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Summary

Summary

The ®lf-assemblyof amphiphilic méter is an extensive field describitige evolution of
mesoscopic arrangements and is tfusdamental formany applicationan medicine,
biology, chemistry and physicddowever,the underlying processes selfassemblyare
still not competely understood. In this dissertati@ancombination of two fiel[dnamely
microfluidics and small angle Xay scattering(SAXS), was used to investigate self
asembly processes of amphiphilic surfactants and block copolyrirs.combination
offers severakey advantage such as the small quantity of sample requieedontrolled
mixing by diffusion, in-situ investigation and the possibility to adjust the terapor

resolutiondue to the translation of time to spacehamicrofluidic channels

Initially, appropriate materislweresearched fothe microfluidic devicefabrication The

chip material hado hold many different propertiesependhg on the intended prposes
Besides the transparency and the ease of device fabricationaterial with low
backgroundscattering in small angle -Kay scatteringwas needed Therefore, many
different materials were tested withe inthouse rotating anode. Furthermore, fgstems

or reactiongequiiing organic solventsthe devicematerial hado be solvent resistann

order to prevent the channel from swelling, resulting in the alteration of the chip geometry
and thus the disruption of the flow profilBubsequently he materials were tested for their

solvent resistance.

The first kinetic procesanalyzedin a microfluidic devicewasthe selfassembly of an
anionic and a zwitterionic surfactamt water The experiments were performéa a
NOAS81 based microchiwith a pependicular channel cross and an adjacent meafhber.
anionic surfactant lithium perfluoramctanoate formed spherical micellesn waterabove

the CMC  (critical micelle  concentration) whereas the  zwitt@nic
tetradecyldimethylamineoxide formed cylindrical micelles. The fast mixing in the
microfluidic chip was compared to the slow interdiffusion experiment in the glass
capillary. Thetwo experiments showed different structural pathways. In the microchannel
the spherical micelles and cylindrical micellesdl instantly when getting in contact and
formed disks with 1:1 stoichiometry. Subsequently, the diskewgwia fusion and
develomd a larger lateral dimension leading to a lamellar correlation in the SAXS

measurementd.he mxing of both surfactants the capillary led to a shift of the original

v
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sphere peaky thefusion of TDMAO cylinder strands with LPFO spherical micelles. This
indicated the formation of nosstoichiometric LPFO-rich micelles which aggregation
number increased causing a shift of thatering peak. Eventually, the dike micelles

of 1:1 stoichiometry evolved, observed in a lamellar peak in SAX$is work, a very
good temporal resolutiorof the early beginnings of the sefsembly processvas
obtained followed byaninsight irto thesynergistic effecbf microfluidic and small angle

X-ray scattering

In addition,newdesigns omicrofluidic devices were developednd tested in this thesis
overcome the problem of the 13bp boundary condition at the Méhannel wallsFor the
investigation ofthe selfassemblyprocess ofliblock copolymes, a newthreedimensional
flow-focusing hybrid device was devekapb to meetthe requirements, such a® contact
betweerthe reagentandthe channel walls, solvent resistance of the chiger@tand low
scattering of the device at the analyzed positi@onsequently a solvent resistant
perfluoropolyether based materigglFEL) was used to obtain the mixingpbmponent
followed by the use ad thin walledglass capillarywith low background sattering acting
as the extensionto the main channelwhich alsoservel as the analysis component
Furthermore, the sheathing streamsthe 3D chip desigsurrounding the two reactant
streams prevented the contact to the channesyveaitl thus avoield the disturbance of the
selfassembly process induced by thesfip boundary conditionAn additional buffer
stream flowing centrically between reactant A and B allothedontrol of the position of
the mixing point of the two reactaniBhe predicted flev in the new devicevasproven by
CLSM (confocal laser scanning microscop$AXS measuremestisplayed arenhanced
quality of the measurements due to the low backgraoadtering of the hybrid device
compared tgolyimide MFchips Additionally, the newchip design ld to a parallel flow
of the reagent streams. Thieature is advantageousomparedto the conventional
concentric flow since SAXS measuremeratso allowed the measurement Huliyection,

therefore increasing the spatial resolution

Subseqantly, the selfassembly processes tife Plyo-(b)-PEQs diblock copolymerwas
investigated. Fst, the polymer waslissolved m dioxaneandthen mixed with water. The
continuous flow experiments in the microfluidic chigvealed that this solvemduced
seltassembly process led to the building of micellar structures by interdiffusion in the first
few milliseconds These micelles arrange into lyotropic phaases the morphological

transitiors werefollowed with SAXSin the microfluidic channel.




Summary

Different flow rates of the individual streams allowed the access to different time spans
after mixing.Calculation showed the fast evolution of spherical micelles within 10 ms after
mixing and the arrangemeat these micelles after 0.77 s. Eventually, this faeetered

cubic (FCC) ordering became more pronounced at later positions in the microfluidic
channel.Theseresults were compared to slow mixing experimentRleb)-PEQdioxane
toppedwith waterin a glass capillaryln these experimentshd concentrationgradient

scan showed a strongesegregation of the micellar corest longer time scales
Furthermore, cryd EM measurementshowed the coexistence of spherical and cylindrical

mi cel |l es, vesicl es aliked struicturés.e These dmeastiemis i | e | |
confirmed the evolution of spherical micelles to cylindrical micelles, whichdfirs®

vesicle bilayers.

Eventually, be kinetic investigations othe selfassembly of PEG(b)-PLA block
copolymes were performed. Therefaravo PEG(b)-PLA block copdymers with varying

chain lengths were ad Both PEG(b)-PLA block copolymersverestudied in the SIFEL
capillary-hybrid chip exhibited the fast diffusiedriven formation oftylindrical micelles.

For the PEGai7(b)-PLAs3> block copolymerwith the higher molecular weight the
microfluidic investigation showed no structural evolution and instead a time dependent
capillary experiment was performed. The measurement showed the evolution of cylindrical
micelles to vesicles over a long period of time (19 hourslally, theseexperimentsvere
compared to longeperiod measurements in glasspillaries, as the microfluidic chip
measurements only revealed the micelles formation but no further evollitercapillary

scan measurements showed that for all conagairs the unit cell dimensioincreased

as the measurements proceeded from the polymer phase towards the water phake. Also
core radius increased for all concentrations except for the 20 RBGss(b)-
PLA13¢/dioxane where the core radius decredstue to the effusiorof dioxane in the

water phase.

Vi



Zusammenfassung

Zusammenfassung

Die Selbstorganisationramphiphiler Stoffe ist ein umfangreicheBhema das die
Aggregationervon Partikeln im Mesobereicheschreibt und somgrundlegendur viele
Prozess mit Anwendingen in der Medizin, Biolpe, Chemie und der Physi&t. Diese
Prozessesind jedoch weitestgehendioch nicht erforscht In dieser Dssertationwurden

zwei Methodenkombiniert, die Mikrofluidik (MF) und dieRéntgenkleinwinkelstreuung
(SAXS), umdie Selbstrganisierungzon amphiphilen Tensiden und Bloakgolymerernzu
untersuchen. Diese dfnbination fiihrt zu einigen Vorteilen, wieum Beispiel geringer
Probenverbrauch urkbntrollierte Mischbedingungen durch DiffusioAuf3erdem kénnen
Messungenin-situ durchgfuhrt werdenund da im Mikrofluidikkanal die Zeitskala auf

eine Langenskala aufgespannt wird, kann die zeitliche Auflésung der Analysemethode

gesteuert werden.

Zunachst wurde geeignetes Maal fir die Produktion vonMikrofluidikchips gesucht

Das Materal soll je nachgewinschterAnwendung verschiedene Eigenschafteaaben
Nebenoptischer Transparenz und leichter Herstadl, war es wichtig ein Material mit
geringer Hintergrundstreuung im Rontgenkleinwinkelbereich zu finden. Dafir wurden
verschiedeste Polymeremit der hauseigenen Drehanode analysi@es Weiteren wrde

das Chipmaterial auf ihrd.6sungsmittedtabilitat getestet. Das Materiadolite im
Lésungsmittehicht quellen und somiticht die gewollte Geometrie des Chipad dessen

Flusgrofil veréndern.

Mit einem geeigneten Mikrofluidikchip bestehend aus NOA81 wurde die
Selbstassemblierungines anionischen und eines zwitterionischen Tensids in Wasser
untersucht. DagChipdesign bestand awmnem rechtwinkligen Kanalkreuz und einem
anschlieleden Angen MaanderDas anionische Tensidljthiumperfluoroctanoatbildet
kugelférmige  Mizellen bei einer Konzentration oberhalb der kritischen
Mizellkonzentration (CMC), wobei das zwitterionische Tensid,
Tetradeclydimehtylaminoxid, zylindrische Mizellen bilde Fir die kinetische
Untersuchung wurderwei verschiedene Experimenmiteinandeverglichen, die schnelle
Mischung im MFKanal und die langsame diffusive Mischung in der Glaskapillare. Die
Experimente zeigten usischiedliche Verlaufe der Sktwrentwiklung. Im
Mikrofluidikkanal bildete sich sofort eine neue Struktur von scheifeigen Mzellen, an

der Grenzflache vonOMAO und LPFO.

Vi



Zusammenfassung

Diese Scheiben wuchsen anschlieRend durch Fusionierung mit einem stéchiometrischen
Verhéltnis van 1:1 der KomponenterDurch die Entwicklung einer gréReren lateralen
Ausdehnung der Scheiben, beobachtete man eine lamellare Korrelation in den SAXS
Kurven. Die Kapillarexperimente zeigten eine Verlagerung des Peaks ausgehend von der
Kugelmizelle (LPFO). Durch das Fusioniergan einzelnen TDMAO Zylinderstrangen

mit den LPFO Kugelmizken und der daraufhin folgele Anstieg der Aggregationszahl
diese Mizellen, kam es zu der Verlagerung des SAP&aks. Schliel3lich bildeten sich

auch im Kapillarexperiment scheibartige Mizllen mit einer 1:1 Stéchiometrigon
TDMAO und LPFO. Desewuchseranundzeigtendaraufhin einen lamellaren Peak in der
SAXS-Kurve. In den Experimenten konnten sehiihe Stadien deiSelbsassemblierung
untersucht werdenEbensozeigten diese ersten Messungdas Leistungsvermogen, das
durch die Kombination von Mikrofluidik und Rontgenkleinwinkelstreuengicht werden

kann

Anschlie3end, wurdeneme Designs entwickelt, unHirden wie dieno-slip boundary
Bedingungan den Kanalwandemu Uberwinden.Um den Selbtorganisatiosprozess von
Diblockcopolymeren zu untersuchen, wurde ein neuer Hybridchip entwiateit zum
einen eine drelimensionale Flussfokussierung ermoglichte undnzandereneinen
Kontakt derReaktaneén mit den Kanalwéandendurch die dreidiransionée Fokussierung
vermied Eswurde |6sungsmittelstabiles Material (SIFEzyr Chipproduktion verwendet
undeine Glaskapillarevurdeas Fortsatz fur den Hauptkanal angebtacim eine geringe
Hintergrundstreuungpei SAXS Messungen zerhalten. Somit fand di kontrollierte
Mischung der Probe inBereich des SIFEMikrofluidikchip statt, wahrend diSAXS-
messung in der dinnwandigen Kapillare durchgefuhrt wukd@erdem beinhaltete das
Chipdesign zuséatzliche sogenannsbeathing streamsdie die beiden Reaktan
umhdallten und somit von den Kanalwanden fernhielten. Ein zusatzigthem floss als
Puffer zwischen den beiden Reag&en Mit diesem Pufferfluss konnte der Mischpunkt
der beiden Reagenzienstrome kontrolliertdd verandert werden. Dagsrognostizierte
Flusprofil der einzelnen Strome im Kanal, wurde mit Hider CLSM (confocal laser
scanning microscopynachgewiesenSAXS Messungen zeigtegine hdhereualitat der
Messung verglichen mit auf Pdisnid) basierenden MEEhips.Zusétzlichfiihrte das neue

Chipdesign zum parallelen Fliel3en beider Reaktantenstrome.

