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Macromolecular Interphases and
Interfaces in Composite Materials

This thesis explores macromolecular interphases 
and interfaces in synthetic fiber-reinforced com-
posite materials and supracolloidal core/shell ob-
jects. Every composite material exhibits system-
specific boundaries, either distinct (interface) or 
diffuse (interphase), which are responsible for 
properties like elasticity, stability, compatibility, 
or in general for the functionality of the material.  

Inspired by interphase designs of biological ma-
terials (e.g., wood, tooth) I focused my research 
efforts on the targeted modification of interfaces 
by macromolecules and the development of ra-
tional design criteria for composite interphases.

Christian Kuttner
Dr. rer. nat., Dipl.-Chem.
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Summary

This thesis explores macromolecular interphases and interfaces in synthetic �ber-
reinforced composite materials and supracolloidal core/shell objects. Every composite
exhibits system-speci�c boundaries, either distinct (interface) or di�use (interphase),
which are responsible for properties like elasticity, stability, compatibility, or in gen-
eral for the functionality of the material. The central point of my research was the
development of structure-property relationships based on the physicochemical char-
acterization and understanding of interphases and interfaces.

Polymeric Interphases by Thiol-Ene Photochemistry
Inspired by interphase designs of biological materials, I focused my main research
e�orts on the targetedmodi�cation of interfaceswith surface-tethered polymer chains
in order to create functional materials and to control their interfacial adhesion and
chemical compatibility.
Within the framework of a Bionic Initiative by the German Federal Ministry Edu-

cation and Research (BMBF), the attempt was made to transfer the biological concept
of macromolecular interphases for interface reinforcement to synthetic glass �ber-
reinforced composites. My contribution to this interdisciplinary project was the in-
vestigation of structural and mechanical properties of �ber-grafted polymeric layers
on the nanoscale — rather than the macroscopic properties of composite materials
formed from these �bers.
In collaboration with Dr. Helmut Schlaad, I was able to develop a two-step path-

way to chemically modify �berglass by a photochemical process. This grafting-from
polymerization approach allowed for the controlled growth of polystyrene (PS) and
poly(methyl methacrylate) (PMMA) brush-�lm coatings at the glass �ber surface. Ho-
mopolymer-coated�bers were embedded in an epoxy resin matrix of diglycidyl ethers
of bisphenol-A (DGEBA), cured, and sectioned by an ultramicrotome. In this way, I
was able to perform atomic force microscopy (AFM) experiments directly at the �ber-
matrix interface. AFM force spectroscopy was used to map the mechanical properties
(sti�ness and elastic modulus) across the interfacial region with nanoscale spatial res-
olution. From the mapping data, the sti�ness distribution and the elastic moduli were
evaluated. The polymer coating was identi�ed to be swollen with matrix material and
that it may serves as soft mechanical junction surrounding the sti� �ber.
The intermixing of coating andmatrix is a prerequisite for a true interphase and the

intended interfacial reinforcement. Since PS exhibits fair compatibility to DGEBA, it
could be expected that optimization of the polymer-matrix interaction would improve
the interfacial adhesion. Therefore, I developed a complementary �ber-coating based
on grafting-onto attachment of preformed polybutadiene (PB)-based diblock copoly-
mers to the �berglass surface. Series of PB-b-PS diblock copolymers with di�erent
block ratios were synthesized by anionic polymerization in cooperation with Dr. An-
dreas Hanisch and Dr. Holger Schmalz. The combination of both grafting techniques
allowed for the preparation of coatings of a broad range of di�erent chain densities
and lengths.
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The interfacial adhesion was evaluated in cooperation with Dr. Michaela Eder and
Prof. Dr. Ingo Burgert by single-�ber pull-out experiments. The force required to de-
bond a microdroplet of cured resin from the polymer-modi�ed �ber surface is related
to the interfacial shear strength (IFSS) of the composite interface and a measure of the
interfacial adhesion. We tested di�erent interphase designs and correlated the nanos-
tructure of the polymeric coatings to the interfacial stability of the model composites.
As we demonstrated in our study, this lead to the counterintuitive �nding, that an

increase in coating thickness (i. e., chain length and surface chain density) does not
necessarily result in better interfacial stabilization. In fact, we were able to show that
an adequate spacing of the polymer chains (i. e., low surface chain density) is the cru-
cial prerequisite for the formation of an interphase by polymer-matrix intermixing,
and therefore for interface reinforcement (higher IFSS). For this reason, a covalent
�ber-matrix bonding is not mandatory for high interfacial adhesion but can also be re-
alized by non-covalent interactions i. e., the physical entanglement of surface-tethered
chains inside the matrix network. As a result, we demonstrated on a single-�ber level
that macromolecular interphases can provide improved interfacial adhesion in com-
posites.
Following this, the photochemical coatings were further developed to prepare col-

loidal core/shell particles as �ller material. On the basis of our �ndings, rationally
designed coatings with a well-de�ned nanostructure can be prepared in order to uti-
lize macromolecular interphases to improve material properties related to adhesion,
friction, and fracture.

Carbon Nanotubes as Nanofiller for Composites
The second part of this thesis involves two di�erent projects in which I contributed
to the modi�cation of carbon nanotubes (CNTs) for application as nano�ller in com-
posite materials. The main goal was to control the nano�ller-matrix compatibility to
prevent aggregation and therewith improve the nano�ller dispersion in composites.
This was accomplished by targeted modi�cations of the CNT surface in two di�erent
approaches: covalent attachment ofmatrix-identical low-molecular-weightmolecules
and physisorption of supracolloidal Janus micelles with functional hemispheres.
We demonstrated that both the chemical and the physical approach improve the

CNT compatibility to a given matrix. Nevertheless, the non-covalent modi�cation is
preferable since the intrinsic mechanical and electrical properties of CNTs are fully
preserved. In order to achieve stable dispersions, the interactions at the CNT-matrix
interface need to be controlled.
For the chemical modi�cation, the CNT surface was functionalized by low-molec-

ular-weight molecules of DGEBA to allow for ideal chemical compatibility to the
resinous matrix of DGEBA. In cooperation with Dipl.-Ing. Rico Zeiler and Prof. Dr.
Volker Altstädt, these CNTs were applied to study �ltering and obstruction phenom-
ena of CNTs by a �berglass-reinforcement (fabric) during vacuum-assisted resin trans-
fer molding of test laminates. Within this project, I developed a methodology to eval-
uate the CNT content in cured (�ber-reinforced) composites by Raman spectroscopy.
We applied this technique to evaluate the withholding of CNTs by a �berglass fabric
along the �ow path of the matrix resin. Our methodology can be used to quantify the
CNT dispersion and to visualize concentration gradients inside thematerial. The char-
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acterization of the dispersion state is important for quality control and optimization
of process conditions.
For the physical modi�cation, a discontinuous macromolecular interphase was in-

troduced by adsorption of supracolloidal Janus micelles (JMs) based on ABC triblock
terpolymers to the CNT surface. This project was done in cooperation with Dr. André
Gröschel and Prof. Dr. Axel H. E. Müller.
JMs are core/shell particles,which display a broken symmetry not found in common

micelles. This makes the adsorption mechanism much more intuitive as for common
diblock copolymer micelles that have a uniform shell. In particular, we demonstrated
that the hemispheres of the micelle corona can be tailored to su�ce speci�c tasks: The
polystyrene hemisphere exhibits a high adsorption a�nity to the sp�-hybridized car-
bon lattice and therefore serves as an anchoring moiety. The other hemisphere, which
remains free after attachment, may be used to introduce speci�c functionalities or to
improve the CNT-matrix compatibility. By Raman spectroscopy, I was able to verify
that the physical modi�cation does not interfere with the structural integrity of the
CNTs. Furthermore, the JMs can be seen as model surfactant systems allowing the di-
rect visualization of adsorption patterns, which is extremely di�cult on the molecular
level (surfactants).
One essential result of our study was the �nding that more adsorption (i. e., the den-

sity of the polymeric interphase around the CNTs) does not necessarily cause better
interfacial stabilization, which is again counterintuitive. In fact, we found that it is
a question of how much stabilization one particle is able to bring into this supracol-
loidal marriage between JMs and CNTs. The same design criteria may play important
roles in the application of core/shell particles in composites as well as in synthesis of
future dispersants if this relationship of interfacial stabilization per adsorption entity
is taken into account.

The Shell Interphase of Supracolloidal Core/Shell Objects
The third part of this thesis deals with the characterization of the shell of supracol-
loidal core/shell objects (microcapsules or -bubbles) as an extended interphase be-
tween a hydrophobic core and a hydrophilic matrix phase. We demonstrate that this
interphase is responsible for the mechanical stability of these structures.
In the course of the di�erent core/shell projects, I developed a modi�ed model for

the correction of random slicing (RSC) based on a mathematical approach. RSC is es-
sential to evaluate the true geometric parameters from cross-sectional images e. g., by
transmission electron microscopy. This is important, since the geometrical parame-
ters are a basis for capsule mechanics.
In a joint project with Firmenich SA, we studied polyurea and aminoplast microcap-

sules with a liquid core of di�erent hydrophobic fragrances. The investigated capsules
are widely used and relevant in the �eld of microencapsulation of agents. With our
work, we provide a thorough quantitative characterization of the capsules’ geome-
try and their mechanical properties, as well as a successful correlation of the process
parameters with the capsules’ mechanics.
In cooperation with Dr. Melanie Pöhlmann (née Pretzl), we investigated the in�u-

ence of the core liquid on the shell morphology and elasticity on the shell of polyurea
microcapsules. For this purpose, I determined the mechanical properties from the elas-
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tic response of the shell for small deformations performed by AFM force spectroscopy
using the colloidal probe technique. The advantage of small deformations on the or-
der of the shell thickness is an elastic compression of the capsule, where plastic e�ects
and contribution from the core material can be neglected. As a result, I was able to
show that microcapsules of consistent size, shell thickness, and mechanical properties
can be synthesized independently from the molecular structure and hydrophobicity
of the core liquid.
In addition,we investigated for the �rst time the small deformation regime of amino-

plast core/shell microcapsules. The results from geometrical and micromechanical
characterization were explained in the framework of a simple analytical model based
on the concentration of amino resin per total surface area. Thus, we were able to es-
tablish a link between the process conditions and the capsules’ deformation behavior.
These �ndings can be used to tailor the mechanical stability, adhesion, and release
properties of aminoplast core/shell particles. In cooperation with Dr. Phillip Erni and
Dr. Lahoussine Ouali, we developed strategies for a rational design of the mechanical
properties of aminoplast microcapsules.
In further work within the framework of the project �Micron: Three-Modality Con-

trast Imaging using Multi-Functionalized Microballoons by the European Community,
we investigated the modi�cation of the shell interphase by superparamagentic iron
oxide nanoparticles (SPIONs). In cooperation with Prof. Dr. Gaio Paradossi, plain air-
�lled microbubbles (MBs) of poly(vinyl alcohol) were functionalized by two comple-
mentary integration methods, physical embedding into the shell and chemical attach-
ment onto the shell. The studied polymer-shelled magnetic MBs have great poten-
tial as hybrid contrast agents for ultrasound (US) and magnetic resonance imaging
(MRI). The di�erent magnetic MBs were compared in regard to morphological and
mechanical properties as well as structural changes within the shell interphase. We
explained the changes of the elastic properties by the structural changes caused by the
di�erent physicochemical treatments. Besides quasi-static AFM deformation experi-
ments at low frequency (�Hz), we performed US acoustic tests at higher frequencies
(�-��MHz) in cooperation with Dr. Dimitry Grishenkov. By the combination of low-
and high-frequency mechanics, we were able to bridge the gap between MB synthesis
and US performance.
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Zusammenfassung

Diese Dissertation erforscht makromolekulare Grenzschichten und Grenz�ächen in
synthetischen faserverstärkten Kompositmaterialien und suprakolloidalen Kern/Scha-
le Objekten. Jedes Komposit weist systemspezi�sche Materialgrenzen auf, welche ent-
weder als klare Grenzen (Grenz�äche) oder als di�use Grenzen (Grenzschicht bzw.
engl. Interphase) vorliegen. Diese inneren Materialgrenzen sind verantwortlich für
Eigenschaften wie Elastizität, Stabilität, Kompatibilität oder ganz allgemein für die
Funktionalität des vorliegenden Materials. Den Schwerpunkt meiner Forschung habe
ich auf die Entwicklung von Struktur-Eigenschafts-Beziehungen ausgehend von der
physikochemischen Charakterisierung von Grenzschichten und -�ächen gelegt.

Polymere Grenzschichten durch Thiol-En Photochemie
Inspiriert von dem auf Grenzschichten basierenden Aufbau von biologischen Mate-
rialien, konzentrierte ich meine Hauptuntersuchungen auf die gezielte Modi�zierung
von Grenz�ächen mit ober�ächengebundenen Polymerketten. Ziel war es, funktio-
nelle Materialien herzustellen und die resultierende Grenz�ächenhaftung (Adhäsion)
und chemische Kompatibilität zu kontrollieren.
Im Rahmen einer Bionik Initiative des Bundesministeriums für Bildung und For-

schungwurde versucht, das biologische Konzept vonmakromolekularen Grenzschich-
ten zur Grenz�ächenverstärkung auf synthetische glasfaserverstärkte Komposite zu
übertragen. Mein Beitrag in diesem interdisziplinären Forschungsvorhaben war die
Untersuchung struktureller und mechanischer Eigenschaften von fasergebundenen
Polymerschichten auf der Nanoskala — und nicht die Untersuchung makroskopischer
Eigenschaften von Kompositmaterialien auf Basis dieser Fasern.
In Zusammenarbeit mit Dr. Helmut Schlaad gelang es mir, eine zweistu�ge Metho-

de zu entwickeln um Glasfasern photochemisch zu modi�zieren. Über Grafting-From
Polymerisation war es möglich, kontrolliert bürstenartige Beschichtungen aus Poly-
styrol (PS) und Polymethylmethacrylat (PMMA) aufwachsen zu lassen. Mit Homo-
polymer beschichtete Glasfasern wurden in ein Epoxidharz aus Bisphenol-A-diglyci-
dylether (DGEBA) eingebettet, die Harzmatrix ausgehärtet und anschließend mit ei-
nem Ultramikrotom aufgeschnitten. Auf diese Weise konnte ich rasterkraftmikrosko-
pische (AFM) Experimente unmittelbar an der Faser-Matrix Grenz�äche durchführen.
Die AFM Kraftspektroskopie wurde eingesetzt, um die mechanischen Eigenschaften
(Stei�gkeit und das Elastizitätsmodul) der Grenz�ächenregion entlang eines Rasters
mit örtlicher Au�ösung im Nanometerbereich punktweise zu bestimmen. Von diesem
Raster (engl. Force Map) wurden die Verteilung der Stei�gkeit und das Elastizitätsmo-
dul der Beschichtung ortsaufgelöst ausgewertet. Es stellte sich heraus, dass die Poly-
merbeschichtung durch Aufnahme von Matrixmaterial angeschwollen war und somit
als weiche mechanische Matrixanschlussstelle um die rigide Faser fungiert.
Die Vermischung von Beschichtung undMatrix ist eineGrundvoraussetzung für die

Ausbildung einerwahrhaften Grenzschicht (Interphase) und der beabsichtigten Grenz-
�ächenverstärkung. Da PS eine mittelmäßige Kompatibilität zu DGEBA besitzt, war
zu erwarten, dass durch eine Verbesserung der Polymer-Harz Wechselwirkung die
Grenz�ächenhaftung (Adhäsion) erhöht werden könnte. Deshalb entwickelte ich ei-
ne komplementäre Faserbeschichtung, welche auf der Grafting-Onto Anbindung von
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vorgeformten, auf Polybutadien (PB) basierenden, Diblock Copolymeren an die Glas-
faserober�äche beruht. Mehrere Reihen von PB-b-PS Diblock Copolymeren mit un-
terschiedlichen Blocklängenverhältnissen wurden mittels anionischer Polymerisati-
on in Zusammenarbeit mit Dr. Andreas Hanisch undDr. Holger Schmalz synthetisiert.
Durch die Kombination beider Grafting Techniken war es mir möglich, Beschichtun-
gen in einem breiten Spektrum unterschiedlicher Kettendichten und -längen herzu-
stellen.
Die Grenz�ächenhaftung (Adhäsion) wurde in Kooperation mit Dr. Michaela Eder

und Prof. Dr. Ingo Burgert mittels Einzelfaserauszugsexperimenten bestimmt. Die
Scherkraft, die es bedarf um ein Mikrotröpfchen ausgehärtetes Harz von der poly-
mermodi�zierten Faserober�äche abzulösen, ist ein Maß für die Scherfestigkeit der
Kompositgrenz�äche (engl. Interfacial Shear Strength, IFSS) und damit für die Grenz�ä-
chenhaftung (Adhäsion). Verschiedene Grenzschichtdesigns wurden untersucht und
dadurch die Nanostruktur der Polymerbeschichtung in Zusammenhang mit der erhal-
tenen Grenz�ächenstabilität der Modellkomposite gebracht.
Wie unsere Studie zeigte, führte dies zu dem kontraintuitiven Ergebnis, dass dicke-

re Beschichtungen (d. h. längere Ketten und höhere Ober�ächenkettendichte) nicht
zwangsläu�g eine höhere Grenz�ächenstabilität bedingen. Vielmehr konnten wir zei-
gen, dass ein ausreichender Abstand zwischen den einzelnen Polymerketten (d. h. ei-
ne geringere Ober�ächenkettendichte) eine wesentliche Grundvoraussetzung für die
Ausbildung einer Polymer-Matrix-Mischschicht (Interphase) und damit für eine e�ek-
tive Grenz�ächenverstärkung (höhere IFSS) ist. Aus diesem Grund ist eine kovalente
Faser-Matrix Anbindung nicht zwingend notwendig um hohe Grenz�ächenhaftung
zu erhalten. Grenz�ächenstabilität kann auch durch eine physikalische Anbindung,
welche auf nichtkovalentenWechselwirkungen basiert, bewirktwerden. Im vorliegen-
den Fall wurde dies durch das Einlagern und Verfangen von ober�ächengebundenen
Polymerketten im Inneren eines Matrixnetzwerkes bewerkstelligt. Hierdurch wurde
auf Einzelfaserebene gezeigt, dass makromolekulare Grenzschichten verwendet wer-
den können um die Grenz�ächenhaftung in Kompositen zu verbessern.
ImAnschlusswurde das photochemische Beschichtungsverfahrenweiterentwickelt

um kolloidale Kern/Schale Partikel herzustellen, welche als Füllsto� Verwendung �n-
den könnten. Aufgrundunserer Forschungsergebnisse können angemessene Beschich-
tungenmit de�nierterNanostruktur entworfenwerden,welche die Vorteile makromo-
lekularer Grenzschichten ausnutzen umMaterialeigenschaften wie Haftung, Reibung
und Bruchverhalten zu verbessern.

Kohlenstoff-Nanoröhren als Nanofüllstoff für Komposite
Der zweite Teil dieser Dissertation bezieht sich auf zwei unterschiedliche Forschungs-
projekte über die Modi�kation von Kohlensto�-Nanoröhren (CNTs) für den Einsatz
als Nanofüllsto� in Kompositmaterialien. Das Hauptziel hierbei war die Kontrolle der
Nanofüllsto�kompatibilität mit der Matrix um Aggregation der CNTs zu verhindern
und damit ihre Verteilung (Dispersion) im Komposit zu verbessern. Dies wurde in
zwei unterschiedlichen Herangehensweisen durch gezielte Modi�zierung der CNT
Ober�äche bewerkstelligt: kovalente Anbindung von matrixidentischen niedermole-
kularen Molekülen und Physisorption suprakolloidaler Janus Mizellen mit funktionel-
len Hemisphären.
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Es zeigte sich, dass sowohl durch die chemische wie auch durch die physikalische
Modi�kation die CNT Kompatibilität zu einer vorgegebenen Matrix verbessert wer-
den konnte. Nichtsdestotrotz ist die nichtkovalente Modi�zierung vorzuziehen, da
hierbei die intrinsischenmechanischen und elektrischen Eigenschaften derCNTs voll-
ständig erhalten bleiben. Um stabile Dispersionen zu erhalten ist es notwendig, die
Wechselwirkung an der CNT-Matrix Grenz�äche zu kontrollieren.

Für die chemischeModi�zierungwurde die CNTOber�ächemit niedermolekularen
Einheiten von DGEBA funktionalisiert, um eine ideale Kompatibilität zu der Harzma-
trix aus DGEBA zu gewährleisten. In Kooperation mit Dipl.-Ing. Rico Zeiler und Prof.
Dr. VolkerAltstädt,wurden diese CNTs verwendet um das Aus�ltern bzw. das Zurück-
halten von CNTs durch eine Glasfaserverstärkung (Gewebe) bei der Herstellung von
Testlaminaten zu untersuchen. Die Laminate wurden durch einen vakuumunterstütz-
ten RTM (Resin Transfer Molding) Prozess hergestellt. In diesem Forschungsvorha-
ben entwickelte ich eine Methodik um mittels Raman Spektroskopie den CNT Gehalt
in ausgehärteten (glasfaserverstärkten) Kompositen zu bestimmen. Dieses Verfahren
wurde angewendet um die Zurückhaltung von CNTs entlang des Strömungswegs der
Harzmatrix durch das Glasfasergewebe zu quanti�zieren. Unsere Vorgehensweise er-
möglicht die Bestimmung der CNT Dispersion und die Visualisierung vorhandener
Konzentrationsgradienten im Material. Die Charakterisierung des Verteilungsgrades
ist wichtig für die Qualitätskontrolle und die Optimierung von Prozessbedingungen.
Für die physikalische Modi�zierung wurde eine diskontinuierliche makromoleku-

lare Grenzschicht durch Adsorption suprakolloidaler Janus Mizellen (JMs) auf Basis
von ABC Triblock Terpolymeren an die CNT Ober�äche erzeugt. Dieses Forschungs-
vorhaben wurde in Zusammenarbeit mit Dr. André H. Gröschel und Prof. Dr. Axel
H. E. Müller durchgeführt.
JMs sind Kern/Schale Partikel mit gebrochener Symmetrie, was sie von herkömmli-

chen Mizellen unterscheidet. Aus diesem Grund ist ihr Adsorptionsmechanismus, im
Vergleich zu Diblock Copolymer Mizellen mit einheitlicher Schale, deutlich leichter
nachzuvollziehen. Wir konnten zeigen, dass die Hemisphären der Mizellkorona an
die spezi�schen Anforderungen der jeweiligen Anwendung angepasst werden kön-
nen. Eine Polystyrolhemisphäre besitzt eine ausgeprägte Adsorptionsa�nität zu dem
sp2-hybridisierten Kohlensto�gitter der CNTs und dient deshalb als Verankerungs-
hälfte. Die andere Hemisphäre, welche nach der Verankerung frei bleibt, kann dazu
verwendetwerden eineweitere Funktionalität einzuführen oder die CNT-Matrix Kom-
patibilität zu verbessern. Mittels Raman Spektroskopie konnte ich nachweisen, dass
die physikalische Modi�kation die strukturelle Integrität der CNTs nicht beein�usst.
Die JMs können als suprakolloidaleModelltenside angesehen werden, deren Adsorpti-
onsverhalten direkt untersucht werden kann. Selbiges ist für Tenside auf molekularer
Ebene nur sehr schwer möglich.
Ein zentrales Ergebnis unserer Untersuchungen war, dass mehr Adsorption (d. h.

eine höhere Dichte der polymeren Interphase um die CNTs) nicht unmittelbar eine
bessere Grenz�ächenstabilisierung bedingt, ein ebenfalls kontraintuitives Ergebnis.
Vielmehr ist es entscheidend, wie groß der Beitrag eines jeden einzelnen Partikels an
der kollektiven Stabilisierung der suprakolloidalen Verbindung von JMs und CNTs
ist. Ähnliche Designkriterien könnten eine wichtige Rolle bei der Anwendung von
Kern/Schale Partikeln in Kompositen, sowie in der Synthese zukünftiger Dispergie-
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rungsmittel spielen — wenn der Zusammenhang von Grenz�ächenstabilisierung pro
Adsorptionseinheit berücksichtigt wird.

Die Schale als Interphase suprakolloidaler Kern/Schale Objekte
Der dritte Teil dieser Dissertation behandelt die Charakterisierung der Schale von
suprakolloidalen Kern/Schale Objekten (Mikrokapseln und -blasen) als ausgedehnte
Grenzschicht zwischen einem hydrophoben Kern und einer hydrophilen Matrixphase.
Diese Grenzschicht ist verantwortlich für die mechanische Stabilität dieser Struktu-
ren.
Im Rahmen der verschiedenen Kern/Schale Projekte entwickelte ich ein angepass-

tes Modell um den Fehler von Radius und Wanddicke, der bei zufälligen Schnitten
durch Kapselobjekte auftritt, mathematisch zu korrigieren (engl. Random Slicing Cor-
rection, RSC). RSC ist unerlässlich um die tatsächlichen geometrischen Parameter aus
Querschnittabbildungen, zum Beispiel per Transmissionselektronenmikroskopie, zu
ermitteln. Dies ist wichtig, da die Kenntnis der geometrischen Parameter eine ent-
scheidende Grundlage der Kapselmechanik darstellen.
In einem gemeinschaftlichen Projekt mit dem Unternehmen Firmenich SA wurden

Polyurea und Aminoplast Mikrokapseln mit verschiedenen hydrophoben Duftsto�en
als Kern�üssigkeit untersucht. Diese Art Kapseln ist Bestandteil vieler Anwendungen
und besitzt große Relevanz für den Forschungsbereich der Mikroverkapselung von
Wirksto�en. Unsere Arbeiten bieten eine gründliche, quantitative Charakterisierung
der Kapselgeometrie und der mechanischen Eigenschaften, von der sich eine erfolg-
reiche Korrelation von Prozessbedingungen und Kapselmechanik ableiten lässt.
In Zusammenarbeit mit Dr. Melanie Pöhlmann (geb. Pretzl), wurde der Ein�uss der

Kern�üssigkeit auf die Morphologie und Elastizität der Schale von Polyurea Mikro-
kapseln untersucht. Hierfür bestimmte ich die mechanischen Eigenschaften aus der
elastischen Reaktion der Schale auf kleine Deformationen mittels AFM Kraftspektro-
skopie mit kolloidalen Sonden. Der Vorteil kleiner Deformationen, in der Größenord-
nung der Wanddicke, ist die elastische Kompression der Kapsel. Hierbei können plas-
tische E�ekte und Beiträge des Kernmaterials vernachlässigt werden. Es zeigte sich,
dass Kapseln mit konsistenter Größe, Wanddicke und mechanischen Eigenschaften
unabhängig von der molekularen Struktur und Hydrophobizität der Kern�üssigkeit
hergestellt werden konnten.
Des Weiteren wurden zum ersten Mal Aminoplast Kern/Schale Mikrokapseln in

dem Regime kleiner Deformationen untersucht. Die Ergebnisse der geometrischen
und mikromechanischen Charakterisierung wurden mit Hilfe eines einfachen analy-
tischenModells erklärt. Dieses Modell basiert auf der Konzentration des Aminoharzes
pro Gesamtober�äche. Dadurch konnten die Prozessbedingungen mit dem Deforma-
tionsverhalten der Kapseln verknüpft werden. Auf Basis dieser Ergebnisse können die
mechanische Stabilität, Adhäsion und die Freisetzungsbedingungen von Aminoplast
Kern/Schale Partikeln angepasst werden. In Zusammenarbeit mit Dr. Phillip Erni und
Dr. Lahoussine Ouali wurden Strategien für rational gestaltete Mikrokapseln mit de-
�nierten mechanischen Eigenschaften entwickelt.
Im Rahmen des Projektes der Europäischen Gemeinschaft �Micron: Kontrastbildge-

bung von drei Modalitäten durch multi-funktionalisierte Mikroballoons wurde die Mo-
di�kation der Kapselschale mit superparamagnetischen Eisenoxidnanopartikeln (SPI-



0

Zusammenfassung 9

ONs) erforscht. Hierzu wurden in Zusammenarbeit mit Prof. Dr. Gaio Paradossi luft-
gefüllte Mikroblasen (MBs) aus Polyvinylalkohol durch zwei komplementäre Integra-
tionsmethoden funktionalisiert: durch Einbettung der SPIONs in die Schale und durch
chemischeAnbindung an die Schalenober�äche. Die untersuchtenmagnetischenMBs
mit Polymerschale besitzen großes Potential als Hybridkontrastmittel für Ultraschall-
(US) und Magnetresonanzbildgebung (MRI) Einsatz zu �nden. Die verschiedenen ma-
gnetischen MBs wurden in Bezug auf morphologische und mechanische Eigenschaf-
ten, sowie hinsichtlich struktureller Veränderungen im Inneren der Schale verglichen.
Wir waren in der Lage, die Veränderungen der elastischen Eigenschaften anhand der
physikochemischen Behandlungen zu erklären. Neben quasi-statischen AFM Defor-
mationsexperimenten bei geringer Frequenz (�Hz) wurden US Akustikversuche bei
deutlich höheren Frequenzen (�-��MHz) in Kooperation mit Dr. Dmitry Grishenkov
durchgeführt. Durch Kombination aus niedrig- und hochfrequenter Mechanik konn-
te die Lücke zwischen der MB Synthese und dem US Kontrastverhalten geschlossen
werden.





Preface

Figure 0.1 The Flammarion engraving with the translated caption: A medieval missionary
tells that he has found the point where heaven and Earth meet.a

Figure �.� represents a woodcut by an unknown artist, which was published in ����
by the French astronomer and writer Camille Flammarion.a In this imaginative illus-
tration, a spiritual pilgrim is reaching through earth’s atmosphere as a curtain-like
border to examine the hidden design of the universe.b Even more than one century
later, it still conveys the sense of humanity’s mythical search for meaning and truth.
The image of the pilgrim as a seeker of knowledge is still discussed as an archetype
of an alchemist, interested in the path towards spiritual development or enlighten-
ment. The symbolic components of this work circumscribe concepts of duality and
boundaries — like the curtain being the border of two di�erent worlds. In the past,
the other world was the cosmos, today it is most probably the colloidal domain. We
do not only look upwards to the sky but also downward deep into matter. As the cur-
tain separates the known from the unknown, I understand research as a step beyond
that border. This thesis deals with the concepts of borders and boundaries in terms of
macromolecular interphases and interfaces in composite materials.

a Flammarion, C., L’Atmosphère: Météorologie Populaire; Librairie Hachette et C, Paris: ����.
b Verdet, J.-P., Der Himmel. Ordnung und Chaos der Welt. Abenteuer Geschichte Bd. ��; Otto Maier
ai Verlag, Ravensburg: ����.
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This thesis deals with macromolecular interphases and interfaces in composite mate-
rials. In general, composites are essentially multiphase materials with distinct bound-
aries (interfaces) or di�use boundaries (interphases) between the constituents.�,� The
interface is the area which separates two phases. The term interphase describes an
extended regime between two phases in contact, which are miscible or not strictly
immiscible (see Figure �.�).
The resulting boundary layer may show intermediate local properties of the adja-

cent phases. The changes of the local properties can be related to di�erences in mor-
phological/structural features, chemical composition,mechanical properties or physic-
ochemical interactions. Material boundaries� within composites break the symmetry
and are governed by numerous interfacial phenomena, which determine the inter-
facial mechanics related to adhesion,�–� tribology,�–�� and fracture.��–�� It is widely
accepted that the mechanical behavior of composites is highly dependent on the in-
terfaces/interphase between its constitutents.��,��
Macromolecules near interfaces behave di�erently from their bulk state or in solu-

tion.�� Interfaces with assembled macromolecules show increased functionality and
are a starting point for tailoring of interfacial interactions. The concept ofmacromolec-
ular interphases is inspired by the artful interfaces�� of biological materials but could
be adopted by synthetic composites. Biologicalmaterials are generally not bulkmateri-
als but exhibit hierarchical structures ranging over di�erent length scales.�� In nature,
form follows function — a principle associated with the understanding that the func-
tion of a material is the origin of its construction. The following section discusses the
function and buildup of interphases in biological composites using the example of the
human tooth and the wood cell wall. In particular, the use of intermediate layers as
mechanical junctions (Section �.�.�) and the interface stabilization by entanglement
of macromolecular interphases (Section �.�.�) is presented.

