEM mirograph presents the solution 4 freshlyprepared absorbed on a arbon grid after blotting the liquid exess. SEM was performedon the solution 2. The two months old solution was spin oated on siliium wafer. SFMwas performed on the solution 2 and 3 after dipoating on mia. Both gold and mirogelsould be learly distinguished from their di�erene in size and ontrast. The di�erentpreparations have been onsidered to determine the in�uene of the substrate (neutral inthe ase of the arbone grid, negative for siliium and mia) during the drying proess.The di�erent mirosopies and preparations lead to the same result, most of the goldis adsorbed on the omposite mirogels. The adsorption is not uniform and many freeomposite mirogels are free whereas, some of them bear up to three gold nanopartiles.No luster in term of a dense aggregates between many gold nanopartiles and ompositemirogels ould be observed on the di�erent mirographs. Fig. 4.16 D) fousses on oneof this dipole. The SFM learly images the PNIPAM shell adsorbed on the surfae. Thegold is strongly orrelated to the shell as an be seen from the deformation of the shell.The dashed lines indiates the radius of the polystyrene ore determined by TEM, andthe radius of the ore-shell and gold partiles measured by DLS. These di�erent methodsgives a good estimation of the size of the di�erent partiles.Following the di�erent investigations we onsider that the assoiation of the two oppositelyharged partiles results in the formation of luster omposed of one mirogels bearingone to three gold nanopartiles. In solution the strong asymmetry of the lusters resultsin the formation of eletri dipoles whih rearrange in solution in larger dynami lusteras shown by the dynami light sattering experiments.120



4.2 Eletrostati Dipole Formation by Assoiation between Composite Mirogels andGold Nanopartiles
A) B)

200nm

D)C)

E)

Figure 4.16: A) TEM mirographs of the solution 4. B) SEM mirographs of the solution 3.C) SFM mirographs of the solution 2 (links: height, right: phase). D) Phaseontrast of a single dipole. The long dashed line refers to the average radius of theore partiles equal to 52 nm as determined by ryogeni eletron mirosopy (seesetion 2.2). The short dashed line gives presents the hydrodynami radius of thepure ore-shell partiles determined by DLS at 23oC (=113 nm) and the dotted linethe average radius of the gold nanopartiles determined by TEM (=22.7 nm). E)SFM mirographs of the solution 3 (links: height, middle:amplitude, right: phase)4.2.4 SummaryCationi gold nanopartiles have been adsorbed on anioni ore-shell partiles onsistingon a polystyrene ore and a rosslinked PNIPAM shell. The di�erene of size between thesmall gold nanopartiles and the larger omposite mirogels allows the adsorption of inaverage up to one gold for one mirogel. The orrelation between the two partiles waslearly demonstrated by zeta potential measurement, UV vis spetrosopy and dynamilight sattering. Moreover above the volume phase transition temperature of the mirogelsfor a gold onentration higher than 0.160 gL−1 the system reversibly oagulate as shownby diret observation.Whereas di�erent mirosopies orroborate the assoiation of the gold with one mirogel,and the formation of separated lusters, the dynami light sattering demonstrates theformation of larger omplex in solution. We attributed this e�et to the formation ofeletri dipoles whih dynamially reorganize into larger strutures. 121