VIiI



Zusammenfassung

Dieser parallele Fluss isbrteilhaft im Vergleichzu demkonventionellen konzentrischen
Fluss,da bei SAXS Messungemit einem kleinen Rdntgenstrahvénige um) in einem

z.B. 100 pum breiten Kanalicht nur in Flussrichtung sondern auchlgecht dazu (3scan)
analysiert werden kanrEin paralleler Fluss fiuhrt somit zu einbessera Ortlichen
Auflésung in yRichtung, da die einzelnen Komponenten im Kanal entlang y aufgetrennt

sind

Anschliel3endvurden mit diesem neuen Chipdesije Selbstassemblierungn Plzo-(b)-

PEQyo Blockcopolymeruntersucht. Das Blockcopolymewrde zunéchst in Dioxan geldst

und anschlieBend mit Wasser gemisdbte SAXS-messungen imMikrofluidikkanal
zeigten, dass dieser Ld@isgsmittel induzierte Selbstorganisationsprozesslen ersten
Millisekunden zur Bildung mizellarer Strukturdiihrte Diese Mizellen ordneten sich
anschlieBend zu einer lyotropen Phase Bs wurden verschiedene Flussraten der
einzelnen Strome induzienyomit verschiedene Zeitspannen erreicht wurden. Mit Hilfe
von Berechnungen konnte schliel3lich eine Strukturentwicklung von sphéarischen Mizellen
innerhalb von 10 ms und eine Anordnung dieser Mizellen nach 0,77 s beschrieben werden.
Diese FC@Ordnung wurde mschlieBend im Verlauf der Messung an spéateren
Messpositionen intensiveRie Ergebnisse wurden mit langsamen Mischexperimeinten
Glaskapillaren verglichen. Dazu wuréd-(b)-PEO/Dioxan mit Wassaiberschichtet und

der ausgebildete Konzentrationsgradiemt SAXS untersuchtDer Konzentrationsscan
entlang der Kapillareeigte eine starkere Segregation der Mkeene Uber die ZeitCryo

TEM Messungenzeigten eine Koexistenz von Kugelind Zylindermizellen, sowie
Vesikeln undquallenartige Ubergangstruktan, was dieangenommen&ntwicklung von
spharischen Mizellen zuyindermizellen, welcheschlieRlich zwesiketDoppekchichten

zusammenwechsen bestétigte

Fur die Untersuchungen ded®iokompatiblen Poly(ethyleneglykob(b)-poly(lactid)
Blockoopolymes wurden zwei Polymeremit unterschiedlichen Molekulargewichten
untersucht.Mit beiden PEGEb)-PLAs wurden MFChip Messungen durchgefihiDie
SAXS-messungen zeigten eine schnelle diffusionsgesteuerte  Bildung von
Zylindermizellen.Bei demPEGss-(b)-PLA130 mit dem geringeren Molekulargewicht trat
aulRerdem noch ein Anstieg der Einheitszellendimension auf. BeP&&sn (b)-PLAs32

mit dem hoheren Molekulargewicht wurdéeine Strukturverdnderungen im Md&nal
beobachtetworaufhin eine zeitabhéngige Kapillarmesguaiirchgefiihrt wurde.




Zusammenfassung

Die Kapillarmessung zeigte eine Entwicklung von Zylindermizellen zu Vesikeln innerhalb
von 19 Stunden. AnschlieRend wurden die Ergebnisse SAKS-messungen des
Konzentrationsgradienten in der Glaskapilldtechgefiihrtum einen lageren zeitlichen
Bereich alzaudecken. Die Kapillarmessungen zeigten, dasisallen Konzentrationen ein
GroRRenanstieg der Einheitszelmuftrat wenn ausgehenvon der Polymerphase in
RichtungWasserphase geesserwurde. Ebenso stieg der Kernradius der @ggirmizellen

fur alle Konzentrationen, aul3er fur das 20 WR®Gss-(b)-PLA130, an. Der Kernradius des

20 wt%PEGss-(b)-PLA130 Blockcopolymershingegen sankdurch die starkere Segregation

in der Wasserphase.




Introduction and Motivation

1 Introduction and Motivation

Nowadays chemistsand physicist are confronted amongst others with one important
insight: Size does matteBulk material in themacroscale behaves different thgarticles

in the mesoscale or molecules in the microscale. Since everyone deals with macroscopic
effects everyday, these phenomena are normal to Bt thesephenomenachange
dramaticallyif we decrease the size of the observed matandlthusare surprising and

interesting.

If we leavethe macroscopiworld, we reachthe mesoscale. Sedissembly rules thisavid

and producing beautiful ordered structuresch asDNA, proteins, vesies and many
more.Some structures bridge over all three length scélem the microscopic, over the
mesacopic to the macroscopic worlExamples arebiomorphs, or we ourselves as
humans, consisting of molecules, assembled to DNA, cells, organs and the whole body
Therefore the underlying mechanisms and processes are of greatest itedestere

investigated during thigissertatiorby following the selfassembly of amphiphilic matter.

Amphiphiles, like surfactants oblock-copolymers areexciting due to theiability to build
structures like micelles, vesicles or at higher concentrations lyotropic structures. These
selfassembled structureme useful formany different applicatiors like drug delivery
stabilization in food and cosmetjcthe useas detergentsthickenersor as wetting and
foaming agentddowever,for such applications it iadvantageout produce uriorm and
customized structuregio this day this g realized by empirical optimizatioWith the
investigationof the fundamentaprocesses, it vatriedt o change this #dt

method to a predictable strategy

The difficulty of this project isthe implementation. What kind of analysis method is
possible to investigate the early beginnings dhst reaction, as for example the self
assemblyof a surfactant solutiod Commonly used techniques for the analysis of structures
and particles irthe liquid state and with size range ofew nanometergo hundreds of
nanometes, such ascryo-TEM (cryogenic transmission electron microscqpy)LS
(dynamic light scatteringand SAXS(small angle Xray scattering)are not suitable fahe
studiesof fag kinetics because of the lackirtggh temporal resolution. Therefore, a
combination of two different metheds necessary tachieve the desired requirements.

r



Introduction and Motivation

Microfluidics combinedwith small angle X-ray scatteringoffers manyadvantageOnly a
small quantity of sampless necessarylue to microfluidicsand the device design can be
changed quickly because dhe rapid prototyping explained in chapte2.2.1.9
Furthermore, the combination of Microfluidics wiBAXS enablesn-situ measurements
of the sampleThe probablybiggest benefits the onversion of the time scale to tlength
scale? Due to the continuous flow in the microfluidic chanrké progress of a reactios

related to specific positions along the roituidic device as illustrated irrigurel.

Time At

Length Ax

Figure 1. Schematic section of a microfluidic devidescribed in chaptet.2 with the secondchannel cross
where two separated streams are focused. The reaction progress of growing micelles farexiagoaal
orderingis schematically shown, demonstratthg transformation of the timgeale to the length scale along

the channel.

Hence, theaossibletemporal resolutionf the investigatiortan be adjusted, since it is only
restricted by the size of the-bdy beam and the flow velocity. With a smaller besirea
smaller sample volume ignalyzed Therefore a closer mesh of adjacent measuresent
can beapplied which ircreaseghe temporal resolution. Furthermore, for a giveram
size a better temporal resolution can be realized by increasing the flow velocity of the

sampleThe relation of the flow velocity and the temporal resolution is shoviag. (1).
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w Gs the passed time since the start of the readtiois the flown through volume and

is the overall flow velocity of the pumped in reactants.

In addition the application of microfluidics leads to defined mixing conditions because the
only mixing procesgerpendicular to the applied flois diffusion which is explained in
section2.2.1.5 Given that in the miciituidic channel there is a permanent stable flow
leading to a steady sta@nd the time scale is converted to the length seaksy positon

can be measured repeatedly and at any time. Also, there is no beam damage of the sample
because of the continusdlow deliveringfifresto sample. From this it follows a further
advantagethe good signal to noise ratio, as the sample in the microfluidic chaamebe

measured for long periods of time.

Thus, challenging systems, such as fast reactions or sensitiyges, are suitable for the
investigation with SAXSin a microfluidic channel.For example,fast ®lf-assembly
processs at early beginnings and with all individual intermediate structures can be

analyzed and led to tleecomplishmenof this work.




Fundamentals

2 Fundamentals

2.1 Mesoscale Miterials

Meso is usually meant as-bretween molecular and soléfate chemistry or Hhetween
covalent chemistry and micimechanical approaciMesophases have keast one spatial
dimensionin the length scale df to 100 nm andareusually associated with ordené self
organization. Due to thigength scale of several nanometers new physical properties occur,
which are different to the behavior of single molecules or bulk mateRafthermore, in

the mesoscopic scale, there exisirendifferent types of order and structural complexity,
than in the macroscopic world.

There are twaapproache of building nesoscale structures, ti®ttomup andthe top-
down method Top-down approaches are lithography, chemical vapor composition and
coating technigues. The bottemp approach is the building of mescale systems with
selfassemblywhich is explained in chaptér In thefield of mesoscalethecontrol of the
morphology, ordering, size, shape, curvature, texture, surfacamde@pological defects
is of great importance Moreover, aalytical methods, like Transnission Electron
Microscopy TEM), Scanning Electron Microscop{SEM), Grazing Incidence Small
Angle X-ray Scattering GISAXS) and Small Angle Xray Scattering SAXS), for
mesoscale materialsecome more and more important because mi@na macroscopic
analysismethodsare not suitableAbove all, bp-down approaches have a limit in the
minimum accessible size, which is several nanometetsHence, selassembly is an
elegant way to achieve ordered structwaka large length scale rangeherefore, we first

have to consider, what kind of matter can undergeassémbly.

Amphiphiles

Amphiphilic matter consistof at least two parts with different chemical and physical
properties® One part is lyophilic, which meansig solventloving, and theother part is
called lyophobi¢ nonsolventloving. ’ If the solvent is water, theifferentparts are called
hydrophilic and hydrophobiclwo important represgatives of the family of amphiphiles

aresurfactantand block copolymersvhich are both discussedtivin this work
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Surfactants usually ctain at leastone polar head grougovalently bonded to minimum
one alkyl chainas shown irFigure?2. If the solvent is water, then the polar head group is
the hydrophilic part and the alkyl chain tail is hydrophobic part. In general, surfactants
have a relatively low molecular weight (<5@#1) and can be ionicafiionc, cationic,
zwitterionic) or nonionic ’® Surfactants or surfaeactive agents have the ability to
segregate to an air water interface ahds lower the surface tensiorA further
characteristic of surfactasis the critical micelle concentration (CNICwhich is the
concentrationwhere micelles start to form. THeMC dependn the chemical structure

of the surfactant, e.g. the glikchain length, charge of the polar head group and sb on.