�.� Interphases in Biocomposites
Most biological materials are composites with domains of di�erent mechanical prop-
erties.�� The incorporation of soft domains at the border of rigid domains ultimately
strengthens a composite by enhancing the toughness and fracture resistance of brittle
materials. This is partly accomplished by special architectures of some materials (e. g.,
nacre with a brick-and-mortar-like assembly of mineral tablets and protein layers)��,��
but mainly by the presence of soft domains, which hinder and de�ect the propagation

Figure 1.1 Schematic representation of material boundaries between two bulk phases.
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Figure 1.2 The human tooth: (a) schematic cross-section with indications of the major
tissues and the interfaces between them; (b) schematic illustration of the stiffness varia-
tion (not to scale) passing through the layers. (c) The major mechanical junctions are the
enamel-denitine interphase (EDI), the dentine-cementum interphase (DCI), and the enthe-
sis attaching peridontal ligaments (PDL) between the cementum and the alveolar bone.
Adapted from Ref. 17 (Copyright 2011), reprint with permission from Elsevier.

of cracks and improve the energy dissipation.�� Further famous examples of tough
biocomposites are the skeleton of silica sponges,�� or bone.��

�.�.� Interphases as Mechanical Junctions
The soft/hard interface is essentially a weak point of the composite structure, which
may result in stress and strain incompatibilities and give rise to contact failure. One
mayor issue for material toughness is the compensation of abrupt changes in mechan-
ical properties. This could be accomplished by gradual changes of the material sti�-
ness for example by the presence of di�use boundaries (interphases) between two
constituents, seamlessly blending into each other (in ideal case).�� A prominent ex-
ample of a natural composite structure with excellent load-bearing capabilities is the
tooth.��,��
Teeth are among nature’s most durable biocomposites. The human tooth is capable

to withstand huge loads up to � kN during chewing.��,�� Figure �.�a shows a schematic
representation of the complex build-up.�� It consists of multiple layers of di�erent me-
chanical properties (see Figure �.�b). Passing through the material, the sti�ness varies
from very hard (enamel, ��-��GPa) to hard (dentine, ��-��GPa, and cementum, ��-
��GPa) to very soft (periodontal ligaments (PDL), �.�-�MPa) and back to hard (alve-
olar bone, ��-��GPa).��,�� The high mechanical contrast between the layers is com-
pensated by mechanical junctions (interphases): the enamel-dentine interphase (EDI),
the dentine-cementum interphase (DCI), and enthesis attaching peridontal ligaments
(PDL) between the cementum and the alveolar bone. Each interphase exhibits a dis-
tinct sti�ness gradient to mediate the contacting layers. While the EDI is a direct
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Figure 1.3 The wood cell wall: (a) cellulose fibrils with tethered hemicelluloses in a lign-
in/pectin matrix; (b) interphase formed by stretching of hemicelluloses into the lignin/pectin
matrix (blue dashed line); (c) Velcro-like interaction of hemicelluloses between two adja-
cent cellulose fibrils (red dashed line). Adapted from Ref. 17 (Copyright 2011), reprint with
permission from Elsevier.

transition form very hard to hard, the DCI shows a domain of lower sti�ness within
the hard-hard interphase. The third junction (PDL) is especially interesting since it is
responsible for holding the tooth in its bone cavity. Inside the gingiva, the PDL is a
�brous tissue anchored into the cementum on the one side and into the alveolar bone
on the other side.�� The PDL itself is a very soft material and about three orders of
magnitude softer than the layers it connects.��,�� By interphases, steps in mechanical
properties are graduated over an extended domain.

�.�.� Interface Stabilization by Macromolecular Interphases
Apart from high toughness and rigidity,many biological composites exhibit interfaces
that allow for small movements or plastic deformations. Many biomaterials are �ber-
reinforced materials, with sti� �brous reinforcements in a soft supporting matrix.��
Rigid reinforcements can withstand high loads but are generally brittle and su�er
dramatic failure above a critical deformation. At much lower load, the soft matrix
undergoes plastic deformations which results in a dissipation of energy.
Wood is an example of a �ber-reinforced biocomposite. The cell wall of wood con-

sists of helically arranged cellulose �brils of high rigidity (���GPa) in soft matrix
(�GPa) of hemicellulose and lignin/pectin (see Figure �.�a).�� The hemicellulose is a
branched polysaccharide tethered to the surface of the cellulose �brils which forms
a hydrogel-like matrix with the free lignin/pectin.�� Hemicellulose and lignin/pectin
show high chemical compatibility and blend into each other, forming a smooth poly-
saccharide interphase (see Figure �.�b). This interphase links the cellulose �brils to
the soft matrix by a number of comparatively weak hydrogen bonds and physical en-
tanglements. The interaction of hemicelluloses of adjacent cellulose �brils forms an
interphase with a Velcro-like interlocking (see Figure �.�c).�� During the plastic defor-
mation of the matrix, the sacri�cial bonds of this mechanical junction break and dis-
sipate energy. After slipping of the reinforcement, the hemicellulose interphase can
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reform with new connecting bonds in a di�erent arrangement.��,��,�� The wood cell
wall shows that macromolecular chains can contribute to an e�ective stabilization of
the hard/soft interface.

�.� Motivation and Aim of this Thesis

The aim of this thesis is the attempt to transfer concepts of macromolecular inter-
phases to synthetic �ber-reinforced composite materials and colloidal core/shell ob-
jects. These concepts are applied in order to create functional materials and to con-
trol their interfacial adhesion and chemical compatibility. The focus lies on structure-
property relationships derived from the correlation of macromolecular nanostruc-
tures with their morphological and mechanical properties.
The �rst part represents my main research e�orts and aims at the control over the

interfacial adhesion in �ber-reinforced composites. Di�erentmodi�cation approaches
to create polymeric thin-�lm nanostructures at the interface are applied and further
developed. In particular, the complementary techniques of surface-initiated polymer-
ization (grafting-from) and surface-anchoring (grafting-onto) of preformed polymers
from solution are realized by thiol-ene photochemistry. The resulting morphologies
are studied in detail and correlated with their nano- and micromechanical properties.
Here, one main point is the visualization of the sti�ness contrast along the interphase
region between �ber and matrix by AFM force spectroscopy with nanoscale spatial
resolution. The other main point is the micromechanical quanti�cation of the �ber-
matrix adhesion in terms of pull-out experiments on a single-�ber level. A combina-
tion of the latter together with the targeted variation of the nanostructural design of
the interphase allows for the understanding and development of the present structure-
property relationships. Close attention is paid to reproducibility by comparison to
model substrates and to possibilities to adapt the design concepts and modi�cation
pathways to other colloidal and supracolloidal objects (e. g., core/shell structures).
The second part deals with the application of carbon nanotubes (CNTs) as nano�ller

in (�ber-reinforced) composites. The dispersion of nano�ller is a topic of high tech-
nological relevance. To overcome the main issue of nano�ller-matrix incompatibil-
ity, two di�erent approaches aim at improving the dispersion of CNTs in composites.
The �rst is based on the chemical modi�cation of the CNT surface by matrix-identical
molecules i. e., diglycidyl ethers of bisphenol-A (DGEBA). The distribution of DGEBA-
modi�edCNTs in aDGEBAmatrix is studied during the preparation (vacuum-assisted
resin transfer molding, VARTM) of laminates of �ber-reinforced composites. In addi-
tion, Raman spectroscopy is applied to quantify the CNT content along the matrix
�ow through the composite.
As a second approach, a mild modi�cation is realized by the physisorption of Janus

micelles (JMs) prepared from di�erent ABC triblock terpolymers onto the CNT sur-
face. Raman spectroscopy is applied to verify the structural integrity of the CNTs
after the modi�cation. The bipolar JMs act as supracolloidal surfactants and func-
tion as polymeric interphases. While one corona hemisphere shows high a�nity to
CNTs, the other hemisphere provides high compatibility to the matrix. The corona
can be tailored to meet application needs, simply by choosing the proper ABC tri-
block terpolymer. This approach allows for stable dispersions of CNTs, even in water,
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at low dispersant-to-CNT weight ratios (��wt.%) compared to standard low-molecu-
lar-weight surfactants or Pluronics.
The third part aims at establishing structure-property relations of (supra)colloidal

core/shell objects (microcapsules or -bubbles) within speci�c applications. As a com-
mon feature, the shell interphase is responsible for the mechanical stability and func-
tionality. This intermediate layer is essentially an interphase, separating the hydropho-
bic core from the hydrophilic matrix. The physicochemical nature of the shell and its
interactions to the core and the matrix phase determine the elastic properties of the
capsule. Here, AFM force spectroscopy is the main characterization technique, which
allows to evaluate the mechanical properties of the shell by small deformation exper-
iments. Capsule mechanics are applied to correlate the process conditions with the
resulting micromechanical properties. In a di�erent approach, the modi�cation of the
shell by superparamagnetic iron oxide nanoparticles (SPIONs) is investigated. Two
complementary integration methods, physical embedding into the shell and chemical
attachment onto the shell, are compared in regard to morphological and mechanical
properties as well as structural changes within the shell interphase.
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2Overview of this Thesis

This dissertation contains eight publications, seven published (Chapters �–��,��,��)
and one in form of a manuscript draft (Chapter ��) prepared for future publication
— divided into three individual parts. All parts are connected by the common theme
of studying macromolecular interphases and interfaces in composite systems. My re-
search e�orts focused on the physicochemical characterization and the targeted mod-
i�cation of interfaces in composite systems. Each composite exhibits di�erent but
system-speci�c interfaces, which are related to the overall stability, compatibility, or
functionality of the material. In the following, the scope of each part is outlined.

�.� Outline and Synopsis

Polymeric Interphases by Thiol-Ene Photochemistry
The �rst part summarizes my main research topic and introduces the concept of inor- Chapters �-�
ganic surfaces modi�ed with covalently attached macromolecular chains. By chemi-
sorptive techniques, the coating of �berglass and polyorganosiloxane microparticles
with a polymeric shell was accomplished. After embedding in a surrounding matrix
phase, the implications of this soft polymeric shell on the nanomechanical properties
at the local phase boundary in model composites was studied at a single-�ber level.
The in�uence of the macromolecular conformation, arrangement, and structure at the
interface on the formation of an interphase are presented in the context of an e�ective
promotion of the interfacial adhesion and toward increased composite stability.

Carbon Nanotubes as Nanofiller for Composites
The secondpart dealswith themodi�cation anddispersion of carbon nanotubes (CNTs) Chapters �-��
in a matrix phase. The withholding of CNTs, chemically modi�ed to match the matrix
properties, inside a �ber-reinforced compositewas studied. Apart from chemisorption,
a mild modi�cation was developed to alter the surface properties of CNTs by physical
adsorption of supracolloidal surfactants.

The Shell Interphase of Supracolloidal Core/Shell Objects
The third part focuses on core/shell objects with either a liquid core (microcapsules) Chapters ��-��
or an air-core (microbubbles). The shell of a capsule/bubble has to exhibit speci�c
morphological and mechanical properties in order to su�ce the requirements of its
application. In this part, the in�uence of the process parameters on the formation and
the mechanical properties of polyurea and aminoplast capsules are presented. Fur-
thermore, the modi�cation of the polymeric shell with magnetic nanoparticles is ad-
dressed to frommagnetic microbubbles. Di�erent integration strategies are compared
and the physicochemical properties of these objects are correlated to resulting struc-
tural changes inside the shell interphase.
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�.� Content of the Individual Chapters

This thesis contains a part on the status of the �eld (Chapters �-�), which reviews the
speci�c theoretical backgrounds and the literature of the di�erent research topics.
Chapter � presents the fundamental concepts of polymer at interfaces and inter-Chapter �

phases under particular consideration of surface-tethered chains. Macromolecular and
thermodynamic principles related to polymer architecture, solubility, mixing, solvent
selectivity, and micellization are reviewed. The presence of solid surfaces and their
corresponding interfacial region are addressed in consideration of the adsorption of
buoy-anchor diblock copolymers. Section �.� extends the view to polymers at inter-
phases by considering interfaces where the phases in contact (polymer andmatrix) are
not strictly immiscible. The main emphasis is set on the description, how an interface
can be reinforced by surface-tethered polymers. The mechanics at a polymeric inter-
phase are compared to the classical interface in regard to adhesion promotion. Also,
the fracturemechanism of interphases involving interpenetrating polymer chains into
amatrix network are discussed. This chapter closes with a conclusion (Section �.�) and
an assessment of the in�uence of structural control parameters like chain length and
surface chain density.
Chapter � reviews the state of the art of thiol-ene photochemistry. The applied pho-Chapter �

tochemical techniques are presented and discriminated from earlier works in the �eld.
The focus is set on direct generation of surface-localized radicals by UV light.

Chapter � is a brief introduction to hybrid composites of �berglass in epoxy resinChapter �
modi�edwith carbon nanotubes (CNTs) as nano�ller. Here, the reinforcement e�ect is
discussed in special consideration of the dispersion of CNTs in an epoxy resin matrix.
Additionally, Raman spectroscopy is presented as a methodology to evaluate the CNT
content in composites.

Photochemical Synthesis of Polymeric Fiber Coatings and their
Embedding in Matrix Material: Morphology and Nanomechanical
Properties at the Fiber–Matrix Interface

Chapter � introduces the concept to control the interfacial adhesion at the �ber-matrixChapter �
interface in �ber-reinforced composites by a polymeric �ber coating. The targeted
modi�cation of interfaces is essential for advanced applications and exhibits high
technological relevance for functionalmaterials. Here, the synthesis,morphology, and
mechanical properties of an interphase (i. e., extended regime between two phases in
contact) based on a polymeric graft-�lm swollen with matrix material are presented.
Further perspectives of these novel coatings for improved �ber-matrix compatibility
and interfacial adhesion are discussed. Two main issues are addressed in detail: a new
synthetic pathway to prepare polymeric �ber coatings by thiol-ene photochemistry
(see Figure �.�a); and the investigation of the nanomechanical properties at the �ber–
matrix interface (see Figure �.�b).
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Polymeric Fiber Coatings by Thiol-Ene Photochemistry (Grafting-From)
The application of thiol-ene photochemistry in terms of grafting-from polymeriza-
tions with surface-initiated radicals is shown for two model vinyl monomers (styrene
and methyl methacrylate). One main innovation is the use of low-energy ultraviolet
irradiation (UVA, � ⇡ ���nm) to directly generate surface-localized radicals without
additional photoinitiator. Our novel synthetic pathway was �rst developed on inor-
ganic model surfaces (�at glass and silicon substrates) and then adapted to modify
commercial �berglass on lab scale. The applied photocoating relies on the presence
of thiol groups at the surface as initiation sites.
We show that a well-de�ned self-assembled monolayer of (�-mercaptopropyl) tri-

methoxysilane (MPTMS) can be prepared by control of the amount of water avail-
able for the hydrolysis of the MPTMS precursor. Di�erent deposition techniques (gas-
phase, wet-chemical, acidic catalysis) are compared and correlated with the resulting
thin-�lm structures to allow for a state-of-the-art understanding of the self-assembly
mechanism ofMPTMS (termination, bridging, and island growth of siloxanes). By sup-
pression of the formation of solution-borne polysiloxane aggregates, it was possible
to create fully sulfhydrylated surfaces by a covalently boundmonomolecular-thin pre-
cursor layer. The reported characterization includes the surface concentration of free
SH groups (Ellman’s method), the wettability, and the thin-�lm thickness and topog-
raphy of the precursor monolayer analyzed by atomic force microscopy (AFM) and
spectroscopic ellipsometry (SE).
Sulfhydrylated surfaces were grafted with polystyrene (PS) and poly(methyl meth-

acrylate) (PMMA) chains. This photocoating was carried out via free-radical polymer-
ization in a controlled manner as a result of a low local concentration of radicals and
a con�nement of the growing chains to the surface without solution-borne radicals.
The grafting e�ciencywas evaluated from the time-dependent growth of the polymer
�lm and directly compared to a classical free-radical polymerization with additional
photoinitiator (AIBN), as a reference experiment. For the �at model substrates, the
morphology and coating thickness in dry state are presented by AFM and SE mea-
surements. Coated �berglass requires di�erent characterization techniques like scan-
ning electron microscopy (SEM) and thermogravimetric analysis (TGA). Especially
the latter does not only allow for the determination of the polymer content (mass
loss) but the calculation of the relative coating thickness by use of a core/shell model.
We show that the growth rates on �berglass were according to the �ndings on �at
model substrates and exhibit a linear time-dependence within a timeframe of �� h.
Photocoated �berglass was embedded in epoxy resin to form a model composite for
nanomechanical characterization.

Nanomechanical Properties at the Fiber–Matrix Interface
The application of atomic force spectroscopy (AFM) for mechanical characterization
with the Hertz approach is reported for nanoindentation experiments at the �ber–
matrix interface of polymer-coated �berglass embedded in epoxy resin. In particular,
we evaluated the elastic moduli and the sti�ness distribution over the �berglass/poly-
mer/matrix composition at high spatial resolution with the �berglass as internal stan-
dard (see Figure �.�b). The mechanical response of the surface is presented by sti�-
ness maps at di�erent locations along the �ber–matrix contact and correlated to AFM
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height images. The matrix near the �ber did not show the expected gradual sti�ness
change but an extended interphase region. From the dimensions and the sti�ness dis-
tribution of this region, we were able to conclude that the polymer layer was at least
partly swollen with matrix material forming a true interphase (mixed regime at the
polymer/matrix contact). The interphase regionwas approximately four times the size
of the collapsed polymer �lm. The incorporation of polymer chains into the matrix
network is essential for �ber–matrix compatibility and interfacial adhesion.
From this study we learned that an interphase can be formed with the proposed

approach but the nanostructure of the polymeric coating needs to be controlled in
order to function as a mechanical mediator.

Figure 2.1 Overview of Chapter 6: (a) Two-step photochemical synthesis of polymeric
fiber coatings and their embedding in an epoxy resin matrix. Upon uptake of matrix mate-
rial, the swollen polymer layer forms an interphase with a distinct stiffness profile. (b) AFM
stiffness map representing the nanomechanical properties at the fiberglass/polymer/ma-
trix interfaces. The polymeric interphase (swollen coating) functions as a soft mechanical
mediator at the composite interface.
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Influence of the Polymeric Interphase Design on the Interfacial
Properties of (Fiber-Reinforced) Composites

Chapter � is a follow-up study continuing the research towards the control over the Chapter �
interfacial adhesion in �ber-reinforced composites by a polymeric �ber coating. In
particular, we address the in�uence of the interphase nanostructure on the inter-
facial adhesion. This is important to understand adhesion mechanisms of contacting
materials as well as to improve the energy absorption capability of composites. We
identi�ed the chain density at the surface as the main structural parameter, which
determines the performance of the model composite at a single-�ber level (see Fig-
ure �.�a). Since the established grafting-from approach inherently results in high den-
sity (>�.� chains/nm�), a complementary grafting-onto approach was developed allow-
ing for lower surface chain densities. Furthermore, we show that the interfacial shear
strength (IFSS) can be increased by tailoring of the interphase design, even for systems
with inherently poor adhesion. Based on a proposed mechanism of the interphase for-
mation, we discuss a rational design of polymeric �ber coatings and their perspectives
towards tailored matrix/�ber compatibility and interfacial adhesion.

Polymeric Fiber Coatings by Thiol-Ene Photochemistry (Grafting-Onto)
UponUVA irradiation, the established precursor-modi�cation (see Chapter �) can serve
as polymerization initiator or as anchoring site for ole�nic molecules from solution.
As a complementary method to grafting-from photocoating of polystyrene (PS) ho-
mopolymer, we present the grafting-onto deposition of preformed polybutadiene (PB)-
based diblock copolymers (PB-b-PS). Here, the PB block serves as an anchor attaching
to surface-localized radicals, whereas the PS (buoy) block remains free after grafting
(see Figure �.�a). Based on the diblock composition, the buoy density can be controlled
as suggested by the scaling theory for copolymer adsorption from non-selective sol-
vents. To screen the in�uence of the block ratio,we performed anionic polymerization
to prepare three di�erent series of PB-b-PS copolymers with the same degree of poly-
merization of PS but varying PB block lengths.
The morphology of the resulting �berglass coatings is reported by SEM and com-

pared to homopolymer coatings of PS and PB. Compared to earlier work presented
in Chapter �, the grafting-onto coating exhibited a thickness below �� nm. Flat model
substrates were prepared for each modi�cation and analyzed by AFM topography.
The grainy topography and especially the corresponding (non-Gaussian) height dis-
tribution is characteristic for buoy-anchor grafts and inherently di�erent from smooth
homopolymer grafts. We present the application of a scaling theory to calculate the
relative grafting density of the PS buoy chains.

Correlation of the Micromechanical Properties at the Fiber-Matrix Interface
and the Interphase Nanostructure
The micromechanical performance of di�erent coatings was evaluated by single-�ber
pull-out experiments and quanti�ed by their interfacial shear strengths (IFSS), the
force required to de-bond a (cured) microdroplet of epoxy resin surrounding the �ber-
glass from the surface (see Figure �.�b). Copolymer coatings (of lower chain density)
outperformed all tested homopolymer coatings (of higher chain density). Thick PS
coatings (>�� nm) resulted in a dramatic ��% decrease in IFSS. We show that shear
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Figure 2.2 Overview of Chapter 7: (a) Schematic representation of the influence of
the polymeric interphase design on the interfacial adhesion and nanostructure of (fiber-
reinforced) composites. The chain density of PS (red chains) at the fiber–matrix interface
determines the intermixing of coating and matrix (interphase formation). (b) Setup of the
single-fiber pull-out experiment used for the evaluation of the interfacial shear strength as
a measure of the interfacial adhesion.

strength increases for decreasing coating thickness of PS homopolymer and for lower
(buoy) chain density of copolymer. Modi�cations at the lower end of the density
regime exhibited the highest IFSS values with maximum IFSS increase of ��%, com-
pared to (optimized) neat �berglass as industrial reference. As a proof to this concept,
we show that upon dilution of the surface chain density by mixing of copolymers, a
��% increase in IFSS can be obtained.

A Rational Design of the Interphase based on its Formation Mechanism
We clearly demonstrate that lower surface densities of connector chains (PS) lead to
increased IFSS, which is counterintuitive but in-line with expectations of polymer
physics. Here, an e�ective adhesion promotion is realized, since the adhesion mech-
anism relies on the mixing of connector chains and matrix material (interphase for-
mation). The presented composite system is a combination of a resinous matrix of
diglycidyl ethers of bisphenol-A (DGEBA) and hydrophobic PS chains. The uncured
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resin allows for the penetration of surface-tethered connector chains into the matrix,
which may become trapped and serve as noncovalent mechanical interlocking agents.
However, the incorporation of chains into thematrix, or vice versa the uptake ofmatrix
material by the polymer phase, correlates with a loss in entropy of the stretched chains
and a repulsion due to resin network elasticity. Entropic e�ects play a dominant role
in thin-�lm systems and may evoke (autophobic) dewetting and thin-�lm instability.
Therefore, apart from enthalpic (chemical) compatibility, entropic contributions have
to be considered to achieve interfacial adhesion.
We show that for higher surface densities of connector chains (grafting-from poly-

merization) only low interfacial adhesion could be obtained as a result of poor misci-
bility of matrix and polymer (phase segregation). The local space between the surface
tethered chains is a prerequisite for matrix/polymer mixing. In contrast, the length of
the polymer chains is insigni�cant in the segregated regime. Only at reduced chain
density (grafting-onto deposition), when intermixing takes place, the length of the
polymer chain may provide further stabilization of the �ber-matrix interface.
In conclusion, maximum interfacial adhesion arises for a strong penetration of con-

nector chains into the matrix (at low surface density), combined with a large number
of chains. Since the optimal nanostructural parameters are given by the matrix in re-
gard to its network density, a universal solution cannot be provided. Nevertheless, the
developed synthetic approach and the morphological and micromechanical character-
ization methodologies allow for an e�ective screening of the optimal nanostructural
parameters for a given composite matrix. Further details on the polymeric interphase
model and the mechanism of interface reinforcement by surface-grafted polymer are
provided in the Polymers at the Interphase section in Chapter �.

Direct Thiol-Ene Photocoating of Polyorganosiloxane Micropar-
ticles

Chapter � transfers the concepts developed for�ber-coating to the photocoating ofmi- Chapter �
croparticles. The thiol-ene photochemical techniques, which were presented in Chap-
ters � and � are adapted to functionalize colloidal particles without the need for ad-
ditional photoinitiator (see Figure �.�ab). The main issues addressed by this work are
the preparation of monodisperse core particles in the micro-size range and their func-
tionalization by a polymeric shell, while maintaining a uniform shape and a narrow
size-distribution (PDI). Such particles could�nd application as colloidal�llers for com-
posites with the possibility to control the matrix/�ller compatibility and interfacial
adhesion.

Polyorganosiloxane (Hybrid Silica) Particles for UV-Initiation
This chapter presents the preparation of uniform and highly monodisperse hybrid
silica core particles (PDI = �.���) from a functional silane (MPTMS) in a one-step
process. The resulting polyorganosiloxanemicroparticles are well-suited for thiol-ene
photocoating due to a dense surface layer of available thiol groups as demonstrated
by Raman spectroscopy. To verify the particles’ capability to act as polymerization
initiators (grafting-from) or to provide anchoring sites (grafting-onto) in terms of thiol-
ene photochemistry, we report on dye degradation experiments. Here, the continuous
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Figure 2.3 Overview of Chapter 8: (a) Schematic representation of the alternative
pathways to modify polyorganosiloxane microparticles by direct thiol-ene photocoating.
(b) Schematic representation of the polymer nanostructure at the particle surface. (c) Cor-
responding morphologies imaged by electron microscopy.

generation of radicals was spectroscopically (UV/Vis) followed by the degradation/de-
composition of an UVA-insensitive dye upon UVA-irradiation.

Particle Coating by Thiol-Ene Photochemistry (Grafting-from and -onto)
We show that thiol-ene photocoating can be successfully applied to create core/shell
microparticles with a PS-homopolymer or a PB-b-PS copolymer shell. The size-dis-
persity (PDI) increases as a result of shell formation but can be kept within narrow
size-distributions (PDI < �.��) as determined by dynamic light scattering (DLS). The
morphology is reported by electron microscopy (SEM, TEM; see Figure �.�c). The
polymer content of coated particles was evaluated from the thermogravimetric mass
loss (TGA) and used to calculate the relative coating thickness by application of a
core/shell model. The time-dependent growth of the coating thickness (increase in
polymer content) is shown for the homopolymerization of PS with the polymerization
time as the main control parameter. The hydrodynamic radii (DLS) of buoy-anchor di-
block copolymer-coated samples were correlated to their respective copolymer com-
positions and surface morphology (SEM). Buoy-anchor �lms on microparticles are
comparable to grafts on �at substrates studied in Chapter �, with a bottom layer of
crosslinked anchors (PB) and a top layer of mobile buoys (PS).
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In this work, an open question related to the chain density of �lms prepared by
grafting-from is addressed. The increase of the surface chain density for longer poly-
merization times (upon UVA exposure) was assumed but could not be evaluated from
the data as shown in earlier work (Chapters � and�). This point was addressed by
correlation of TGA and DLS results, which showed an increase of polymer content
at constant hydrodynamic radius. The corresponding increase of the chain density
throughout the coating process is according to the nature of the continuous initiation
process. Furthermore, the applied photocoating shows high tolerance for functional
groups, with which a broad spectrum of available vinyl monomers or diblock copoly-
mers (PB-b-polymer) can be applied.

Liquid Composite Molding-Processing and Characterization of
Fiber-Reinforced Composites Modified with Carbon Nanotubes

Chapter � introduces the concept of hybrid composites of glass �ber-reinforced epoxy Chapter �
resin materials modi�ed with multi-walled carbon nanotubes (CNTs) as additional
nano�ller. The main issue of this project was the homogeneous distribution of the
nano�ller inside the matrix phase. As a result of the hydrophobic apolar nature of
the CNT surface, they are chemically incompatible to a matrix of diglycidyl ethers
of bisphenol-A (DGEBA, see also Chapter �) and aggregate/segregate during liquid
composite molding (LCM, see Figure �.�a). To avoid segregation and unmixing of the
nano�ller, the CNT surface was modi�ed with DGEBA functionalities. From a chem-
ical point of view, the DGEBA-modi�ed CNTs exhibited ideal chemical compatibility
to the given matrix of DGEBA. Even though, this matchmaking did greatly improve
the mixing behavior of nano�ller and matrix, the true CNT concentration and distri-
bution could not be evaluated with common engineering approaches. Therefore, we
developed a methodology to determine the local concentration and distribution of
CNTs in cured composites with Raman spectroscopy.

Measurement of the Local Concentration and Distribution of CNTs
Early in the project, the assumption was proposed, that the anisotropic nature of the
CNTs and especially the high aspect ratios would give rise to awithholding or�ltering
of CNTs by the �brous fabric during the impregnation process. To proof this, the CNT
length distribution before and after injection was analyzed by an electron microscopy
(TEM) study.We show that the corresponding length distributions are almost identical
and that the e�ect of length-dependent withholding is negligible. Nevertheless, it was
expected that the concentration of nano�ller was decreasing along the injections �ow
path during the composite preparation (see Figure �.�a). Therefore, we established
a methodology for the measurement of the local CNT content in cured composites.
We report on the application of Raman spectroscopy to quantitatively determine the
nano�ller content by a characteristic intensity ratio of CNT and resin signals (see
Figure �.�b). This approach allowed for the preparation of a calibration curve and its
correlation with measurements at di�erent positions along the injection �ow path.
The �ndings exposed a gradual decrease of about �.�wt.% along the �� cm �ow path
inside the matrix phase (see Figure �.�c). This was only possible because of the high
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Figure 2.4 Overview of Chapter 9: Hybrid composites were prepared by liquid composite
molding. A resinous DGEBA matrix containing DGEBA-coated carbon nanotubes (CNTs)
is injected into a fiberglass fabric. (a) Schematic representation of the flow path of matrix
(containing CNTs) through the fabric. (b) Characteristic bands of CNTs and matrix in the
Raman spectrum of a fiberglass-reinforced composite. (c) CNT content along the flow path
of matrix, determined inside the cured composite material. The concentration decrease is
attributed to the filtering/obstruction of CNTs during processing the fiber-reinforced hybrid
composites. (d) Delamination resistance curves of composites with and without CNTs.

sensitivity of Raman spectroscopy for the signals of the sp�-hybridized carbon lattice
of CNTs.
Additionally, we report the mechanical properties of the prepared hybrid compos-

ites in terms of delamination resistance curves. The addition of CNTs to the �ber-
reinforced composite leads to a moderate increase of the interlaminar fracture tough-
ness (see Figure �.�d).

Janus Micelles as Effective Supracolloidal Dispersants for Car-
bon Nanotubes

Chapter �� approaches the modi�cation of carbon nanotubes (CNTs) from a di�erentChapter ��
direction. Instead of a chemisorptive low-molecular-weight modi�cation (Chapter �),
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Figure 2.5 Overview of Chapter 10: (a) Janus micelles as effective supracolloidal disper-
sants for carbon nanotubes in a polymer matrix. (b) Schematic representation of the mild
modification of CNTs by physisorption of JMs at the sp2-hybridized carbon surface.

PS-b-PB-b-PMMA triblock copolymer micelles are physisorbed to the CNT surface.
The general issue is again the uniform distribution of CNTs in a target matrix. With-
out proper compatibilization, CNTs form bundles and aggregate to minimize the in-
teractions with the surrounding matrix as a result of a high cohesion energy and a low
solubility parameter. We show that Janus micelles function as supracolloidal compat-
ibilizer between CNTs and a polymer matrix or solvent (see Figure �.�a).

Janus Micelles as Compatibilizer between CNTs and a Polymer Matrix
In general, ABC-type Janus micelles (JMs) consist of a crosslinked core (B) and two
separate corona hemispheres (A,C) of di�erent physico-chemical properties. Such JMs
adsorb to multi-walled CNTs with a ⇡-stacking hemisphere (PS), whereas the oppo-
site (solvophilic) hemisphere provides colloidal stability by steric repulsion andmatrix
compatibility. The physisorption proceeds via the disassembly of JM clusters upon ul-
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trasonication in a selective solvent and the re-assembly onto the solvophobic surface
of CNTs (see Figure �.�b). Here, the minimization of the energetically unfavorable sol-
vent/solvophobic interface is the main driving force. The Pickering e�ect and the ⇡-
stacking interaction of the PS hemisphere to the CNTs’ sp�-hybridized carbon lattice
contribute further to the pronounced physisorption a�nity. We address the in�uence
of the Janus balance, the size ratio of both corona patches, which was found to have a
critical in�uence on the e�ectiveness of the dispersant by setting the balances of dom-
inant adsorbant to dominant stabilizer. Moreover, we prove that the physisorption of
JMs is a mild non-invasive modi�cation, which does not a�ect the structural integrity
of the CNT surface or the conjugated ⇡-system. Therefore, the intrinsic mechanical
and electrical properties are maintained. The Raman scattering of CNTs is sensitive
to structural changes of the sp�-hybridized carbon lattice. It is shown that the defect
concentration at the CNT surface is una�ected by the JM modi�cation.
The amphiphilic properties of the JM can be tailored to chemically match any ma-

trix, while providing colloidal stability at low dispersant-to-CNT weight ratios. We
show that physisorbed JM moieties are an e�ective alternative to covalently attached
coatings (grafting-from or -onto) for matrix compatibilization.

Influence of the Hydrophobic Filling on the Mechanical Proper-
ties of Polyurea Core/Shell Microcapsules

Chapter �� introduces the topic of core/shell microcapsules. The encapsulation and re-Chapter ��
lease of agents under controlled conditions has high technological relevance to many
products in medicine, cosmetics, food design, or as coating. The studied system ex-
hibited a polymeric shell which separates a hydrophobic core (fragrance oil) from the
hydrophilicmatrix (water). Depending on the physico-chemical properties of the shell
material, the inner (core/shell) and outer (shell/matrix) boundaries may be distinct or
di�use interfaces. As a result, the hydrated shell can be described as an interphase of a
thin polymer layer partially swollen with material from the core and/or matrix phase.
During the preparation by emulsion polymerization, the interfacial interactions of the
constituent phases determine the resulting morphology and micromechanical proper-
ties. We show that microcapsules of consistent size, shell thickness, and mechanical
properties can be synthesized independently from the molecular structure and hy-
drophobicity of the core liquid.