4 AssoiationThe assoiation between ationi anorgani partiles and anioni organi systems opens anew fasinating researh �eld. First it is a new and simple way to obtain Janus partilesbased on eletrostati interations, keeping the funtionality of both omponents knownfor their appliations in drug delivery and gene therapy. The thermosensitivity of thesystem an also be used to ahieve a reversible oagulation proess. Combined to theadsorption this approah ould be applied in ontrol released or in puri�ation proesses.Moreover the formation of eletri dipoles results into a dynami reorganization of the sys-tem without appliation of external �eld whih presents a nie system for the fundamentalphysis.
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5 SynopsisThis thesis reports the synthesis, haraterization, dynamis and assoiation of ther-mosensitive ore-shell partiles. The partiles onsist of a solid ore of poly(styrene)with a thin layer of poly(N-isopropylarylamide) (PNIPAM) onto whih a network ofPNIPAM is a�xed. The ore-shell partiles were synthesized in a two-step reation. Theore partiles were obtained by emulsion polymerization and used as seed for the radialpolymerization of the ross-linked shell. The degree of rosslinking of the PNIPAMshell e�eted by the rosslinker N, N ′-methylenebisarylamide (BIS) was varied leadingbetween 1.25 and 5 mol%. Immersed in water the shell of these partiles is swollen atlow temperatures. Raising the temperature above 32oC leads to a volume transitionwithin the shell. Cryogeni transmission eletron mirosopy (Cryo-TEM), small angleX-ray sattering and dynami light sattering have been used to investigate the strutureand swelling of the partiles. Cryo-TEM mirograph show diretly inhomogeneities ofthe network. Moreover, a bukling of the shell from the ore partile was observed. Thebukling inreases with dereasing degree of rosslinking. A omparison of the overall sizeof the partiles determined by DLS and Cryo-TEM demonstrates that the hydrodynamiradius provides a valid measure for the size of the partiles. The phase transition inthe PNIPAM network has been for the �rst time diretly imaged by ryo-TEM. Theswelling behavior of the partiles measured by DLS ould be desribed suessfully bythe Flory-Rehner theory. It was shown that this model aptures the main features of thevolume transition within the ore-shell partiles inluding the dependene of the phasetransition on the degree of rosslinking.A quantitative method was developed to aess to the struture of olloidal latex partilesin dilute suspension at room temperature by ryo-TEM. The density pro�le derived fromthe ryo-TEM mirographs by image proessing for the ore and ore-shell partileswas ompared to the results obtained by SAXS. Full agreement was found for the orepartiles. The disrepany between the two methods in ase of the ore-shell partileswas attributed to the bukling of the network a�xed to the surfae. The bukling, learlyvisible in the ryo-TEM pitures is a dynami phenomenon and the overall dimensionsderived from ryo-TEM agree well with the hydrodynami radius of the partiles. Thepresent analysis shows that SAXS is only sensitive to the average radial struture.This work demonstrates that ryo-TEM mirographs an be evaluated to yield quan-titative information about the average and loal struture of olloidal partiles in solution.The phase diagram and the olloidal rystallization of the di�erent systems was investi-gated by a ombination of diret observation, polarized optial mirosopy and rheology.The e�etive volume fration of the partiles as derived from their hydrodynami radius
RH provides the base for all further analysis. After addition of 5.10−2 M KCl alldispersions rystallize at volume frations above 0.5. The resulting phase diagram is123