Headgroup  Tail A block B block Ablock  Bblock  C block

o= A" T

Surfactant ~ AB- Diblock copolymer ~ ABC- Triblock copolymer  Star-block copolymer

Figure2. lllustration of the different selassembly monomera surfactant with the blue head group and the
red tail andvariousblock copolymers where differenblorsshowthe different blocksAdaptedwith

permission from Blanazs, A., Armes, S.P., Ryan, A.J. ZSesembled Block Copolymer Aggregates: From
Micelles to Vesicles and their Biological Applicatio@opyright (2009) John Wiley and Soasd from
Schacher, F.H.,Rupar, P.A., Manners, |., Funktionale Blockcopolymere: nanostrukturierte Materialien mit
neuenAnwendungsmadglichkeiten. Copyright (201B)hn Wiley and Sonst°

Block copolymersconsist of two or more different polymbltocks which are covalently
linked together. These polymer blocks hamegenerd a large number ofndividual
repeating unitsBlock copolymers also have@MC, at whichthey start to build micellar
aggregates, but the concentration is much lower than for low molecular surfattants.
Depending on the type of reactjorarious types of block copolymers can be realized, e.g.
diblock- (AB), triblock- (ABC) or starblock copolymerspresented iffigure2. &2 In this

thesis onlyAB diblock copolymers were used and hence, are discussed in detail in the

following sections
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Selfassembly

The spontaneouarrangement of particles in an ordered way due tanthi@sic properties
of matterhas beerand is still a fascinating field. Sedlssembly affects every creature
since proteins cells, viruses and many mostructuresare an assembly afiumerous
molecules and/or particleé® The occurring interactions dog the selfassembly are
noncovalent and reversible secondary bindirgsch ashydrogen bndng, ligand or
coulomb binding and amphiphilic charactét* This reversibilityenableghe possibility of
switching the nanostructured morphologies to external stimitilHence, anphiphilic

substanceasmentiored above can selissemble due to their bivalent peofes °

The lyophilic and lyophobic partsf an anphiphile are connected vacovalent boneénd
therefore, they cannot decompose to form macroscopic phase sepasog. a waten

oil emulsion This spatial limitation and the immiscibility of the different blocks, lead to
the formation of many small closed interfaces. Tluiscalledmicrophase separatias a
possibility to avoid undesired states:!® If we assume war as the solvent of our
amphiphile, then the hydrophobic part tries to avoid any contact with water, which is called
the hydpbphobic effect. This effedeads to sefassembly of theraphiphiles into micelles

or other structures, at concentrations above the critical micelle concentration (CM@).
hydrophobic effect is besides hydrogen bonds one of the most important driving force for
the seltassemblyprocess, especially in soft mattét The selfassembled structures have
characteristic sizes of the order of 10 to 100, nvhich is a few times the radius of
gyration,'Y , of the constituent blocks!?® These segregated microdomains, especially
their morphologies are dependent the FloryHuggins parametethe temperature, the
composiion of the different parts and the polymerization index. Microdomains themselves
form macrolattices, which means tharrange in a periodic waywhich is further

explainedn chaptel. 16

As mentioned abovemphiphiles are bonded covalently, which means there is a short
range attractivéorce due to the bondrhe lyophilic and lyophobic parts of themaphiphile

lead toa long range repulsive force. Beside the covalent bond anlydpbkobicity and
lyophilicity of the amphiphile, there are many more short range attracteg. (
electroneutality) and long range repulsive.. coulomb repulsionforces, depending on
the used system. If there aseveral differenforces acting n a system, thesystem is
cal | ed # Whiclhilsatsrtaapblgmarphism in orderird.
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As a consequencéo this short rage attractive and long rangerepulsive forces,
amphiphies fromassemblies like micelles, disks liogrical micelles and vesicles dilute

solutions as illustrated ifFigure3. &

Block copolymer

Surfactant ‘

Micelles Cylindrical micelle Bilayer Vesicle

Figure3. lllustration of the sethssembly of amphiphiles like diblock copolymers afattants at low
concentrationAdapted with permission from Blanazs, A., Armes, S.P., Ryan, A.JZASsémbled Block
Copolymer Aggregates: From Micelles to Vesicles and their Biological Applications. iGbp009) John
Wiley and Sonsind from Nagarajn, R., Ruckenstein, E., Theory of surfactant-asffembly: a predictive

molecular thermodynamic approach. Copyright (1991) American Chemical SHcigty.

Micelles consist of an insoluble coflyophobic part)and asoluble outer parflyophilic
part) stretching into the solventhe sizeof the micelles can be predictedthvthe scaling

law,
O O 0 2

wis the aggregation number the number of surfactants or btocopolymers in a micelle

| ¢, T&. 0 is the polymerization degree of the soluble blaid O is the
polymerization degree of the insoluble blodk. is related to the Huggins interaction
parameter., the monomer volume arttle packilg parameter) anddepends on themixing
enthalpy of block A with the solvend is for many systemene Hence, the aggregation
number and the size of the micelles can be predicted from the polymerization degrees of

the polymer blocksr theextendedength of the surfactamholecule 871720

So far we considered the reason for setisembly with a virtual prospettith the Gibbs

free energy it is possible to describe the safsembly process thermodynamically.
Therefore, the different contributisrior entropy and enthalpy have to be considered. If we
assume micellatioof a surfactant in water, the interactions of the lyophobic parts increase,

which is energeticalljavorableand leads to the enthalpic contribution.
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Water usually arranges in aoke tetrahedron and the unassociated alkyl chains break up
these loose bonds. Hence, locally there is a higher order. Therefore, due to micellation, less
unassociated alkyl chains are mnesto disrupt the water bonds. Thss erergetically
favorableandleads to the entropic contributiohFor diblock copolymers the Gibbs free
energy is contributed by the interfacial energy of the two blocks and by the loss of entropy
due to ordering in the sedfssembly process. If the interfacial energy is large and the loss
of entropy small, as for example for stiff polymer chains, the minimization of the

interfacial area per volume umikceedshe entropy loss and the system assembles.

2.1.1.1 Calcaulation ofSelf-assemble®ructures

As already mentionedyesids micelles, also other structures can be observed in diluted

systems, as shown kigure3.

A typical way topredictthe resulting structure in a selsembly process is to compare the
hydrophilic with the hydrophobic part of the system. This relation leads to a cugvature

which is described by the mean curvati@and its Gaussian curvatube

P
vV ©)

0 —— (4)

Figure4. Scheme of the structudetermination of block copolymer&daped with permission from
Antonietti, M., Forster, SVesicles and Liposomes: A S&ssembly Principle Beyond Lipid€opyight
(2003)John Wiley and Sord
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With

0 O 0
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a relation to the surfactant packing paramgter

T Ta ©

can be made, while is the hydrophobic volumey the interfacial area andthe chain
length normal to the interface. Therefore, for certain shapes typical values for the curvature

and the packing parameter can be calcujatsdisted irfTable1. 2022

Tablel. Calculations for the different shapegth'Y Y 'Y .Adaped with permission from Antonietti,
M., Forster, S.Vesicles and Liposomes: A Sglssembly Principle Beyond Lipid€opyight (2003)Jon
Wiley and Sonsindlsraelachvili, J. N., Mitchell, D. J., Ninham, B. W. Theory of sedsemby of
hydrocarbon amphiphiles into micelles and bilay@r<hem. Soc., Faraday Trans1276 72, 152522

@)
Shape =|T. H K
Sphere P E £
o Y YO
: P P
Cylinder — — 0
y c Y
Bilayer 1 0 0

Consequentlycopolymersbhearing darge soluble block B, have a small curvature radii
andtherefore form spherical micelleddowever,a small soluble block B, leads to a larger
curvature radiiY and cylindical micelles are formed preferably/.?® Besides the regular
structures also inverse structures exist. Depending on the polarity of the solvent the

lyophilic part can point outwards or inwards, leading to regular or ingtnsetures'®
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In therecentyears especially vesicléBigure 3, the furthestight) have beenn the focus
because of their ability to encapsulate not only hydrophilic but also lipophilic substances,
due to their double layefhe formation process of vesiclissnot yet fully understood and

is approackd with three differengelf-assembly processin literature 2124

The frst method describes a tvgbep mechanism, where firdhe amphiphile forms a
bilayer and second the bilayer closes to form a veditcl@able 1 the conditions dr the
formation of a bilayer arbsted.For a block copolymewith a given volume) and length

O bilayers are obtained by adjusting the interfacial abamtil the packing parameter
reaches uty. This is done bye.g. dereasing the lengtlof the hydrophilic blockand
hence, bydecreasing the hydrophilic/hydrophobic block rafltne closure of the bilayer to
a vesicle is explainedy the energetically preference of the amphiphiles to arrangéegar
At low concentratiorthis sheetike aggregates are very large. Henibe, energy loss due
to surface tension effecis high and thusovercomes the bending energfythe closureof
the bilayer toform a hollow vesicle?! Theoretical calculatiahpostulated twdfurther
procedures for vesicle formation. Bottard with the fast formation of small spherical
micelles. In the first mechanismvhich is especially predicted for lipid molecules and
short surfactants in watethe spherical micelles grow larger due to collisiand
minimization of the interfacial engy of the micellesThe largeroblate micelleslike
cylindrical micelles, or open digike micelles curve andclose up tdorm vesicles. In the
second mechanism the micelles grow to larger spherical micelles by an evaporation
condensatiosike processAt a critical siz& ¢Y the copolymers fligflop and form se
called semiesicles.To lower the energythe largesemivesicles absorb solvent, which
swells the inner lyophilic polymer, building a vesict&2®

Polymeric vesiclesor saecalled polymersomesyre of great interest because of thustter
stability compared to phospholipid§he higher sbility is due to the larger size of the
building blocks, which leads to a slower building block exchange and thicker double
layers.?” In addition,they @n be tailored due to the already described ahafighe block
length, or changef the chemical structurée.g. adding different functionajroups).
Conseqently, vesicles with new chemical, physical and biological properties can be
obtained There are rany possible fielslof applicationfor polymer vesicles in pharmacy,
agrochemistry, sensors and material syntheSigs mentioned above, block copolymers
have a much lower CMC than surfactants and hence, are muehstable compared to

lipids orsurfactants

10



Fundamentals

This makes them more suitable as nanocontainers fgraklivery. Due to the low CMC
the unimers do not dissociaté,they are diluted in the blood stream. Furthermore, the
kinetic stability of blockcopolymer aggregates can be adjustedasecond to the hour

timescale Thus the drugs can be transportedite desired release aréa®

Furthermore, macromolecules are particularly well suited for implementing physical,
chemical, and biological functions at the same time, because of the adaptability of the
different blacks. !’ Besides drug delivery, block copolymers can be used aizted)
detergents, thickeners and as wetting and foaming agents. Thus, they are used for emulsion
polymerization, stabilization of pigments or the formulation of cosmetics or food.
Additionally, seltassembled structures can serve as templates for mongaterials, like
molecular pores, and for many more applicatidifs:®>!8 Also in nature, polymelike

amphiphiles, lile proteins or polysaccharides, canfound.