Morphology of Polyurea Microcapsules
Therefore, batches of thin-walled (��-�� nm) polyurea capsules with identical shell
composition (synthesized with identical polyamide to isocyanate prepolymer ratio)
but with four di�erent water-insoluble core fragrances were prepared. Except the �ll-
ing phase, all other process parameters were kept constant. Additionally, a sample
prepared with a prepolymer of di�erent molecular weight was included in this study
for comparison. The shell thickness was evaluated from electron micrographs (TEM)
and corrected for random slicing (RSC). RSC is a mathematical concept that accounts
for the overestimation of the shell thickness by evaluation of non-equatorial (random)
slices of embedded capsules based on a geometrical projection. We report the calcula-
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Figure 2.6 Overview of Chapter 11: (a) Schematic representation of the AFM force spec-
troscopy setup for micromechanical compression of core/shell capsules with a colloidal
probe in combination with optics. (b) Schematic representation of the polyurea-shelled cap-
sule and a size comparison of capsule to the colloidal probe. This methodology was applied
to study the influence of the hydrophobic filling on the mechanical properties of polyurea
core/shell microcapsules.

tion of a dimensionless correction factor for the shell thickness of �.��± �.�� based on
a modi�ed RSC approach (for details on RSC, see Section ��.�.� in Chapter ��). Light
microscopy (optical feedback in the AFM setup) allowed for the direct measurement
of the microcapsule radius. The four batches of constant shell composition exhibited
almost identical sizes and shell thicknesses.

Micromechanical Properties of Polyurea Microcapsules
We evaluated the shell sti�ness and elastic modulus from the elastic response of indi-
vidual capsules upon small deformations (below the Reissner limit) by colloidal-probe
atomic force spectroscopy (AFM) in dry state using the Reissner shell theory (see
Figure �.�). The reproducibility and accuracy of the sti�ness evaluation at a single-
capsule level was veri�ed and discussed. We show, that the sti�ness determination
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does not rely on the �rst-contact event but re�ects a true material property of the
sample.
In conclusion, we learned that the molecular di�erences of the hydrophobic fra-

grance oil do not translate to changes in the shell formation and the resulting wall
thickness and elasticity as a result of unchanged shell composition and density. This
is important for production of capsules with controlled mechanical release conditions,
since the choice of fragrance type or mixture composition does not in�uence the host
capsules’ elasticity. A detailed study on the correlation of the shell composition and
the resulting mechanical properties is presented in Chapter ��.

Formation and Mechanical Characterization of Aminoplast
Core/Shell Microcapsules

Chapter �� continues the topic of core/shell microcapsules and establishes a full corre-Chapter ��
lation of the process parameters (shell composition) and the resulting geometrical and
micromechanical properties. In particular, we identi�ed that the ratio of amino resin
to total emulsion surface area is the key parameter for controlling the microcapsule
geometry and the mechanical properties (see Figure �.�a).

Morphology of Aminoplast Microcapsules
Aminoplast core/shell capsules were prepared by in-situ emulsion polymerization of
melamine formaldehyde resin (MF) with shell thicknesses of ��-��� nm. The investi-
gated batches were prepared with di�erent amino resin contents, whereas all other
process parameters and the core liquid were kept constant. The shell thickness was
determined by TEM and corrected for random slicing (RSC) with a dimensionless cor-
rection factor of �.�� (for details on RSC, see Section ��.�.� in Chapter ��). We show
that the shell thickness increases with the amount of amino resin (per total surface
area) and discuss the formation mechanism of the aminoplast capsules.

Micromechanical Properties of Aminoplast Microcapsules
AFM force spectroscopy using the colloidal probe technique was applied to perform
small-compression experiments with deformations in the range of the shell thickness
(see Figure �.�b). With the Reissner shell theory, the mechanical response was related
to the capsule’s geometry and the shell’s material properties. The reproducibility and
accuracy of the elastic deformation were addressed and veri�ed by following the load-
ing/unloading cycle (compression/recovery) by an optical microscope in microinter-
ferometry mode. Both thin- and thick-shelled capsules exhibited a linear increase of
the deformation with increasing force load, which represents a typical scaling behav-
ior in the small deformation regime. We show that the shell sti�ness increases with
the amount of amino resin (per total surface area).
In conclusion, both the geometry and the mechanical properties are determined

by the shell composition. To account for the large size-dispersity of the investigated
batches, a large number of single-capsule experiments were required for the resulting
correlation. This work is a fundamental approach with high industrial relevance to-
wards a rational design of encapsulated products and the systematic characterization
of their physicochemical properties.
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Figure 2.7 Overview of Chapter 12: Formation and mechanical characterization of amino-
plast core/shell microcapsules. (a) Shell thickness and stiffness decrease for lower concen-
trations of amino resin in the synthesis. (b) Comparison force-deformation behavior of thick-
and thin-shelled melanine formaldehyde capsules.

On the Interplay of Shell Structure with Low- and High-Frequen-
cy Mechanics of Multifunctional Magnetic Microbubbles

Chapter �� presents the targeted modi�cation of polymer-shelled microbubbles (MB) Chapter ��
with superparamagnetic iron oxide nanoparticles (SPIONs) in order to generate multi-
functional contrast agents for ultrasound (US) andmagnetic resonance imaging (MRI).
Strictly speaking, two integration designs of hybrid probes are compared: The physi-
cal embedding of SPIONs inside the shell (MBs-phys) and the chemicalmodi�cation by
covalent attachment of SPIONs to the shell surface (MBs-chem) (see Figure �.�). We
correlate the low-frequency (�Hz) AFM mechanics and high-frequency (�-��MHz)
acoustical mechanics to evaluate the MBs’ mechanical properties. The most signi�-
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cant result is the direct correlation of the mechanical properties and acoustical perfor-
mance to very distinct structural changes of the shell interphase.

Polymeric Microbubbles functionalized with SPIONs
The starting point of this project was a �-�µm-sized air-�lledmicrobubble (plainMBs)
with a poly(vinyl alcohol) (PVA) shell (without SPIONs). The chemical modi�cation
(MBs-chem) was done by a reductive amination of amino-silanized SPIONs with ox-
idized chitosan onto the PVA shell surface. For the physical modi�cation (MB-phys),
the SPIONs were added directly during the synthesis of MBs. The content of SPIONs
was determined by TGA. TEM and optical microscopy were applied to assess the geo-
metrical dimensions. The shell thickness of ���-��� nm was determined by TEM and
corrected for random slicing(RSC) with a correction factor of �.��. The geometric di-
mensions of all samples was according to previous work and scanning transmission
X-ray microscopy (STXM) and cryo-TEM results reported in literature. The shell to-
pography of (collapsed) �at foldedMBswas imaged in dry andwet state by AFM. TEM
and AFM allowed for determination of the SPIONs distinct location and distribution
inside or onto the shell.

Low-Frequency Mechanical Characterization of Microbubbles
Themechanical properties of the shell interphase were evaluated in wet state by quasi-
static AFM force-deformation measurements. The applied AFM techniques were al-
ready presented in Chapters �� and ��. The maximum applied force was �� nN, which
correlated to small deformations of ��� nm within the Reissner limit. Similar force-
deformation curves were obtained for all three samples with a small non-linear onset
(surface interactions, steric repulsion of PVA chains) and subsequent linear deforma-
tion behavior. While the deformation behavior of MBs-chem was similar to unmod-
i�ed plain MBs, MBs-phys exhibited larger sti�ness values with a broader distribu-
tion. We applied the Reissner shell model to quantify the elastic moduli from the
measured sti�nesses: MBs-chem were softer (��� kPa) compared to unmodi�ed plain
MBs (�.�MPa) and the more rigid MBs-phys (�.�MPa). The results were according to
the viscoelastic properties determined by acoustical mechanics in the high-frequency
regime.

Structural Changes inside the PVA Shell Interphase
We were able to explain the mechanical di�erences by a closer look at the PVA shell
interphase and the distinct change of the shell structure and composition. From ear-
lier studies (STXM), it is established that the hydrated PVA shell is a true interphase
composed of ��% PVA (polymer network) and ��% water (matrix). This hydrogel net-
work of physical (non-covalent) crosslinks and chemical crosslinks (acetalization reac-
tion of aldehyde and telechelic PVA) can be further discriminated for a polymer-rich
zone around the air-core and a polymer-poor zone close to the aqueous matrix. The
increased elastic modulus of MBs-phys can be related to reinforcement e�ect of the
rigid SPIONs (SPION-reinforced PVA composite). The softening (reduced elastic mod-
ulus) of MBs-chem was related to a loss of crystalline domains, which act as physical
crosslinks within the semicrystalline PVA interphase. The changes in crystallinity
were demonstrated by di�erential scanning calorimetry (DSC) in terms of a loss of
the characteristic endo- and exothermic peaks. The structural changes for MBs-chem
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Figure 2.8 Overview of Chapter 12: Schematic representation of the influence of the in-
tegration technique and shell structure on the elastic modulus of multifunctional magnetic
microbubbles. Schematic representation of the two integration strategies of super param-
agnetic iron oxide nano particles (SPIONs) into/onto the shell of plain microbubbles (MBs):
The physical embedding of SPIONs inside the shell (MBs-phys) and the chemical modifi-
cation by covalent attachment of SPIONs to the shell surface (MBs-chem). The TEM and
AFM images show the resulting surface topography and the location of integrated super-
paramagnetic iron oxide nanoparticles into/onto the shell.

were expected to be a result of the chemical treatment of the shell. We demonstrate
in a seperate experiment that the chemical conditions during the modi�cation step
(without SPIONs) are responsible for the calorimetric changes. In contrast, MBs-phys
experienced a mild modi�cation and still contain crystalline domains.
In this interdisciplinary study, we correlated the resulting mechanical properties

of the shell to the structural changes caused by the modi�cation method. Our work
helped to improve the understanding of structure-property relations of multifunc-
tional microbubbles and o�ers strategies for a rational and sustainable design of hy-
brid contrast agents.

�.� Individual Contributions to Joint Publications

The results presented in this thesis were obtained in collaboration with others, and
have been published or will be submitted for publication as indicated below. In the
following, the contributions of all the coauthors to the di�erent publications are spec-
i�ed. The asterisk (⇤) denotes the corresponding author.
Chapter � is reproduced with permission. Copyright ���� by American Chemical Chapter �

Society. This work is published in ACS Applied Materials & Interfaces (����, �, ����–
����) under the title:
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Photochemical Synthesis of Polymeric Fiber Coatings and Their Embed-
ding in Matrix Material: Morphology and Nanomechanical Properties at the
Fiber–Matrix Interface
by Christian Kuttner, Moritz Tebbe, Helmut Schlaad, Ingo Burgert, and Andreas Fery⇤

I carried out all described experiments, analyzed the data, and wrote the manuscript.
M. Tebbe helpedwith preparations and performedAFMnanoindentation experiments
under my guidance. H. Schlaad and I. Burgert were involved in discussion and cor-
rected the manuscript. A. Fery supervised the project and corrected the manuscript.
Chapter � is reproduced with permission. Copyright ���� by American ChemicalChapter �

Society. This work is published in ACS Applied Materials & Interfaces (����, �, ����–
����) under the title:

Influence of the Polymeric Interphase Design on the Interfacial Properties
of (Fiber-Reinforced) Composites
by Christian Kuttner, Andreas Hanisch, Holger Schmalz, Michaela Eder, Helmut Schlaad,
Ingo Burgert, and Andreas Fery⇤

I designed and conducted all experiments, analyzed the data, and wrote the manu-
script. Exceptions are stated in the following: A. Hanisch performed the anionic poly-
merization and characterization of diblock copolymers. H. Schmalz supervised the
copolymer synthesis. M. Eder carried out micromechanical experiments. H. Schlaad
and I. Burgert were involved in discussion and corrected the manuscript. A. Fery su-
pervised the project, helped with data interpretation, and corrected the manuscript.
Chapter � is reproduced with permission. Copyright ���� by American ChemicalChapter �

Society. This work is published in Langmuir (����, ��, �����–�����) under the title:

Direct Thiol-Ene Photocoating of Polyorganosiloxane Microparticles
by Christian Kuttner,⇤ Petra C. Maier, Carmen Kunert, Helmut Schlaad, and Andreas Fery⇤

I initiated the project, conducted all experiments, analyzed the data, and wrote the
manuscript. P. C.Maier helped with the synthesis and characterization of the poly-
mer coating under my guidance in the framework of a bachelor thesis Synthesis and
Coating of Inorganic Particles by Surface-Initiated Polymerization. C. Kunert performed
electronmicroscopy and EDX experiments. H. Schlaadwas involved in discussion and
corrected the manuscript. A. Fery supervised the project, helped with data interpreta-
tion, and corrected the manuscript.
Chapter � is reproduced with permission. Copyright ���� by AIP Publishing LLC.Chapter �

This work is published as a conference paper in AIP Conference Proceedings (����,
����, ���–���) under the title:

Liquid Composite Molding-Processing and Characterization of Fiber-Rein-
forced Composites Modified with Carbon Nanotubes
byRico Zeiler,⇤ M.UbaidUllahKhalid,Christian Kuttner,Martin Kothmann,Dirk J. Dijkstra,
Andreas Fery, and Volker Altstädt⇤

I developed the methodology to quantitatively determine the �ller content in hybrid
composites by Raman spectroscopy and collected the data. Furthermore, I guided the
evaluation, discussed the results, and wrote parts of the manuscript.
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R. Zeiler wrote the manuscript, evaluated data, and supervised synthesis and me-
chanical characterization. M. U. U. Khalid helped preparing and characterizing lami-
nate samples in the framework of a master thesis LCM Processing and Characterization
of CNT — Modi�ed Fiber-Reinforced Composites. M. Kothmann was involved in scien-
ti�c discussions and corrected the manuscript. D. J. Dijkstra coordinated the project at
Bayer MaterialScience AG, contributed to the scienti�c discussion, and corrected the
manuscript. A. Fery supervised the physicochemical characterization and discussed
the results. V. Altstädt supervised the project, discussed the results, and corrected the
manuscript.
Chapter �� is reproduced with permission. Copyright ���� by Wiley-VCH Verlag Chapter ��

GmbH & Co. KGaA. This work is published in Angewandte Chemie International Edi-
tion (����, ��, ����–����) under the title:

Janus Micelles as Effective Supracolloidal Dispersants for Carbon Nano-
tubes
by André H. Gröschel, Tina I. Löbling, Petar D. Petrov, Markus Müllner, Christian Kuttner,
Florian Wieberger, and Axel H. E. Müller⇤

This work is also published in German language in Angewandte Chemie (����, ���,
����–����) under the title:

Janus-Micellen als effektive suprakolloidale Dispersionsmittel für Kohlen-
stoff-Nanoröhren
by André H. Gröschel, Tina I. Löbling, Petar D. Petrov, Markus Müllner, Christian Kuttner,
Florian Wieberger, and Axel H. E. Müller⇤

I conducted Raman spectroscopy experiments, analyzed the data, and discussed the
results.
A. H. Gröschel initiated the project, synthesized the micelles, and wrote the manu-

script. T. I. Löbling prepared samples, helped with synthesis, and performed charac-
terization. P. D. Petrov co-designed experiments and commented on the manuscript.
M.Müllner conductedAFM experiments. F.Wieberger performed SEMmeasurements.
A. H. E.Müller supervised the project, was involved in scienti�c discussion, and cor-
rected the manuscript.
Chapter �� is a manuscript draft on unpublished work under the title: Chapter ��

Influence of the Hydrophobic Filling on the Mechanical Properties of Poly-
urea Core/Shell Microcapsules
by Christian Kuttner,Melanie Pöhlmann,Carmen Kunert, Stephanie Budijono, Philipp Erni,
Lahoussine Ouali, and Andreas Fery⇤

I carried out all described experiments, analyzed the data, and wrote the manuscript.
Exceptions are stated in the following: M. Pöhlmann helped with the AFM force spec-
troscopy, data evaluation, and contributed to the scienti�c discussion. C. Kunert per-
formed electron microscopy. S. Budijono synthesized polyurea core/shell microcap-
sules. P. Erni and L. Ouali were involved in scienti�c discussions and corrected the
manuscript. A. Fery supervised the project, helped with data interpretation, and cor-
rected the manuscript.
Chapter �� is reproduced with permission. Copyright ���� by American Chemical Chapter ��

Society. This work is published in ACS Applied Materials & Interfaces (����, �, ����–
����) under the title:
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Formation and Mechanical Characterization of Aminoplast Core/Shell
Microcapsules
by Melanie Pretzl, Martin Neubauer, Melanie Tekaat, Carmen Kunert, Christian Kuttner,
Géraldine Leon, Damien Berthier, Philipp Erni, Lahoussine Ouali, and Andreas Fery⇤

I provided the mathematical model to correct the error of random slicing for the ge-
ometric data obtained by TEM analysis. Furthermore, I performed the random slic-
ing correction, discussed the results in scienti�c discussions, and corrected the manu-
script.
M. Pretzl planned and coordinated the experimental work between the co-workers

and wrote the manuscript. M. P. established the mechanical characterization of MF-
microcapsules in our lab, carried out most of the AFM experiments and data analysis,
and analyzed the TEM images to receive a statistical distribution of the measured shell
thickness for further evaluations. M. Neubauer carried out parts of the AFM experi-
ments, analyzed the data, andwas involved in scienti�c discussions and proof-reading
of the manuscript. M. Tekaat participated in AFM experiments and the corresponding
data analysis under guidance of M. P. in the framework of a bachelor thesis Charac-
terization of Core/Shell Materials. C. Kunert performed the TEM sample preparation
— embedding and sectioning of microcapsules — and imaged the thin-�lm sections
with TEM. G. Leon and D. Berthier synthesized the MF microcapsules with di�erent
amount of MF and characterized the size distribution of the microcapsules. Both were
involved in scienti�c discussions, writing of the corresponding experimental part in
the manuscript, and proof-reading. P. Erni supervised the project at Firmenich SA,
was involved in scienti�c discussions, and corrected the manuscript. A. Fery super-
vised the project at the University of Bayreuth, was involved in scienti�c discussions,
and corrected the manuscript.
Chapter �� is reproduced with permission. Copyright ���� by The Royal Society ofChapter ��

Chemistry (RSC). This work is published in Soft Matter (����, ��, ���–���) under the
title:

On the Interplay of Shell Structure with Low- and High-Frequency Mechan-
ics of Multifunctional Magnetic Microbubbles
by Melanie Pöhlmann, Dimitry Grishenkov, Satya V. V. N. Kothapalli, Johan Härmark,
Hans Hebert, Alexandra Philipp, Roland Höller, Maximilian Seuß, Christian Kuttner, Silvia
Margheritelli, Gaio Paradossi, and Andreas Fery⇤

I developed a modi�ed model for the correction of the shell thickness obtained from
TEM imaging, evaluated the data, and calculated correction factors for all studied types
of MBs. Furthermore, I contributed to the discussion of the results and corrected the
manuscript.
M. Pöhlmann andA. Fery coordinated thework between the di�erent research groups

and wrote the manuscript. M. P. developed the experimental procedures for the struc-
tural characterization of MBs and for the determination of the low-frequency me-
chanics. M. P. characterized plain MBs, which served as reference sample, and par-
tially characterized MBs-chem and MBs-phys. D. Grishenkov carried out the acoustic
experiments of plain MBs and was responsible for the modeling of the MBs’ acous-
tic response towards ultrasound exposure. In addition, he was writing parts of the
acoustic section. S. Kothapalli carried out the acoustic experiments of MBs-chem and
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MBs-phys and supported D. G. in writing parts of the acoustic section. J. Härmark
and H.Hebert developed the TEM sample preparation for MBs. In particular, they
provided the protocol for the embedment of MBs in an Epon matrix, which was cru-
cial to obtain thin sections for TEM. Moreover, they contributed with a signi�cant
number of TEM images to the quantitative evaluation of the shell thickness of all
types of MBs. R. Höller adopted the protocol provided by J. H. and H.H. and carried
out the TEM characterization at Bayreuth and evaluated the TEM images from KTH
and UBT with ImageJ to receive the shell thickness raw data for my calculations on
random slicing correction. A. Philipp and M. Seuß contributed by investigating a sta-
tistical meaningful number of MBs to allow for quanti�cation of MBs’ dimensions
and of low-frequency mechanics. In the framework of their bachelor theses, A. P. and
M. S. were involved in the characterization of the MBs’ dimensions and in AFM force-
deformation experiments under the supervision of M. P.: A. P. measured MBs-phys
and M. S. measured MBs-chem. S.Margheritelli and G. Paradossi were responsible for
the synthesis and DSC characterization of all studied types of MBs.
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3Macromolecular Interphases and Interfaces

In this chapter, the concept of macromolecular interphases and interfaces is discussed
in the context of physicochemical principles.
Section �.� (Polymers at the Interface) starts with a de�nition of the linear polymer Section �.�

chain and its conformation in solution. Followed by a brief summary of the thermo-
dynamic principles of polymer solubility, miscibility, solvent selectivity, andmicelliza-
tion, which are related to the adsorption of polymer onto solid surfaces. In particular,
the adsorption behavior of diblock copolymer of type buoy-anchor is reported and
described by a scaling theory. The latter can be employed to control the spacing of
(buoy) polymer chains at the surface.

Section �.� (Polymers at the Interphase) presents the physical model of a macro- Section �.�
molecular interphase and its in�uence on interfacial adhesion. The model describes
the interfacial contact of a matrix network with surface-tethered polymer. The forma-
tion of a polymer/matrix interphase is discussed by intermolecular interactions and
related to conformation, length, and spacing of interfacial macromolecular chains.
This chapter closes with a conclusion (Section �.�), which points out the techno- Section �.�

logical relevance of macromolecular interphases and the importance of the control
over the nanostructure of polymeric coatings. High interfacial adhesion is a result of
an optimized matrix/polymer interaction (enthalpic compatibility) and intermixing
(entropic compatibility) in the interfacial region.

�.� Polymers at the Interface

Polymer modi�cations and polymeric interfaces have become increasingly attractive
for engineering and tailored interactions.� In bulk, polymers have a large number of
internal degrees of freedom. In the vicinity of an interface, polymer chains behave dif-
ferently form bulk chains. The local con�nement may result in changes of the chain
conformation as well as alter the polymer concentration in the interfacial region. A
solid understanding of the conformational regimes is important to allow for a pre-
diction of the polymer behavior near and at interfaces as well as for fabrication of
surfaces with tailored nanostructures.

�.�.� From an Ideal to a Real Polymer Chain
The most classical model to characterize a polymer chain is the ideal chain model
by Kuhn,� which describes conformations as results of unrestricted random walks
in continuous space. He considered a polymer as a freely-jointed linear arrangement
of N linked but randomly oriented segments of uniform length l (�.���nm for C-C
bond). If the segments are fully independent, the resulting conformation resembles the
di�usion trajectory of a particle agitated by Brownian motion. The ideal chain model,
which has a Gaussian probability distribution of the end-to-end distance, applies for
homopolymer in a homogenous solution under theta-conditions.�–� The mean square
displacement hR�i is given by

hR�iideal = Nl� random coil (�.�)
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The real chain exhibits only limited conformational freedom because of �xed valence
angles and limited rotation (preferably dihedral angles) due to the potential energy
of the segment orientation. To account for these limitations, Flory� implemented a
rigidity parameter (characteristic ratio C1) which depends on the architecture of the
chain.�

hR�ireal = C1Nl� real chain by Flory with C1 = krot

r
�- cos ✓

�+ cos ✓
(�.�)

where ✓ is the bond angle (���.�� for C–C–C) and krot is a steric parameter which
accounts for the size of the polymer side-groups attached to the backbone. C1 is �.��
for a freely-rotating hydrocarbon chain (krot=�; for polyethylene).� An alternative de-
scription is the worm-like model by Kratky and Porod with a directional correlation
of the chain segments.� Here, conformational limitations are represented by the per-
sistence length q, which accounts for the chain sti�ness.

hR�iworm-like = �q
h
Nl- q

⇣
�- e-

Nl

q

⌘i
by Kratky and Porod (�.�)

Flexible chains relate to q ⇡ l. Increasing the sti�ness (q ! 1) eventually yields a
fully stretched chain (i. e., rod).

hR�iworm-like =

�
�qN l for q ⇡ l �exible chain
N� l� for q!1 sti� chain

(�.�)

Consequently for q = C1 l/�, the worm-like model and the Kuhn/Flory description
are equal.

hR�i�exible =
�q
l

N l� ⌘ C1Nl� = hR�ireal (�.�)

As a matter of fact, Kuhn� also considered such limitations and concluded that the
dimension of a chain with a given persistence may always be described as if it were
a completely �exible chain.�

hR�iKuhn =
N

⌫N
(⌫l l)

� = NKuhn l
�
Kuhn real chain by Kuhn (�.�)

This is possible by normalization of both the number of segments (Kuhn segment
NKuhn = N/⌫N) and the segment length (Kuhn length lKuhn = ⌫l l). The parameters
⌫N and ⌫l represent the fraction of segments (N/NKuhn) and length (lKuhn/l).
In conclusion, three main descriptions for the conformation of a real polymer chain

have been proposed. All are identical in the general attempt to limit its conformational
freedom of a �exible chain.

hR�ireal
hR�iideal

=
�q
l

= C1 =
⌫l

�

⌫N
chain expansion (�.�)
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The radius of gyration Rg, which is the root-mean-square distance of the segments
from the center of mass, is proportional to the mean square displacement hR�i of the
polymer chain.

Rg ⌘
r

�
�
hR�i =

r
q

�l
N · l =

r
C1
�

N · l =
r

⌫l�

�⌫N
N · l and Rg ⇠ N�/� (�.�)

�.�.� Excluded Volume and Polymer Swelling
Based on the van derWaals equation of state for non-zero volume particles with a net
attraction, which cannot overlap, each particle occupies a speci�c volume inaccessible
for the respective other particles.�

✓
p+

an�

V�

◆
(V - bn) = nR T van derWaals (�.�)

This correction of the ideal equation of state (pV = nR T ), accounts for the attrac-
tion between the particles (a) and excludes a distinct volume (b). This concept of
excluded volume was adopted by Kuhn and Flory for macromolecules. Their inter-
pretation concluded that polymer segments cannot occupy space which is already
occupied by segments of the same chain. This interpretation gave rise to the segment-
solvent interaction parameter � by Flory� and Huggins.� It is de�ned as the energy
change (in terms of kB T ) that is needed to transfer a single segment from an environ-
ment of pure polymer to pure solvent. � is in fact a free energy parameter and may
contain entropic contributions.
If polymer and solvent have identical polarity and polarizability � decreases to zero.

In such a good solvent (� = �), volume exclusion implies that the random walk has
to avoid itself, which leads to strong chain expansion (polymer swelling). Therefore,
Rg ⇠ N⌫ exhibits an exponent larger than �/�, as introduced for the ideal chain model
(see Eq. �.�). Here, ⌫ ⇡ �/� (i. e., Flory limit) is an universal exponent that holds in the
limit of largeN. For � >�, the excluded volume is smaller than the real volume (⇡ l�)
of a segment, as a result of a net segment-segment attraction. For � = �/� (at theta-
conditions), the net excluded volume is zero and even the longest polymer chains
behave ideally (Rg ⇠ N�/�). Flory,� Edwards,��,�� deGennes,�� and others showed the
excluded volume may be written as (�- ��)l�.

�.�.� Thermodynamics at the Interface
Whether or not a process happens spontaneously is determined by the change in Gibbs
free energy�G during the process,which can be related to two fundamental extensive
thermodynamic quantities: entropyS and enthalpyH.

�G = �H- T�S (�.��)

In a similar way, the chemical compatibility of twomaterials can be described in terms
of their enthalpic and entropic interaction. A negative (favorable) enthalpy change is
related to a high number of physical interactions or chemical bonding of contacting
phases. In contrast, a decrease of bonding/interaction may result in a positive (unfa-
vorable) enthalpy change. The change in entropy is related to changes of the number
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of degrees of freedom in the system during a process. An increase of disorder causes
a positive (favorable) entropy change, whereas a reduction con�gurational freedom
causes a negative (unfavorable) entropy change. Thermodynamics are essential to
describe the adsorption/desorption processes and in particular the formation of self-
assembled monolayers (SAMs) of low-molecular-weight molecules (e. g., silanes) or
polymers at interfaces.
The interplay of enthalpic and entropic contributions determines the thermody-

namic interaction. If the interaction is thermodynamically favorable (�G <�), the
adsorption/assembly process is spontaneous. As an example, the formation of SAMs
is entropically disfavored due to a decrease of disorder in the system. Therefore, the
entropic incompatibility must be compensated by strong enthalpy-driven interactions
of surface and the to-be-assembled species (|�H| > |T �S|).��,�� In some situations, the
entropic contribution is dominant e. g., for polyelectrolytes adsorbing on oppositely
charged surfaces. Here, the main driving force is the release of small counterions into
solution and the accompanied entropy gain.��

�.�.� Polymer Solubility and Phase Mixing
A common aphorism states that like dissolves like. Indeed, high solubility is predicted
for mixtures which constituents are of similar chemical structure (e. g., polystyrene
in toluene). To be exact, solubility is determined by the enthalpy balance of inter-
molecular forces between solvent and solute and the corresponding entropy change
associated with the mixing process. The free energy of mixing �Gmix is a balance of
the changes in enthalpy �Hmix and entropy �Smix.

�Gmix = �Hmix - T �Smix (�.��)

For polymer solubility, the enthalpy change is related to the interaction energy �R T
and the number of such interactions (nsolvent�polymer).�,�

�Hmix = nsolvent�polymer �R T (�.��)

The entropic change is related to the ideal mixing and the composition of the system
(amount of substance ni and volume/mole fraction �i).

�Smix = -R
�
nsolvent ln�solvent +npolymer ln�polymer

�
(�.��)

The result is the free energy of mixing for polymer in solvent.�,�

�Gmix
R T

= nsolvent�polymer �+nsolvent ln�solvent +npolymer ln�polymer (�.��)

The overall solvation capacity depends primarily on intermolecular interactions,which
include enthalpic (di�erences in polarity and polarizability) and entropic contribu-
tions (mixing entropy).

�.�.� Solvent Selectivity and Micellization
If the macromolecule exhibits extended segments of di�erent polarity, the molecular
solubility is not uniform along the chain. One particular interesting case for this can
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be found for diblock copolymers, where a solvent can be selective for only one of the
respective polymer blocks. Considering a diblock copolymer AB in a good solvent
for block B, whereas for block A the solvent is worse than theta (selective solvent,
�A > �/� > �B). This solubility imbalance causes a strong attraction between the
A segments which may result in intermolecular association and aggregation. A ho-
mopolymer of A would segregate from the solvent to form a phase of pure A to min-
imize the energetically unfavorable area of contact. Due to the diblock architecture
this is not possible for the A block. Micellization is a co-operative intermolecular ag-
gregation, in which the soluble blocks screen the insoluble blocks from the solvent
phase. Micellar aggregation is related to a critical concentration (cmc), whereas the
resulting micellar geometry can be controlled by the relative block lengths and the
interpenetration of the constituent blocks (�AB).

�.�.� Estimation of Solubility and Miscibility
Miscibility is a precondition for the formation of polymeric interphases.�� As dis-
cussed above, the Flory-Huggins interaction parameter is important to predict and
understand the behavior of phases in contact. Furthermore, the importance of similar
polarity and polarizability were pointed out in order to obtain phase compatibility.
For composite systems of high dissimilarity like apolar coatings in polar epoxy resin
based matrices, the prediction of phase compatibility is more challenging. Numerical
parameter can be used to predict the solvation, miscibility, and swelling of interact-
ing phases. Hildebrand de�ned a numerical estimate � for the degree of interaction
between two phases.��–�� This solubility parameter is the square root of the cohesive
energy density of a material. This energy has to be applied to completely remove a
unit volume of molecules from the bulk phase to in�nite separation.

� =

s
�Hvap - R T

Vm

solubility parameter (�.��)

The process of dissolution of a molar volume Vm is assumed to be energetically re-
lated to the heat of vaporization �Hvap. Even though it does not consider entropic
contributions of classical mixing thermodynamics (see Eq. �.��).

�Gmix + T�Smix = �Hmix ⇡ ���� Vm(�� - ��)
� Hildebrand (�.��)

where Gmix is the free energy, �i is the volume fraction of phase i, Vm is the mo-
lar volume, and �i is the Hildebrand parameter, which is a reduced measure of the
cohesive energy density. High similarity of �� and �� predicts chemical compatibility.
Table �.� shows some exemplary solubility parameters of materials used in this the-
sis. Hydrophobic polymers like PS and PMMA are predicted to be miscible and swell
upon exposition with bisphenol-A epoxy resin. Table �.� also shows one fundamental
short coming ofHildebrands estimation, because it is limited to apolar to slightly polar
materials. It falls short for polar molecules which interact via hydrogen bonding. For
example, THF and EtOH are both miscible with water. A more sophisticated estima-
tion approach has been developed by Hansen et al., by separation of � into dispersion,
dipolar, and hydrogen bonding related contributions. More information can be found
in literature.��
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Table 3.1 Hildebrand Solubility Parameters.