5 Synopsisidential to the phase behavior of hard spheres for rosslinkings higher than 1.25 mol.%.This demonstrates that the ore-shell mirogels an be treated as hard spheres up tovolume frations of at least 0.55. These suspensions an thus be used as model systemsfor rheologial experiments.We onsidered the dynamis of these model dense olloidal suspensions at the glasstransition. For this purpose a new instrument and its alibration was �rst presented.The piezoeletri axial vibrator (PAV) is a squeeze-�ow rheometer working at frequeniesbetween 1 and 3000 Hz. It an be used to measure the storage modulus G′ and theloss modulus G′′ of omplex �uids in this frequeny range. Using polymer solutionswith known G′ and G′′ it is shown that the PAV gives reliable mehanial spetra forfrequenies between 10 and 3000 Hz. The measurements done with the PAV wereombined with a onventional mehanial rheometer (10−3-15 Hz) and a set of torsionalresonators (13, 25, and 77 kHz) to obtain G′ and G′′ between 10−3 Hz and 77 kHz, whihrepresents more than seven deades. It was demonstrated that the ombination of thethree devies gives the entire mehanial spetra without resort to the time-temperaturesuperposition priniple.The onnetion between equilibrium stress �utuations as measured in the frequenydependent linear shear moduli, G′(ω) and G′′(ω), and the shear stresses under strong�ow onditions far from equilibrium σ(γ̇), viz. �ow urves was investigated. Dataover an extended range in shear rates and frequenies were ompared to theoretialresults from integrations through transients and mode oupling approahes developedby the Prof. Matthias Fuhs and his oworkers. The mirosopi mehanisms andapproximations inherent in the theoretial approahes were disussed. The onnetionbetween non-linear rheology and glass transition was lari�ed. For the �rst time in therheology of suspensions we ahieved a semi-quantitative desription of both regimes withthe same model. While the theoretial models desribes the data taken in �uid statesand the predominant elasti response of glass, a yet unaounted dissipative mehanismwas identi�ed in glassy states. This proves that the dynamis of olloidal dispersions anbe onsidered on a pure statistial matter. Nevertheless additional proesses like ageingor hopping are still not fully desribed by the theory whih implies further developmentsof the model in the future.In presene of salt the omposite ore-shell partiles reversibly aggregate above theLow Critial Solution Temperature (LCST) at 33oC. The kinetis of reversibility of thephenomenon was investigated by dynami light sattering. As shown by the rheologialmeasurements in the semi-dilute and onentrated regime the onset of the attrativeinterations above the LCST leads to a strong thikening of the solution followed bya phase separation. This e�et was applied loally for solutions, maintained lose toLCST, after irradiation with a foused laser. Reversible miro-aggregates of a few µmdiameter were obtained in the irradiated area under this loal heating. The tunabil-ity and reversibility of the system presents a great advantage to extend the presentinvestigations to the understanding of omplex olloidal solutions in the attrative regime.
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Cationi gold nano-partiles were synthesized and adsorbed onto the anioni ore-shellpartiles. The assoiation between the two partiles was investigated via turbidimetrititration, eletrophoreti mobility measurements, UV-visible spetrosopy, dynamilight sattering, mirosopy and the stability of the solution above the volume phasetransition temperature was disussed. All analysis orroborate the orrelation betweenthe two partiles. Whereas the mirosopy demonstrates the formation of de�ned andseparated eletrostati dipoles, the dynami light sattering points out the reorganizationin solution into larger strutures.The novelty of this dissertation relies on a detailed haraterization of thermosensitiveolloidal ore-shell partiles and a new way to quantitatively haraterize olloids byryo-TEM. As a main feature, the rheology of these olloidal suspensions and the un-derstanding of the glass transition are disussed. The experimental results supported bythe appliation and omprehension of the theory provide an extended ontribution to thedynamis of olloidal dispersions. To onlude the investigation of the aggregation invarious olloidal systems enlarges the sope of the thesis to new interesting appliations.
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6 ZusammenfassungIm Rahmen dieser Arbeit wurden die Struktur, die Dynamik und die Assoziierung vonthermoemp�ndlihen kolloidalen Partikeln untersuht. Die Teilhen bestehen aus einemPolystyrol-Kern mit einer dünnen Poly-N-Isopropylarylamid-Shale (PNIPAM), die voneinem PNIPAM-Netzwerk eingehüllt ist. Die Kern-Shale-Teilhen wurden in zwei Stufenhergestellt. Die Polystyrol-Kerne wurden durh Emulsionspolymerisierung synthetisiertund in einem zweiten Shritt als Saat für die radikalishe Polymerisierung der vernetztenPNIPAM-Shale verwendet. Der Vernetzungsgrad der PNIPAM-Shale konnte durhvershiedene Konzentrationen von N, N ′-Methylenbisarylamid (BIS) zwishen 1.25 and 5
mol% eingestellt werden. Die Shale ist bei niedrigen Temperaturen in Wasser gequollen.Durh Erwärmen auf über 32oC �ndet ein Volumenübergang der Shale statt. DieStruktur und das Quellungsverhalten wurden anhand von Kryo-Elektronenmikroskopie(Kryo-TEM), Röntgen-Kleinwinkelstreuung (SAXS) und dynamisher Lihtstreuung(DLS) untersuht. Durh Kryo-Elektronmikroskopie konnte die Unhomogenität desNetzwerkes insitu abgebildet werden. Weiter zeigte sih mit dieser Methode, dassdie Shale niht vollständig mit dem Kern verbunden war und Verformungen (Buk-ling) aufwies. Dieses Bukling wurde mit niedrigerem Vernetzungsgrad gröÿer. DerVergleih der Radien, die mit DLS und Kryo-TEM bestimmt wurden, zeigte, dassder hydrodynamishe Radius eine zuverlässige Abshätzung der Gröÿe der Teilhenlieferte. Der Volumenübergang in der PNIPAM-Shale wurde zum ersten Mal direkt mitKryo-TEM beobahtet. Shlieÿlih wurde die Flory-Rehner-Theorie erfolgreih auf dieUntersuhungen des Quellungsverhaltens mit DLS angewendet. Es gelang mit diesemModel, den Volumenübergang der Kern-Shale-Teilhen und dessen Abhängigkeit vomVernetzungsgrad zu beshreiben.Zur strukturellen Charakterisierung der kolloidalen Teilhen wurde eine quantitativeAnalyse der Kryo-TEM-Aufnahmen entwikelt. Das Dihtepro�l der homogenen undKern-Shale-Teilhen wurde mit Kryo-TEM bestimmt und mit der SAXS-Analyseverglihen. Sehr gute Übereinstimmung wurde für die homogenen Teilhen gefunden.Der Untershied zwishen beiden Methoden bei der Analyse der Kern-Shale-Teilhenwurde auf das Bukling des Netzwerks zurükgeführt, das in Kryo-TEM deutlih sihtbarwar. Die mittleren Gesamtdimensionen, die mit Kryo-TEM bestimmt wurden, waren insehr guter Übereinstimmung mit der Analyse aus der DLS. Mit SAXS konnte ebenfallseine gemittelte radiale Struktur erhalten werden. In der Arbeit ist es gelungen, einVerfahren zur erweiterten Analyse der Aufnahmen aus der Kryo-TEM zu entwikeln, mitdem direkt quantitative Informationen über die lokale und mittlere Struktur kolloidalerPartikel erhalten werden kann.Das Phasendiagram und die Kristallisation der Kolloide wurden in direkter Beobahtungund mit optisher Polarisationsmikroskopie und Rheologie untersuht. Die Basis für126