2.1.1.2 LyotropicPhases

Sofar, we only consideredelatively diluted systemswhere the selassembled structures
are dispersed nalomly. At higher concentrations, amphiphiles cander into lyotropic
structues. &1* Surfactantsare able toform liquid crystalline phases, whichre an
intermediatebetween acompletely amagshous system like a liquid andhéghly ordered
crystal. Liquid crysta have a longrange order, which is only possible if the self
assembled structure is anisotropic, likis the case fodisksandrods.”2

The structureof lyotropic phases in concentrated medépends on the free energy of the
selfassembled structures and can be calculated with themedfstent mean field theory.
1728 The basic parametersvhich determinethe size and shape of the sa#fsembled

structures are the degreepaflymerization0 , whereas
0 0 O )
the compositioniQ which means the block length ratio
ey U
Q - ()
0

and the FloryHuggins interaction parameter, describing the strength of the repulsive

interaction between both blocks.

11
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The FloryHuggins interaction parameter is dependent on the temperature and decreases

with increasing temperature

Y
K ~ 9

Phase diagrams plotting.0 againstthe block length ratiéQ as theeetically depicted in
Figure5, showan overviewof the different selassembled structurel Figure5, atthe
weak segregation limit (WSL...0 p tand close tahe orderdisorder transition (OD)T
many different structures are depicted. At higher vabfes.( at the strong segregation
limit (SSL), the individual structures astable and can be tailored by choosing the right
block length ratidQé’

100 —
90 —
80 —
70 —

)(N 60 —|

50 =

40 —

30 —

20—

10 —

Figure5. lllustrationof an ideal phase diagram of a diblock copolymetapted with permission from
Forster, S., Plantenberg, T., From Zatganizing Polymers to Nanohybrid and Biomateri@lspyight
(2002) John Wiley and Sons

The domain size of sudlyotropic structures omicrophasess between 10 to 100m and
depends on the radius of gyratidh of the polymer coils®® The phase diagrain Figure
5 already shows few of the many different morphologies, which can occur during
microphase separatioilence, alreadyor simple amphiphileslike diblock copolymers

the phaséehaviorcan be quite complicate.

12
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.
<

BCC Hex Lam Gyroid

Figure6. Scheme of classical lyotropic structures of a diblock copolyAgaped with permission from
Forster, S., Plantenberg, T., From Z8tanizing Polyrars to Nanohybrid and BiomaterialSopyight
(2002) John Wiley and Sons

Common lyotropic structures are illustratedFigure 6. There are several cubic phases,
which consistof regulaty packed micelles. The left cube kigure 6 showsthe body
centered cubic (BCCstructure. The second cube from left shows hexagonally ordered
cylinders (Hex). The lamellar phase (Lgnis consistingof bilayers. The lastube on the

right shows the gyroid structurehigh is a bicontinous cubic phasg.

otlis the macromolecular architecture of the amphiphilic copolymers and the different
length scales, timscales, and levels of interaction that it entaikich makes the use of
t hese ¢ ompoun d*¥The difiergnt langth scales, which ean lge adjusted, are

explained in the next section.

13
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Structural Herarchies

So far, structures of diluted and more conceattatystem were discussed. The evolved
structures are connected in a hierarchy, which bridges several orders of magnitude in the

length scaleas shown irfFigure?.

Monomer Block copolymer Micelle Ordered domain
= — Kk &
| | | |
| 1 1 |
0.5 nm 5 nm 50 nm 100 nm

Figure7. Hierarchy at a length sleaof sub nanometer to hundreds of nanonsefetapted with permission
from Forster, S., Plantenberg, T., From Zaifjanizing Polymers to Nanohybrid and Biomaterials
Copytight (2002) John Wiley and Sohs

The smallest parts in the hierarchy are the used monomed¥gyure7 Poly(isoprene) ah
Poly(ethyleneoxide) are shown exemplariijne monomers are then polymerizedouild

block copolymers. The polymerization and thtise degree of polymerizatiod is
dependent on the ratio of the two monomers A and B and the initiator. The second step in
hierarchy is the selissembly of the amphiphileto micelles. It is influenced by the
Huggins interaction parameter describing the incompatibility of thevd blocks and the
aggregation numbed. At higher concentration, e.gpon solvent evaporation, lyotropic
structures, like Lam, Hex d8CC, are formed by undergoingdssorderorder transition.

This is dependent on the volume fracti@and the segregath parameter..G By applying
external forces like temperature or shear stress a macroscopic orientation of the lyotropic
structures is possi bl e.Thusyhve orders bfenaghisidetcam N s i |

be adjusted during the organization afsnscale material$*®

14
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2.2 Microfluidic s

Microfluidics (MF) is a field whichdeals withthe transport phenomena srhall volumes
of fluids. Therefore, thiquids or gasesre pumped through microfluidic chansiathich
have at least one dimension in theerometeror even in theanometerange. Due to these
small dimensions, different properties ocaampared to rroscopic fluid mechaics.
This can be describeby the scaling laws, where the change of physical quantgies
expressedby changinghe sizet For example, if the size of the systendiereasedthe
surfaceforces become more dominant compared to the volume forces, as demonstrated in
equation(10).
i ol "Q‘Gis’zBi‘Q(:;J @1
LE aOAEA @

a 4 H (10)

Hence,with this differentbehaviorat small length scalespicrofluidics opers a field of

newphenomena angsearch possibilitieg?3°

Microfluidicswas f i r st ment i on eidhispgper Mesanilzing &a micrta he 1 ¢
total analysis system {fIAS). 3! However, it took more than ten years until microfluidics
experienced a boom due to the demands in biology and medairsystems simulating

the behaviorin small channels, e.g. blood vessels, and the interest iehavior of
fundamental processes in biology, physics and chemistry. Furthermore, the possibility to
produce channels imicrometerscale rangand the ida of lab-on-a-chip systemsppened

thesuccess to microfluidics? 22

Theorigin of microfluidics can be mainly found silicon-basedmnicroelectronicsbut also
molecular analysissystens, like Gel Permeation @romatography (GPY, High
Performance Liquid Chromatography (HPLEC and Capillary Electrophoresis (CEk
smoothed the way for microfluidic devigesince they also manipulatétle amounts of
fluids. Besides the classical microflidic chip materials, glass and silicqmlymerbased
materials were developed rapidly. Lower costs and faster production of pdipasen

microfluidic chips promiseé disposable lafpn-a-chip systerafor fast diagnostics.

15
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Given thatmicrofluidics dealswith small volumes of fluidsit leads to several advantages.
First of all, only small quantities of samples or reagents are ne€ellad is especially
benefiting if expensive, hazardous or rare liquids are investigateddition,microfluidic
devices an be integratedor example in biological systems. The srsafied microfluidic
devices are portable and can operate parallel or in subsequent processespe-gclap.
Hence high-throughput is possible with short analysis and reaction times. rbokigiion

of microfluidic devices is costfficient, especially for the mostly used
Poly(dimethylsiloxang (PDMS) microfluidic chips. Furthermore, it is possible to test new
chip designs within 24 hours due to ragdbtotyping, which is described ichapter
2.2.1.9 But outstanding and tremendously interesting for research are the physical effects
due to the small size in theicrometerrange, like laminar flow, diffusiofimited mixing
processesfluidic resistance, and surface tensiéhTo understand these properties and

effects, the next section describes the physical fundatsen microfluidics.

Motion of Huids

In this workno gases were investigatadd for the fluid flowno electrokinetic or capillgr
forces wereinduced. Thereforethis section mainly describes the fundamentals of

pressuredriven liquids

First, it hasto be considered the way the fluid is regarded asiteerangef microfluidics.
Transport phenomeria fluids are described with conseation laws applied to continu®
The continuum hypothesis says that the macroscopic properties of the fluid biehévie

a continuous medium amabt like it consiss of single molecules as it is in reality It
obviously depends on the probing volume ordhalyzingmethod. If the probing volume
is at the atomic scale, e.g. A&tomic Force MicroscopeAFM) or Scanning Tunnelling
Microscope (STM) measurements, spatial fluctuations due to the small number of
molecules occur. This is exemplarily shownFigure 8 for density measurements. If the
probing volume increasdbe mesoscopic region is attainedhelhumberof molecules is
large enouglanda plateau is reachgdhere the fluctuations are statistically small. Hence,
the measured quantitiese steady and reproducible. the macroscopicegion external

forces can induce slight variations in the fluid.
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AN . . .
Mmicroscopic mesoscopic MAcroscopic

_—

Measured density

Probing volume

Figure8. Scheme of the density of a fluid depending on the probing vol@degted with permission from
Bruus,H., Theoretical Microfluidics, (2008), Oxford University PreBajchelor, G.K., An introduction to
fluid dynamics, 2¢ ed,(2000)Cambridge University Press afidbeling, P., Introduction to Microfluidics
(2010) Oxford University Presd34:35

Accordingly, the fluid is not considered simigle molecules but dkiid particles, where a

fluid particle has a finite sizenadhe mesoscopic length sca&ven thatthis size is not
exactly defined, fluid mechanics warkvith physical propertie®n aper volumebasis.

Since in microfluidicdevices the length scale is in the order ofptf or more, the fluid
particle sizefor liquidsis comparable smiahand hence, appears continuoiis***with the
continuum hypothesis of fluid particles, physical properties can be described with terms of
fields, meaning their distribign in the threelimensional domair®

2.2.1.1 The NavierStokes Buation

With the coninuum hypothesismentioned abovedescribingthe behavior of fluids in
microfluidic systems, ow the equations for theainsport phenomena are derived.
If one thinks of the motion of fluids in microfluidics, the NevStokes equation is the first

associationlt can bederived fromthe second Newtonian lawghown in equatior{11).
30,36,37

O & ab (1)

"Ois the brce, &y the acceleration and, the mass. As already mentioned, due to the

continuum hypothesis fluid mechanics is based on the fluid particle volume.
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Hence, he second Newtonian law changes and the fluid dynamicsleseribed with the

density” and force densitie¥Q

0
= Q
w

a QD
-0 7=, (12
w Qo

There are two ways to describe the dynamics of fluids, the Eulerian description and the
Lagrangian description. The Eulerian description focusesixed pointsi in space and
observes the fluid flow in time at these points. In the Lagrangian description, one follows
an individual fluid particle as it moves through the system, given its position vector as a
function of time. Since in a fluid, &me is a large amount of particles and not all

information is of interest, the Eulerian description is commonly used.

v(x,t) V(X+AX AL

Figure9. lllustrationof a microfluidic channel with acceleration irdirection.Adapted with permission
from Bruus, H., Theoretical Microfluidics, (2008), Oxford University PressRinitlips, R., Kondev, J.,
Theriot,J.,Physical biology of the celCopyight (2009) Garland Sciendgooks30:38

If we consider now the acceleration irdixection @irection of the flow)in a microfluidic
channelas showrin Figure9, and we know that the velocity depends on space and time, it

results in the momentum equation.