Material �, cal�/� cm-�/� �SI, MPa�/� Ref.
carbon nanotubesa CNTs �.� ��.� ��,��

cyclohexane �.� ��.� ��

toluene �.� ��.� ��

polystyrene PS ±1.3�.�±�.� ±3.3��.�±�.� ��

benzene �.� ��.� ��

chloroform CHCl� �.� ��.� ��

tetrahydrofuran THF �.� ��.� ��

poly(methyl methacrylate) PMMA �.� ��.� ��

acetone �.� ��.� ��

bisphenol-A epoxy resin DGEBAb ±1.3��.�±�.� ±1.3��.�±�.� ��

ethyl alcohol EtOH ��.� ��.� ��

water H�O ��.� ��.� ��

a The value for carbon nanotubes (CNTs) was derived from solubility theory and molecular simula-
abitions and is listed for comparison.
b Diglycidyl ether of bisphenol-A.

�.�.� Interfacial Region and Adsorption
The properties of a liquid near an interface are inevitable di�erent from its bulk proper-
ties. Considering a binarymixture of polymer and solvent, the most explicit di�erence
can be found in a concentration change in the vicinity of the interface.
An increased concentration of polymer in the interfacial region is described as (pos-

itive) adsorption. The adsorptive process can be distinguished by the form of attrac-
tion: formation of chemical bonds (chemisorption) or only physical interactions (ph-
ysisorption). Complementary, depletion and desorption (negative adsorption) denote the
case that the concentration in the interfacial region is below the bulk concentration.
Macromolecules populated close to or interpenetrating into the interface are forced to
change their shapes from roughly spherical to more planar because of the interfacial
con�nement.�,��
The amount of adsorbed polymer is given by the surface concentration � in contact

with the interface and the interface excess. For homopolymers at a �xed concentration
in good solvent, this amount increases with increasing molecular weight. At theta-
conditions, � may increase without boundswhich allows for adsorption of thick layers.
As a general rule but somewhat contra intuitive, adsorbed amounts at theta-conditions
are higher than in good solvents (�⇥ > ��<�/�). Eventually, the amount of adsorption
depends on the balance of the interaction energies in this three-component-system
i. e., polymer segment, solvent, and substrate surface. Therefore the adsorption can
be controlled by the net adsorption energy and the nature of the substrate e. g., by
choosing suitable solvent and substrate conditions.
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For example, a hydroxylated polar surface will repel an apolar polymer and favor
negative adsorption and depletion (�surface � �/�). Thus, hydrophobic surfaces may
favor adsorption of such polymer, depending on the interaction balance of substrate,
solvent, and polymer. Polydimethylsiloxane (PDMS) is a nice substrate to show this
experimentally:�� Stored in air, the surface of this polymeric organosilicon becomes
hydrophobic since the methyl groups in the interfacial region are oriented toward the
air interface and apolar polymer (e. g., polystyrene) may be adsorbed. By immersion
in aqueous HCl (�� vol.%, �� h), a reorientation of the methyl groups is caused toward
the more hydrophobic bulk of the PDMS and the surface will mainly feature silanol
and hydroxyl groups. Now, since the surface is hydrophilic, it is rendered repellant
for apolar polymer but will be accessible for polar polymer and available to speci�c
chemisorption.��
Solid substrates may induce strong van derWaals forces, dipolar forces, or even

form hydrogen bonds. In some cases, the adsorption is driven by the poor solubility of
the polymer or by the surface tension of the solvent. As an example, PDMS (lower sur-
face tension than toluene) adsorbs at the toluene/air interface, but polystyrene (higher
surface tension) does not.�

�.�.� Copolymer Adsorption
Since the adsorbed amount depends on the primary structure of the polymer, it can
be expected that copolymers behave di�erent from homopolymers. The adsorption
of a random copolymer can basically be described as an average of the adsorption be-
havior of the two corresponding homopolymers. Owing to the architecture of diblock
copolymers, suchmacromolecules exhibit di�erent adsorption mechanisms. Upon the
assumption that the chemical di�erences of the two blocks translate to di�erences in
the adsorption a�nity, one of the two blocks adsorbs preferentially. At saturation,
only one block adsorbs to the surface (the anchor block), whereas the other (the buoy
block) remains free and extends into the solution away from the surface. To hold the
tethered anchor chain at the surface, a minimum number of ��% to ��% adsorbing
segments is su�cient.�
On the basis of the buoy-anchor description together with fundamental scaling the-

ories, the polymermorphology at the interface can be predicted. As a result of variable
solubility, the adsorption from non-selective solvent is di�erent from the adsorption
from selective solvent. For both cases, a detailed scaling theorywas introduced byMar-
ques, Joanny, and Leibler.��,�� One fundamental di�erence is that in selective solvents
micellization may occur, which has a dramatic in�uence on the adsorption mecha-
nism and the resulting surface morphology.�� In non-selective solvents, micellization
does not occur.
The concentration gradient c(z) normal to the surface re�ects the polymer chain

structure in the adsorbed state. Because adsorption implies a change in shape, the
surface conformation of a single chain can be distinguished in three types of sub-
chains: trains (section of segments in contact with the surface i. e., bound fraction),
loops (chain section not in contact with the surface), and tails (chain ends free in so-
lution). This classi�cation was introduced by Jenkel and Rumbach.�� The structural
information represented by the concentration pro�le c(z) can be studied by experi-
mental techniques like neutron scattering and neutron re�ectivity.
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Figure 3.1 Scaling prediction for the surface density of buoy chains as a function of
the fraction of anchor segments in a diblock copolymer: (a) non-selective adsorption.
Adapted from Ref.7 (Copyright 1995), reprint with permission by Society of Chemical In-
dustry. (b) Buoy regime, (c) anchor regime, and (d) vdW brush regime.28,29 Adapted from
Ref.32 (Copyright 1997), reprint with permission by American Chemical Society.

A steep concentration drop occurs when the adsorbed chains �atten to cover more
surface area. This is an unusual morphology, which only is found for high net attrac-
tion and at very low surface coverage. At moderate to high coverage, c(z) shows a
gradual decay due to the presence of loops and tails. For terminally attached chains
or buoy-anchor diblock copolymer, c(z) is concave, which indicates a high number of
tails of about equal length. Depending on the surface chain density, these tails either
reside in the state of polymer brushes or mushrooms.�

�.�.� Diblock Copolymer Adsorption — Scaling Theory
The adsorption behavior of diblock copolymers of type buoy-anchor has been studied
by Marques, Joanny, and Leibler (MJL).��,�� The anchor block is signi�ed by its high
adsorption a�nity forming a bottom layer at the surface. The buoy block shows lower
adsorption a�nity and will be excluded from the surface forming a top layer. Depend-
ing on solubility, two cases can be discriminated: non-selective adsorption (MJ scaling),
if both blocks are soluble;�� and selective adsorption (MJL scaling), if the solubility of
the buoy exceeds the anchor block.��
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Figure �.�a shows the scaling behavior for non-selective adsorption, which exhibits
two regimes: In the buoy regime, the surface is not saturated by anchors because the
repulsion of the buoy chains is dominating the number of adsorbed chains. Here, the
buoy chains form a conformation similar to a diluted brush or an overlapping mush-
room (Figure �.�b). The term overlapping mushroom seems contradictory since for
homopolymers a mushroom is de�ned as an individual located chain.�� For buoy-
anchor copolymers, this conformation can be attained due to the imbalance of the
adsorption a�nity. Therefore, buoy chains can be situated closer than in the classi-
cal mushroom regime. Since the adsorption energy is proportional to the number of
anchor segments Nanchor, the number of adsorbed chains increases with increasing
anchor fraction ⌫anchor. In non-selective solvent, the transition from buoy-dominated
to anchor-dominated adsorption is located at

�n =

✓
Nbuoy

Nanchor

◆�/�
=

✓
�- ⌫anchor
⌫anchor

◆�/�
(�.��)

where �n is the asymmetry ratio introduced by Marques and Joanny as the ratio be-
tween the areas (i. e., the squares of the Flory radii in non-selective solvent) occupied
by the two respective blocks. The regime cross-over is located at �n ⇡ Nanchor which
is equal to a block ratio of Nbuoy ⇡ N��/�

anchor. The scaling predicts

Nbuoy > N��/�
anchor buoy regime � ⇠

✓
Nanchor
Nbuoy

◆�/�
=

✓
⌫anchor

�- ⌫anchor

◆�/�
(�.��)

where� is the surface density of the buoy chains. In the anchor regime, the overlap and
lateral repulsion of the buoys is weak (Figure �.�b). The number of adsorbed chains is
limited by the saturation of the anchor layer. Therefore, the adsorbed mass of anchors
remains roughly constant but the number (surface density) of buoys decreases with
increasing anchor fraction. The MJ scaling predicts

Nbuoy < N��/�
anchor anchor regime � ⇠

�
Nanchor

=
�

N⌫anchor
(�.��)

In the case of selective adsorption, the anchor is assumed to act as a melt and fully
wet the surface under the action of the van der Waals (vdW) attraction. The anchor
is poorly-solvated and collapsed to small globule. The e�ective area of such globules
directly scales with the anchor length. MJL de�ned the asymmetric ratio as

�s =
N�/�

buoy

Nanchor
=

(�- ⌫anchor)�/�

⌫anchor
(�.��)

The chain density is a balance between the vdW force of the melt �lm and the os-
motic repulsion inside the brush layer of the buoys. The vdW brush regime (by selec-
tive adsorption) is comparable to the brush regime of a non-selective adsorption (see
Figure �.�cd). The vdW brush is only one of the possible regimes, a detailed overview
can be found in the literature.�,�� TheMJ scaling theory for diblock copolymer adsorp-
tion was applied to estimate the relative grafting density in a joint publication (see
Chapter �).
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�.� Polymers at the Interphase

The performance of a composite material mainly relies on its interfacial stability, the
strength of the adhesion between the constituent components (reinforcement and sup-
porting matrix). Macromolecules have been identi�ed to reinforce the interface of
such materials.�,��–�� The most prominent physicochemical parameters in�uencing
this phenomenon are the chemical functionality and the macromolecular structure in
the interfacial region. Based on the chemical nature, the functional side groups along
the polymer chain determine the kind and amount of interactions possible with the
embedding phase. Further in�uences are related to the macromolecule size (length,
dispersity) and conformation. Especially the chain density at the interface has a con-
siderable in�uence on the resulting interfacial conformation. This section will present
a summary of contemporary theories on the impact of macromolecules at composite
interfaces on the interfacial stability.��–��

�.�.� Interface Reinforcement by Surface-Grafted Polymer
A fundamental expectation is that the presence of strong covalent bonds across the
reinforcement/matrix interface allows for su�cient adhesion of the composite com-
ponents. Such bonded assemblies have been intensively studied and mostly rely on
surface functionalization to achieve at �rst high wettability and eventually the forma-
tion of covalent linkages. Apart from covalent bonding, physical interactions, mainly
the attraction of oppositely charged materials, can be applied to obtain robust com-
positions or to build up multilayer coatings. Please note that the following discussion
will consider uncharged macromolecules without or with side groups of negligible
interactions to focus on structural aspects of interface reinforcement.
Research on composite stability and material toughness have been and still are of

high interest to material sciences.��–�� Classical questions which already came up in
the beginning of the ��th century are
Shift Is it su�cient to have strong covalent bonds to make a material/composite tough?,
ShiftHow do non-covalent linkages at the interface in�uence the fracture behavior?, and
ShiftAre covalent bonds mandatory to support the composite interface?.
Regarding composites, all of these questions are more or less targeted on the stability
of its inner interfaces. A common composite is a combination of a hard material as
reinforcing phase and a soft material as supporting matrix phase.��,��,�� In material
research, toughness describes the material’s ability to withstand fracture — once a
crack is present.��,�� Tough materials absorb more energy upon (ductile) deformation.
Brittle materials like glass have only little ability to deform and fracture easily once
a critical load is applied (resulting in formation and propagation of a crack). Usually,
the interface of two adjacent materials is a weak point of the system and prone to
undergo contact failure.�� The fracture energy is a two-dimensional toughness i. e.,
the energy required to separate two phases creating a new interfacial area.

[G] =
henergy

area

i
=

J
m� =

N
m

fracture energy (�.��)

The thermodynamic equivalent of this measure is basically the work of adhesion (ad-
hesion energy), which has to be overcome to separate two condensed phases. The
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Figure 3.2 Schematic representation of the interphase formed of surface tethered poly-
mer chains (red) and a matrix network of epoxy resin (green). Adapted from Ref. 38 (Copy-
right 2003), reprint with permission from Taylor & Francis.

theoretical fracture energy of an interface bonded by physical vdW interactions is
limited to �.� J/m� (considering a bond energy of EvdW = �.�-�kJ/mol and a surface
density of �� bonds/nm

�). For the case of normal stress and under the assumption
that all bonds have to be broken individually, this is the maximum interfacial adhe-
sion,which can be expected for two phases interacting solely via physical interactions
— like low-molecular-weight assemblies or unentangled polymers. For covalent inter-
atomic/intermolecular bonds the maximum fracture energy is about � J/m

� (consider-
ing single carbon bonds EC–C ⇡ ���kJ/mol at �� bonds/nm

�) — depending on the
bond strength of the respective atoms/molecules.
Further interfacial stability can result from a network-like structure of entangled

polymers (of higher molecular weight). In literature, fracture energies up to � kJ/m
�

have been reported.��,��,�� The interlocking of macromolecular chains into the matrix
material can result in an entangled network of both phases, forming a mixed phase
often called interphase.��,�� Figure �.� represents a polymeric interphase formed of
surface tethered chains interdigitating in a matrix network. When load is applied to a
polymeric interphase, structural changes related to plastic deformations on a molec-
ular level can dissipate energy. Albeit this yielding may be irreversible, it allows for
compensation of applied stress.
The interlocking of the two phases is only possible for favourable interaction of

polymer and matrix. If the polymer-matrix interdi�usion is hindered or energetically
unfavourable, segregation will take place instead.�,� The molecular interdi�usion of
polymers has been discussed by Brochard-Wyart and deGennes.�� Swelling, the up-
take of one phase into the other, depends not only on their chemical compatibility but
also on the elasticity and the rheological properties of the matrix phase and may yield
non-Fickian concentration pro�les along the path of di�usion. This would allow for
the formation of a gradient in composition and in mechanical properties, if the respec-
tive materials are of di�erent sti�ness/rigidity (see Figure �.�). They also concluded
that reptation dominates all motions in such systems and that macroscopic mixing
takes place at a much larger time scale.��
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Figure 3.3 Schematic representation of entangled polymer chains (left) and the corre-
sponding covalently crosslinked polymer network (right).48 Adapted from Ref. 35 (Copyright
1999), reprint with permission from Wiley-VCH Verlag GmbH & Co. KGaA.

In principle, the direct covalent linkages between the two phases are substituted by
a multitude of physical entanglements, which provide for stability similar to covalent
crosslinks (see Figure �.�).�� Upon curing of the matrix phase, the molecular dynamics
are limited and the constituent phases remain physically interlocked.��
Prima facie, this approach can be expected to provide higher interfacial adhesion

due to three reasons:

(i) adhesive bonds are not limited to the interface area but may be situated in the
extended volume of the interphase;

(ii) higher total number of adhesive bonds, because each polymer chain can be
multiply entangled, whereas each entanglement serves as a physical linkage;

(iii) defects reaching inside the interphase can be de�ected and at best hindered to
propagate.

�.�.� Mechanics at the Interface
Toughness implies the dissipation of energy from the applied stress by irreversible
(plastic) deformations like yielding. In a symmetric system with chemically identical
phases in contact, the total fracture energy of the interfacial bonding is given by a com-
bination of the work of cohesion and a energetic contribution based on viscoelastic
losses.

Gcohesion = Wcohesion +Wplastic(ȧ, T , ✏) Wcohesion = ��A (�.��)

The viscoelastically dissipated energy depends on the crack propagation rate ȧ, the
temperature T , and the local strain ✏.��–�� The work of cohesion is twice the surface
energy � per unit area. Considering an asymmetric system of dissimilar phases with
only physical interactions without viscoelastic contributions, the intrinsic fracture
energy of the two-phase interface is given by the thermodynamic work of adhesion
(per unit area),

G = Wadhesion = �A + �B - �AB (�.��)
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Figure 3.4 Schematic representation of a contact failure and the propagation of a crack
through the polymeric interphase. Adapted from Ref. 38 (Copyright 2003), reprint with per-
mission from Taylor & Francis.

This concept was introduced by Young and Dupré and describes basic wetting phe-
nomena in terms of a simpli�ed force balance related to the surface energies � and
the interfacial energy �.�� It can be expected that contribution of viscoelastic losses
formulated for cohesion can also be applied to adhesion.��

Gadhesion = Wadhesion +Wplastic(ȧ, T , ✏) (�.��)

�.�.� Mechanics at the Polymeric Interphase
The formation of a polymeric interphase has been described before (see Figure �.�).
The propagation of a crack (contact failure) along the interface of a two phase com-
posite modi�ed with surface tethered polymer chains is represented in Figure �.�. The
chains of lengthN (polymerization degree) are covalently attached to the surface. The
matrix can be regarded as a network of cross-linked polymer (below the glass tran-
sition temperature) or cured resin. Either way, a three-dimensional network with a
mesh size (spacing of crosslinking sites,Nc,matrix) is formed, which may host polymer
chains in the interfacial region — the adhesive interphase layer. The formation of an
interphase can either be described as an uptake of matrix material by the (swollen)
polymer layer or vice versa the penetration of these chains into thematrix phase. Upon
entanglement, the hosted chains serve as connectors between the phases.�,��,�� As de-
scribed before, the physical entanglements inside the interphase are expected to be
comparable to covalent crosslinks (see Figure �.�) — and serve as mechanical inter-
locking agents.��,��,��
The e�ectiveness of mechanical interlocking has to depend on the chain length.��

Considering uniform chains of equal length, there has to be a minimum chain length
i. e., a threshold of molecular entanglement. Chains below this lengthNmin may inter-
penetrate the matrix but are too short to e�ectively interlock. Therefore, by consid-
ering such chains to behave like typical viscous �uids, the dissociation may proceed
without mechanical constraint.��
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Chains longer than this threshold can form entanglements which act as physical
crosslinks. The mechanical stability of the resulting intertwined network depends on
the dynamic conditions:��

(i) at low frequencies: behaves like viscous liquid; chains may detangle from the
matrix network;

(ii) at high frequencies: behaves like elastic network; entanglements act as physical
crosslinks (see Figure �.�).

The two regimes can be discriminated by the reptation relaxation time treptation.

treptation = ⌧�N
⌫ (�.��)

where ⌧0 represents the blob relaxation time and N is the polymerization degree on
the power of a numerical exponent ⌫ ⇡ �-�.�.��,��,�� The blob model as introduced by
deGennes subdivides the polymer chain in spherical segments called blobs.�� Inside
each blob, the chain segment behaves like in good solvent. An entangled chain is
imagined to move in a reptile-like motion inside a tube-shaped con�nement set by
adjacent chains. The reptation time is the time the chain requires to leave this tube.��,��

�.�.� Adhesion Promotion by Polymeric Interphases
The molecular fracture mechanism of solid crosslinked polymeric materials has been
studied by Lake and Thomas.�� They explained the fracture behavior of vulcanized
rubber by a theory based on the energy required to molecularly fracture the material
structure. One can imagine a cohesive fracture where a single polymer chain lies
across the plane of crack propagation — crosslinked on opposite sides of the plane
(see Figure �.�, left). For the crack to propagate, this chain must be broken. Albeit, to
break a single bond of the chain, it is necessary to subject all other bonds to virtually
the same breaking force. Therefore, the fracture energy required will be much higher
than the dissociation energy Ebond of a single bond.��
The chain is considered to be a series of springs. The (maximum) real fracture en-

ergy one chain can be expected to withstand is about

Wchain ⇡ Nc Ebond (�.��)

with Nc being the number of covalent bonds between two crosslinks. Upon rupture,
only one bond will be broken. Bonds next to the place of rupture will be deformed but
remain intact. In order to propagate all chains situated across the plane of fracture
Nplane have to be consecutively broken. Considering a polymer of di�erent covalent
bonds the maximum total fracture energy increase is

Wtotal,max ⇡ Nplane
X

i

hNc,iibond Ebond,i

i=�
= Nplane hNcibond Ebond (�.��)

hNc,ii is the mean connector length of of covalent bonds i. This mechanism has been
described for the cohesive failure but can be used for adhesive failure of two phase
systems upon the following assumptions:
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Figure 3.5 Schematic representation of a contact failure with polymer chains lying across
the plane of crack propagation (dashed line) in cohesive (left) or adhesive failure (right).62

(i) the fracture plan lies at the interface of the two phases;

(ii) the adhesion between the two phases is weaker than their respective cohesion.

In conclusion, the fracture energy increase G by macromolecular chains at the inter-
face depends on the chain density �, the connector lengthNc i. e., the polymerization
degree of the full chain, and the strength of the chemical bonds along the chain —
assuming that every polymeric connector behaves like a small spring, which is totally
deformed at fracture.��

Gtotal =

P
i
Wchain,i

Afracture
=

Nplane hWchaini
Afracture

= � hNciEbond (�.��)

= �⇤ hNciWbond (�.��)

Wbond is the energy needed to break a covalent bond normalized to the monomer size
(Ebond/l

�).

�.�.� Fracture of Interphases involving Polymer Chains interpenetrating into
a Matrix Network

The concept of �exible connector molecules anchored to a substrate surface and en-
tangled with another adhesive phase was �rst discussed by deGennes and Brochard-
Wyart.�� In particular the adhesion between a crosslinked (PDMS) matrix and (PDMS)
grafted solids was studied. The authors indicated that increased interfacial adhesion
can be expected if the grafted chains interdigitate with the crosslinked matrix. This
mechanical coupling relies on the assumption, that the connector chains are (i) suf-
�ciently long, (ii) exhibit enthalpic compatibility (adequate contact conditions), and
interdigitate into the matrix.�� Interdigitation depends on the grafting density � (i. e.,
the dimensionless equivalent �⇤). Most relevant is their discussion on the interdigita-
tion problem, a regime where � is too high and the grafted chains do not mix with the
matrix phase. Fundamentally, two cases have to be distinguished:

(i) free chains, which can slide out of the matrix without the breaking of bonds;

(ii) covalently bound or physically entangled chains, bonds must be broken.
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�.�.�.� Free Connector Chains
First, we consider the case of individual chains (Figure �.�a) grafted to a solid sub-
strate. The scaling behavior of tethered chains free in a matrix phase was described
by Raphael et al.�� There is no covalent or physical attachment to the matrix. The ex-
pected fracture energy for chains, which are chemical identical to the substrate inter-
face, is

Gfree = Wadhesion + �
⇤ hNciWadhesion free connectors (�.��)

= Wadhesion (�+ �⇤ hNci) (�.��)

whereWadhesion is the thermodynamic work of adhesion between the matrix and the
bare substrate material (van derWaals interactions), �⇤ is the dimensionless grafting
density, and hNci is the mean length of the connector chains.�� The term �⇤ hNci,
respectively � hNci l�, is the main scaling factor and fully incorporates the adhesion
promotion by interfacial connector chains. For�⇤ hNci ! �, the situation falls back to
the simple adhesion of two dissimilar phases without interfacial polymer chains. Fur-
thermore, hNci l� relates to the mean square displacement of an ideal chain hR�iideal
in random coil conformation. Eventually, we can formulate the areal extension factor,
which describes the relative increase of interfacial contact area because of interfacial
polymer chains.

�⇤ hNci = � hNci l� = � hR�
ciideal = Nchains

hR�
ciideal
Aunit

⌘
Ainterphase

Ainterface
- � (�.��)

where hR�iideal is the mean square displacement of an ideal connector chain. The ex-
tended contact area (interphase).

Gfree = Wadhesion

✓
�+

Ainterphase

Ainterface
- �
◆

= Wadhesion
Ainterphase

Ainterface
(�.��)

The applied ideal chain model is su�cient to describe the scaling behavior but can
easily be extended by consideration of chain expansion factors (see Section �.�.�).

�.�.�.� Covalently Bound or Physically Entangled Connector Chains
For the bound case denote the situation that the grafted chains are covalently or phys-
ically attached to matrix network. To remove an interdigitated chain, a chemical bond
has to be broken. The theoretical fracture energy is

Gbound = Wadhesion + �
⇤ hNciWbond bound connectors (�.��)

where Wbond is the energy required to break a single bond of the connector chain
normalized by the monomer size (l�).��,�� A simple scaling relation can be concluded.

�Gbound ⇡
Wbond

Wadhesion
�Gfree (�.��)
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Figure 3.6 Theoretical adhesion increase for oligomers (e. g., silanes) and polymers as
bound connectors, calculated from Eq. 3.37: (a) dense oligomer, (b) short dense polymer,
(c) longer dense polymer, and (d,e) longer polymers at low density.

where �G denotes the incremental changes in fracture energy due to grafting. An-
other interesting case results for the case that the grafted chains are shorter than the
mesh size of the matrix network (N⌧ Nc,matrix). For short chains (limN!�Nc = �),
the description falls back to the case of thin-�lm adhesives like covalently linking
monolayers of oligomers low-molecular-weight e. g., silanes. The e�ective interphase
layer is reduced to a simple monomolecular layer of covalent linkages. As an example,
we can consider an interface modi�ed by vinyltrimethoxysilane (VTMS), a short chain
silane with a reactive vinyl function. Applying Eq. �.�� and �.�� for VTMS yields an
adhesion increase of approximately �� J/m

�:

Gbound,VTMS -Wadhesion ⇡ �VTMS (ESi-C + �EC-C) (�.��)

where the total bonding energy is about ���� kJ/mol and the maximum chain density
is �� chains/nm

� (i. e., �⇤VTMS = �.���). Please note that in this case the connectors
are only bridging between the two phases by being terminally attached at both ends.
The resulting interdigitation depth is negligibly thin (analog to a segregated brush
with covalent matrix contact, see Figure �.�d). The adhesion increase is direct propor-
tional to the number density of adhesive junctions. Albeit, the available chain density
is limited due to sterical hinderance with an upper limited of about �� chains/nm

�

for short oligomers (N ⌧ ��) and of about � chains/nm
� for polymers (N > ���).

Furthermore, Eq. �.�� predicts that adhesion also increases for longer connector chain
lengths either interdigitate inside the matrix (interphase,N� Nc) or bridge between
two phases (interfacial layer, N ⌧ Nc), whereas Nc is given by the mesh size of the
matrix network.

Gbound(�,Nc)-Wadhesion ⇡ � (ESi-C +Nc EC-C) (�.��)

Figure �.� compares the theoretical adhesion increase of oligomers and polymers as
bound connectors, in consideration of the available chain densities. Oligomers allow
for adhesion promotion up to �� J/m

� (a), limited by chain density. A polymeric con-
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Figure 3.7 Schematic representation of grafted polymer chains (red) in contact with a
matrix phase (green): (a) separate mushrooms, (b) overlapping mushrooms, (c) stretched
chains, and (d) segregated brush. Adapted from Ref.48 (Copyright 1996), reprint with per-
mission from Taylor & Francis.

necter of length Nc = ��� but at a lower chain density of � chain/nm
� o�ers a sim-

ilar adhesion promotion (b). The same can be expected for a even longer chain of
Nc = � ��� at �.� chains/nm

� (d) andNc = �� ��� at �.�� chains/nm
� (e). In conclu-

sion, following the theory by Brochard-Wyart and deGennes, the highest adhesion
promotion can be expected for long polymeric connectors at high number density (c).
Please note thatNc its not strictly the polymerization degreeN of the native chain —
but the covalent bound or physically entangled chain segment bridging between the
two phases.

�.�.�.� Conformational Regimes of Interfacial Polymer Chains
Figure �.� summarizes the regimes which can be expected for grafted polymer chains
in contact with a crosslinked matrix. Depending on the chain density �⇤, the chain
length N, and the mesh size of the matrix Nc, the following regimes can be found:��

(a) At very low density the chains reside as independent mushrooms.

�⇤ < N-� separate mushrooms (�.��)

(b) Above this minimum density, the grafted chains may overlap but do not stretch,
because of the screening e�ect of the matrix.

N-� < �⇤ < Nc/N
�/� overlapping mushrooms (�.��)

where the upper limit is related to the sausage model,�� considering stretched
chains in a tube-like conformation of volume �c Vtube:

�⇤stretch ⇡
�c Vtube
Vchain

⇡ Nc/N ·
p
Nl · l�

Nl�
= Nc/N

�/� (�.��)

where �c is the volume fraction of mobile connector chains and about Nc/N.
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(c) At even higher surface density, the chains stretch but may still interdigitate into
the matrix phase.

Nc/N
�/� < �⇤ < N-�/�

c stretched chains (�.��)

with the limiting factor being the mesh size of the matrix network i. e., the max-
imum connector dimensions hNci l�.

(d) Above a limit density the chains segregate from the matrix (no interdigitation).

�⇤ > N-�/�
c segregated brush (�.��)

�.�.�.� Optimal Chain Density and Length
Which nanostructural properties allow for proper interdigitation (interphase forma-
tion) and promote adhesion? To answer this question, we can combine the theory
on interfacial adhesion promotion (Section �.�.�.�) with our understanding of macro-
molecular conformations at the interface (Section �.�.�.�). The fundamental question
is how to obtain maximum adhesion despite the limitations set by sterics and chain
repulsion. In the following, the optimal chain density is calculated.
Maximum adhesion promotion is proposed for a system with connectors of high

number density and length (see Eq. �.��). This can be expected to be set by both the
polymer chains and the matrix network:

Gbound,max -Wadhesion
Wbond

= (�⇤maxNc)chain ⌘ (�⇤maxNc)matrix (�.��)

Here, the maximum connector lengthNc,chain is the total chain lengthN and the max-
imum chain density of the matrix �⇤max,matrix is limited by the segregation (Eq. �.��).

�⇤max,chain = �⇤max,matrix
Nc,matrix
Nc,chain

=
�p

Nc,matrix

Nc,matrix
N

=

p
Nc,matrix

N
(�.��)

The optimal chain density is about
p
Nc/N depending on matrix and polymer. Both,

an increase and decrease of chain density will result in a lowering of the interfacial
adhesion. This is due to two di�erent mechanisms: A further increase of chain density
will shift toward the segregation limit and will decrease the interdigitation (poor in-
termixing of matrix and polymer). A reduction of chain density on the other hand will
diminish interfacial adhesion as well, because it lowers the interaction energy, which
is proportional to the number density �⇤ of connector chains.��

• ForN < Nc, the optimal chain density cannot be realized since it falls into the
segregation regime and an interfacial polymer layer is formed instead.

• For N ⇡ Nc, maximum adhesion arises right at the segregation limit.

• ForN > Nc, the optimal chain density is below the segregation limit and above
the regime of individual chains (Eq. �.��). In fact,Eq. �.�� predicts thatmaximum
adhesion arises always inside the regime of stretched chainsNc/N

�/� < �⇤opt <

N-�/�
c (see Eq. �.��).
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Figure 3.8 Theoretical optimal chain density of bound connector molecules of length N
in contact to a crosslinked matrix of mesh size Nc, calculated from Eq. 3.44 and plotted
on logarithmic scale (solid lines). The regime of optimal density is limited by N > Nc
(dark colored area) and the regime of individual chains (light colored area). Above �opt, the
tethered chains will segregate from the matrix (blank area). The dashed horizontal lines
indicate typical upper limits of grafting density for oligomers and polymers.48

Figure �.� shows the theoretical optimal chain density calculated from Eq. �.�� for
bound connector molecules in contact to a cross-linked matrix. Three main regimes
are represented as colored area in this Figure:

• Segregation regime (blank), set only by the matrix network (Eq. �.��).

• Individual chain regime (light color), set only by the grafted chains (Eq. �.��).

• Optimal density regime (dark color), which incorporates all possible combina-
tions of matrixNc and grafted chainN. For clari�cation, the optimal chain den-
sity of four exemplary matrices (Nc = ��, ���, ����, �� ���) has been plotted
(Eq. �.��).

It becomes clear that the chain density which can be applied for interfacial stabiliza-
tion has an upper limited due to segregation of the chains.
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�.� Conclusion

The interphase model is a physical model which describes the interface and inter-
phase performance in composite materials and bonded polymers.�� Here, the e�ect
of surface-grafted macromolecular chains in brush conformation is of particular in-
terest for interface/interphase engineering for tailored adhesion.��,��–�� The model is
derived from a simple contact situation of two chemically similar or dissimilar phases.
The in�uence of a thin-�lm coating is described by its intermolecular interactions
(vdW, covalent, etc.). Interactions like electrostatics, hydrogen bonding, and hydropho-
bic have been neglected in the derivation. For the case of chemical dissimilarity, an
ideal mixing behavior of matrix and coating is assumed.
The toughness of a material is a measure of its capability to absorb and withstand

fracture energy. For composites, the toughness of the contact zone between its com-
ponents is critical. This zone can range from a few nanometers (interface) to several
micrometers (interphase), see Figure �.�. If there is no intermixing of the two bulk
faces upon contact, the resulting interface is basically given by the roughness of the
contact faces. For intermixing phases, the interface of the two bulk phases is extended
to a shared contact volume. This phenomenon can also be found in many of today’s
self-healingmaterials.��,�� For both cohesive and adhesive contact, the fracture energy
of the composite is assumed to contain viscoelastic contributions based on the inter-
face/interphase conjunction.�� These viscoelastic losses are related to the dissipation
of fracture energy during deformation.��–��
A polymeric interphase can be formed by macromolecular chains surface-tethered

to one phase (reinforcement) which interdigitate into the other (matrix). Depending
on the length of the polymer chain and the structure of the matrix phase, the chain
may be physically crosslinked to the matrix by entanglement.��,�� Physical crosslinks
of high-molecular-weight chains in a cured matrix network are comparable covalent
crosslinks.��,��,��,�� If the polymer is shorter than minimum length required to link to
the matrix network, it will behave di�erent from bound connector chains.
Free connector chains, which are neither covalently nor physically crosslinked to

the matrix, result in an e�ective extension of the interfacial area. The extension is
proportional to the area occupied by the chains given by their number density and
length.��,�� Therefore, the adhesion promotion of polymeric coatings should exceed
the capabilities of low-molecular-weight sizings.