die weiteren Analysen war der e�ektive Volumenbruh der Teilhen, der aus demhydrodynamishen Radius RH erhalten wurde. Alle Dispersionen mit einem e�ek-tiven Volumenbruh über 0.5 kristallisierten nah Zugabe von 5.10−2 M KCl. DasPhasendiagram, das für Vernetzungsgrade der Shale höher als 1.25 mol.% erhaltenwurde, war vergleihbar mit dem Phasendiagram für harte Kugeln. Es zeigte sih, dassKern-Shale-Mikrogele bei e�ektiven Volumenbrühen unter 0.55 als harte Kugeln be-trahtet werden können und als Modelsysteme für rheologishe Experimente geeignet sind.Die Dynamik solher konzentrierter kolloidaler Suspensionen wurde in der Nähe desGlasübergangs untersuht. Dazu wurde ein neues Instrument, der piezoelektrisheAxial-Vibrator (PAV), zum ersten Mal beshrieben und seine Kalibrierung durhgeführt.Der PAV ist ein "squeeze-�ow"-Rheometer, das in einem Frequenzbereih zwishen 10und 3000 Hz betrieben wird. Die Messung der Speiher- G′ und Verlustmodule G′′für Polymerlösungen mit bekannten Werten für G′ und G′′ zeigte, dass der PAV einezuverlässige Messung des mehanishen Spektrums erlaubt. Die Messungen mit demPAV wurden durh Messungen mit einem konventionellen mehanishen Rheometer(10−3-15 Hz) und Torsionsresonatoren (13, 25, and 77 kHz) ergänzt, um das vollständigeSpektrum von G′ and G′′ zwishen 10−3 Hz and 77 kHz zu erhalten. Auf diese Weisekonnte das vollständige mehanishe Spektrum aus einer Kombination der drei Geräteerhalten werden, ohne von der Zeit-Temperatur-Überlagerung Gebrauh zu mahen.Der Zusammenhang zwishen den Gleihgewihts�uktuationen der Sherspannungund den Sherspannungen unter starken Flieÿbedingungen fern vom Gleihgewihtwurde für die kolloidalen Lösungen durh rheologishe Messungen untersuht. Dazuwurden die frequenzabhängigen linearen Shermodule und die Flieÿkurven für endliheShergeshwindigkeiten über einen groÿen Bereih von Sherraten gemessen. Die experi-mentellen Daten wurden mit theoretishen Ergebnissen der Integration Through Transient(ITT)- und Mode Coupling Theory (MCT)-Ansätze verglihen. Der mikroskopisheMehanismus und die Näherungen der beiden Ansätze wurden diskutiert und einZusammenhang zwishen niht-linearer Rheologie und Glasübergang hergestellt. DieMessungen der �üssigen Systeme und das überwiegend elastishe Verhalten des Glaseskonnte mit den Modellen sehr gut semi-quantitativ beshrieben werden. Dabei wurdeein bislang niht berüksihtigter dissipativer Mehanismus erkannt. Die detaillierteDiskussion der Ergebnisse ergab weiter, dass die Dynamik kolloidaler Dispersionenauf rein statistisher Weise ausreihend genau beshrieben werden kann. Prozesse wieAlterung und Hopping werden jedoh noh niht vollständig theoretish erfasst underfordern eine Weiterentwiklung der Modelle.Nah Salzzugabe �ndet über der kritishen Lösungstemperatur (LCST) eine reversibleAggregation statt. Die Kinetik und Reversibilität des Phänomens in verdünnter Lösungwurde mit DLS untersuht. Rheologishe Messungen in halbverdünnten und konzentri-erten Lösungen zeigten, dass die Aggregation der Kolloide über der kritishen Temperaturein starkes Eindiken der Lösung verursahte, auf die eine Phasentrennung folgte. DieserE�ekt konnte in Systemen, die sih nahe der kritishen Temperatur befanden, auh lokaldurh einen fokussierten Laserstrahl hervorgerufen werden. In der bestrahlten Flähe vonwenigen Mikrometern Durhmesser formten sih durh den zusätzlihen Energieeintrag127