Q) Q . S
™ ” ” N AT | 'S & LA | pl 13
Q Sm 35(1)) wohwohxoh (13
o rol0 ReTO  ©eto @atd y
Q ® hhaQb o thQb C:X thQ‘O O hh ( )
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The changeof x over t is the velocity in xdirectionvy and hence, for y over tyvand z
over { v, respectively.
TO 0 TO TO

™ ”O—‘ ““:I) e ““:1‘) — ““:I) — 1
QG 5y oy G 5 (15)

—a

In the threedimensional domain and with

n Q— Q—, Q 16
Tw T w T a (16)
we result in the acceleration term,
"Q "=, "200 D T— 17
Qo T 0

The acceleration of a body, in this case the defined volume elements, is caused by forces

acting on the surface (pressure and shear stress) and on the whole volume (body forces)

Sofar, we have derived thacceleation term on the righbhandside of the NavieGStokes
equation(17). The individual fores acting on the fluid are des@w in the following

section.

At each infinitesimal small volumelement'Q wthe surroundigs act onto it with the

pressurdorcez n ‘Q,cas shown irrigure10.

Pz+Az

!
7

Px Px+ax
dv
?/' X
V1
¥Y P

Figure10. Schematic description afl pressure forces acting on the volume eleriatAdapted with
permisson from Phillips, R., Kondev, J., Theridt, Physical biology of the celCopyight (2009) Garland

ScienceBooks?38
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We now congiler the overall pressure indirection.
1" NN vy QuQad (19

With the Taylorseries,

. .7 .
y 19
ny n T W (19
equation(18) restts in
1Q T—rbcb'ch’Qc’g( (20)
T ®

If we now expand this into the thremensional domain, we obtain for the pressure force
38,39

17Q N Qw (22)

Another force acting on the fluid is frictipgaused from the viscosity of the fluid. The
relation of friction and viscosity can be imagined with a simple experiment where a fluid is
placed between twparallel platesas shown irFigure11. One plate igixed, andthe other

plate is moving in xdirection with a speed . Therefore,a force tangent to the plate is
required which is proportional to the viscosity of theifl, the spee® , the surface area

of the plate and inversely proportional to the distance between the two flates

Figure1l. Scheme of a liquid betwedwo plates, whereas the lower is fixed and the upper one is moving

with 0 . Adapted with permission from Bruus, H., Theoretical Microfluidics, (2008), Oxford University Press
30
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The shear stressis thusthe force'Oper area, equal the viscosity times the change of

velocityv with Q

. (22)

For the microfluidicexperiment we have to consider the viscous forces acting on the

elemental volume.

O . ... TU 6 Yo
Qu@) ———«—

10 B - T o

Q@A 23

With the Taylorseriesof the second termwve get®

—Q0OQE04¢ (24)

-

If we repeat this for yand zdirection we obtain

1" M 1 QQnQa (25)

Finally, the body force¥dacting on the entire body of the fluidustbe taken into account.
Body forces are for example gravitational fqreentrifugalor electrical force3° In general
only thegravity force™Q is considered. HeréQis the gravitational constarit,the density

andwthe elemental volume.

agQ " QQw (26)

Summing up equationd7?), (21), (25) and(26), it results in

0
nQw "M —-®nNd QQWwAI0Qw” e OO (27

— m —a
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The continuity equation describes the conservation of mass incelassechanics, for
hydrodynamics. Here, the temporal change of a given quantity in a fluid particle volume

can be described with the flux of this quantity through the surface of the volume.

m nd” (28)
0 m

If we assumean incompressible fluicthen the density” is constant and the mass in the

fluid particle volume does not changé?°

- 29)
1o
It follows, 4
nd (30)
This simplifies equatio25) to
10 10Q® (32
This leadgo the NavierStokes equation:
To | ‘ ‘ ‘ .
” 'I'_fJ VRS 1N )] nn "o " Q (32

The lefthand parbf the equation is the acceleration term, whereas the rightlegigibes

the forces acting on the fluitf

In microfluidic experimentsisually low flow velocities are applietHence the nontlinear
term can be neglectedesultant lie linear Stokes equatiof83) or in the time dependent
linear Stokes equatigi34) °
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Tt np -0 "Q (33
"T 0 nr nop Q (39
o TP

Due to he lineaity of the Stokes equation and with several simplifications it is possible to

obtain analytical soluticsffor low flow velodties (Stokes flow)°

2.2.1.2 No-slip Boundary @ndition

The neslip bounday condition is an assumption or restriction for the solution of the
NavierStokes equation and describes the fluid flow at the solid liquid inteffftét says

that the tangential velocity of the fluid is zero close to the channel wall, i.e. there is no
relative motion of the fluid along the solid wéil:*? Two explanations are described for

the neslip boundary condition. On a molecular basis iassumed that the intermolecular
forces between the liquid molecules and the solid ones give a bond. The second
explanation is that the solid surfaces are rough on a microscopic scale. Experiments of
Pearson and Petrie with polymer melts showed thadipads valid for moderate velocities
(shear rates) but that there is slip at high velocifieg question of what happeifigluids

are not wetting the solid surface and how roughness influences the slip are discussed in
many publication! Furthermore, in the recent years many @mpes a slip boundary
conditionis describedThis slippage is described with the effective slip lergtivhich is
already mentioned in the linear boundary condition of Navier in 1823owever, it is
concluded that the mslip boundary condition is a good approximation for pressure driven

microfluidics with channel sizes in tmsicrometerrange 32

In Figure 12 the different flow profiles at different gliconditions are illustrated. The first
shows the Couette flow or shear flow atsiip condition.*® Herg one plate is fixed and
the other is pulled with a certain shearing rate. In the second ,ithageame experimeis
assumed butwith two fixed plates. Tere slip occurs atthe liquidsolid interface,
described with the slip lengih If one assumes a perfect smooth surface of the, shéd

perfect slip flow profile is assumed like in the third image.
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And finally, the pressure driven flow, which is obtained for the microfluidic experiments
of this thesis, is shown in the fourth image. Due to theslipocondition at thefixed

channel walls, a parabolic shaped flow arisefied Poiseuille flow.

No-slip Partial-slip Perfect-slip No-slip

S —
—>
—
9

Couette flow b$ Poiseuille flow

Figure12. Chart of the different flows and slip&dapted with permission frorBruus, H., Theoretical
Microfluidics, (2008), Oxford University Press ahduga, E., Microfluidics: The N&lip Boundary
Condition Copyiight (2007) Springet®*3

2.2.1.3 Pressure Diven Flow

The so calledPoiseulle or HagenPoiseuille flow is a steady state flow induced by a
pressure gradient in the microfluidic chanrielis an analytical solution of &hNavier
Stokes equationThis steady state flow means, the fluid is moving in a constant speed or is
at rest. Hence, the acceleration and velocities derivatives are zero.

T 0

. 3
TOT[ (39

If we assume gravitational force as the only external force, then eq(@®and(34) lead

to the simple equatiof?

nn " Q (36)

For an incompressible fluid like wateand in the negative-direction, the integration of

eg.(36) resultsin

na n° " "Qa 37
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Here, )° is the pressure at levelt T This zdependentpart is defined with the
hydrostatic pressung . Thus, in microfluidics) is the onlycontribution of gravity and

hence, the gravitational body force is cancelled by the gradient of

We nowconsidertwo infinite parallel platesas shown ifFigure13. The distance between
the two parallel plates ithe channel heightQand the systa is translation invariant ix-

andy-direction.Hence, the velocity field can onlydend oru.

h

p(0) =p* +A4p p(l) =p*

Figurel13. Pressure driven flow between two infinite parallel platempted with permission from Bruus,

H., Theoretical Microfluidics, (2008), Oxford University Pré%s

The movement of the fluid between the parallel plates is induced by a pressu&)dnop

x-direction, hencepnly the xcomponent of the velocity field is narera

O i U aQ (39

The pressure dro¥r is constant over the length(Figure13) of the channel,.é.
nm 1n  y (39
and?°

no f (40)

Furthermore, the steady stéég. (35)) and the symmetryeadto

ny U T (41)
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Thus,the NavierStokes equation is thesimplified to

T nm -1 0 a'Q (42

As already mentioned the velocity fields of y and z are zero. Hence, the pressure field only

depends oy 1) | nowad

J0¢ ThHw (43

With the boundary conditian(eq.(39),(40)) for the pressure we get

nt  — 0 ® n (44)

This leadgo the second order partial differential equation

. i
0 a —_— 4
I . ) (45)
We now take into consideration the-slip condition as described 2.1.2
O T T (46)
0 Q m 47
Thus, we obtain gparabola solutionfor the velociy in x-direction.
A (I
L @ —Q aq (48)
¢— 0
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Finally, the flow rate) through a section of width is found as®

Y

. I QO
V] Qw Q%T()Q aa

ped

(49

We considenow acylindrical shaped channdike in a glass capillarywyith the cylindrical

co-ordinates (x, rji) as shown irFigure14.

Figurel14. Cylindrical channel with radius rAdapted with permission from Bruus, H., Theoretical
Microfluidics, (2008), Oxford Univeity Press®

W 1wEi (50)

) (51)
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Again, thesymmetry considerations reduce the velocity field to
O i D1 °Q (52)

leadingto the differential of second order

This inhomogeeous equation can be solved by summatiorhefgeneral homogeneous

solution, as shown in e¢b4).

. 0
v — T
(54)
VI 0 60t
and the particular solution to the inhomogeus equation.
- .,
0 i —l10 5
——" (59
With the boundary conditions
0 O T
(56)
U T T
we get
O ih il © 5
0 i — |
— (57)
for thevelocityfield.
The flow rate is the,
. 0 oiNg i 9 9 o
0 H—,w I ——,
— U= 0 n (58)
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or
. M
) — 59
Y, (59
with Y as the hydraulic resistance.
5
vy ¥ (60)
W

Thus, he resistancé is reciprocal to the fourth power of the radius of the chamieice,

the resistance increases tremendously if the radius decré=8és.

Besides the flow irtylindrical glass capillaries, rectangular shaped channels were used in
this thesis. This rectangular shape occurs due to theditibn method, soft lithography,
which isdescribed irchapter2.2.1.7 We considerectangulacchannels with small aspect
ratio, meaning the channel heigf@ (s about the size of the channel width) (but with

0  Qas shown ifrigurelb.

Figure15. Crosssection of a rectangular shaped channel with height h and widkHapted with
permission from Buus, H., Theoretical Microfluidics, (2008), Oxford University Préss

Therefore, thevelocity field in the rectangular channel is

LT 0 Ai GER

0 ofo o — 2 HE} . (61)
< [Te N pI4 ~ 4 ~ U a”
U—-U _ €U A — Q
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And the resistance R is tng?33

0 3@ — (62)

For further reanhg and the derivations of the last twquations for rectangular channels it
is referred tdruus H.Theoretical micréluidics, Oxford University Press: Oxford, 2008.

2.2.1.4 The Reynolddlumber

The representation of a physical equation by a smaller number of dimensionless parameters
simplifies the equation anfilirthermore provides insight teelevant physical properties.
Therebre, in microfluidics many nedimensional numbers are used to quantify physical
properties.®® The Reynolds numbeY Cderives from the nodimensionalization of the

NavierStokes equationt associates the inertial forcé3to the viscous force®.