Ainterphase

Ainterface
= �+ � hNi l� (�.��)

Figure 3.9 Schematic representation of an interface (up) and an interphase (down).



64 Macromolecular Interphases and Interfaces

Bound connector chains, which are liked to the matrix network, must be broken upon
fracture. The maximum fracture energy contribution of each connector is propor-
tional to its length assuming all bonds along a chain have to be subjected to virtually
the same breaking force.�� The connector length is the number of segments connect-
ing either inside the mesh of the matrix network (cohesive zone) or between the sur-
face and the matrix (adhesive zone). In the latter case, the available conformational
regimes of the grafted polymer are limited by the polymerization degree and the ma-
trix density (network mesh size).��
Maximum adhesion promotion can be expected for stretched polymer chains in the

brush regime. The regime of optimal adhesion is limited by the stretching limit of the
brush and the segregation limit. The latter is an upper bound of the grafting density.
Beyond this boundary, the high density of the surface-tethered chains will not allow
proper mixing with the matrix. This segregation is based on the entropic disfavored
stretching of the brush and can be related to autophobic dewetting.��–�� If the poly-
mer chain is much longer compared to the mesh size of the matrix, the optimum chain
density is below this segregation limit (�opt ⇡

p
Nc/(Nl�)).�� For decreasing poly-

mer length close to the minimum length required to bind to the matrix, the optimum
density is shifted toward the segregation limit. This case is unfavorable from an ap-
plication point of view, since small changes of the local chain density may lead to a
partial or full segregation. Apart from the negative implications of segregation, this
might also allow for a control over the contact adhesion. If the stretching/collapse
of the brush can be trigged, the resulting conformational transition might switch the
contact from attractive to repulsive. This would have high technological relevance in
many applications dealing with friction and lubrication.��
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Thiol-ene photochemistry has gained a lot of attention in the recent years.�–� Unfortu-
nately, the general term photochemistry can be quite misleading and should be further
discriminated for photopolymerization and photoinitiated polymerization. For the latter,
light is only required to initiate the polymerization, whereas a true photopolymerza-
tion proceeds via a step-growth mechanism and requires continuous irradiation.
Fundamentally, the conjugation of a mercaptan and an ole�n has been entitled as

click-reaction because of its high e�ciency and atom economy.�,� Therefore, this con-
jugation found application in many �elds, especially in reactive coatings�,� and cur-
ing (photosetting) resins. These systems form cross-linked networks by step-growth
photopolymerization� of multifunctional thiol/ole�n monomers.�,�,�,�� The physico-
chemical properties��–�� of such networks may be tailored to speci�c �elds of appli-
cations e. g., for dental restoration materials,��,�� shape-memory polymers,�� chemi-
cally and thermally stable �bers,�� ormechanical gradient materials.�� Also, photocur-
able coatings using natural macromonomers like vegetable oils,�� or unsaturated fatty
acids�� have been demonstrated. The kinetics��,�� of thiol-ene photopolymerizations
and the in�uence of the ole�n functionality�,�� have been reported. Most of the fun-
damental studies towards applications of thiol-ene photochemistry can be attributed
to the research groups of Hoyle and Bowman.�,��,��–��
Apart from the extended �eld of photosetting coatings, the fundamental coupling

process has become an import synthetic tool in polymer and colloid science. For in-
stance in the �eld of polymer synthesis, photoinitiated thiol-ene chemistry can be
used for polymer-polymer conjugation,�� buildup of dendrimers,�� or post-function-
alization of ROMP�� or RAFT�� products. Functionalized polymers are especially im-
portant for bioorganic�� and biomedical applications (polypeptide synthesis��) and
polymer-bioconjugates�� (e. g., bioinspired block copolymers��).
By functionalization of a surface either by thiols or ole�ns, the opposite entity can

be attached uniformly��,�� or in a pattern.�,��–�� Major work on this topic has been
done in the research group of Schlaad in terms of grafting-onto modi�cations using
�,�-polybutadiene as a thin-�lm anchor-layer for further modi�cations��,��,�� or as
anchor-segment of a functional diblock copolymer.�� The latter was presented in a
joint publication (see Chapter �).
In addition, surface-initiated polymerizations allow for grafting-frommodi�cations.

This approach requires the surface to be thiolated by either physisorption�� or chemi-
sorption.��,�� Upon irradiation, surface-bound radicals can be generated and used for
polymer growth. This is feasible for both polyelectrolytes�� in aqueous and hydropho-
bic polymer�� in non-aqueous medium. The latter was reported for the photocoating
of microparticles in a joint publication (see Chapter �).
The initiation is a crucial process for many applications and has a pronounced

in�uence on the polymerization conditions. Besides thermal�� and sonochemical��
initiation, most free-radical approaches utilize photosensitive additives in solution.��
Upon decomposition, photoinitiators yield free radicals in solution which eventually
transfer to the surface. Inherently, free-radical polymerizations show high tendency
of chain termination due to a high concentration of active species free in solution.
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In contrast, photoinitiated processes generating surface-bound radicals allow for con-
trolled conditions since the concentration of active species free in solution is kept
low.��,�� Furthermore, Schlaad and coworkers showed that even natural sunlight is
applicable for this type of photoinitiation.��
In the following section, the undying mechanism of thiol-ene photochemistry andSection �.�

the process of photoinitiation in thiol-ene systems are discussed. Especially the type
of light and its in�uence on the initiation mechanism are presented in detail. In the
end of this chapter, the applied grafting-onto and grafting-from approaches are brie�ySection �.�
described (see Section �.�).

�.� Thiol-Ene Coupling

In ����, Posner reported the electrophilic addition of thiols to ole�ns (without radical
initiators).�� The resulting thioethers obey Markovnikov’s rule and follow an ionic
additionmechanism analogous to ethers from alcohols. The ionic addition is catalyzed
by both acidic and basic conditions.

�.�.� Free-Radical Addition with Additional Initiator
In the presence of radical initiators the reaction proceeds like a free-radical addition
and yields the anti-Markovnikov adduct.�� Figure �.� shows a generalized thiol-ene
coupling reaction. Suitable radical starters can be photo-, thermo-, or sonolabil addi-
tives. Upon decomposition of the additional initiator, radicals are generated in solu-
tion and transferred to a thiol by H-abstract. The formed thiyl with a sulfur-centered
radical can couple to an ole�n.

Initiator kd�! 2R⇤ (�.�)

R⇤ + R’—SH ktransfer�! R—H+ R’—S⇤ (�.�)

R’—S⇤ +H2C=CHR”
ki�! R’—S—CH2—C⇤HR” (�.�)

with k being the respective rate constant. The stability of carbon-centered radicals is
lower than for sulfur, which results in shorter life-times and higher reactivity. There-
fore, the thiyl reactivity is the rate determining factor for the coupling reaction. Once
a �rst ole�n (monomer) is added, the started polymer chain will either consume fur-
ther ole�ns (monomer) or become terminated byH-abstraction or recombination. The
resulting polymerizationmechanism strongly depends on the reactantmixture, in par-
ticular the ole�n to thiol ratio and their functionality. Besides the advantages of a high
conversion rate, the major disadvantage is the high tendency for termination and rad-
ical transfer.

�.�.� Free-Radical Addition without Additional Initiator
By direct thiyl formation, the radical transfer-step and therewith the additional ini-
tiator can be omitted. Thiyls can be formed by homolysis of the SH bond upon UV-
irradiation. In ����, Ashworth and Burkhardt found that light accelerates the addition
of thiols to ole�ns, particularly ultraviolet light.�� Also in the �eld of thiol/disul�de
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Figure 4.1 Thiol-ene coupling reaction of a thiol and an olefin. Adapted from Ref.1

photolysis, the formation of thiyls was discussed.��,�� In ����, Klemm and Sensfuß��
studied the photoinitiation process by di�erential scanning calorimetry (DSC) and
electron spin resonance (ESR) spectroscopy using UVA light (� = ���nm). They
showed that during the photopolymerization each step of the addition reaction was
photoactive and the presence of intermediate carbon-centered radicals. Moreover, the
photoaddition proceeded favorable to radical recombination. A dark reaction could
not be detected and the amount of formed disul�des was negligibly low. A free-radical
photoinitiation mechanism by thiol homolysis was proposed, with the common ter-
mination reactions associated with radical recombination.

R’—SH h⌫�! R’—S⇤ + ⇤H (�.�)
H⇤ + H2C=CHR �! H�C—C⇤HR (�.�)

H�C—C⇤HR + R’—SH �! H�C—CH�R + R’—S⇤ (�.�)

Admittedly, the proposed saturated ole�n species (Eq. �.�) could not found, given rise
to doubts on the proposed mechanism.�� The experimental data clearly showed that
UVA light is capable for photoinitiation, which was believed to follow a thiyl-based
mechanism. Albeit, the proposed mechanism (Eq. �.�) was contradictory to the funda-
mental understanding of photolysis. Therefore, the question is what kind of light can
be used for photolysis of thiols.

�.�.� Photolysis of Chemical Bonds
Photolysis describes the breaking of chemical bonds by light. The bond-dissociation
energy Dbond represents the enthalpy per mole required to break a bond by homo-
lysis. For photolysis, this enthalpy can be related to the energy of a single photon of
frequency ⌫ or wavelength �.

Dbond/NA ⌘ Ephoton = h⌫ = h c
�
�

photolysis (�.�)

where NA is Avogadro’s constant, h is Planck’s constant, and c is the speed of light.
Figure �.� presents dissociation energies�� of selected covalent bonds and their re-
spective wavelengths in respect to the ranges of UVA, UVB, and UVC light. Based on
the photon energy, UVA light (���-���nm) should be able to break disul�des, C—S,
thiol S—H, C—C, and amine bonds. However, this is not true. If this simple assumption
would apply, photopolymerization with UV light would inherently be futile — since
the carbon backbone would easily be broken upon irradiation. Here, the �rst funda-
mental law of photochemistry comes into play,which states that lightmust be absorbed
by a compound in order for a photochemical reaction to take place (Grotthuss-Draper).
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Figure 4.2 Selected bond-dissociation energies and their corresponding photon wave-
lengths. Data adapted from Ref. 54

Alkanes exhibit only sp�-hybridized carbon atoms and do neither absorb visible nor
UV light down to ��� nm. Therefore, alkanes do not undergo photolysis (�! �⇤ an-
tibonding transition) to free radicals. However, ole�ns and alkyl mercaptans��,�� ab-
sorb UVC light but virtually no light above ��� nm. Exemplary ⇡! ⇡⇤ anti-bonding
transitions: ethene ���nm,�� �,�-butadiene ��� nm and ���nm,�� styrene ���nm,

��

methyl methacrylate ��� nm and ���nm.�� Therefore, UVC light is capable to form
thiyls, whereas UVA light is not.��,��

�.�.� Charge-Transfer Complexation and Cooxidation
By ����, Klemm and Sensfuß published several follow-up studies��–�� on photopoly-
merization, photoinitiation at ��� nm, and on the in�uence of oxygen. One major re-
sultwas that oxygen has no signi�cant in�uence on this reaction, since in the presence
of air no traceable amounts of R—S⇤ and ⇤OOH could be detected.��

R’—SH + O� 6�! R’—S⇤ + ⇤OOH (�.�)

Identical results with and without oxygen allowed the conclusion that the sponta-
neous initiation is not a peroxid-based e�ect. Otherwise, thiols would always form
thiyls in air, and would need to be kept under inert atmosphere. Also, the amount
of disul�des would distinctly increase over the storage time, which was not the case.
Furthermore, oxygen shows no signi�cant inhibition during photopolymerizations.��
The other �nding was that radicals were only detected in the presence of an ole�n,

which lead to the proposition that a thiol-ole�n charge-transfer (CT) complex is re-
sponsible for photoinitiation.��

R’—SH + H2C=CHR ��! � [CT-complex] h⌫�! R’—S⇤ + H3C—C⇤HR (�.�)

A similar CT complex has been proposed before in context of thiol-ene cooxidation
by Szmant and coworkers.��,�� In fact, two di�erent types of reactive complexes are
involved in the initiation mechanism. �H NMR studies allowed for two structural
proposals��,�� (see Figure �.�):

(i) a ⇡-ole�nic change-transfer complex formed between thiol-sulfur and ole�n in
equilibrium with the non-complexed state and
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(ii) a hydrogen-bonded complex, where the thiol partially H-bonds to the face of the
⇡ bond, similar to protonation of ole�ns, through the acidic thiol hydrogen.
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Figure 4.3 Pre-initiation formation of ⇡-olefinic and H-bond charge-transfer complex.
Adapted from Ref.68
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Figure 4.4 Dark-oxidation charge-transfer complexes by electron transfer: ⇡-olefinic (left)
and H-bond complex (right).69 Adapted from Ref.68

The formation and stability of the charge transfer complex at least partly depends
on the solvent polarity.�� The actual species undergo oxidation by the initiating radi-
cal fragment. By UVA-irradiation, the CT complex absorbs light and dissociates upon
thiyl formation (see Eq �.�). In the dark, this fragmentation was proposed to be caused
by interaction with ambient oxygen (see Figure �.�).��,�� The complex oxidation in-
cludes a single-electron transfer between the complex and the molecular oxygen to
form a sulfur-centered radical. This dark-initiation reaction is very slow and yields
mostly disul�des and not addition products.��

�.�.� Photoinitiation: UVA versus UVC Light
In ����, Cramer et al. reported that the radical generation rate di�ers dramatically for
UVA (���nm < � < ���nm) and UVC light (���nm < � < ���nm). Although,
the polymerizations proceeded with light centered around ���nm, the reaction was
signi�cantly faster when ���nm light was used.�� It has been found that the initia-
tion rate for UVA light is proportional to the concentration of ene-functional groups
— whereas for UVC light this is not the case. The latter is proportional to the concen-
tration of thiols.��
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Figure 4.5 Mechanism of thiyl formation by UV light.

The corrected mechanism reads as

SH
kd,���nm�! S⇤ +⇤ H Rd,���nm = kd,���nm [SH] (�.��)

SH+ ene
kd,���nm�! S⇤ + R⇤ Rd,���nm = kd,���nm [SH] [ene] (�.��)

S⇤ + ene ki�! P⇤� Ri = ki [S⇤] [ene] (�.��)

where P� represents the �rst segment of a growing polymer chain. Photoinitiation
by UVC is a �rst-order reaction and proceeds at much higher rates than the UVA-
induced second-order process (kd,���nm � kd,���nm).�� If ole�ns are available in ex-
cess, UVA-initation is pseudo �rst-order. Figure �.� shows a schematic mechanism of
thiyl formation by UV light.
For ��� nm light, not one but two ole�n species are required to form P�. Even though,
this active ole�n species R⇤ formed in the initial initiation process may contribute
to the formation of a second thiyl by sufhydryl H-abstraction. The likelihood of this
event depends on the concentration ratio of ole�n, thiol, further reactants, and the
solvent. In any case, the majority of thiyls are formed by direct photoinitiation and
only a small fraction can be attributed to subsequent radical transfer reactions. In all
synthetic approaches of this thesis, UVA light with a maximum intensity at ��� nm
has been used consequently without additional photoinitiator.

�.� Applied Thiol-Ene Photochemical Techniques

In this thesis, thiol-ene photochemistry was applied and further developed. In the
following, the initiation of surface-localized radicals by UVA light is presented as a
starting point for grafting-from polymerization and grafting-onto polymer attachment.
These experimental approaches are reported in joint publications (see Chapters �-�).

�.�.� Surface-Initiation Process
To allow for the generation of surface-localized radicals, the substrate surface was
thiolated by silylation with �-(mercaptopropyl) trimethoxysilane (MPTMS) forming a
precursor thin-�lm (see Figure �.�). The explicit modi�cation protocol, details on the
formationmechanism of the precursor layer, and its physicochemical characterization
are reported in a joint publication�� (see Chapter �). The most desirable precursor
layer is homogenous, monomolecularly thin, and has a negligible e�ect on roughness.
By using MPTMS, the resulting precursor layer is a two-dimensionally cross-linked
polyalkylsiloxane �lm with multiple covalent linkages to the substrate. If MPTMS
is substituted by a mercaptosilane with only one hydrolizable group, the precursor
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Figure 4.6 Schematic representation of the applied surface-initiation.

layer will not be cross-linked. Besides chemisorption, also physisorption allows for
thiolation e. g., by dithiols on gold�� or by!-mercapto carboxylic acids as ligands on
inorganic substrates.
Subsequently, thiolated substrates were immersed in ole�n solution (either mono-

mer or polymer) and irradiated with UVA light with a maximum intensity at ��� nm.
An optical �lter has been used to exclude contributions of blue, UVB, and UVC irradi-
ation. Samples were kept below �� �

C to avoid thermal in�uences. Upon irradiation,
surface-localized radicals are sporadically generated. Common radical transfer initi-
ations show complete release of radicals with a spontaneous steep increase of the
radical concentration — upon decomposition of the additional initiator. In contrast,
by UVA-initiation without additional initiator only a small fraction of thiols becomes
activated in a comparable timeframe. Irradiation causes a continuous initiation of new
radicals (until full consumption of free thiols or ole�ns). The combination of a spacial
separation and random distribution of active sites leads to a low local concentration
of radicals at the surface. It can be expected that the local concentration increases
progressively throughout the grafting process. A study towards a better understand-
ing of the time-dependent radical release is presented in Chapter �. In conclusion,
sulfhydrylation by MPTMS sizing together with UVA-initiation allows for controlled
grafting conditions. Figure �.� presents the applied polymer grafting techniques.

�.�.� Grafting-From Polymerization
Grafting-from polymerization describes chain growth upon monomer consumption
and allows for a variety of chain lengths and densities.�� Here, surface-located radicals
serve as polymerization initiators. The combination of radical generation directly at
the surface (without additional initiator) and a low local concentration of reactive sites
allows the free-radical polymerization to proceed in a controlled manner. Thiol-ene
photochemistry shows high tolerance towards a variety of functional monomers and
reaction conditions. Monomer reactivity mainly depends on the electron density of
the carbon-carbon double bond and the stability of the carbon-centered radical which
is produced after thiyl addition (reactivity: alkene, vinyl ester > acrylate > methacryl-
ate > styrene > conjugated diene).� Moreover, methacrylic, benzylic, and allylic radi-
cals are very stable and exhibit inherently low H-abstraction rate constants� —which
is important in order to keep the polymerization in a controlled state. Chain transfer
reactions, especially to solvent andmonomer, should ideally be absent to avoid radical
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Figure 4.7 Schematic representation of the applied polymer-grafting techniques.

polymerization in solution and to assure that all growing polymer chains are bound
to the surface.
The resulting chain length is set by the polymerization time and the termination

rate. Due to the nature of the initiation process, the individual chains may exhibit a
high dispersity in length. The polymerization time is the main experimental control
parameter. The thickness of the graft-�lm can be controlled by the duration of the
light exposure (up to ��� nm coating thickness within �� h).�� Due to a low surface
roughness of about �–� nm, the grafted layers can still be considered as smooth �lms.
The range of grafting density achievable by grafting-from is generally higher than

for grafting-onto, but cannot be quanti�ed as accurately as in the latter case. As in the
literature,��–�� only rough estimations can be made: The maximum achievable chain
density is determined by the sterical close packing of polymers yielding �.� chains/nm

�

for the case of polystyrene. Especially grafting density of comparable conditions are
found to be higher than �.� chains/nm

�, thus a grafting density between �.� and
�.� chains/nm

� can be expected.��–��
It is true, that the resulting layer of this grafting-from technique in not as well-

de�ned as by living techniques like atom-transfer radical polymerization (ATRP),��
nitroxide-mediated radical polymerization (NMRP),�� or reversible addition-fragmen-
tation chain transfer (RAFT)�� — especially in respect to uniform chain length and
surface chain density. Consequently, the focus of this grafting-from polymerization is
set on applicability, non-toxicity, grafting-ef�ciency, and possibility for technical up-
scaling. High grafting-e�ciency can be obtained by e�ective suppression of polymer-
ization in solution. Therefore, thiol-ene photochemistry is also a promising technique
for industrial applications.

�.�.� Grafting-Onto Polymer Deposition
Grafting-onto is a complementary technique to attach solution-borne preformed poly-
mer to the surface. Surface-located radicals serve as anchoring sites for polymer. This
coupling can either be accomplished by terminal anchoring groups�� or via anchoring
side groups along the chains. In the latter case, the chain can multiply attach to the
surface.�� Suitable macromolecules are polyole�ns e. g., polybutadiene (PB), polyiso-
pren, natural rubber, and fatty acids. Adsorbed chains become attached to the surface
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and can crosslink with adjacent chains. Crosslinking results in an interpolymer net-
work (IPN). This coating can also be used to attach thiols from solution.��,�� Inher-
ently, the grafting density is limited for sterical reasons to about (< �.� chains/nm

�)
depending on polymerization degree and solvent.
Another approach is to attach functional polymer chains with a tailored spacing

between the chains at the surface. In this respect, diblock copolymers with a buoy-
anchor architecture can be used e. g., polystyrene-block-polybutadiene (PS-b-PB). De-
pending on the anchor fraction and the anchor length, the surface density of buoy
chains can be controlled. Since the buoy block does not have ole�n side groups, it
cannot attach to the surface and remains free after grafting. The anchor block forms
an IPN with free buoy chains on top. The resulting buoy density was predicted by
scaling theories. Since block copolymer adsorption is sensitive to the solvent condi-
tions and selectivity, the appropriate scaling behavior has to be identi�ed: adsorption
from selective�� or nonselective�� solvent.
Depending on the ratio of buoy to anchor block length, the copolymer either falls

into a buoy- or anchor-dominated regime. Both regimes feature a respective scaling
of the chain density to the buoy-anchor ratio. Copolymers of the same regime can be
compared relatively to each other, even if the actual grafting density is not known.
The crossover of both regimes is also given by the total polymerization degree and is
shifted towards lower anchor fractions for increasing length of the copolymer chain.
The application of a scaling theory has been part of a joint publication.�� More infor-
mation on the scaling behavior are provided in Section �.�.� and Chapter �.

�.�.� Surface Patterning by Thiol-Ene Photochemistry
As a perspective for further control over the surface properties, thiol-ene photochem-
istry also allows for surface patterning. In earlier studies, Hensarling et al. presented
an approach to modify an uniform alkine-functional layer with di�erent thiols by se-
quential irradiation with UV light and a photomask.�� Another approachwas reported
by Oberleitner et al. in terms of a self-assembled monolayer of ole�nic silanes and the
attachment of thiols.�� Both groups used additional photoinitiator as radical source. In
contrast, Jonkheijm et al. developed a ��� nm laser-assisted nanopatterning by thiol-
ene coupling without additional photoinitiator in the centimeter to submicrometer
range.�� They utilized the site-speci�c conjugation of ole�n-functionalized biotin to
immobilize proteins with retention of structure and enzymatic activity.
Figure �.� shows a proof of concept of patterned surfaces prepared with thiol-ene

photochemical techniques developed in this thesis. To allow for the selective grafting-
from polymerization of PMMA, the surfaces were patterned by microcontact printing
of an inhibiting �uorosilane. In a second step the MPTMS precursor was applied by
vapor-deposition. As a result, the polymer growth was con�ned to form lines (Fig-
ure �.�abe) or pillars (Figure �.�cdf) at the surface.
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Figure 4.8 Surface patterning by thiol-ene photochemistry: PMMA polymerized by
grafting-from to form lines (abe) or pillars (cdf) at the surface.
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5Hybrid Composites — Fiberglass-Reinforced
Laminates with Carbon Nanotubes as Nanofiller

Today, composites are commonly applied in industrial �elds like construction, wind
energy, automotive, marine, and also in recreational markets. Their success is a result
of the need for materials of high sti�ness and �exural rigidity at lightweight. In com-
posite science, the fundamental goal is to generate synergy by joining a high-modulus
high-strength material (reinforcement e. g., glass or carbon �bers) and a low-modulus
material (embedding matrix e. g., polymer or epoxy resins). Besides pultrusion, �ber-
reinforced composites can also be manufactured in form of laminates as layered as-
semblies of �brous textiles. Laminates require techniques such as the wet/hand lay-
up process,� resin transfer molding (RTM),�–� or the vacuum-assisted resin transfer
molding (VARTM,�–� see Section �.�.�) which is of high technological relevance.
The following chapter deals with the modi�cation of �ber-reinforced composites

with carbon nanotubes (CNTs). Section �.� gives a brief overview of the possibility to
use CNTs as additional nano�ller to form hybrid composites and addresses the main
issue, which is the �ller dispersion in the matrix. The vacuum-assisted resin transfer
molding (VARTM) process is introduced to manufacture test laminates in which �lter-
ing/obstruction phenomena of CNT nano�ller can be studied. Possibilities to modify
CNTs to increase their chemical compatibility to the matrix are discussed. Finally, Ra-
man spectroscopy is presented as a sensitive methodology to evaluate the local CNT
content in composite materials and furthermore compared to other scattering and
imaging methods (Section �.�).

�.� Nanofiller Composites

Nano�ller-based compositematerials have gainedmuch attention in the recent years.�
Nano�llers are small colloidal objects with at least one dimension in the size range
of � nm to ��� nm e. g., particles, clay tactoids, �bers or tubes.� A special interest has
emerged for materials �lled with carbon nanotubes (CNTs).��,�� CNTs are made of
hexagonal lattices of carbon atoms in sp�-hybridization rolled up into single-walled
(SWNTs) or multi-walled nanotubes (MWNTs) (see Figure �.�).��,�� The latter consist
of multiple sheets of graphene layers of variable diameter arranged concentrically.
Starting in ���� as a laboratory curiosity by Iijima et al.,�� CNTs have found to pro-
vide bene�cial properties like mechanical stability (theoretically up to �TPa), electri-
cal (���- ��� S/m) and thermal conductivity (> ����W/mK), as well as high speci�c
surface areas (⇡ ����m

�/g).��–�� Especially the latter is crucial for composites, since
the matrix/�ller interface may provide further reinforcement of the composition (see
Section �.� on page ��). Nevertheless, in order to provide high stability and withstand
mechanical stresses, the nano�ller has to be homogeneously dispersed in the matrix
phase. Agglomerations of �ller material result in a patchy dispersion state which may
be the reason for local stress concentrations and premature failure. Therefore, the dis-
persion state is a critical parameter for material engineering, which can be controlled
by the physico-chemical design of the constituents.
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Figure 5.1 Conceptual diagram of single-walled carbon nanotubes (SWNT) and multi-
walled carbon nanotubes (MWNT).19 Reproduced from Ref.13,15 (Copyright 2002), with
permission from Wiley-VCH Verlag GmbH & Co. KGaA and Elsevier.

In combination,hybrid compositematerials can be formed.��–�� Hybridization arises
from the incorporation of nano�ller in a laminate composite of �berglass textiles and
epoxy resin. Another important aspect is the presence of di�erent levels of structural
hierarchy. The nano�ller CNTs can be regarded as nano�bers nested within a mi-
croscopic network of glass �bers. Structural hierarchy on di�erent length scales may
increase a material’s stability and have bene�cial e�ects on material properties like
strength, sti�ness, barrier properties, damping or energy-absorption capability.

�.�.� The Reinforcement Effect in Composites
The reinforcement e�ect in multiphase systems has been subject to many empirical
and computational studies. The most fundamental description is the mechanical rule
of mixing, which is a basic estimation of the resulting elastic modulus based on the
composition ratio.��

✓
��ller
E�ller

+
(�-��ller)

Ematrix

◆-�
< Ecomposite < E�ller��ller + Ematrix (�-��ller) (�.�)

The lower and upper limit is calculated from the constituents’ elastic moduli E and
their mixing ratio � (i. e., �ller content).�� Apart from this general estimation, self-
consistent �eldmethods have been applied to enhance the understanding of discontin-
uous anisotropic�llermaterials. One important example is theHalpin-Tsai equation,��,��
which was able to describe recent empirical �ndings.��,��

Ecomposite = Ematrix
�+ ⇠ ⌘��ller
�- ⌘��ller

with ⌘ =
E�ller/Ematrix - �
E�ller/Ematrix + ⇠

Halpin-Tsai (�.�)

Here, ⇠ is a shape parameter, which considers geometry (aspect ratio) and orientation
of the �ller (i. e., loading direction). For ⇠ ! �, the Halpin-Tsai equation converges
to the inverse rule of mixing (see lower limit in Eq. �.�). However, this mathematical
approach is based on a number of assumptions:��,��
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(i) Both components are linearly elastic, isotropic, and �rmly bonded;

(ii) the �ller is perfectly aligned, asymmetric, and uniform in shape and size; and

(iii) �ller-�ller interactions can be neglected.��

Assumption (i) can be satis�ed byE�ller � Ematrix and tailoring of the physicochemical
interactions of�ller andmatrix. The bonding of both phasesmay be achieved by chem-
ical or physical means. Apart from covalent attachment, also macromolecular chains
tethered on the �ller surface may provide for appropriate bonding in form of entan-
glements with the matrix network (interphase formation; for details see Section �.�).
Assumptions (ii) and (iii) are mainly targeted towards speci�c material properties of
the reinforcing �ller like size- and shape-dispersity, orientation, assembly, and the col-
loidal stability. The latter is an important prerequisite and closely related to the issue
of �ller distribution in the matrix. If repulsive interactions are weak or absent, �ller
aggregation may occur (see assumption (iii)).
The overall elastic properties of a composite are an average over the material vol-

ume hEiV . The localmechanical propertiesE(��ller)Vi
may deviate from the apparent

mean, depending on the composition in the respective local volume (Vi).

hEiV =

Z
V

�
E(Vi) dVi =

Z
E(��ller) f��ller d��ller Filler dispersion (�.�)

Here, f��ller is the normalized probability density function of the �ller concentration
��ller in a unit volume, in other words the local dispersion of the �ller. In conclusion
it becomes clear that the �ller dispersion is a crucial parameter in composite science.
Surprisingly, for CNT-based composites no systemic correlation can be found in

the literature.��,��–�� One possible reason could be e�ects connected with CNT distri-
bution and orientation in the matrix. CNTs can be strati�ed inside the matrix by an
electric �eld or by shear �ow.��,��

�.�.� Vacuum-Assisted Resin Transfer Molding
Vacuum-assisted resin transfer molding (VARTM) is a low-pressure closed-mold com-
posite molding process. Here, the resin is injected into a rigid closed mold containing
a reinforcing �ber textile (mat).�� The process consists of the following steps:

(i) A �ber textile (mat) is put in a closed mold and evacuated;

(ii) a resin suspension is injected in excess;

(iii) suspension �lls the gaps between the textile and is guided across each �ber mat
by capillary pressure and by vacuum assistance;

(iv) vacuum is applied to extract excess suspension.

In general, laminates showmechanical limitations as a result of their anisotropic com-
position. Their in-plane and o�-plane properties can deviate dramatically. The ma-
trix/reinforcement interface is a weak point of the composite and the dominated con-
tact failure zone. Common approaches to counteract these weaknesses are rubber
additives, �D �bers, z-binding, and addition of nano�llers.�,��,�� It has been shown in
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Figure 5.2 Mixing carbon nanotubes with epoxy resin forms a deep black suspension.

earlier studies that carbon nanotubes/nano�bers can improve the resistance to delam-
ination of glass-�ber-reinforced polyester composites.�,��,�� This has been attributed
to the nano�llers’ in�uence on the critical energy for delamination, whichmay hinder
crack growth.��,��
We used VARTM to produce hybrid laminates, layered �ber-reinforced composites

of unidirectional layup of non-crimp stitch-bonded glass �ber fabrics embedded in
an epoxy resin matrix containing CNTs (for experimental details, see Section � on
page ���). The nano�ller can be dispersed in the epoxy resin by the help of a three-
roll milling process or ultrasound. In preliminary tests, three-role milling gave better
results than simple stirring or ultrasonic dispersion. After the VARTM, the resulting
laminates showed incomplete distribution of the nano�ller (see Figure �.�). This is
a major issue and the �ltering/obstruction of CNTs is visible to the naked eye. The
obstruction process can be attributed to inter and intra textile tow �ltering of CNT
aggregates inside the fabric. Aggregation can be induced by colloidal interactions, i. e.
the between �ller/matrix, �ller/fabric, and �ller/�ller. Colloidal stability requires an
autorepulsive interaction of the �ller and/or dominant attractive �ller/matrix inter-
actions — in order that the mixing of �ller and matrix are preferable to aggregation.