6 Zusammenfassungreversibel Mikroaggregate. Das System stellt eine interessante Möglihkeit dar, dieEigenshaften von komplexen kolloidalen Lösungen reversibel und berührungslos zushalten.Shlieÿlih wurden kationishe Gold-Nanopartikel synthetisiert und an die anionishenKern-Shale-Teilhen adsorbiert. Die Assozierung wurde mit Trübungstitration, UV-Vis-Spektroskopie, DLS und mikroskopishen Methoden detailliert untersuht, um einumfassendes Bild über dieses komplexe dynamishe System zu erhalten. Währendmikroskopish die Bildung von de�nierten und getrennten Dipolen beobahtet wurde,weisen die DLS-Experimente auf eine Neuorganisierung zu gröÿeren Strukturen hin.Die Arbeit geht im Detail auf neue Charakterisierungsmöglihkeiten von kolloidalen Kern-Shale-Teilhen durh Kryo-TEM ein. Im Mittelpunkt stehen rheologishe Messungendieser Kolloidlösungen. Die Ergebnisse werden durh eine vertiefte Anwendung und Ver-ständnis theoretisher Modelle unterstützt und erklärt und liefern erweiterte fundamentaleErkenntnisse über das Verhalten kolloidaler Dispersionen. Die Untersuhung der Aggre-gationsphänomene in vershiedenen kolloidalen Systemen weist shlieÿlih auf interessanteAnwendungen hin.
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7 AbbreviationsBIS N,N' -MethylenbisarylamideCryo-TEM Cryogeni Transmission Eletron MirosopyDLS Dynami Light SatteringKCl Potassium hlorideKS Core-ShellKPS Potassium PerodoxisulfateLCST Lower Critial Solution TemperatureNIPAM N -IsopropylarylamidePAV Piezoeletri Axial VibratorPNIPAM Poly-N -isopropylarylamidePS PolystyreneSEM Sanning Eletron MirosopySFM Sanning Fore MirosopyTR Torsional resonatorUF Ultra�ltrationV2 Polystyrene ore
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