YQ O 00 63
5 — (63)
with
O "0 L L (64)
U U o)
0 @ Y
06 (65

Whereas’ is the densityO is thehydraulic diameter depending on the geometryhef
microfluidic channel typically in the scale aficrometersu is the flow velocity and- is
the viscosity.®34° For low Reynolds numberghe viscosity has stronger influence than
inertial forces leading to a laminar flow in the microfluidic chanvghereas, at high
Reynolds numberturbulent flow occursThe critical pointat which the flow is always
laminar, is usuallybelowY @ x 1Ok o m*t
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As already mentioned iohapter2.2.1.1at low flow and hencgeat low Reynolds number
the inertial terms can be neglected. Furthermibrere assume stationary flow— 11,

the Stokes equatiosimplifies to*°

nn  -1& (66)

Hence, the speed of flow is simply proportional to the forces exerted on thé%luid.

2.2.1.5 DiffusionandConvection

Mixing of miscible fluids with pressure driven flowin microfluidic channels can be
described with convectioalong the microfluidic channelnd diffusiontransverse to the

flow. Convection is the momentum transport of the bulk flow by a fitfidiffusion is

mixing due tothermally induced random motiaf particles with a concentration gradient

in a volume It is called Brownian motian®* As described in chapte?.2.1.4 in
microfluidics laminar flow dominates. Hence, due to the absence of turbulence, transverse
mixing of fluid streams, which are in contact to each other, only occurs through diffusion.
3347 Diffusion is describedwith the constanstep randoswalk modé. We assume a
particle performing a number of continuous steps which are unrelated to eaclEater.
step’Qakes the same timeand moves the same distand with the step lengtkx Since

the particle performs a random walk, the moved distance can be negative or positive.

)

Yo a (67)

After the particle has executédsteps attim® 0 1 the positiort is defined by

W Yo (68)

If we now consideb random walks ending @ , withQ plth8 R , each random walk

consists of) random step¥w a
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The mean value ab is then,

©
C=|-o

C
Cl-o

Yo YO 1 (69

Equation(69) equals zero because the probability of steppitgr ais the same. Hence,
this equation does not describe the quantity of diffusion kinematicsefohe, thesquared
value d the particle displacement @lculated For the product term differésummation
"‘@Qare used.
xS o 2 Ve Ve
0 0
(70)

P Vor Yo
U

Now theso calleddiagonal termsQ “Qand the offdiagonal term€ "Qare collected.

@O o Vo Yo Yo o 0a VYo O (7
Since Q@ QYo and Yo are statistically independent. Hence,a & a o
tand a « 0 & dhave the same probability and equatfdh) simplifies

to 30

A

O 0a (72)

From equatior{72) and(69) the diffusion lengthix in the 1D is
da k w0 w0 Mia (73

witho 0 1
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a —0 WNc0O (74

Here, Ois the difusion coefficient, defined by

&
Ok — (79
O'CT

Whereast is the time the particle needs for each single step.

Hence, the average time the particle needs to diffuse over dist@ndescribed with the
following equation®®

0 0 == (76)

This shows the dependence of the time of diffusion to the distance square. Since in
microfluidics the distances are sinahe diffusion time isusuallysmall. Furthermorethe
diffusion timecan be controlled by tuning the diffusion lengthg. dividing into smaller
streams to decrease the diffusion len@ht the diffusion time is also dependent on the
diffusion coefficientO and thus, rany different approaches have been published in the

recent yearstroducing chip designs withassive mixers?-32:3548

The diffusion coeffient for spherical particles in a liquid can be described with the

EinsteinStokes equation. Diffusion in a liquid must be formulated differently, because of

the denser phase of the liquid compared the free environment assumed beafdhe

Brownian moton of sphericalparticles thediffusion coefficient is
QOO

7
T (77)

The friction coefficient describing the friction the fluidppliedon the particle

It is defined as
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(pu ‘l _
a

(78)

with 1 is the radiusof the particles@ is the mas®f the particlesand— is the viscosity of
the fluid3®

Theenergy equipartition theorem,

Pa Vs 0} Py (79
C C

with 'Q is the Boltzman constaritythe absolute temperatuleads to the StokeSinstein

relation3°48

0 —, (80)

As already mentioned, to obtain an equatdescribingthe mixing conditions in a

microfluidic channel we have to consider diffusion and conveckost, we only consider

diffusionin x-direction whichis descr i bed in Fickods first
, R
0 O—. (81)
T

0 isthe diffusive fluxandc) the concentration of the species.

Now we regard the time dependent diffusiprocess in a narrow cuboid of ar@aand

lengthg as shown irfFigure16.

J(x)A J'(x+1)A

Figure16. Scheme of a cuboid with volume V and a flux J(x) occurring due to a concentration gradient in x
direction.Adapted with permission frorBruus, H., Theoretical Microfluidics, (2008), Oxford University
Press ad Phillips, R., Kondev, J., Therial,, Physical biology of the celCopyight (2009) Garland

ScienceBooks30:38
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The numberof particles diffusinginto the cuboid in an infinitesimal time interva) as

0 & Qlherefore, the concentratiosin the cuboid increases with increasing flug 8

Tébo Qa)

— - 82
T O 0aQa ®2
On the other side the particles leave the cuboid with a)fiix &8
@ U800 e (63
TO 0aQoa
The change of concentration per time interval is then,
¥ . , ’ T_(I) ’ T_Sw ' T_(:) T_ ot T_(I)‘ , %
1o o Fo%oe e e ¥ o e
T O a a a T @

which isF i ¢ decosd law.

On the other handavectionis the transport of particles through a flowing liquid. If we
just consider convection and assuaggina narrow cuboid with are@ and lengthy and a
particle flux through this area at the time d due to velocityv as shown irFigure 16,

then

(89

Hence, the overall change of concentration per time inté@vais the simmation of
equation(82) and(83). And with equatior{85) it follows,

g

O ®© o) 0—. (86)

O En
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c
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T

Thus theoverall change of concentratiam the time intervak) an a microfluidic channel

can be described witthhe summation of convection and diffusitn.
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2.2.1.6 Péclet Nimberand Taylor Dspersion

Another dimensionless number describes the relation between convection and diffusion,

the Péclet number.

0] @,
oo~ o, 2° 88
b O 60 (89
o

U is the average flow velocityiis thecharacteristic size of the systend’O the Diffusion
coefficient.It follows, the hgher the Péclet number the more diffusion is influermethe

convective flow In liquids the diffusion coefficier®® is usually on the order @f 1t —°

So, the Péclet number and the question if diffusion or convection dominates is dependent

on the flow velocityd and the characteristic lengbhFor example, with a flow Vecity of

p — and a channel witkk p T {ti, thed ‘Q p 1 and convection is dominarBut If

& ptd andd p TEa T, thend Q p 1t and diffusion dominates®

The Taylor dispersion considerthe convection and diffusion of a solute with
concentrationwi fd in a solution flowing with a velocity field i Fo in a cylindrical
channelwith radius @@ A steadystate Poiseuille flomb 0 i ‘Q is obtained The

convectiondiffusion equatior(87) has thenhe fom,

1 ,OaBpTJ)ﬁﬁA CTFA .
; LR 7 (89

O En
—a

Figuratively, he solute is placed into the channebat 1t and the concentration gradient
changes because of convection due to the applied prdksurand diffusion due to the

Brownian motion of the solute.
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solute —Vs —

Plug flow

Figurel?. Left picture shows a band of solute inserted into a channel. The middle image shows the
increasing parabolic profile, if diffusion is absent. The rigitesne shows plug flow evolving due to

diffusion and convection.

If only convection occurs the band of solute willdreincreasing long paraboljrofile, as
shown in the middle scheme kigure 17. Since diffusion is preserthe concentration of
the parabolic profile is changed. At the front of the parabolic protike higher
concentrationis in the middleof the channel. Hencdhe particlesdiffuse tovardsthe
lower concentratiomt the channel walls. However, in the backloé parabolic profile the
higher concentration is close to the channel walls and thielpatiffuse inthe middle of
the channel. This leads to the so called plug flsown in the right schena Figure17.
30 Eventually, the Taylor dispersion for stationary flow in a channéd aiall transverse
size, takes into account diffusion and convection. This shear flow leadsirioreaseof

the diffusivity of the considered particles. Hence, an effective diffusion coriStants

introduced which can be described with equat{&0).

0 x D60 (90)

Summing up, mixing in microfluidic channeldgscribed with diffusion and convection.
Which one of these twwdominates depends mainly on the flow velocity and the size of the
system. Due to laminar flow, two miscible fluids moving next to each other form a
diffusive interface which broadens as the fluids mix. In many cases this mixirgsietw
andmany papeshave been published with channel desigying to accelerate the mixing

by size reduction or designs introducittgaotic mixing2®
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Device Fabrication

There exist many different technologimsproduce microfluidic devices. In the following

only the most established tewiogies or themethodsusedduring the thesis will be
explained.Lithography is one of the most powerful methods in microfabricadimh can

be differentiated by the used radiation, e.g. photolithdgraplectrorbeam lithography,
X-ray-lithography With different lithographic methogstructures with sizes between 0.2
and 500 um are possible for hard materials, like glass or silicon. For soft materials, that is
polymers like PDMS or PMMAthe scale for structureanges between 0.5 and 500 #n.

Photolithographyis mainly usedn microfabrication, e.gin microelectronic industry for

production of microelectronic chips.

In the photolithographic process the desired micro pattern is transferred on a thin
photoresist film with a printegphotomaskor chrome maskDepending on whether the
resist is a positive or negative resist tiradiated partdecome the positive structure or
negative structute Photolithography is further differentiated between rgximity
lithography andorojection lithography.In Proximity lithography the spatial resolutioris
dependent on the Fresnel diffraction and hence, on the waveleragtth the distanc€

between the mask and the photoresist

i pd_Q 91

In Projection lithgraphy the spatial resolution is dependent on the wavelengtid the

numerical aperturd o 355051

[ (92

But photolithographyhas a few drawbacks. Firgtnly two dimensional structures can be
realized and that only on flat surfac&sAdditionally clearroom conditions are necessary
for each device productiotf photolithography is used to directly producengrofluidic

device and not to use the product as a master for reprodutttenlevices have to be
sealed in a coplicated andtime-consumingway. Furthermore,he used materials are

fragile (glass, silicone) and expensivé
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Therefore, a new method was establishedled soft lithographywhere the used device
material is a polymerand photolithography is only used to fabricate the emasfor
replication. Polymersisedas chip materials have severativantageslike lower casts,

lower fragility and fast prototyping?