Figure 5.3 VARTM laminates using CNT-filled DGEBA epoxy resin and a fiberglass-fabric
reinforcement: (a) before resin injection and (b,c) after molding. Differences in the black col-
oring indicate an incomplete distribution of the nanofiller inside the glassfiber textile by ob-
struction/filtering of CNTs: (b) VARTM laminate with pristine CNTs: complete obstruction/-
filtering as a result of chemical incompatibility; (c) VARTM laminate with DGEBA-modified
CNTs with high chemical compatibility: obstruction/filtering not visible to the eye.33
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Apparently, for pristine CNTs this is not the case. The resin consists of diglycidyl
ether of bisphenol-A (DGEBA) and exhibits both apolar and polar domains. Pristine
CNTs are inherently apolar and segregate from polar domains.�� This chemical in-
compatibility can also be seen in the respective Hildebrand solubility parameters.��
In fact, a di�erence of��SI ⇡ �.�MPa

�/� predicts chemical dissimilarity and therefore
incompatibity.��,��

�Gmix ⇡ ��ller�matrix Vm ��� with �� = ��ller - �matrix (�.�)

The chemical incompatibility and its negative e�ect on the �ller distribution after
directmixing in an embeddingmatrix has been reported before.��,�� This shortcoming
can be overcome by modi�cation of the CNT surface.

�.�.� Enhancing the Dispersion of Carbon Nanotubes
The surface of CNTs can be modi�ed by both physi- and chemisorption to tailor the
�ller/�ller and �ller/matrix interactions. To maximize the dispersion, the hydrophilic-
ity of the CNT surface has to be adapted to match the matrix properties. Chemisorp-
tion utilizes defects of the sp�-hybridized lattice or damages to allow initial oxidation,
which is required to attach further functionalities.��,�� Polar functionalities can be in-
troduced by oxidation by UV/ozone treatment,��,�� silylation,�� or carboxylation in
acidic conditions (H�SO�/HNO�).�� Eitan et al. reported a method on the coupling of
diepoxy-terminated molecules to carboxylated CNTs.�� Due to their chemical simi-
larity, epoxidized nanotubes show full dispersibility in epoxy resins and may form
covalent linkages to the matrix resin. In our studies, we used CNTs with a surface
modi�cation speci�cally adapted to the applied resin matrix (MWNT@DGEBA). For
details, see Chapter �.
Physisorption as an alternative utilizes non-covalent physical interactions and there-

fore does not rely on lattice defects. Beside metal coating and encapsulation,��,�� the
most common approach is the addition of surfactants�,��,�� to decrease the surface ten-
sion and therewith prevent aggregation. The hydrophobic part of the surfactant ad-
sorbs to the CNT,while the hydrophilic part forms hydrogen bonds to thematrix. This
concept can be transferred to macromolecular surfactants and block-copolymers.��–��
In a recent joint publication,we presented the application of Janusmicelles as e�ective
supracolloidal dispersants for CNTs.�� More information on the use of Janus micelles
as supracolloidal surfactants are provided in Chapter ��.

�.� Dispersion Analysis of Carbon Nanotubes

A clear knowledge of the dispersion state is required to correlate the composite’s
nanoscale structure with the mechanical performance at the bulk scale.��,�� Therefore,
nano�ller dispersion analysis is still an active and progressing �eld. Microscale ag-
glomerates of CNTs can be seen by the naked eye or by optical microscopy.��,�� Trans-
mission electron microscopy (TEM) does allow for a quick screening for �ltration or
agglomeration but falls short for large-scale surveys.�� Scanning electron microscopy
(SEM) has been reported for quantitative assessment of CNT dispersion in polymer
matrices.��,�� In a recent publication, Yourdkhani et al. addressed the quantitative eval-
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uation of the CNT dispersion in imaging data (byAFM,TEM,SEM,opticalmicroscopy)
in terms of a algorithm-based image analysis.�� Further quantitative methods are
small angle neutron scattering (SANS)��–�� and size-exclusion chromatography.��
Due to its high molecular sensitivity, also Raman spectroscopy is capable to detect

and evaluate CNTs for their structural integrity��–�� and their functionalization�� –
even after embedding in a matrix.��,��,�� Confocal Raman microscopy delivers the re-
quired spatial resolution (�x,�y,�z) by a combination of the sensitivity of Raman
scattering with the optical resolution of confocal microscopy.��,��

�x = �y = �.�� �/NA and �z = �.�� �/NA� (�.�)

where NA is the numerical aperture of the microscope objective and � is the wave-
length of light.

�.�.� Raman Characteristics of Carbon Nanotubes
The Raman spectrum of CNTs is rich in information and characteristic signals, which
allow the determination of diameter distribution, chirality, purity, structural integrity,
and architecture. The most prominent signals of the quasi-one-dimensional hollow
cylinders are the radial breathing modes (RBMs), D(disordered), G(graphite), and
G 0(second-order Raman scattering from D) modes. The D, G, and G 0 signals can
also be found for graphite, but the RBM is speci�c to CNTs.�� From the RBM, the
tube diameter and distribution can be calculated.

dCNT /nm = kCNT!
-�
RBM with kCNT ⇡ ��� cm

-1 (�.�)

The G band is the tangential shear mode of carbon atoms which corresponds to the
stretchingmode in the graphite plane. Graphite shows only a single signal at ���� cm

-�.
ForCNTs, this signal splits due to the con�nement along the circumference of the tube.
G+ is the longitudinal (vibration along the tube) and G- is the transversal optical
phonon (vibration normal to the tube).
TheD band at ����-���� cm

-1 is caused by disorder or defects in the carbon lattice
e. g., in-plane substitutional heteroatoms, vacancies, grain boundaries, and �nite-size
e�ects. In literature, the second harmonic of D is frequently referred to as G 0. The
D/G ratio is a quality measure of the defect concentration. For uniform defect-free
CNTs, the D band would be completely absent. For samples containing CNTs, low-
power laser light should be used to avoid heating and local burning.

�.�.� Evaluation of CNT Content by Raman Spectroscopy
For the (multi) peak regression, the frequency range should be limited to the area of in-
terest. The bands can be described by mathematical line pro�les (e. g., Gauss, Lorentz,
Voigt), depending on the resolution and the data. The Gauss pro�le describes the
broadening of the signals in terms of a normal distribution. Heißenbergs uncertainty
principle predicts signal broadening by �⌫�⌧ > �/�⇡, based on the uncertainty of
the frequency ⌫ and the life-time ⌧. The variance of the intensity of each point of
measurement is given by the count rate. The account for this uncertainty, the data
can be �tted by the following centered pro�les.
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Figure 5.4 Raman spectroscopic evaluation of nanofiller composite of a CNT-modified
DGEBA epoxy resin: (left) exemplary multi-peak fitting of 0.75 wt.% sample; (right) calibra-
tion curve of G 0/C-H area ratio versus the CNT content in the matrix.
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�

�
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Voigt(x,�,�) =

+1Z

-1

Gauss(x 0
,�) Lorentz(x- x 0

,�) dx 0 (�.�)

The Voigt pro�le is a convolution of a Gauss and Lorentz pro�le and in many cases
the best regression approach. The D and G bands can be directly described by Voigt
pro�les, if the frequency range is free of fremd signals. For CNTs, the G+ and G-

can be distinguished and should be represented by two individual pro�les. This has
been applied to evaluate the structural integrity of the CNTs modi�ed by copolymer
physisorption, which was part of a joint publication�� For details, see Section ��.�.� in
Chapter �� on page ���.
Figure �.� shows an exemplary evaluation of a nano�ller composite with a CNT

content of �.��wt.% in a matrix of DGEBA. Since the D and G bands are overlaid
by signals of the epoxy resin, the G 0 band was chosen for evaluation. Next to this D
overtone, the C-H aromatic signal of bisphenol-A at ���� cm

-� is speci�c for the
DGEBA resin. Therefore, the CNT content was evaluated using a calibration curve of
theG 0/C-H ratio versus the CNT content of the resin mixture. The resin signals in
between have been considered in the �tting process but are not used in the further
evaluation. The G 0 and C-H aromatic bands are represented by two Voigt pro�les.
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The resin band consists of four Gaussian pro�les. This has been applied to evaluate
the CNT content in hybrid composites, which was part of a joint publication.�� For
details, see Chapter � on page ���.
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Abstract
In this contribution, we present a three-step pathway to produce a novel �ber coating,
study its embedding in epoxy resin and characterize its nanomechanical properties at
the interface between �ber and matrix. Inorganic surfaces were sulfhydrylated for
subsequent use in thiol-initiated ene photopolymerization. The in�uence of water on
the sulfhydrylation process was studied to �nd conditions allowing monomolecular
deposition. Surface morphology as well as SH-content were evaluated by UV/vis spec-
troscopy, atomic force microscopy and spectroscopic ellipsometry. Brush-like poly-
mer layers (PS and PMMA) were introduced by UV-light initiated surface polymer-
ization of vinyl monomers. Polymer growth and morphology were studied. After
embedding, the nanomechanics of the interfacial region of the �bers was studied.
AFM force spectroscopy allowed the mapping of the sti�ness distribution at the cross-
section of the composite with high spatial resolution. Elastic moduli were determined
byHertzian contact mechanics. The individual phases of the composite material (�ber,
interphase, and matrix) can be clearly distinguished based on their mechanical re-
sponse. The synthesis, morphology, andmechanical properties of an interphase based
on a polymeric graft-�lm swollen withmatrix material are shown, and perspectives of
these novel coatings for improved matrix-�ber compatibility and interfacial adhesion
are discussed.

�.� Introduction

Fiber composites are increasingly utilized as high-performance engineering materials.
They bene�t from a relatively low density and good mechanical performance, which
makes �ber composites favorable materials for lightweight design. Carbon �ber com-
posites (CFC) have partly replaced metals and alloys in various applications such as
airplane construction.� Glass �ber composites (GFC) are widely used for the produc-
tion of wind turbine blades� or for structural elements in the automotive industry.�

Figure 6.0 Photochemical Synthesis of Polymeric Fiber Coatings and their Embedding in
Matrix Material: Morphology and Nanomechanical Properties at the Fiber-Matrix Interface
(Table of Contents Figure).
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In general, technical �ber composites are characterized by high sti�ness and strength.
However, this goes alongwith a rather brittle fracture behavior and low impact energy
absorptionwhich still circumvents a proper utilization in various applications as it can
result in catastrophic failure.� Interestingly, many natural composites show a surpris-
ingly high toughness despite consisting of almost pure mineral. In glass sponges, this
is achieved by a clever hierarchical structuring and by gluing mineral elements using
thin soft protein layers that increase the compliance of the composite.� Natural �ber
composites such as bone or antler achieve a high toughness by distributing compli-
ance between di�erent levels of hierarchy, by the design of interfaces as well as by
�ber orientation patterns, which prevent crack propagation.�–�
Another biological concept for compromising between sti�ness and toughness at

a high performance level is the natural �ber composite of plant cell walls.�–�� Here,
sti� cellulose �brils of a few millimeter in diameter are embedded in a soft polymer
matrix.��,�� In plant cell walls just like in mineral-protein systems, the design of the
interface between the sti� phase and the soft phase is crucial for the mechanical per-
formance of the reinforced composite.��,�� In terms of cell walls, hemicelluloses as
part of the matrix play this important mediating role.��,�� They cover the amorphous
surface of the para-crystalline cellulose �brils and their polymer chains of di�erent
length act as coupling agents for the other matrix polymers.�� In this way, a gradient
structure is organized at the nanoscale of the cell wall, which is believed to facilitate
the compliance and the toughness of the composite.
The adhesion of matrix and reinforcement of most of today’s composite materials

still relies mainly on (noncovalent) matchmaking.�� The sizing of �berglass (e. g., by
increasing the surface roughness or by introduction of functional groups via silan-
ization) are simple and cheap procedures which have become common practice in
industry.��,�� The application of sizingmay enhance the composite’s inner adhesion in
terms of enthalpic compatibility but entropic contributions are neglected.��,�� Natural
composites have shown that optimal adhesion arises from an interplay of enthalpic
and entropic contributions.�,��,��
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Figure 6.1 Three-step pathway to create a composite of polymer-grafted fiberglass in
a matrix of epoxy resin: Initial sulfhydrylation introduces initiation sites followed by photo-
chemical polymer grafting and embedding.
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In this study, we intend to transfer principles of the gradient structuring of plant
cell walls to the modi�cation of glass �ber surfaces by introducing a robust grafting
method for polymers. The applied three-step pathway to produce a composite mate-
rial of polymer-grafted S-� �berglass in epoxy resin is shown in Figure �.�. Glass sur-
faces are �rst sulfhydrylated and then coated with polystyrene (PS) or poly(methyl
methacrylate) (PMMA) in a photopolymerization process using UVA-light.��,�� The
polymerization proceeds in the absence of additional initiator, and the thickness of
the polymer layer can be controlled by the duration of light exposure (up to⇡��� nm
within �� h). The polymer grafting process is studied in detail, and composite materi-
als are analyzed according to nanomechanical properties.

�.� Experimental Section

�.�.� Materials and Reagents
Substrates: �berglass ��� S-� rovings, with a �lament thickness of �µm, (AGY-Europe,
France); glass slides of standard soda-lime glass (Menzel-Gläser, Thermo Scienti�c,
Germany). For UV/vis experiments, slides of quartz glass (QSIL AG, Germany) were
used; (���)-Oriented single-crystal boron-doped silicon (CrysTec, Germany).
Chemicals were purchased from Sigma-Aldrich, unless mentioned di�erently: sty-

rene (��.�%) and methyl methacrylate (��%) were freed from stabilizers by �ltration
through basic alumina column. For sulfhydrylation (�-mercaptopropyl) trimethoxy-
silane (MPTMS, ��%) was used. Solvents such as n-heptane (��%, Roth), dichlorometh-
ane (DCM, ��.�%), toluene (��.�%), cyclohexane (��.�%), and unstabilized tetrahydro-
furan (THF, ��.�%, Roth) were used as received. Further reagents were �,�-dithio-
bis(�-nitrobenzoic acid) (DTNB,��%), tris(hydroxymethyl) aminomethane (Tris,��.�%,
Roth), sodium acetate (NaAc), ammonium hydroxide (��%, Fluka), hydrogen perox-
ide (��%, VWR), hydrochloric acid (��%, Grüssing), �,�-azobis(�-methylpropionitrile)
(AIBN, ��%, Fluka). Deionized water (DI) was obtained from a water puri�cation sys-
tem (Milli-Q Advantage A��, Millipore).
The cold-curing epoxy resinwas purchased fromR&GComposite TechnologyGmbH,

Germany: epoxy resin L (bisphenol-A/F-epichlorhydrin resin) and curing agent S (Man-
nich base of p-tert-butyl-phenol and diamines). The mixture was prepared in a ��:�
ratio by mass of resin to curing agent and cured for �� h at RT.

�.�.� General Procedure of the Two-Step Polymer Grafting
Substrates were ultrasonically cleaned for ��min in an aqueous solution of isopropyl
alcohol (�� vol.%), rinsed with DI water, and immersed in a mixture of DI water, hydro-
gen peroxide and ammonium hydroxide (�:�:� by volume) at �� �C for ��min. Acti-
vated substrates were removed from solution, thoroughly rinsed with DI water, and
dried by nitrogen �ow. To minimize the amount of water available for hydrolysis of
MPTMS, substrates were washed with n-heptane before use. Direct sulfhydrylation
of the activated surfaces was performed by two alternative methods:

a) Fiberglass and �at substrates were immersed in a MPTMS solution of
�.� vol.% in n-heptane (�.�mM) under argon atmosphere for �� h at RT.

b) Flat substrates were placed in a dry desiccator together with a dish of
�mL MPTMS, �ushed with argon and put under vacuum for �� h at RT.
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Both methods were followed by a sequential washing upon sonication (n-heptane,
DCM, toluene, and THF for ��min each) to remove physisorbed species. After wash-
ing, MPTMS-modi�ed substrates were directly transferred to a ��mol.% solution of
vinyl monomer in unstabilized THF under argon atmosphere. Polymerization was car-
ried out upon irradiation with UV-visible light (Höhnle UV F ���F, ���W, blue �lter:
��� nm<�<��� nm) for the respective time. The temperature was air-conditioned to
stay below �� �C. Polymer-grafted substrates were sequentially washed upon sonica-
tion (THF, DCM, toluene, cyclohexane, and DI water for ��min each) and dried by
nitrogen �ow.

�.�.� Surface Characterization Methods
Static contact angles of �at substrates were derived from drop shape analysis on a
Dataphysics OCA�� at RT. Imaging was done by scanning electron microscopy (SEM)
(Leo����, Zeiss) and atomic force microscopy (AFM) in tapping mode (DimensionV,
Veeco Metrology Group, USA) with AC���TS-W� cantilevers (��� kHz, ��N/m) by
Olympus. Film thickness was evaluated by AFM scratch analysis and spectroscopic
ellipsometry (SE) with PCSA con�guration (SE���, Sentech). Dispersion data: (���)-
silicon;�� MPTMS and silicon dioxide;�� PMMA and PS;�� and glass.�� The �lm thick-
ness on �berglass was calculated from thermogravimetric analysis (TGA) (nitrogen
�ow, heating rate of � �C/min, TGA/SDTA ���e, Mettler Toledo). UV/vis spectroscopy
(Lambda ��, PerkinElmer) was done following Ellman et al.��–�� withmolar adsorption
coe�cients by Riddles et al.�� and Eyer et al.��

�.�.� Mechanical Characterization Methods
Nanomechanical characterization was performed on sawmicrotome cuts of a compos-
ite of modi�ed �berglass embedded in a matrix of epoxy resin, which were grinded
and polished.�� Force spectroscopy was done with sharp tip probes (NSC��, ��� kHz,
MicroMash, Estonia) with typical tip radii of �� nm on a Nanowizard I by JPKAG,
Germany. Cantilevers were calibrated via thermal noise�� and cleaned in air plasma
(�min, �.�mBar, ���W; MiniFlecto, PlasmaTechnology, Germany) before use.

�.� Results and Discussion

�.�.� Formation and Morphology of the Sulfhydrylated Surface
As a �rst step (see Figure �.�), we introduced SH groups at model surfaces (glass sub-
strate GS and silicon wafer SW) to allow thiol-ene photochemistry. These will func-
tion as an initiation layer upon irradiation with UV-light.�� The goal was to create a
well-de�ned self-assembled monolayer of MPTMS through a hydrolysis driven con-
densation reaction of the methoxysilyl groups with hydroxyls of the inorganic sur-
face. Successful sulfhydrylation by MPTMS was indicated by a static contact angle of
(�� ± �)� in contrast to the activated substrates, which where fully wetted (approxi-
mately �� for SW and < ��� for GS).��,��
Because the formation of the siloxane layer is based on the hydrolysis of MPTMS,

we investigated the in�uence of water on the sulfhydrylation procedure. Surface topo-
graphy was evaluated by AFM, revealing a high dependency to the amount of wa-
ter available for hydrolysis. Figure �.� illustrates these �ndings comparing anhydrous
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with hydrous conditions during MPTMS treatment. For anhydrous conditions dry sol-
vents, dry instruments and inert gas atmosphere are essential (see methods �.�.�). The
e�ect of hydrous conditions (as presented in Figure �.�b,c,e) was introduced by adding
�.� vol.% aqueous HCl to the MPTMS solution to promote hydrolysis. This sensitivity
is based upon the nature of the sulfhydration process. Fundamentally, the deposition
mechanism discriminates two processes: termination and bridging (see Figure �.�).
The consumption of available hydroxyls of the surface is called termination. MPTMS

is hydrolyzed, if su�cient water is present in the vicinity of the surface, to its reactive
siloxane species. This molecule attaches to a surface hydroxyl in terms of a single
termination. Double termination, a direct attachment to two OH groups, is mostly im-
possible because the next surface-available hydroxyl is out of reach (approximately
> �.�� nm).�� The silanol groups of hydrolyzed MPTMS have a spacing of less than
�.�� nm. But the termination of surface hydroxyls is associated with the introduction
of two new silanol groups. Consequently further molecules attach either surface ter-
minating or as bridging species. Each bridged molecule introduces two silanol groups
and, therefore, facilitates a rapid coverage of the surface. The growth of such domains
is commonly called island growth and was presented in an AFM study of OTS (n-
octadecyltrichlorosilane) by Yang et al.�� The balance of both deposition steps deter-
mines the resulting surface layer. To achieve monomolecular layers, bridging has to
be suppressed by anhydrous conditions. A de�cit of water limits the hydrolysis of
MPTMS and keeps the concentration of reactive siloxanes low. If hydrolysis is pos-
sible without restraint, bridging is favored, which allows the formation of reactive
solution-borne agglomerates. This may result in an undesired grainy surface struc-

Figure 6.2 Micrographs of MPTMS-treated surfaces: (a-c) AFM of flat substrate and (d,e)
SEM of fiberglass. Anhydrous conditions allow (a,d) homogeneous deposition, whereas
hydrous conditions result in (b,c,e) undesirable grainy morphologies due to deposition of
agglomerated siloxane oligomers.
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Figure 6.3 Deposition mechanism of MPTMS: termination and bridging.

ture with increased roughness and heterogeneous composition (see Figure �.�). Even
though this surface modi�cation would not hinder the grafting, we regard a mono-
layer of sulfhydryls as the most desirable precursor layer in this context.
The theoretical thickness of an ideal monolayer of MPTMS is approximately �.� nm,

which is hardly detectable by AFM imaging.��,�� Therefore, spectroscopic ellipsome-
try (SE) on SW was used to determine the �lm thickness. Since MPTMS cannot be
distinguished in SE, we determined the layer thickness by a di�erence of the apparent
SiO� layer, before and after sulfhydylation.��,�� Our measurements suggest the pres-
ence of a monolayer after gas-phase deposition (methods �.�.�/b) with a thickness
of (�.�±�.�) nm. Deposition from solution (methods �.�.�/a) yielded thicker layers of
(�.�± �.�) nm. Since the gas-phase deposition was done under inert gas atmosphere,
the water content was kept at a minimum. Regarding glass substrates, SE evaluation
fails due to the lack of optical contrast between siloxanes and glass. Both materials
are transparent (k =�) and optically isotropic (�n < �.�).
MPTMS deposition on �berglass is analogous to that on �at substrates, with the

amount of water available for hydrolysis strongly in�uencing the formation of the
siloxane layer. At anhydrous conditions, which can be set by using dry solvents and
temperature treatment of the �bers, the deposition is limited to thin layers with low
number of aggregates (see Figure �.�d). In a bundle of �bers, water easily condensates
in the close gaps of adjacent �bers,which is responsible for the formation of elongated
linear polysiloxane structures along the �bers. Moisture yields thicker layers with
frequent accumulations of polysiloxanes (as shown in Figure �.�e).
To determine the amount of free sulfhydryl on the surface, we applied a spectro-

scopic method developed by Ellman et al.�� Brie�y, �,�-dithiobis(�-nitrobenzoic acid)
(DTNB) in converted to a (�-nitro-�-thiobenzoate) dianion (NTB�-), which can be
spectroscopically detected. Because a DTNB blind sample (SH-free) is taken as refer-
ence background, we can expect that every molecule of NTB�- has been formed due
to the presence of free thiols (on the sample slide). Therefore, the absorption at ��� nm
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Samstag, 2. Februar 13

Figure 6.4 UV/vis-spectroscopic absorbance on MPTMS-treated sample slides: NTB2-

is stoichiometrically formed from DTNB by thiols. The inset shows the absolute absorbance,
measured with SH-free DTNB solution as background.

is directly correlated to the amount of free thiol. Figure �.� presents the spectroscopic
absorbance, which is based on a gain of NTB�- and a loss of DTNB in the sample vol-
ume. The molar absorptivity of NTB�- has been discussed in literature,��,�� because
it is dependent on temperature and pH of the solution. The calculated concentration
of NTB�- in the solution was (�.���±�.���) mM. Because the number of NTB�- mo-
lecules in the solution volume is equal to the number of SH functions per sample unit
area, the surface concentration of thiols is (��±�) SH/nm�. Kreuzer et al. published
a value of ��.� SH/nm�, which is in good agreement with the theoretical coverage
of a monomolecular layer.�� For a monomolecular deposition, the number of free OH
groups is relevant,which for amorphous silica has been examined byZhuravlev et al.��
Deuterio exchange combined with BET (adsorption isotherm) yielded a value of
�.�OH/nm�. Based on molecular dimensions and geometry, an attached siloxane mol-
ecule governs an area of �.���nm

� (��% of the area available to a single surface-bound
OH group). An ideal two-dimensionally polymerized lattice of siloxanes only allows �
MPTMS molecules per nm�. The true density is higher due to surface roughness and
assembly defects. In respect to this theoretical monolayer, the measured SH content
is about �.� times higher, suggesting a fully sulfhydrylated surface. This could be ex-
plained by the formation of nanoaggregates by bridging at the surface (see Figure �.�).
This can increase the e�ective surface concentration of SH even in the absence of
macroscopic aggregates (see Figure �.�). For our proposes, this increase is favorable.
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�.�.� Surface Morphology of the Covalently Bound Polymer Film
We applied thiol-ene photochemistry to polymerize vinyl monomer from the sulf-
hydrylated surface.��,�� Thiyl radicals are directly generated by irradiation with UV-
light (> ���nm) without the help of additional photoinitiator.�� Chain transfer reac-
tions, especially to monomer and solvent, should be absent to avoid radical polymer-
ization in solution and to ensure that all produced polymer chains are tethered to the
surface. Note the di�erence to conventional free-radical surface polymerization,��,��
where radicals are generated in solution through fragmentation of initiator molecu-
les and transferred to the surface by hydrogen abstraction from SH. Termination via
radical-radical recombination or disproportionation cannot be fully avoided but is less
favorable when the concentration of radicals is kept low (! direct generation of rad-
icals without additional initiator) and accessibility/mobility is hindered (! growing
chains are all bound to the surface and there are no radicals in solution).
Sulfhydrylated substrates were grafted with brushlike PS or PMMA chains in THF

solution by irradiation with UV-light. For PS, the success of the modi�cation was
indicated by a change of the static contact angle: PS-grafted (��±�)� (in contrast to
(��±�)� after sulfhydrylation). The contact angle for PMMA-grafted substrates was
(��±�)�. Depending on the thickness of the grafted layer, a certain cloudiness can be
seen on the glass substrates. Coated silicon even appears colored due to interference
e�ects.
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Figure 6.5 Linear growth of polymer layers on flat substrates: growth rates for UV-light
initiation and classical thermal initiation (by AIBN) at equal concentrations of monomer.
Thickness was determined by SE and AFM scratch analysis.
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Figure 6.6 SEM micrographs of (a) unmodified, (b) PS-grafted, and (c) PMMA-grafted
fiberglass. Image c shows a location with a defected graft layer, which presents the sheath-
ing of polymer around the fiber.

An appropriate washing after the grafting procedure is of high importance. The
brushlike polymer layer is swollen with unconsumedmonomer, which can be washed
out by good solvent upon sonication. Wemonitored a successive thickness decrease of
the collapsed polymer layer by washing. Upon completion of the washing, the thick-
ness in dry state stayed constant — even after swelling experiments in good solvent.
The fact that the thickness (in dry state), before and after swelling, did not signi�cantly
change shows that the initial cleaning procedure did e�ectively remove all unbound
species. The thickness of the collapsed graft layer was determined by AFM scratch
analysis and SE, which were in good agreement (see Figure �.�).
Figure �.� shows the ex situ characterization of the time-dependent growth of the

polymer layer in THF. Both PS and PMMA show a linear growth in a time frame
of �� h with a growth rate of about � nm/h. For comparison, a graft brushlike PS on
sulfhydrylated surface was prepared by thermal polymerization of styrene in toluene
(actually acting as chain-transfer agent) withAIBN as radical source (�:�:�.�� inmol.%)
at �� �C as described by Zhao et al.�� Growth rate of the PS layer is about �.� nm/h (Fig-
ure �.�), which is about �/�� of the growth rate obtained with photopolymerization.
The di�erence in the surface grafting e�ciency is attributed to the continuous gen-
eration of surface-bound thiyl radicals and absence of chain transfer and termination
processes in the photochemical system.
The grafting on �berglass proceeds analogously to �at substrates. A successful

formation of a polymeric layer can be tested with electron microscopy (SEM), ther-
mogravimetry (TGA) and spectroscopic methods (e. g., Raman). Figure �.� shows the
morphology of grafted �berglass (Figure �.�b,c) in comparison to an unmodi�ed �ber
(Figure �.�a). The grafted coating is clearly visible around the �ber. The thickness of
the applied coating can hardly be estimated from SEM. Again SE and AFM topogra-
phy are also not suited to determine the layer thickness on �berglass. From the mass
loss upon heating (TGA), the graft thickness can be calculated.
Figure �.� shows the mass loss of grafted �berglass upon progressive heating. The

polymer phase decomposes gradually, leaving only the bare �berglass. The calculation



110 Photochemical Synthesis of Polymeric Fiber Coatings and Their Embedding. . .

300

200

100

0

G
ra

ft 
th

ic
kn

es
s,

 n
m

6050403020100
Polymerization time, h

PMMA  UV  ( TGA)
PS        UV  ( TGA)
       on fiberglass

PS 4.1± 0.2

a

b

4

3

2

1

0

M
as

s 
lo

ss
, %

800600400200
Temperature, ºC

SH

12h

24h

36h

48h

0h

PMMA  UV

 
PS        UV

 
Sulfhydrylated
 
on fiberglass

300

200

100

0

G
ra

ft 
th

ic
kn

es
s,

 n
m

6050403020100
Polymerization time, h

 PMMA  UV  ( TGA)  3.8 ± 0.2 nm/h
 PS        UV  ( TGA)  4.1 ± 0.2 nm/h

       on fiberglass

PS 4.1± 0.2

300

200

100

0

G
ra

ft 
th

ic
kn

es
s,

 n
m

6050403020100
Polymerization time, h

 PMMA  UV  ( TGA)  3.8 ± 0.2 nm/h
 PS        UV  ( TGA)  4.1 ± 0.2 nm/h

       on fiberglass

PS 4.1± 0.2

300

200

100

0

G
ra

ft 
th

ic
kn

es
s,

 n
m

(4.8±0.2) nm/h

       SE   AFM
 PMMA  UV  ( ,  )
 PS        UV  ( ,  ) 
 PS     AIBN  ( ,  )

       on flat glass substrates

a 4

3

2

1

0

M
as

s 
lo

ss
, %

800600400200
Temperature, ºC

12h

24h

36h

48h

0h

PMMA  UV

 
PS        UV

 
Sulfhydrylated
 
on fiberglass

b 300

200

100

0

G
ra

ft 
th

ic
kn

es
s,

 n
m

6050403020100
Polymerization time, h

PMMA  UV  ( TGA)
PS        UV  ( TGA)
       on fiberglass

PS 4.1± 0.2

Figure 6.7 (a) Thermogravimetric analysis of polymer-grafted fiberglass with (b) calcu-
lated thickness estimation. After an initiation regime, the graft thickness increases linearly
with time.

of the coating thickness t relies on the �ber radius r, the densities ⇢i and the weight
fractions wi (of polymer p or �berglass g) given by the mass loss.

t =

✓r
�+

wp

wg

⇢g
⇢p

- �
◆

r (�.�)

This estimation relies on the assumption that all polymer was removed in the heat-
ing process and that the volumetric model suits the given system. The error of this
estimation can be derived from Gaussian error propagation (see the Supporting Infor-
mation; page ���). Density values were given by literature�� (PMMA �.�� g/cm� and
PS �.�� g/cm�) and manufacturer (�berglass �.�� g/cm�). The calculated thickness of
polymer layers is in good agreement with SEM micrographs and the data from the
�at substrates. The increase of layer thickness on the �berglass is roughly linear (Fig-
ure �.�b). After �� h, the growth rates are (�.�±�.�) nm/h for PS and (�.�±�.�) nm/h
for PMMA. These values are similar to the rates determined for �at substrates. The
substrate geometry does not seem to a�ect the polymerization rate, as expected.