2.2.1.7 Soft lithography

The key element of soft lithography is an elastomeric block, mostly poly(dimehtylsiloxane)
(PDMS) containing the desired pattern and is therefore used as staotth,mask or
device itself. PDMS consists of an inargc siloxane backbone and attached organic
methyl groups. The glagsansitiontemperature is very low, which meangstliquid at
room temperature, anBDMS can easily be converted intosalid polymer by cross
linking. 1 n t he 1990 6 sowdvkeispuldishéddseveral papeds using PDMS
as elastomerienold for micrometerpatterned devices, e.g. for microcontact printing and
micromolding in capillaries (MIMIG. >3°* The method described there to prepare PDMS
moldsis still used todayalsofor microfluidic chip preparation consisting of RIS itself
(e.g. as integrated capillary electrophoresis [ICHps).*® First a Master for the PDMS
has to be preparedavhich is usually madéy photolithographydescribed in the earlier
chapter Then, themold, e.g. thesilicon wafer with the photoresist negative structuse
placed in a Petri disiThe elastomeicombined with the curing agent, e.g. SYLGARD 184
from Dow Corning Corporationn a ratio of 10:1is poured over the patterned master. The
elastomer has to be ghkessed for 30 minutewhereupon thelish is stored in the oven at
75°C for 1 to 2 hoursThe hardened elastomer ctienbe peeled off the maste¥ The
different fabrication steps during PDMS chip production is depidtedrigure 18.
Compared to other methods soft lithograjglow-costtechniquewhich is easy to learn

and applyand hence, it iaccessible to a wide range of users.

Advantageous of soft lithography to photolithography is #Hueess to quasi three
dimensional structes. Furthermorgyatterns can be generated monplanar surfaces and

many dfferent materials can be useshich leads talifferent suface chemistry'#
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® PDMs

LK
SU-8 structure 5 Curing and removing of PDMS

. o _— -
@ Si-wafer

A T

Figurel18. Description of thd®DMS chipfabrication stepsAdapted with permission from Xia, Y.,
Whitesides, G., M., SOFT LITHOGRAPHCopyight (1998), Annual Reviews

The success of PDMS as chip material, especially inligofigraphy is due to several
advantages. It is a soft elastorm@th low surface energyHence, PDMS can hesed for
pumpsor membranes and easily removed from the substrate (e.g. silicon wafemald.
However, it is sufficiently rigid that the replica maintains its structure. It is durable, which
means it can be used sevdmales. Furthermore, PDMS Ig/dropholic and does not swell
due to humidity. lis permeable to gaand has good thermal stabiliyp to~186 °C.The
isotropic and homogeneol®DMS is optically transparent (~300 nm) and the interfacial
properties of PDMSan be changed readily by modifying the prepolymers or bynbiesatt

with oxygenplasmal* Plasma treatment is used to change the surface properties of PDMS
from hydrophobic to hydrophilic®® But the hydrophilic character changes back to
hydrophobic in 45 minutes. If the channels are dillgith a liquid like water, it stays
hydrophilic for at least 80 minute¥:°® The structured side of a Méhip has tde bonded

to close the channemlmoldedin the PDMS. Thereforegplasma isalsoused to bnd two
microfluidic chiphalves or chip half and glass slisgether Thus, a surface oxidation via
plasma of the PDMS surface is necessareréby at the surfacefahe PDMS, methyl
groups are oxidized and a layer with silagabups (SiOH) arises. Bringing two plasma
treated parts, like PDMBDMS, PDMSglass or PDMSsilicon, together seals them
irreversibly, by forming covalent (SD-Si) bonds through condensatidh®?

However, PDMS has also several drawbadRBMS is not resistant to most organic
solventsand swellsf it gets in contact. It shrinks by 1% upon curing, which changes the
original designed sizes. Furthermptige softness of PDMS limits the aspect ratdich
means the ratio of the width to the heighhis and further problems, which have to be

consideed during the device design, is described in detail in chaptér
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Besides, soft lithography onolding two more methods are popular for the fabrication of
polymer based micrpatterns, casting or hot embossing and microinjection.
Microinjection is the injection o& hot, liquid polymer into anold, cooling it down and

removing the negative of th@old shape. Microinjection was not used during the thesis

and thus, is not explained any further. All of these three methods are replicathods.
35

2.2.1.8 Hot Embossing

Another used method for microfluidic device fabrication is hot embossligs
micromolding technique usesdrmoplastic polymers to imprint structures at elevated
temperaturedJsed polymers are e.g. PMMA, PEl, PE PVC, PEEK which are heated
above their glass transition temperati¥eand then are pressed intonald with a pressure
of tens of barsHence a mold with the desired microstructure is neegethich are usually
fabricated via etching, LIGA(Lithografie, Galvanoformung, Abformungpr CNC
(Computerized Numerical Contrefachining The molds have to withstand the applied
pressure and the high temperatures and are usually made of metal or s$ilaton.
embossig has agood accuracyn the order of tens afananeters Further advantages are
the low costs,the easy productioandthe possibility to obtairhigh aspect ratios under
certain conditionslt can be tuned to a high throughput procdésg compared to the hot

injection method, the fabrication time taketatively long.3%51:57:58

2.2.1.9 Rapid Rototyping

Fast prototyping is a feature of soft lithography. It descrthesdesign, production and
testing of a new device within 24 houes depicted ifrigure19. Whitesides et al. reported

the fast prototyping process in 1996, whereas a new PDMS stamp design was printed on a
transparent polymer itih a commercially available lasessisted image setting system.
Thesepatternegolymer filmswere then used as mask for 1:1 projection photolithography.
The whole procedure from designing the structured device until receiving the final product
was realted in about 7 hours. The PDMS stamps were produced with the already known
methods like microcontact printing, micromolding in capillaries and microtransfer

molding.5°'53'54'59
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By stacking different masks on top of each other in a certain way, new patterns have been
generatepwhich were not realizable with only ongask. The smallest feasible feature was

about 20um limited by the resolution of the image setting syst®m.

high
resolution photo- soft-
@ CAD printing lithography lithography
Device design photo mask Si/Su8-master MF-chip
R e — T ——————

24 hours

Figurel9. lllustration of the rapid prototyping proceseginning with the idea of the device design on the

left to the completed microfluidic chip on the rightdapted with permission from Xia, Y., Whitesides, G.,

M., SOFT LITHOGRAPHY. Copyight (1998), Annual Reviewand Qin, D., Xia, Y., Whitesides, G., M.

Rapid prototyping of compl ex st rCopight({1996), John Wiley f eat ur
and Sonsind Duffy, D., C., McDonald, J.,C., Schueller, O., J., A., Rapid Prototyping of Microfluidic

Systems in Poly(dimethylsiloxane}ppyight (1998), American Chemical Societ}f®52

Besides the benefit to receive a mgwesigned device in 24 hours, rapid prototyping has
several more advantages. Theed masks are printed transparencies. They are produced
within hours and are much less expensive than chrome masks, commonly used in
photolithography. Compared to etching in silicon the variety of pattisrnsuch larger
using a photoresist.viéntually, @ery orientation and form can be realized in the limits of

the resolution®°°2
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2.3 Small Angle X-ray Scattering

Small angle X-ray scattering(SAXS) is a weél-known method for analyzing the structure

of colloids and soft matte?® X-rays ae electromagnetic waves with wavelength of 0.01

to 10 nm, which is much smaller than the wavelengthvidible light. 8% In X-ray
diffraction (XRD), whee e.g. inorganic crystals are analyzed, the observed lattice spacing
is of the same order of magnitude as the employed wavelength and thdgfréotion

angle is large.To observe larger structures, such as polymers or other mesoscale
materials, smér angles are needed. This is due tioe inverse relation of the lattice
distancel and the diffraction angle, described by Braggs law (E(R6)(49)), which is

derived in the next sectiofi-62

Physical kindamentals oBmall Angle X-ray Scattering

WhenX-rayspassa samplethe photons interact with the electrons of the sample atoms. A
part of theX-raysis absorbed, a part is passing through the sample and aviiaoe
scattered. The absorptiai X-rays expels electrons, leaving undesired holes in the atom
shells. Hence, these holes must be refilled either by emitting another electron (Auger
effect) or by rearranging the eteans. This rearrangements Igadadiation of light with a
different wavelength thatme incident Xrays.%2

Scattering is distinguished by Compton scattering and Thomson scattering. The incoherent
Compton scattering occurs when a photon hits an electron and is bounced away, Though
the photon loses a part of its energy todleetron and radiates with a different wavelength
and with no phase relationship with the incident radiatiorusTh does not comprise
structural information and is obtained as background scatténumthermore, for scattering

at small angles, Comptorattering is small and can be neglec@More interesting for

the structural analysis is the Thomson scattering. ,Hieeephoton Hs a strongly bonded
electron. No energy is transferred to the electron, but it starts to oscillate with the same
frequency as the incoming-rays. Given thatalso adjacent strongly bonded electrons are

hit by photons, they all oscillate synchronous wite same frequency and hence, radiate
coherentsphericalwaves. These coherent waves can interfere with each other and show
interference patterns with the structural information of the sar§phee the scattering is

elastic and the waves are coherenty i@ summed up.
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Therefore, their amplitude can only differ by the phase. This means the waves can be
constructive, destructive or in between, depending on the relative position of the electrons.
2 The fundamental equation for interference patiarmcrystallography is described by
Braggs law. Itdepictsdiffraction as a function of the distanges between two atoms and

the scattering angle, as shown irfrigure20.

Figure20. Scheme oK-ray diffraction at two atoms positioned at distancAdapted with permission from
Stribeck, N., Xray scattering of soft matteGopyight (2007), SpringerGlatter, O., Kratky, O., Small angle
x-ray scattering, Copyright (198E)sevier andGuinierA., X-ray diffraction Dover, Copyright (19635% 62

If we consider the scattering @to atoms, wecan see frontigure 20, that the path the
light takes for the upper atom is different to the path for the lower atom. This path

difference is highlighted in red. Hencenple geometry for right triangle shows that,

1 i DEF (93
and the path difference ou (red Iline) 1is
w] ¢ ¢ DEF (94)

If the scattered or dificted waves are constructitke path differenced] is the multiple

integer¢ of the wavelength.
Y o&Q (95)
Hence, Braggs law &
€D ci DOEF (96)

*This article was published in Small angleay scattering, Glatter, O., Kratky, O., Chapter 2, p. 19,
Copyright Elsevier (1982).
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In contrast to crystallography, small angle X-ray scattering differentonsiderationsiave
to bemade than the analyzation of diffraction patterns by lattice distanB&&igure 21
shows a simplified schematic graphic af X-ray scattering experiment at two atoms

ando.

Figure21. Scattering by two atoms A and B at distancAdaped with permission frorlatter, O., Kratky,
0., Small angle xay scattering, Copyright (1982) Elsevier* a@dinier A.X-ray diffractiont Dover,
Copyright (1963) 60€2

Hence,0 and6 are two scattering points, which are positioned at a certain distance shown
with the vectori . The path length of the incideKtrays is longer for atorB than for atom

A. Hence, the path difference is
YO8 60Q 97

c andd are the projections @& on the rays passing. S is the unit vector for the aident

rays andSis the scattered rays unit vector. It shows,
w6 YO 6 (99)

0Q 7Yoo (99)

*This article was published in Small angleray scattering, Glatter, O., Kratky, O., Chapter 2,19,
Copyright Elsevier (1982).
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With i as the distanceetweernd @ the path difference is

Y 006y Y i Y Y (100

i is defined as the difference between the incidémays and the scattereches and is

always perpendicular to the angle bisectoivahd™y.52

i Yy (10D

The wave vectors are defined as

Q —Yynma 'Y (102

Q Q Q — (103

The phase difference is the wave numbek times the path differenc¥d . & Therefore,
from equation(100 and(103) it follows,

“y Y Y i
° ﬂ cu ‘l - cu ‘l :)_ (104)
The scattering vectaf is introduced?
LS (109
q
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Scattering vector is defined as the difference of the scattered wave vé@tand the

incidert wave vectorQ.