�.�.� Nanomechanical Characterization
To determine the nanomechanical properties (material sti�ness and elastic modulus)
inside of the �ber-reinforced composite, we used AFM force spectroscopy. We probed
the sti�ness distribution over the �berglass/polymer/matrix composition and evalu-
ated the Young’s modulus of the interphase region and the matrix.
The polymer-coated �berglass was embedded in epoxy resin and cold-cured for

�� h. The applied epoxy resin mainly consists of bisphenol-A-epichlorhydrin (��%),
bisphenol-F and �,�-hexanediol diglycidyl ether. Curing agent is a Mannich base (��%)
formed of p-tert-butyl-phenol, trimethylhexamethylene-diamine, and ↵,↵-diamino-
m-xylol. Upon cold curing a strong network is formed based on diglycidyl ethers of
bisphenol-A. Regarding the chemical composition of this network, we �nd phenyl
groups mainly linked by ether functions. Therefore, this matrix allows the incorpo-
ration of PS or PMMA chains. Incorporated polymer chains become trapped upon
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Figure 6.8 SEM micrograph of an angular microtome cut of grafted fiberglass embedded
in an epoxy resin matrix: thick cone end with insets indicating location references (A-E).

curing of the network. Specimens were cut to allow access to the cross section of the
formed composite material. The coating serves as a spacer, separating the two main
phases of the composition and is a so-called interphase.
The cross-sections were grinded and polished to generate smooth surfaces. Fiber-

glass su�ers brittle fraction upon mechanical strain. Perpendicular cuts are not el-
igible, because the points of contact between �ber stub and matrix are mechanical
weak-points and already break during the cutting step. To circumvent breaking, we
prepared angular cuts by cutting in a steep angle. Figure �.� presents the morpho-
logy of the prepared cross-sections. At the thick cone tip of the �ber, small grooves
are formed from the matrix breaking away but leaving an intact �ber with exposed
interphase. At the side of the stub, the interphase region, is intact and free of contam-
inations.
The nanomechanical study was conducted by force spectroscopy with a commer-

cial AFM equipped with a sharp tip cantilever in air. The cantilever-tip acts as a force
sensor probing the surface mechanical response.�� It is necessary to know the spring
constant of the cantilever kc in order to quantify the applied force. Its bending sti�-
ness is determined by thermal tuning.��,�� The quanti�cation of the displacement is
based on the precise measurement of the cantilever de�ection by a position sensitive
detector. For further information on AFM see reviews in literature.��,�� Figure �.�a
illustrates the deformation of the surface by an AFM cantilever.
In a �rst step, we performed force-displacement measurements at all interfaces

(see Figure �.�d). In the following, we used the �ber as an undeformable reference
surface in order to calibrate the system. Consequently, force-deformation data could
be obtained (see Figure �.�e). From the sti�ness, di�erent regimes can be recognized,
which are in agreement with the height image and represent the �berglass, an inter-
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Figure 6.9 Mechanical properties at the interphase of the PMMA grafted-fiberglass/epoxy
resin composite: (a) surface deformation schematic; (b) exemplary force curves; (c) AFM
height image with overlaid force map as inset; (d) measured effective stiffness; (e) corrected
material stiffness map. Maps of (d, e) are accompanied by a plot of the mean stiffness
averaged over all x-positions.
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Table 6.1 Mechanical properties at the interphase of a composite of PMMA-grafted
fiberglass in epoxy resin.

material sti�ness, N/m Young’s modulus, GPa
indexa location cantilever, interphase matrix interphase matrix

(see Figure �.�) on �berglass
A side �.�±�.� ��.�±��.� ��.�±��.� �.�±�.� �.�±�.�
B next to cone tip �.�±�.� ��.�±�.� ��.�±��.� �.�±�.� �.�±�.�
C tip of cone ��.�±�.� ��.�±�.� �.�±�.�
D tip of cone ��.�±�.� ��.�±��.� �.�±�.�
E side ��.�±�.� ��.�±��.� �.�±�.�

a Index A references the measurement presented in Figure �.�. For force maps of Indices B to E,
tos see Figure �.�� to �.�� in the Supporting Information (page ���).

phase region and the surrounding matrix. The sti�ness of the interphase presented
in Figure �.�e was (��±��) N/m in contrast to the matrix with (��±��) N/m. For us-
ing cantilevers of di�erent sti�ness, the measured data remained in good agreement:
interface (��±��) N/m; matrix (��±��) N/m.
To evaluate the elastic modulus from the material sti�ness, we applied the Hertz
model.��,�� We used a cantilever-tip as deformation probe, with a parabolic shape.
Equation �.� presents the Hertz theory on the relationship of the elastic modulus E
to the normal force F and the deformation �.

Esurface =
�
�
�- ⌫�surfacep

Rtip

FHertz

��/�surface
(�.�)

The resulting elastic moduli are in the low GPa range, which is a reasonable regime
for amorphous PMMA.�� The modulus of the matrix (�.�±�.�) GPa, presented in Fig-
ure �.�e, is about three times as high as the modulus of the interphase regime (�.�±�.�)
GPa. Table �.� summarizes the mechanical properties measured at di�erent locations
of the cross-sections (reference locations of Figure �.�).
The mechanical properties determined next to the tip of the cone (B) are analogous

to the data collected at the side (A, see Figure �.�). At the tip of the cone (C,D), the ma-
trixmaterial was removed during preparation. Here,wemeasured elastic properties of
the interphase directly along the exposed �berglass stub. The evaluatedmean Young’s
moduli are independent from the location. E represents a location at the side, where
no interphase was found. Here, the �berglass was in direct contact to the matrix mate-
rial, possibly due to a layer defect caused by preparation. In conclusion, we evaluated
a mean elastic modulus of (�.�±�.�) GPa for the PMMA interphase and (�.�±�.�) GPa
for the epoxy resin matrix.
Because the dimensions of the interphase are clearly represented in the force map

(see Figure �.�e) by its characteristic mean sti�ness, we can estimate the thickness
of the interphase layer around the �berglass. We found a thickness of (���±��) nm,
which is about four times as thick as the thickness of the collapsed polymer layer
(PMMA, �� h grafting time; see Figure �.�). This indicates that the PMMA brush layer
has been at least partially swollen with the matrix phase — forming of a true inter-
phase region. By comparing the thickness of the layer in embedded state with the dry
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state, we can clearly �nd that the polymer chains have incorporated into the matrix.
This proofs the compatibility of polymer and resin, since the polymer graft-�lmwould
not swell in an incompatible matrix or solvent for enthalpic reasons.

�.� Conclusion

Wepresented a three-step pathway to produce a compositematerial of polymer-grafted
�berglass in epoxy resin.
A sulfhydryl monolayer was introduced by silanization with MPTMS. Morphol-

ogy, thickness, and surface concentration of SH were characterized to have a well-
de�ned precursor layer for further modi�cation steps. The in�uence of water on the
sulfhydrylation process was studied, in order to �nd optimal conditions. For mono-
molecular deposition, anhydrous conditions are essential. The surface concentration
of SH corresponds to a complete coverage of the surface.
The photoinitiated grafting-from polymerization of PS and PMMA was presented

on �at substrates and �berglass. For both systems, a linear polymer growth was found
after initiation. The applied thiol-initiated ene photopolymerization proved high e�-
ciency and to be well suited to implement a polymer coating on �berglass. By direct
generation of radicals at the surface (without additional initiator) in combination with
a low concentration of reactive sites, the free-radical polymerization proceeded in a
controlled manner. Because polymerization in solution is avoided, growing chains
are all bound to the surface, which results in a high grafting e�ciency. Therewith,
the thickness can be easily tailored by adaption of the polymerization time (up to
⇡��� nm in �� h). Furthermore, the applied photopolymerization shows high toler-
ance for functional groups, with which a broad spectrum of available vinyl monomers
can be applied.
By embedding the grafted �berglass into a matrix of epoxy resin, the polymer phase

becomes partly swollen with matrix material (and increases in thickness, approxi-
mately � times the collapsed state). This interphase functions as a mechanical media-
tor between the �berglass (>��GPa, reinforcing phase) and the epoxy resin (⇡�GPa,
ductile matrix). For force spectroscopic studies, a sharp tip cantilever was used, allow-
ing a high spatial resolution. From themechanical response the mechanical properties
of the surface were presented in term of sti�ness maps, which nicely correlate with
the height images. For that reason, we were able to probe the nanomechanical proper-
ties of a PMMA-based interphase in the state of composition: sti�ness of (��±��) N/m;
elastic modulus of (�.�±�.�) GPa.
Composite materials, which are essentially multiphase materials, rely on synergetic

e�ects by combination of materials of di�erent mechanical properties. The chemical
formulation of (polymeric) interphases can be used to adjust and control the mechani-
cal performance of the composite as they can serve as a compatibility agent, as well as
mediatingmechanical gradient at the same time. Apart from simple matchmaking, the
interphase can be used to control the interfacial adhesion and therewith the energy
absorption capability of composites.
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�.� Supporting Information

�.�.� Scanning Electron Microscopy
The surface of�berglasswas imaged by scanning electronmicroscopy (Leo����, Zeiss)
with a Schottky-�eld emission cathode. Samples were sputteredwith � nm of platinum
to reduce surface charging (���HR, Cressington).

�.�.� Spectroscopic Ellipsometry
Ellipsometry was done with PCSA con�guration (SE���, Sentech). White light of a
xenon arc lamp (��� nm to ��� nm) with an incident angle of ��� was used. For each
sample, the thickness was measured on at least three di�erent surface locations.

�.�.� Evaluation of Film Thickness from AFM Micrographs
The thicknesses of thin �lms of polymer on silicon and glass substrates were deter-
mined by AFM stretch analysis. Figure �.��ab show the topography of polymer layers

Figure 6.10 AFM micrographs of polymer-grafted flat substrates: (a,b) defected surface
layer, removed by scratching; (c,d) morphology of intact graft film.
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Figure 6.11 AFM scratch analysis – film thickness was evaluated from height profiles: (a)
PS 168 nm, and (b) PMMA 22 nm.

at the edge of a scratch. Figure �.��cd show closed layers of the same polymer �lms
at di�erent positions. Please note that the color scaling of the height is not identical.

�.�.� Ellman’s Method: Quantification of the SH Content
The presence and concentration of free sulfhydryl on the surface was measured via
UV/vis spectroscopy (Lambda ��, PerkinElmer) following Ellman et al. Light adsorp-
tion of MPTMS-treated quartz glass slides was measured against a blind sample (clean
reference slide). Slides were fully immersed into a DTNB working reagent solution:
��µL of stock solution (�mM DTNB, ��mM NaAc, DI water) with ���µL of basic
bu�er solution (�M Tris, DI water, pH �) in ���µL DI water. Samples were incubated
at �� �C for �min and measured against each other. The SH content was determined
for two independent samples. Figure �.�� shows the cleavage of DTNB by free thiols.
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Figure 6.12 Cleavage of DTNB by free sulfhydryl.

The conversion of DTNB to NTB proceeds rapidly and stoichiometric. In neutral
and alkaline pH (set by bu�er) it ionizes to NTB�-, which has a characteristic absorp-
tion at ��� nm. According to Lambert-Beer’s law, the spectroscopic absorbanceOD�

is directly proportional to the concentration ci (or number density of absorbers), "i,�

is the molar extinction coe�cient (molar absorptivity of absorber species) and l is the
optical path length:

ci =
OD�

"i,� l
(�.�)

Since the number of NTB�- molecules in the solution volume Vsample is equal to the
number of SH functions per sample unit area A, the surface concentration of thiols
�SH is given by:

�SH =
Vsample -Vslide

Aslide
cNTB�- (�.�)

�.�.� Calculation of the Coating Thickness of Fibers from TGA Mass Loss
The volume of the uncoated �ber is described as a cylinder of radius r and the coating
volume is given as a surrounding tube of thickness t. The weight fraction of polymer
coating wp and �berglass wg are given by the mass loss.

wp

wg
=

mp

mg
=
⇢p Vp

⇢g Vg
with Vi = A(ri) l (�.�)

=
⇢p
⇢g

[A(r+ t)-A(r)]

A(r)
since Ai = r�

i
⇡ (�.�)

=
⇢p
⇢g

✓
t

r

◆�
+ �

✓
t

r

◆�
(�.�)
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where ⇢ is the bulk density, V is the volume, A is the area, r is the radius, and l is the
�ber segment length. Rearrangement of Eq. �.� yields

� =
✓
t

r

◆�
+ �

✓
t

r

◆
-

wp

wg

⇢g
⇢p

solve by x�,� =
-b±

p
b� - �a c

�a
(�.�)

and can be solved by simple arithmetic. The following expression can be used to cal-
culate the coating thickness from TGA data.

t =

✓r
�+

wp

wg

⇢g
⇢p

- �
◆

r =

✓r
�+

wp

1-wp

⇢g
⇢p

- �
◆

r (�.�)

Based on the new ansatz with wg = �-wp, the uncertainty of the thickness value
can be calculated using Gaussian error propagation. The individual contributions are
the derivation @r t, @⇢p t, @⇢g t, and @wp t.

@r t =

✓r
�+

wp

�-wp
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◆
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Combination allows for calculation of the thickness variance ��
t
based on the mea-

surement uncertainty �wp , the model uncertainty �⇢, and the size dispersity of the
substrate �r (here: glass �bers).

��t =(@r t)
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��
��wp +

�
@⇢p t

��
��⇢p +

�
@⇢g t

��
��⇢g (�.��)

=

✓r
�+

wp

�-wp

⇢g
⇢p

- 1

◆2

�2r +

✓
r

�
wp

wp - �

◆� ✓
�+

wp

wp - �
⇢g
⇢p

◆-�
(�.��)

⇥
"✓

⇢g
⇢p

◆�
��wp +

 
⇢g
⇢�p

!�

��⇢p +

✓
�
⇢p

◆�
��⇢g

#

=

✓
t

r

◆�
��r +

✓
r

�
wp

wp - �

◆� ✓
�+

wp

wp - �
⇢g
⇢p

◆-�
(�.��)

⇥
✓
⇢g
⇢p

◆�
"

��wp +

 
�
⇢�p

+
�
⇢�g

!

��⇢

#

⇡f size dispersity(r, t) + f TGA(wp) + f model(�⇢) (�.��)

We assumed an error of �.� g/cm� for the density, �.�µm for the radius, and �.�% for
the mass loss.
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�.�.� Nanomechanical Characterization
Saw microtome cuts of a composite of modi�ed �berglass embedded in a matrix of
epoxy resin were grinded (P���� to P���� graining) and polished with a diamond
suspension with �.�µm to �.��µm particle size. The cross section was analyzed with
AFM force spectroscopy: Upon applying force, the cantilever is following Hooke’s law,
which states that the relation of force F to displacement �z is described by a spring
constant k. This spring constant is an e�ective sti�ness, since it relies on deformations
of both cantilever �cantilever and surface �surface (see Eq. �.��).

ke�ective = -
F

�z
with �z = �cantilever + �surface (�.��)

Eq. �.�� is used to linearly �t the force-displacement data in the range of zero-force
until a maximum �� nN. The e�ective sti�ness map together accompanied by a cor-
responding plot of the mean sti�ness averaged over all x-positions. From the color-
ing of the map, as well as from the mean sti�ness, di�erent regimes can be recog-
nized. Those are in agreement with the height image and represent the �berglass, an
interphase region and the surrounding matrix. Cantilever and surface act as coupled
springs, positioned in series. The total displacement can be separated into the indi-
vidual deformation of cantilever and surface — by decoupling of the coupled springs.
The deformation of the surface is given by

ksurface = -
F

�surface
(�.��)

Eq. �.�� was used to �t the force-deformation data in the range of zero force until a
maximumof �� nNyielding thematerial sti�ness of the surface. Since the contribution
of the cantilever is removed, only the mechanical information of the surface is left. To
evaluate the elastic modulus from the material sti�ness, we applied the Hertz model.
The Hertz description is valid for small deformations of isotropic and homogeneous
bodies, which show linear elasticity. We used a cantilever tip as deformation probe,
with a parabolic shape. Eq. �.�� presents Hertz theory on the relationship of the elastic
modulus E to the normal force F and the surface deformation �.

FHertz =
�
�

Esurface
�- ⌫�surface

q
Rtip �

�/�
surface Hertz (�.��)

Further dependencies are Poisson’s ratio ⌫ (here: �.�� for rigid polymer) and the e�ec-
tive radius R (radius of tip curvature, (��±�) nm). The contact radius is given by

p
R �.

The elastic modulus was evaluated using Eq. �.�� to �t the force-deformation data of
surface regimes of uniform composition (with a minimum of ��� force curves). The
Hertzian �t was limited to the range of zero-force until a maximum force of �� nN.

�.�.� Force Spectroscopy Data
The following Figures �.�� to �.�� show the nanomechanical data presented in Ta-
ble �.� on page ���.
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Figure 6.13 Mechanical properties of Index A located at the side of the fiber stub:
(a) height image, (b,c) measured effective stiffness, and (d) corrected stiffness map. The
stiffness distribution (b) of the embedding matrix is bimodal (red).
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Figure 6.14 Mechanical properties of Index B located next to the fiber cone tip: (a) height
image, (b,c) measured effective stiffness, and (d) corrected stiffness map. The stiffness
distribution (b) of the embedding matrix is bimodal (red).
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Figure 6.15 Mechanical properties of Index C located at the tip of the fiber cone:
(a) height image, (b,c) measured effective stiffness, and (d) corrected stiffness map. The
stiffness distribution (b) of the embedding matrix is monomodal (red).
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Figure 6.16 Mechanical properties of Index D located at the tip of the fiber cone:
(a) height image, (b,c) measured effective stiffness, and (d) corrected stiffness map. The
stiffness distribution (b) of the embedding matrix is monomodal (red).
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Figure 6.17 Mechanical properties of Index E located at the side of the fiber stub:
(a) height image, (b,c) measured effective stiffness, and (d) corrected stiffness map. The
stiffness distribution (b) of the embedding matrix is monomodal (red).
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Abstract
In �ber-reinforced composites, the interphase nanostructure (i. e., the extended re-
gion between two phases in contact) has a pronounced in�uence on their interfacial
adhesion. This work aims at establishing a link between the interphase design of
polystyrene (PS)-based polymeric �ber coatings and their in�uence on the micro-
mechanical performance of epoxy resin-based composite materials. Thiol-ene photo-
chemistry was utilized to introduce a polymeric gradient on silica-like surfaces fol-
lowing a two-step approach without additional photoinitiator. Two complementary
grafting-techniques were adapted to modify glass �bers: grafting-onto deposition of
PB-b-PS diblock copolymers for thin-�lm coatings (thickness < �� nm) at low grafting
density (<�.� chains/nm�) — and grafting-from polymerization for brush-like PS ho-
mopolymer coatings of higher thickness (up to ��� nm) and higher density. Polymer-
coated glass �bers were characterized for polymer content using thermogravimet-
ric analysis (TGA) and their nanostructural morphologies by scanning electron mi-
croscopy (SEM). Model substrates of �at glass and silicon were studied by atomic
force microscopy (AFM) and spectroscopic ellipsometry (SE). The change in inter-
facial shear strength (IFSS) due to �ber modi�cation was determined by a single-
�ber pull-out experiment. Thick coatings (> �� nm) resulted in a ��% decrease in
IFSS. Higher shear strength occurred for thinner coatings of homopolymer and for
lower grafting densities of copolymer. Increased IFSS (��%) was found upon dilution
of the surface chain density by mixing copolymers. We show that the interfacial shear
strength can be increased by tailoring of the interphase design, even for systems with
inherently poor adhesion. Perspectives of polymeric �ber coatings for tailored matrix-
�ber compatibility and interfacial adhesion are discussed.

�.� Introduction

Engineered composite materials have become an important foundation of many of
todays’ technologies and structures. Of these, �berglass-reinforced composites in par-
ticular have found applications in �elds like the automotive and aerospace indus-

Figure 7.0 Influence of the Polymeric Interphase Design on the Interfacial Properties of
(Fiber-Reinforced) Composites. (Table of Contents Figure)
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tries, that demand lightweight materials with a high rigidity and strength.�,� To sat-
isfy the various technological demands, an adjusted and su�cient interfacial adhe-
sion between �bers and resinous matrix is of crucial importance.� Adhesion largely
depends on molecular interfacial structures and molecular interfacial interactions.�
Hence, �ber surface modi�cation by coatings has been identi�ed as a suitable way to
in�uence and control the adhesion and compatibility of the constituent materials.�,�
Low-molecular-weight modi�cations are common practice (e. g., by silylation)� while
polymeric modi�cations are often avoided due to higher costs and elaborate proce-
dures. Additionally, many applied polymers inherently exhibit poor adhesion due to
a lack of polar functional groups and a low surface free energy.�
Many biological materials are composites, with examples ringing from the min-

eral protein composites of bone to the polymer-polymer composites making up the
plant cell wall. Despite the constituent materials often having poor properties, Na-
ture manages to produce bulk materials with excellent properties that arise through
exquisite control of interfaces between the constituents.�,� It is hoped that a funda-
mental understanding of interfacial design in Nature will give rise to new ideas for
future applications.
The surface morphology in�uences the compatibility of coatings and the result-

ing compound stability.�� The presence of an interphase�� with a molecular gradi-
ent (an extended region, where two adjacent components are mixed) can promote
adhesion and compatibility at the composite interface.�� To further improve and de-
velop advanced composite materials, a solid understanding of interface/interphase
concepts is essential. The in�uence of di�erent low-molecular-weight modi�cations
(e. g., silanes)��–�� and macromolecular modi�cations��–�� on interphase systems has
been studied to enhance bond performance.
In this paper,we dealwith the nanostructural aspects of interphase design,by prepar-

ing interphase structures by polymer grafting.�� To understand the e�ect of nanoscale
modi�cations on the micromechanical performance, we systematically varied surface
chain density and chain length of tethered polymer chains in order to achieve various
adjusted morphologies.
We applied UV-initiated thiol-ene photochemistry (without additional photoiniti-

ator) to generate surfaces of tethered polystyrene chains on �berglass. Surfaces are
�rst sulfhydrylated and then modi�ed with polystyrene (PS) upon irradiation of UVA-
light. Both grafting-onto and grafting-from were used as complementary techniques
to obtain a broad range of grafting densities. Grafting-onto of preformed copolymers
(PB-b-PS) is a robust technique for thin-�lm coatings (< ��nm) of low surface chain
densities (< �.� chains/nm

�). For coatings with higher grafting densities, we applied
grafting-from photopolymerization. The thickness of the coating was controlled by
the duration of the light exposure (up to ��� nm within �� h).
The resulting morphologies were characterized and compared to �at glass slides as

model substrates. Modi�ed glass �bers, embedded in a microdroplet of epoxy resin,
were used for single-�ber pull-out tests to measure the interfacial shear strength of
the composite interface.��,�� Finally, we discuss the interfacial adhesion in compos-
ites based on a correlation of the macromolecular interphase nanostructure and the
micromechanical performance.
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�.� Experimental Section

�.�.� Materials and Reagents
Substrates: �berglass ��� S-� rovings, with a �lament thickness of �µm, (AGY-Europe,
France); (���)-oriented single-crystal boron-doped silicon (CrysTec, Germany); glass
slides of standard soda-lime glass (Menzel-Gläser, Thermo Scienti�c, Germany).
Chemicals were purchased from Sigma-Aldrich unless mentioned di�erently: sty-

rene (��.�%), puri�ed from stabilizers by �ltration through basic alumina column;
polybutadiene (PB, approx. ��mol.% of �,�-addition). For sulfhydrylation (�-mercapto-
propyl) trimethoxysilane (MPTMS, ��%) was used. Solvents, used as received: n-hep-
tane (��%, Roth), isopropyl alcohol (��.�%), dichloromethane (DCM, ��.�%), toluene
(��.�%), unstabilized tetrahydrofuran (THF, ��.�%,Roth), and cyclohexane (��.�%). Fur-
ther reagents: ammonium hydroxide (��%, Fluka), hydrogen peroxide (��%, VWR).
Deionized water (DI) was obtained from a water puri�cation system (Milli-Q Advan-
tage A��, Millipore).
The cold-curing epoxy resinwas obtained fromR&GComposite TechnologyGmbH,

Germany: epoxy resin L (bisphenol-A/F-epichlorhydrin resin), curing agent S (Man-
nich base of p-tert-butyl-phenol and diamines), mixed in ��:� ratio.
For anionic polymerization of the polybutadiene-block-polystyrene (PB-b-PS) di-

block copolymers, monomers and solvents had to be puri�ed thoroughly before use.
THF was freshly distilled from CaH� and K metal under dry nitrogen. �,�-Butadiene
(�.�, Rießner-Gase) was passed through columns �lled withmolecular sieves (�Å) and
basic aluminum oxide and then stored over Bu�Mg. Styrene (BASF) was degassed
three times via freeze/pump/thaw cycles. Afterwards, it was stirred over Bu�Mg and
condensed under high vacuum into storage ampoules and kept under N� until use.
sec-Butyllithium (sec-BuLi, �.�M in cyclohexane:hexane, ��:�, Acros) and Bu�Mg (�M
in heptane) were used as received.

�.�.� Diblock Copolymer Synthesis
The di�erent PB-b-PS diblock copolymers were synthesized via anionic polymeriza-
tion in THF at low temperatures in the presence of alkoxides according to standard
procedures.�� By using THF as polar solvent, butadiene addition preferentially took
place in a �,�-fashion. A thermostatically controlled laboratory autoclave was used,
which was equipped with an outlet tube, allowing sampling during polymerization.
The polymerization of styrene was started at -�� �C using sec-BuLi as initiator. After
��min butadiene was added at -�� �C and then polymerized at -�� �C to -�� �C. At
the desired conversion — as followed by in-line near-infrared �ber-optic spectroscopy
— samples were withdrawn and precipitated into degassed isopropyl alcohol after
polymerization times ranging from ��min to �� h. This allowed a series of polymers
with the same polystyrene block, but di�erent degrees of polymerization of the polybu-
tadiene block to be synthesized.

�.�.� General Procedure of the Two-Step Polymer Grafting
Cleaning and sulfhydrylation: Fiberglass was ultrasonically cleaned for ��min in an
aqueous solution of isopropyl alcohol (�� vol.%), rinsed with DI water and immersed
in a mixture of DI water, hydrogen peroxide and ammonium hydroxide (�:�:� by vol-
ume) at �� �C for ��min to remove organic residues (e. g., �berglass sizing) and to
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complete hydroxylation.�� Activated �berglass was removed from solution and thor-
oughly rinsedwithDIwater. Tominimize the amount ofwater available for hydrolysis
of MPTMS, substrates were successively cleaned with n-heptane, THF, and cyclohex-
ane upon ultrasonication (��min each). Direct sulfhydrylation of the activated sur-
faces was performed by immersion in a MPTMS solution of �.� vol.% in n-heptane
(�.�mM, Ar atmosphere, �� h at RT), followed by a sequential washing upon ultrason-
ication (n-heptane, DCM, toluene, cyclohexane, and THF for ��min each) to remove
physisorbed species.
Photochemical polymer grafting: MPTMS-modi�ed �berglass was directly trans-

ferred to either a ��mol.% solution of styrene monomer in cyclohexane (grafting-
from method), or to a �.�wt.% solution of PB-b-PS diblock copolymer in cyclohex-
ane (grafting-onto method), under Ar atmosphere. Polymerization was carried out
upon irradiation with UV/visible light (Höhnle UVF ���F, ���W, blue �lter: ��� nm<
� <��� nm) for �� h for grafting-onto and for di�erent durations (� h, � h, �� h, �� h,
�� h, and �� h) for grafting-from. The temperature was kept below �� �C. Polymer-
grafted substrateswere sequentiallywashedupon ultrasonication (THF,DCM, toluene,
cyclohexane and DI water for ��min each) and dried overnight at �� �C.

�.�.� Surface Characterization Methods
The �berglass surface was imaged by scanning electron microscopy (SEM) (Leo����,
Zeiss). Flat substrates (silicon wafers) were investigated by atomic force microscopy
(AFM) in tapping mode (DimensionV, Veeco Metrology Group, USA) with AC���TS-
W� cantilevers (��� kHz, ��N/m) by Olympus. The thickness of thin �lms on �ber-
glass was calculated from thermogravimetric analysis (TGA) (N� �ow, heating rate of
� �

C/min, TGA/SDTA ���e,Mettler Toledo). The �lm thickness on �at substrates was
evaluated by AFM scratch analysis and spectroscopic ellipsometry (SE) with PCSA
con�guration (SE���, Sentech).

�.�.� Micromechanical Characterization
The e�ect of the modi�cations on the mechanical properties of the glass-epoxy inter-
face, single glass �ber in epoxy matrix pull-out tests were performed with a custom
built setup, based on the method described by Miller et al.�� A ��µm to ��µm sized
droplet of epoxy was placed on an isolated �ber (see Figure �.�� in the Supporting
Information on page ���). After curing (�� h at �� �

C) the �ber end with the epoxy
droplet was placed between two metal plates. The distance between the plates was
kept small enough to avoid slipping of the droplet. The other end of the �ber was
�xed on the load cell (max. capacity �N), which is located on the motor controlled,
movable part of the tester. The �bers were pulled out of the epoxy droplet at �µm/s
while simultaneously recording the applied forces. The interfacial shear strength ⌧max
(abbrev. IFSS) was calculated using the following equation

⌧max =
Fmax
⇡d l

(�.�)

where Fmax is the maximum recorded force, d is the glass �ber diameter, and l the
length of the droplet along the �ber. A minimum of �ve repeated measurements per
treatment were performed for those coated using the grafting-frommethod and eight
per treatment for the grafting-onto method.
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�.�.� Diblock Copolymer Characterization
Size-exclusion chromatography (SEC)measurementswere performedon a set of �� cm
SDV-gel columns of �µm particle size having a pore size of ���, ���, ���, and ��� Å

with refractive index and UV detection (� = ���nm) (see Figure �.�� in the Support-
ing Information on page ���). THF was used as eluent at a �ow rate of �mL/min using
toluene as internal standard. The system was calibrated with polystyrene standards.
�H NMR spectra were recorded at ���MHz (Ultrashield ���, Bruker) with CDCl� as
solvent and tetramethylsilane as internal standard (see Figure �.�� in the Supporting
Information on page ���).

�.� Results and Discussion

�.�.� Diblock Copolymer Characterization
To cover the regime of low grafting densities (< �.� chains/nm

�), we decided to use
diblock copolymers with speci�c block functions for the grafting-onto approach. Uti-
lizing a laboratory autoclave system, we synthesized three di�erent series of poly-
butadiene-block-polystyrene (PB-b-PS) diblock copolymers (indexed � for PBx-b-PS��,
� for PBx-b-PS���, and � for PBx-b-PS���, the subscripts denote the corresponding
number-average degree of polymerization) with the same degree of polymerization
of polystyrene (PS) but varying polybutadiene (PB) block lengths (SEC, Figure �.��
in the Supporting Information on page ���).�� This approach o�ers the possibility of
screening the in�uence of the ratio of anchor block (PB) to buoy block (PS). Figure �.�
shows an overview of block lengths of the applied copolymers.
As the conjugation of the diblock copolymers to the sulfhydrylated surface pro-

ceeds via a radical mechanism, a high content of vinyl groups within the PB block is
favorable. Therefore, to obtain PB blocks with a high degree of �,�-addition, anionic
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Figure 7.1 Series of synthesized diblock copolymers of polystyrene (PS, buoy block) and
polybutadiene (PB, anchor block).
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Table 7.1 Molecular properties and micromechanical performance of grafted
copolymer — sorted by increasing PS chain length.

Copolymer index hMni, kg/mol Ð
a ��,� h�PSicnorm h⌧maxi, MPa

G
ra
fti
ng
-o
nt
o

PB�,� PB�� ���.�� �.�� ��.� — ��.�±�.�
�A PB���-b-PS�� ���.�� �.�� ��.� �.���� ��.�±�.�
�A PB��-b-PS��� ���.�� �.�� ��.� � ��.�±�.�
�B PB���-b-PS��� ���.�� �.�� ��.� �.���� ��.�±�.�
�C PB���-b-PS��� ���.�� �.�� ��.� �.���� ��.�±�.�
�D PB���-b-PS��� ���.�� �.�� ��.� �.���� ��.�±�.�
�A PB���-b-PS��� ���.�� �.�� ��.� �.���� ��.�±�.�
�B PB���-b-PS��� ���.�� �.�� ��.� �.���� ��.�±�.�
�D PB����-b-PS��� ���.�� �.�� ��.� �.���� ��.�±�.�

a Molecular weight dispersity, determined from SEC (peak of the diblock copolymer, neglecting the
priprecursor and coupling peaks).
b Number fraction of �,�-addition of the PB block as determined by �H NMR spectroscopy.
c Normalized relative grafting density of PS, calculated from scaling theory�� and normalized to �A.
d Interfacial shear strength: de-bonding of a microdroplet of epoxy resin from a single glass �ber.

polymerization was conducted in THF.�� The chemical composition of the obtained
diblock copolymers as well as the fraction of �,�-addition ��,� within the PB block
was determined by �H NMR spectroscopy. In combination with the number average
molecular weight hMni of the respective PS precursors, as determined by SEC with
PS calibration, the overall molecular weight of the synthesized diblock copolymers
was calculated from the ratio of the characteristic signals (Figure �.�� in the Support-
ing Information on page ���). The complete data of molecular characterization of the
PB-b-PS diblock copolymers is summarized in Table �.� (including a commercial PB,
used for comparison).