B Q0 (10

Consideringrigure21, smple geometry shows,

Ao
— OE 10
= d (107)

Hencewith equation(107) and(103) i has the magnitude

| A
n n —OE+ (108

The scattering vector is useful since a diffraction peak of a measured spppks at a
certainnj ivalue independent dhe wavelength, whereas its scattering angle will change

with _. 8

The phase shift is then,

T“
e g —id o — (109

This equation shows like the Bragg equat{®f) the reciprocal relation between thees

or particle distancé and the scattering angle. Hence, at small angles, large structures

are observed and vice versa. Furthermore, in diffraction experiments the used wavelength
is usually at the size of the observable structures. But colleygi¢ms are muclarger

than the wavelength of-Xays and are observed due to this relafitn.

So far, we have introducedth a simplified approach, the inverse relatmparticle size
and the scattering angle as well as the scattering vectprNow, we have to consider the

calculation of the scattering curve.
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In the listed equations the electron scattering intensity and amplitude is taken to be of
magnitude 1.As already mentionedhe scattered waveseacoherent and hence, the

amplitudes are addeff.

The amplitude of secondawavesis usuallypresented with the complex form
0n wnQ wnQ (110

wis the fAscattering lengthodo, which is a

betveen the incident wave and the scattered p®int
O 00 (112)
with @ as the scattering length of electrons éras number of electrons in the atom.

For electrons the scattering length is the Thomson radius or electron radius.

o P T A (112
.l.u d_ (1'0') C@Qp

wis the speed of lightt the mass of the electron andis the permittivity of free space.
Hence, for small angl¥-ray scattering particles are described only by the local density of

electrons 366

Now the amplitude is not accessible by summing Upemiondary waves, because there are
too many electrons and it is not possible to localize a single electron. Therefore, the
electron density must be introduced, which is the number of electrons per unit volume
} i0dV.

The summationn equation(110) can then be replaced by integration over the whole

illuminated volume at position.
0n Qw0 i Q (113

The amplitudeo of diffraction at a certain directiom is thus obtained by Fourier

transfomation of the electron density
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In a scattering experiment not the amplitude is measurably but the intensity. The intensity
is obtained by the square modulus of the amplitude or with the conjugate complex A*.
Hence, an inversioof the Fourier transform to obtain the electron density is not possible,
because the phase information is lost. This is known as the phase problem. However, the
intensity 1)) is derived with the Fourier transform of equat{@d3) considering only the

relative distancei 1 for every pair of points>°

™y D s 060 QW1 71 Q (114

This double integration is calculated in two separated steps. In the first step the
convolution square or autmrrelation is used to summarize all pairs of equal relative

distance®

”

1k Qw1 " (115

with

| I WELET OMEO (116)

Here we introduce the fictitious space C, wherery electron pair with a relative distance
i can be described by a point. The density of the points is givén by, also cdled the
electron density distribution. Every pair is counted twick i , thus the distribution in

the C space must have a center of symmetry.

The second step is to integrate over all relative distances includinpdke factoiQ

This is the integration over thespace, which is the Fourier transform agéin.

™ Qb 1 Q (117

49



Fundamentals

Thus the intensity distribution in the reciprocal spacerois only determined by the
structure of the object, expressed witle autocorrelation function” 1 . In turn” i
can be derived frof® with the inverse Fourier trarmin

o cﬂ QAQ QO Q (119

For small angle scattering of colloidal systems several assumptions can be made to
simplify the mentioned equations. Firgihe investigted system is statistically isotropic

and secondhere is ndong-rangeorder of the particles. The isotropic system leads to the
simplification that the distributio 1 in the Gspace isonly dependent on the

magnitudeof the distance.

Hence, the phase facttr  can be replaced by the averdg@taken over all directioris
derived by Debyge?®
.. OHli

Q O T (119

Due to the missindgong-rangeorder, respective electron densities at a large distance are
independent and are replaced by the mean vVdluiaerefore the density can be expressed

with the mean density and the density fluctuatighs

DA ¢ (120

Themean value does not contain any information, which medhsconstant values along
the whole volume, the volume acts like a blank object. Hemoethe eletron density
distribution gives the information about the structure but the electron density fluctuations.

Thus the contrast can also be negatiéth equation(117) it results in

o Qi Q (121)
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From equatiorf115) and(120) it follows
Yy’ R I Ww'r wri (122

with &’ [ as a constant value for the auigelation at large distancésandl i as the

correlation functiorf®

The MrrelationFunction

The already mentionedorrelationfunction/ i was introduced by Debye and Bueche in
1949 describing the average of two fluctuations at a certain disté¥hdde electron
density of particles has to be different to the electron density of the surrounding medium to
detect scattering. This difference in electdamsity leads tfluctuations 568

We consider a system with two points situated at a disianéth their respective electron

density fluctuationy” undY” .Then the correlation functigni is defined with

ri & 1Yy i O (123

The average depends bnso ifi 11
riom YO (124
and ifi is very largey” y” vary independently and therefdi®,

it HBom (125

Since our assumptions preditiere is noong-rangeorder, the final valuert is reached

within a finite rangeln addition with equaion (117) and(119), it follows

™M W ™1 Qi | —— (126
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By inverse Fourier transform the correlation function can be derived.

n P OH
— oQ — 12
QW i L roon il (127
If B mandi T then | p and the Debye factor— is 1, which leadsto the
equation
Oon o T BQID | (128

This meas if ] T, then all secondary wavesre inphaseso it might be expectethat
‘On is equal to the square of total number of electrons irradiated valuridis isnot
observablebecaus€Or} cannot be measured the full regimert 1 Ho. %953t can be
considered that every electron of the volummacts in coherence only with a surrounding

region, as defined by i .
It also follows
Gof T cio REQI00Y  d” O 129

Equation(129 shows that theéntegral ofintensity isdirectly related to the mean square
fluctuation of electron density. However, iinglependent of the structure.

The integral in equatiofl29 isc al | e d i, becaase alsé partd of the system

are deformed or shétl, the value has to stay the saffté?

0 A roon (130

To summarize, the following sketch illustrates the relations between the mentioned
parameters and operationscatt®irsngalled the
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N FT. -
1(q) =—=7v()
inv. FT.
| |2 N

R FT. N
A(q)=—= Ap(7)
inv. ET.

Figure222 The A maghk & osg unsg of the differénbparanmetersdaped with permission from
Stribeck, N., Xray scattering of soft matteCopyight (2007), Springe©*

The scattering amplitudé ; andthe electron density fluctuatiod are connected by

the Fourier transformatn. The scattering intensityofy is the Fourier transformof the
autocorrelation functionf i averagd over all directions in spacélhe correlation
function is the square of the density fluctuations and the intensity is the mean square of the

amplitude.®3

Form Factor

Due to the phase problem, meaning the loss of the phase information, it is impossible to
obtain the electrodensity in real space from the measured scattering pattern. Hence, it is
necessary to use models with calculated intensities and compare them with the measured

intensity.5°

First, we assume diluted system where the particles are distant and thus, uncorrelated.
Therefore, onlyone particle can be considered. ™oattered intensity of all illuminated
particles is summed up. For an inhomogeneous particle ofri@ain orientation the

normalized amplitude is,

wn "TQ qQ (131)

It follows,
O N ®OAd R w 0N (132

wheread) 1] is the form factor.

53



Fundamentals

From equatior{114) it follows,

171 Q QA qQ (133

If the systemcontainsO identical particles in a volume, the intensity per unit volume

onis

o~ p 9 e 13
(@I Se@ un (139

The form factor can also be calculated via the correlation funbiyorakingthe Fourier
transform of it®3 Thisis not described hewad for furtherinformation itis referredto 2.

A concree example for the calculation of the form factor is fdromnogeneous spherical
particle. Since the system is homogeneotie electron density fluctuatiorsse angular

independent.

™ Y' oL R (135

With conversion to spherical potao-ordinates,

] °  OEI'Y §YOHRY (136
n Y0 H) n q

the equation leads to

o (0) PR ~
0 V& g OFIY A YR Y (137

Where R is the sphere’s radiasd the form factor is the square of Bessel function of
theorder - Q; 1 Y. With zeros at} 'Y 18 && @B, the size of the sphere from the

scattering function can be estimatéd.
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Structure k&ctor

So far, we assumed a dilute and isotropic systdmt if the concentration increases
interparticular relations have to be taken into count. We consider the simple dase of
identicalsphericalparticles which are correlated in spacehe system then can be seen as
one large composite particle, with thiagle spheres as subparticles.

™) 00 R YR (139

0"Q) 1 is the scattering ofy single spheres an®fry is called the structure factor

describing the effect of positional correlations of the partitid¢sllows,

Ny 0 ., . L OEfT,
YN p Z)T wl p1lo Al Qi

(139

with @i as the pair correlation function

The multiplication of the form factab  with the structure factolYry leads to changes
of the sattering curve, mainly at low -galues %53 A more precise description of the

employed calculations for the structure and form factor is given in the next chapter.

Analyzation of Measured Scatteringti&rns

For particles with norspheical shapes the calculation tife intensityis carried outwith
numerical method<® During the thesis the software&ter was used toalculate fitsto
the corresponding measurethal angle X-ray sattering patterns. This software uses
closed analytical expressiontsased on decoupling approximatidar the numerical

calculationsof 1D, 2D and 3D structures and structural imperfecti@ns.

It is assimed awo-phasesystemwith scattering lengtid and® and the volume fractions

% and%e p %o. For monodisperse particles located at the exact lattice points it holds,
™ o ®© " 861°YR (140

with ” — as the number density of the particlésy) as the scattering amplitude and

“Yr) as thestructure orlattice factor, which describes the spatial distribution of the
particles. If the particles are not loedtat the exact lattice pointhie probability of these

displacements can bestribed by a Gaussian function.
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It follows "©
™M ® © " 0 n p On 0 n"0nR YN (141

"On is the DebyeWaller factor, describing the lattice distortion by thermal moven$ént.
‘0n "Yn specifies the decay of intensity of the Bragg peaks due to displacement.

p "OnR describes théollowing increase of the diffuse scatteriri.

It is now exemplarily shown the calculation for cylinders with lengtnd crosssectional

radius’Y. From equatior§141) it follows,
™ © o " ® nivd 6; ® Afivid ;"0 YR p (142
with 00 as the average over the length and radius distributions. If the particles are
monodisperse, then
® v O ® nivid Of 66 ARYRD (143
which results again in equati¢h41l).

For anisometric particles like cylindetbe spatial orientation has to be taken into account.

Therefore, vector® 0d& and’Y ‘Yo are introduced, witlix andd as the unit vectors
in direction of the cylinder axis and normal to it. These unit vectors and the all used

parameters for the different shapes are illustratédgare23.

Figure23. Scheme of the different structui@sdtheir characteristic parametetsed inScattersoftware.
Adapted with permission from ForsteS. Fischer, S., Zielske, KSchellbach(C., Sztucki, M, Lindner, P.,
Perlich, J., Calculation of scatteripgtterns of ordered nanand mesoscale materia3opyiight (2011),

Elsevier™
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