�.�.� Two-Step Photochemical Polymer Grafting
We used both grafting-onto and grafting-from to attach PS chains at the surface of
�berglass to screen their morphology and micromechanical performance (interfacial
adhesion) with a matrix of epoxy resin.
As a �rst step, SH groups were introduced on the inorganic surface by treatment

with (�-mercaptopropyl) trimethoxysilane (MPTMS) to allow for thiol-ene photochem-
istry.��,��,�� The generation of radicals at the surface is based on the homolytic cleav-
age of thiol functional groups upon irradiationwithUV-lightwithout additional photo-
initiator.��,�� Formed sulfenyl radicals are surface-localized and can serve as polymer-
ization initiators (grafting-from) or anchoring site for preformed solution-borne poly-
mer (grafting-onto). The generation of new radicals proceeds sporadically and con-
tinuously as long as irradiation with UV-light takes place. Although the total con-
centration of radicals increases progressively with time, the spatial separation of the
randomly distributed active sites keeps the local concentration of radicals low. Fig-
ure �.� compares the surface of neat �berglass before (�.�a) and after the deposition
(�.�b) of a thin precursor layer of MPTMS, imaged by scanning electron microscopy
(SEM). Upon grafting-onto, the preformed diblock copolymer was attached to surface-
localized radicals via an anchoring block (i. e., PB). Figure �.�c shows the surface mor-
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Figure 7.2 SEM micrographs of fiberglass surfaces: (a) neat fiberglass shows a homoge-
nous smooth surface structure, which becomes grainier after sulfhydrylation, (b) grafting-
onto polymerization of (c) PB1,2, and (d) diblock copolymer PB854-b-PS360 form grainy lay-
ers. (e) In contrast, grafting-from of PS results in thicker (>40 nm, 12 h) brush-like polymer
films with a smooth surface.

phology of grafted PB homopolymer, whereas some areas with defects reveal the un-
derlying �berglass. The presence of the polymer layer was clearly identi�ed from
SEM. An example of a PB-b-PS copolymer grafting is presented in Figure �.�d. The
grafted polymer forms a thin granular layer (< ��nm) of higher roughness. Since the
PB block features many vinyl functions it can be multiply conjugated to the surface
and to adjacent polymer chains. Upon deposition, an interpolymer network (IPN) of
multiply attached PB chains is formed. All PS blocks are covalently tethered to this
IPN.
Since the surface density of the individual PS chains depends on the copolymer

length (i. e., volume of polymer coil in solution) and its block ratio, the grafting density,
which can be realized by grafting-onto, is limited. To attain higher grafting densities,
grafting-from polymerization is the method of choice. The grafting-from process is
based on the progressive consumption of vinyl monomer to form polymer chains. In
the collapsed state, the densely grafted brush-like polymer forms a smooth coating sur-
rounding the �berglass (Figure �.�e). Because polymerization in solution is avoided,
all growing chains are attached to the surface. Depending on the time of initiation,
the individual polymer chains may exhibit a high dispersity (Ð > �). Since the active
sites are translocated away from the surface upon chain growth, the chance for ter-
mination of newly formed radicals is kept low. This may result in a situation where
many active chains, which are densely packed at the surface, can coexist and grow si-
multaneously. Depending on the polymerization time, di�erent �lm thicknesses can
be obtained (⇡ ���nm within �� h), based on a successive increase of both grafting
density and mean chain length.�� Even though the grafting of the polymer is based
on a free-radical process, the deposition mechanism proceeds in a controlled manner.
The success of the grafting procedure for covalent attachment of polymer to the

�berglass surface was controlled by thermogravimetric analysis (TGA). Figure �.�
shows the relative polymer content by the mass loss of polymer-grafted �berglass
upon progressive heating. From this decomposition, the grafting thickness of the ho-
mopolymer attached via grafting-from, can be calculated.�� The results for six polymer-
ization times (� h, � h, �� h, �� h, �� h, and �� h) are presented in Table �.� and com-
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Figure 7.3 Thermogravimetric analysis of grafted fiberglass showing the polymer content
for (a) grafting-from and (b) grafting-onto.

pared to graftings on �at glass substrates as model systems. Flat substrates allow the
thickness determination by common techniques like AFM scratch analysis and spec-
troscopic ellipsometry (SE), which cannot be applied on �berglass. While SE gives a
mean value of a large area (⇡ ��mm

�), AFM allows very precise local measurements.
These results are in good agreement, whereas the values calculated from TGA show
a high uncertainty.��
The calculation of the grafting thickness from TGA data of grafting-onto polymer-

izations fails due to an unde�ned bulk density of the IPN layer. If the apparent bulk
density of the copolymer is applied, the thickness is overestimated and does not coin-
cide with the information from SEM. In order to study the morphology arising from
the grafting-onto approach, we prepared graftings on �at model substrates (silicon
wafer). Initial SE studies suggested that the grafting does not consist of a closed uni-
form layer of polymer. To obtain detailed information about the constitution of the

Table 7.2 Grafting thickness and micromechanical performance of PS homo-
polymer-grafted fiberglass and glass slides.

polymerization grafting thickness in dry state tdry, nm h⌧maxia, MPa
time, h �berglass �at substrate (glass)

TGA�� SE AFM

G
ra
fti
ng
-f
ro
m � ���±�� ���±� ���±�� ��.�±�.�

� ���±�� ���±� ���±�� ��.�±�.�
�� ���±�� ���±� ���±�� ��.�±�.�
�� ���±�� ���±� ���±�� ��.�±�.�
�� ���±�� ���±� ���±�� ��.�±�.�
�� ���±�� ���±� ���±�� —

a Interfacial shear strength: de-bonding of a microdroplet of epoxy resin from a single glass �ber.
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Figure 7.4 AFM micrographs of a buoy-anchor morphology of an exemplary surface mod-
ified with copolymer (grafting-onto of PB191-b-PS78 on flat silicon substrate) in dry state:
(a,b) scratched surface layer; (c) the collapsed film consists of copolymer closely packed
at the surface; (d) scratch analysis (at dashed line of 7.4b) shows a height step of 10 nm,
which is twice the radius of gyration of the respective copolymer chain (Rg ⇡ 5 nm).

grafting-onto layer we performed AFM, which is the most capable technique to study
thin-�lm morphology at high spatial resolution.��–�� Figure �.� shows the morphol-
ogy of an exemplary graft layer obtained from PB���-b-PS��. The topography image
of the collapsed copolymer layer shows that the polymer is attached closely packed
at the surface. The maximum height of the topography (Figure �.�b) corresponds to
twice the radius of gyration (⌧max ⇡ �Rg; see Figure �.�d). In this situation in air,
the collapsed buoy chains form blobs of polymer on top of the closed layer of anchor
blocks.��,��
The most frequent height of the densely packed buoy-anchor �lm is in the range

of Rg of the copolymer (see Figure �.�a). In fact, it is even closer to the Rg of the sole
PB block, since here we see the formed interpolymer network (IPN) layer of multi-
ply attached anchor chains. The contribution of the buoy block, which is located on
top of the IPN, can be seen in the positive skew of the height distribution. This as-
sumption is supported by the morphology of a PB�� homopolymer graft, where we
have a discrete IPN layer with a symmetric height distribution (see Figure �.�b). As
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Figure 7.5 Comparison of surface morphologies on flat silicon substrates imaged by
AFM and the corresponding height distributions: (a) PB181-b-PS78 copolymer, (b) PB29
homopolymer, and (c) PS12h homopolymer. Based on the skew of the qualitative height
distributions, copolymer grafts can be clearly distinguished from homopolymer grafts.

expected, homopolymer layers via grafting-from are closed uniform �lms, where the
height distribution is symmetric and represents the surface roughness (see Figure �.�c
and Figure �.�� in the Supporting Information on page ���). In the morphology of the
homopolymer �lms, small spherical features can be identi�ed (see Figure �.�c), which
could be a result of high dispersity of the brush chains. This dispersity is caused by
the nature of the photochemical initiation (see above). Due to a low surface roughness
of about � nm, the grafted layers can still be considered as smooth �lms.

�.�.� Nanostructural Parameters
In order to correlate the mechanical performance to the interphase structure, the state
of the grafted polymer at the surface has to be characterized. We identi�ed the sur-
face chain density (grafting density �) and the length of the PS chain as the two most
characteristic parameters describing the surface nanostructure. The �eld of tailored
grafting densities has been intensively studied because it embodied the foundation for
advanced applications like surface gradients,��–�� responsive coatings,��,��,�� and an-
choring of functional (macro)molecules to the surface.��,�� Both grafting-onto��,��,��,��
and grafting-from��,��,��–�� approaches have been reported as reliable techniques. A-
part from macromolecular anchoring layers,�� chain attachment or initiation of poly-
merization is commonly based on a thin precursor �lm formed by self-assembly (of
low-molecular-weight silanes).��,��,��
Our approach is di�erent, since we used thiol-ene photochemistry allowing both

grafting-onto�� and grafting-from.�� The combination of direct generation of radicals
at the surface (without additional photoinitiator) and a low local concentration of re-
active sites, allows the free-radical polymerization to proceed in a controlled manner.
Chain transfer reactions, especially to solvent andmonomer, should be absent to avoid
radical polymerization in solution and to assure that all growing polymer chains are
bound to the surface. High grafting e�ciency can be obtained by e�ective suppres-
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Figure 7.6 Application of MJ’s scaling theory26 to calculate the relative grafting density of
the PS buoy chains from the buoy-anchor copolymer composition: (a) Based on the inter-
section of buoy regime scaling (solid line ) and the anchor regime scaling (dashed line
- - - - ), all applied copolymers comply with the anchor-dominated regime. (b) Normalized
relative grafting density scaled for the length of the anchor block by its degree of polymer-
ization.

sion of polymerization in solution.��,��,�� We regard thiol-ene photochemistry as a
promising technique for industrial applications.

Grafting-onto: The morphology of the grafted copolymer �lm is related to the ad-
sorption of diblock copolymers, where the adsorbed state consists of a swollen an-
choring layer and a more diluted and extended buoy layer. Therefore we applied a
scaling description for the adsorption from a non-selective solvent (cyclohexane) by
Marques and Joanny (MJ).�� The MJ theory allows for predicting the surface chain
density � of buoy-anchor systems. Depending on the ratio of buoy and anchor block
length, the copolymer either falls into a buoy- or anchor-dominated regime. Every
copolymer can be described by its anchor fraction (⌫anchor = Nanchor/N) and its to-
tal degree of polymerization N (see Figure �.�a). Both regimes exhibit a respective
scaling of the grafting density to the copolymer composition. The intersection of
the buoy regime scaling (solid line, � ⇠ (⌫anchor/(� - ⌫anchor))�/�) and the anchor
regime scaling (dashed line, � ⇠ (⌫anchorN)-�) is set at a crossover composition
(Nbuoy ⇡ N��/�

anchor). All of our copolymers comply with the anchor regime as shown
in Figure �.�a (Nbuoy < N��/�

anchor). Depending on the total polymerization degree N,
the regime crossover is shifted towards lower anchor fractions for increasing length
of the copolymer chain. There is an inverse scaling of the relative grafting density
to both the anchor fraction ⌫anchor and the length of the anchor block Nanchor. Fig-
ure �.�b shows the scaling behavior of the relative grafting density for the length of
the anchor block by its degree of polymerization (Nanchor) — normalized to the high-
est value (�A). The numerical coe�cient can be estimated to (�.��±�.��) chains/nm�

based on the apparent Rg of the anchor block.��,�� The normalized relative grafting
densities are listed in Table �.�.

Grafting-from: It is clear that MJ’s theory cannot be applied for the homopolymer
�lms produced by grafting-from. Even though the surface chain density can basically
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be determined by AFM or TGA,��,�� a precise determination is not possible for the
realized thin �lms on �berglass. The main problem is that we neither know the chain
length, nor the dispersity of the polymerized brush. Even SEM allows only for rough
estimations on this matter. Since the grafting thickness increases linearly with time
(see Table �.�) it can be expected that both grafting density and chain length increase
throughout the grafting process. If the polymerization degreeNwas known, the graft-
ing density could be calculated from the �lm thickness. Since the total amount of
polymer at the surface (e. g., cleaved-o� by alkali treatment) is too small, the polymer-
ization degreeN cannot be directly quanti�ed by size-exclusion chromatography (SEC).
The common approach of using a sacri�cial initiator causing polymerization in solu-
tionwas not applied since themechanism of a photoinitiated thiol-ene polymerization
is inherently di�erent from classical solution-borne polymerization.
Based on a rough estimation, the maximum achievable chain density is determined
by the sterical close packing of polymers — yielding �.� chains/nm

� for the case
of polystyrene. Especially grafting densities of comparable conditions and molecular
weight are found to be higher than �.� chains/nm

�, thus we expect a grafting density
between �.� chains/nm

� and �.� chains/nm
�.��,��,��

Even if the determination of the precise surface chain density is not possible, we
can expect that grafting-from allows for higher grafting densities (grafting-onto <
�.� chains/nm

� < grafting-from), which is su�cient for a correlation with the micro-
mechanical results. Alternatively, we correlated the micromechanical results to the
coating thickness (and the respective polymerization time).

�.�.� Mechanical Characterization (Interfacial Shear Strength)
Single-�ber pull-out tests allowed for determination of the interfacial shear strength
⌧max (abbrev. IFSS) and discriminating between di�erent �ber surface treatments.��,��
As a �rst step, a microdroplet of resin was prepared on the �ber, cured, and mounted
in a guillotine-like shearing blade (see Figure �.�� in the Supporting Information on
page ���). When the �ber is pulled, the microdroplet contacts the blades, and will
eventually become sheared o�. Upon the simplifying assumption, that the de-bonding
force is distributed uniformly on the �ber-matrix interface, the IFSS can be calculated
(Eq. �.�). The micromechanical results are included in Table �.� and �.�.

Correlation of Micromechanics and Interphase Structure: a
As a �nal step,we can relate themicromechanical performance to themacromolecular
interphase nanostructure. From the grafting-from approach, we found a decrease of
the interfacial shear strength for thicker grafting �lms (i. e., longer polymerization
times; see Figure �.�a). The thickness of the �berglass coating has a distinct e�ect
on the interfacial stability, the capability to withstand shear stress (Figure �.�b). The
neat �berglass showed an IFSS of (��.�±�.�)MPa and outperformed all homopolymer-
modi�ed samples. By coating with PS homopolymer, the IFSS gradually decreases un-
til a minimum of⇡ ��MPa is reached (�� h, �� h, and �� h). This might indicate that at
a polymerization time of �� h a maximum grafting density is reached and subsequent
�lm growth is caused by growing and stretching of the active brush chains. Even
though we cannot calculate the precise grafting density for the individual polymer-
ization times, we can clearly expect (based on our understanding of the initiation
mechanism) that at earlier times less radicals and hence a lower surface coverage of
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PS chains is realized. For that reason, we expect that the samples of �� h, �� h, and �� h
are of higher surface density and therefore exhibit the lowest interfacial adhesion.
Figure �.�a shows the IFSS of the copolymer-grafted �berglass. In comparison to

neat �berglass, de-bonding took place at lower shear forces except for modi�cation
�D and �D. For series � (PBx-b-PS���) a clear trend of higher IFSS for longer anchor
chains can be found. Series � (PBx-b-PS���) shows a similar dependency in the respect
that the copolymer with the longest anchor chain (�D) showed the highest IFSS. The
slight deviation (�A, �B) is within the accuracy of the measurement. The relative sur-
face chain density was calculated from the copolymer composition using MJ’s scaling
theory (see Section �.�.�).�� Figure �.�b presents the correlation of the micromechan-
ical performance and the surface density of the buoy chains (fraction of copolymer
that remains free after grafting).
For the grafting-onto approach (� < �.� chains/nm

�), we found that samples of
lower surface chain density withstood higher shear stress. Copolymer-modi�cations
of higher surface density (�A, �A, and �A) yielded low IFSS of⇡ ��MPa, close to the
result of the homopolymer-modi�cation PS�h (⇡ ��MPa) of lowest surface density.
The highest IFSSwere realized by two samples (�D,�D)with the lowest surface density
of the respective series (> ��MPa). The modi�cation �D (PB���-b-PS���) even with-
stood ��MPa, which is a ��% increase compared to neat glass �bers. Additionally, we
could see that the length of the buoy chains also in�uenced the IFSS. Modi�cations of
PBx-b-PS��� (series �) resulted in higher IFSS values than the longer PBx-b-PS��� (se-
ries �) samples even at higher surface chain densities (�D>�D and �B>�B). This may
be due to a better interpenetration of the buoy chains into the resinous matrix. Over-
all, it seems that a lower surface chain density leads to increased IFSS and therefore
higher interfacial adhesion. To test this theory, we prepared a mixture of ��% PB���-b-
PS�� (�A, short PS chain) and ��% PB���-b-PS��� (�A, long PS chain), since both have
comparable anchor block lengths and IFSS values (⇡ ��MPa). For the mixture, the

b

Figure 7neu
75

50

25

0

τ m
ax

, M
Pa

   
   

   
   

   
   

   

48

48

36

36

24

24

12

12

0

0

Polymerization time, h

-400

-300

-200

-100

0

100

200

G
raft thickness 

                                       
(TG

A), nm
 

                                     

3 6

3 6

PS homopolymer
grafting-from

 Interfacial shear strength

 Graft thickness
50

40

30

20

10

0

τ m
ax

, M
Pa

200150100500
Graft thickness (TGA), nm

PS homopolymer
grafting-from

 Interfacial shear strength

a 

75

50

25

0

τ m
ax, M
Pa                     

48

48

36

36

24

24

12

12

0

0

Polymerization time, h

-400

-300

-200

-100

0

100

200

G
ra
ft 
th
ic
kn
es
s 

   
   
   
   
   
   
   
   
   
   
   
   
   

(T
G
A)
, n
m

 
   
   
   
   
   
   
   
   
   
   
   
   
 

3 6

3 6

PS homopolymer
grafting-from

 Interfacial shear strength

 Graft thickness

Figure 7.7 Mechanical performance of PS homopolymer-grafted fiberglass: (a) interfacial
shear strength (bottom) and grafting thickness (top) versus polymerization time; (b) inter-
facial shear strength versus thickness of grafted polymer. The dashed lines are guides to
the eye.



144 Influence of the Polymeric Interphase Design on the Interfacial Properties. . .
Figure 8

b55

50

45

40

35

30

25

20

15

IF
SS

, M
Pa

neat 1A 2A 2B 2C 2D 3A 3B mix 3D

re
fe

re
nc

e

55

50

45

40

35

30

25

τ m
ax

, M
Pa

8
0.01

2 4 6 8
0.1

2 4 6 8
1

Relative grafting density (normalized), a.u.          
neat

PB-b-PS copolymer
  series 1 PS78
  series 2 PS360
  series 3 PS959
 
  Mix:    80% 1A 
               + 20% 3A

55

50

45

40

35

30

25

IF
SS

, M
Pa

2 3 4 5 6
0.1

2 3 4 5 6
1

Relative grafting density (normalized), a.u.          
neat

PB-b-PS copolymer
  series 1 PS78
  series 2 PS360
  series 3 PS959
 
  Mix:    80% 1A 
                + 20% 3A

55

50

45

40

35

30

25

IF
SS

, M
Pa

2 3 4 5 6
0.1

2 3 4 5 6
1

Relative grafting density (normalized), a.u.          
neat

PB-b-PS copolymer
  series 1 PS78
  series 2 PS360
  series 3 PS959
 
  Mix:    80% 1A 
                + 20% 3A

55

50

45

40

35

30

25

τ m
ax

, M
Pa

8
0.01

2 4 6 8
0.1

2 4 6 8
1

Relative grafting density (normalized), a.u.          
neat

PB-b-PS copolymer
  series 1 PS78
  series 2 PS360
  series 3 PS959
 
  Mix:    80% 1A 
               + 20% 3A

Copolymer

a 55

50

45

40

35

30

25

IF
SS

, M
Pa

neat 1A 2A 2B 2C 2D 3A 3B 3D mix

re
fe

re
nc

e

Copolymer

a

Figure 7.8 Mechanical performance of PB-b-PS diblock copolymer-grafted fiberglass:
(a) nominal interfacial shear strength; (b) correlation of IFSS to relative grafting density
of the buoy chains for three series of copolymers. The term Mix denotes a 4:1 mixture of
PB191-b-PS78 (short PS chain) and PB250-b-PS959 (long PS chain). The dashed lines are
guides to the eye.

e�ective surface chain density of PS��� chains was calculated from the following equa-
tion:

�mix =
�

��-�
�A + ��-�

�A
(�.�)

By using shorter chains (< �/��) as spacermolecules, the shear strengthwas increased
by ��% to (��.�±�.�)MPa (see Figure �.�). Further evidence that the grafting density is
a most crucial parameter to attain high interfacial adhesion in composite-like systems
can be found in studies on di�erent�elds likewetting autophobicity��–�� and thin-�lm
stabilization��. Our �ndings are in good agreement with Duchet et al. who suggested
that the toughness can be improved by the presence of tethered chains at the interface,
whereas too high grafting density can sabotage the composite’s adhesion.�

The applied matrix resin mainly consisted of a bisphenol-A-epichlorhydrin (��%),
bisphenol-F and hexandioldiglycidylether. As curing agent, the Mannich base (��%)
formed of p-tert-butyl-phenol, trimethylhexamethylenediamine, and↵,↵-diamino-m-
xylol was used. Upon cold curing (�� h at RT), a strong network was formed based on
diglycidyl ethers of bisphenol-A. The chemical composition of this network consists
of phenyl groups mainly linked by ether functions. Therefore, this uncured epoxy
resin network allows the incorporation of polystyrene chains, which results in an
enthalpic compatibility. Themechanism of surface-graftedmacromolecular connector
chains in interphase/interface systems has been intensively studied by Gutowski and
coworkers.��–�� The interpenetrating surface-tethered PS chains can become trapped
in the resin network and serve as non-covalent mechanical interlocking agents.
Apart from enthalpic compatibility also entropic contributions have to be consid-

ered to achieve high interfacial adhesion. Kim et al. studied chemical thin-�lm in-
compatibility and reported that entropic e�ects play a dominant role in autophobic
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Figure 7.9 Schematic representation of the interaction of matrix material with grafted
polystyrene chains at the surface.

dewetting.�� The conventional classi�cation of chemical (i. e., enthalpic) compatibil-
ity does not hold for thin-�lm interfaces and interphase systems. Our �nding that
nanostructures of higher surface chain density (grafting-from approach) are exhibit-
ing lower interfacial adhesion is in agreement with the understanding that entropic
e�ects are of great relevance. Chain penetration into the resinous matrix, or uptake of
matrixmaterial by the brush-like �lm, correlates with a loss in entropy of the stretched
chains and a repulsion due to resin network elasticity.��
At higher grafting densities (grafting-from polymerization), only low IFSS results

from poormiscibility of matrix material and stretched PS chains. The uptake of matrix
is poor and both phases remain segregated. Here, the length of the brush chain (i. e.,
the thickness of the coating) plays an insigni�cant role and does not allow further
stabilization of the �ber-matrix interface. Upon decrease of the grafting density, the
incorporation of matrix material into the polymer �lm is enhanced and a polymer-
matrix interphase is formed. As a result, the composition becomes able to withstand
higher shear stress and exhibits higher IFSS. The grafting density, the local space be-
tween tethered chains, is a prerequisite for e�ective intermixing with matrix material.
Coatings of intermediate grafting density are accessible both by grafting-from and
grafting-onto techniques. Upon further decreasing the grafting density, a regime of
high interfacial adhesion can be found. Here, one has to consider that the grafting
density is not the only parameter responsible for the interface stabilization. The high-
est interfacial adhesion can be expected to result from a combination of su�cient
chain space, mobility, and length. At lower grafting densities the IFSS decreases, since
the low number of entangled chains is insu�cient to strengthen the �ber-matrix inter-
face. At low IFSS, the tethered polymers even reduce the interfacial adhesion, which
corresponds to a lubricating e�ect. In conclusion, the general expectation that long
polymer chains at the surface always stabilize the composition is not valid.
To summarize, the in�uence of the grafting density on the interfacial adhesion is il-

lustrated in Figure �.�: Maximum IFSS is expected for a strong penetration of the buoy
chains into the matrix, combined with a large number density of buoy chains. Both an
increase and decrease of grafting density (of buoy chains) can result in a lowering of
IFSS. This is due to two di�erent mechanisms: A further increase of grafting density
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will result in a poor intermixing of matrix and polymeric coating, which is related to
autophobic dewetting (see Figure �.�, left).��–�� A reduction of grafting density on the
other hand will diminish IFSS as well, because it lowers the interaction energy, which
is proportional to the number density of available buoy chains (see Figure �.�, right).

�.� Conclusion

The in�uence of di�erent polymeric �ber coatings on the interfacial shear strength
of epoxy resin-based composite materials has been studied. Utilizing thiol-ene photo-
chemistry, we introduced polystyrene chains of variable length and chain density to
sulfhydrylated glass-like surfaces and characterized their morphology.Grafting-onto
of preformed diblock copolymer from cyclohexane (a non-selective solvent) resulted
in buoy-anchor arrangements of densely packed polymer coils (low density, � <
�.� chains/nm

�). As a complementary method, we applied grafting-from polymer-
ization generating closed �lms of brush-like homopolymer with coating thickness up
to ��� nm.Grafting-ontomodi�ed samples exhibited higher IFSS compared to grafting-
from �lms. Interestingly, for both approaches a trend of higher IFSS for lower grafting
densities could be identi�ed. High chain density results in reduced IFSS and counter-
acts interfacial adhesion (lubrication e�ect) due to an inhibited penetration of polymer
chains into the matrix (energetically unfavorable stretching of the chains inside of the
brush-�lm).
E�ective adhesion promotion is realized by lower chain density, since the adhesion

mechanism relies on the mixing of grafted polymer and matrix material (interphase
formation). Basically the interplay between enthalpic and entropic e�ects in the inter-
phase determines the stability of the composition at the nanoscopic and microscopic
level. We suppose that entropic e�ects play a signi�cant role in interfacial interactions
of polymer-matrix systems. Thus interfacial adhesion in composites can be promoted
— even if the constituent materials are of moderate compatibility.

This is signi�cant for all applications where constituent components need to be
combined. High adhesion between matrix and dispersed phase allows for improved
transfer of load and stress. This especially holds true for �ber-reinforced composites,
where the load is primarily carried by the dispersed �bers and the matrix is serving as
a binding support. The formation of an interphase, a mixed phase of surface tethered
chains and the embedding medium, may provide further stabilization of the composi-
tion. To attain high interfacial adhesion, strong interactions between the two materi-
als are a prerequisite. Apart from covalent attachment, the application of polymeric
interphases in the vicinity of the �ber-matrix interface embodies a versatile tool to
further improve and develop advanced composite materials.
Based on these �ndings, optimization of chain density rather than maximization

has to be considered in synthetic strategies for �ber-reinforced composite formation.
As we clearly demonstrated, lower surface densities can lead to an increase of IFSS,
which is counter intuitive, but in-line with expectations of polymer physics. As well,
we introduced in this work UV-initiated thiol-ene photochemistry as an upscalable
approach, which allows considering this important industrial parameter.
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Further studies should focus on the quanti�cation of the interaction mechanism
of polymer and resinous matrix — and their mixing in the molecular gradient phase.
The regime of ideal grafting density is system speci�c and could be quanti�ed using
substrates with grafting density gradients.��,��
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�.� Supporting Information

Scanning Electron Microscopy: The surface of �berglass was imaged by scanning
electron microscopy (Leo����, Zeiss) with a Schottky-�eld emission cathode. Samples
were sputtered with � nm of platinum to reduce surface charging (���HR, Cressing-
ton).

Spectroscopic Ellipsometry: Ellipsometry was conducted with PCSA con�gura-
tion (SE���, Sentech). White light of a xenon arc lamp (��� nm to ��� nm) with an
incident angle of �� � was used. For each sample, the thickness was measured on at
least three di�erent surface locations.

�.�.� Size-Exclusion Chromatography (SEC)
Figure �.�� shows THF-SEC traces of the di�erent series of PS-b-PB diblock copoly-
mers obtained by sequential living anionic polymerization. In the case of the diblock
copolymers of series � and �, a small amount of the living PS did not initiate the
polymerization of butadiene, most probably due to minor impurities during the ad-
dition of the second monomer. Therefore, some PS homopolymer is left over in the
samples. Additionally, at long reaction times and high molecular weights, coupling
of individual polymer chains occurred to some extent, leading to a higher molecular
weight peak. Nevertheless, the presence of a small amount of PS homopolymer and
coupled product does not a�ect the grafting process and the formed surface morphol-
ogy.
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 S2 

Size exclusion chromatography: 

 

Figure S1. THF-SEC traces of the different series of PS-b-PB diblock copolymers obtained by 

sequential living anionicpolymerization. In all cases the normalized RI signal is shown. In the case of 

the diblock copolymers of series 2 and 3, a small amount of the living PS did not initiate the 

polymerization of butadiene, most probably due to minor impurities during the addition of the 

second monomer. Therefore, some PS homopolymer is left over in the samples. Additionally, at long 

reaction times and high molecular weights, coupling of individual polymer chains occurred to some 

extent, leading to a higher molecular weight peak. Nevertheless, the presence of a small amount of PS 

homopolymer and coupled product does not affect the grafting process and the formed surface 

morphology. 

 
 

Figure 7.10 THF-SEC traces of the different series of PB-b-PS diblock copolymers ob-
tained by sequential living anionic polymerization. All cases the normalized RI signal.

�.�.� 1H NMR Spectroscopy

Figure 7.11 1H NMR spectrum of PB1426-b-PS959 (sample 3D) in CDCl3. Solvent signals
are striked out and the characteristic signals used for calculation of the diblock copolymer
composition and the overall number average molecular weight are highlighted.
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�.�.� Evaluation of Film Thickness from AFM Micrographs

Figure 7.12 Brush-like surface morphology of an exemplary homopolymer grafting-from
polymerization in dry state. (A) AFM micrographs of a flat silicon substrate grafted with
polystyrene for 12 h (Index PS12h). (B,C) The grafted film consists of a closed densely ar-
ranged polystyrene film in collapsed state. (D) Scratch analysis of 25 nm step; (E) Gaussian-
like height distribution (i. e., surface roughness).

�.�.� Single-Fiber Pull-Out Test

 S4 

Single fiber pull-out test: 

 

Figure S4. Single fiber pull-out test to quantify the interfacial shear strength: a microdroplet of resin 

(a) is sheared off (b) by pulling the fiber through an opening of two metal plates. (c) SEM micrograph 

of cured droplet on a glass fiber. 

 

Figure 7.13 Single-fiber pull-out test to quantify the interfacial shear strength: A micro-
droplet of resin (a) is sheared off (b) by pulling the fiber through an opening of two metal
plates. (c) SEM micrograph of cured droplet on a glass fiber.
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Abstract
This work presents the modi�cation of polyorganosiloxane microparticles by surface-
initiated thiol-ene photochemistry. By this photocoating, we prepared di�erent core/-
shell particles with a polymeric shell within narrow size-distributions (PDI = �.���-
�.��). As core particle, we used highly monodisperse spherical polyorganosiloxane
particles prepared from (�-mercaptopropyl) trimethoxysilane (MPTMS) with a radius
of �.��µm.We utilize the high surface coverage ofmercaptopropyl functions to gener-
ate surface-localized radicals upon irradiation with UVA-light without additional pho-
toinitiator. The continuous generation of radicals was followed by a dye degradation
experiment (UV/vis spectroscopy). Surface-localized radicals were used as copolymer
anchoring sites (grafting-onto deposition of di�erent PB-b-PS diblock copolymers) and
polymerization initiators (grafting-from polymerization of PS). Photocoated particles
were characterized for theirmorphology (SEM,TEM), size, and size-distribution (DLS).
For PS-coated particles, the polymer content (up to ��% in �� h) was controlled by the
polymerization time upon UVA exposure. The coating thickness was evaluated by
thermogravimetric analysis (TGA) using a simple analytical core/shell model. Raman
spectroscopywas applied to directly follow the time-dependent consumption of thiols
by photoinitiation.

�.� Introduction

Many technical applications utilize composite materials which require speci�c inter-
facial properties between their constituents for good performance.�,� With regard to
mechanical stability of composites, reinforcement of polymeric materials with silica
particles (or�bers) as�ller exhibits higher energy absorption during impact fracture.�,�
This would allow for increased toughness with negligible loss of tensile strength. Here,
interfacial stability demands the surface of the �ller to provide chemical compatibil-
ity and high adhesion. Adhesion largely depends on molecular interfacial structure as
well as molecular interfacial interactions.�

The �ller/matrix adhesion can be controlled by functionalization of the �ller sur-
face by physisorptive� or chemisorptive processes. For the latter, modi�cations of low

Figure 8.0 Direct Thiol-Ene Photocoating of Polyorganisiloxane Microparticles. (Table of
Contents Figure)
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molecular weight (e. g., by silane sizings)� are common practice.� Polymeric modi�-
cations are desirable for interface engineering�–�� but often avoided in applications
due to higher costs and di�cult up-scaling. Most polymer modi�cations require an
initial low-molecular-weight functionalization to introduce anchoring or initiation
sites at the surface.�,��–�� Hence, the most frequently applied methodology for func-
tional particles in the micrometer size range is the silylation of particles prepared by
the Stöber method using tetraesters of silicic acid in alcohols.�� Recently, Fuchs and
Avnir reported the preparation of polymer-modi�ed silica particles by entrapment of
amphiphilic copolymers within forming silica particles.�� As an alternative to pure sil-
ica, Lee and co-workers presented an one-step preparation method of monodisperse
hybrid silica particles based on the self-condensation of organosilanes in water.��,��
These hybrid silica particles are essentially polyorganosiloxanes, which inherit their
functionality from the respective low-molecular-weight precursor.
Polyorganosiloxanes are commonly used in a myriad of applications�� and for col-

loidal structures. By sequential condensation or combination of di�erent hydrolizable
organosilanes in aqueous dispersion in the presence of surfactant, amphiphilic poly-
organosiloxane nanospheres��,�� or nanocapsules��–�� with di�erent core-shell archi-
tectures can be synthezised. Jungmann et al. reported that the ionic part of such struc-
tures can be loadedwith dye�� or employed as passive nanoreactors�� for the synthesis
and stabilization of noble metal colloids.
In this study, we show the modi�cation of polyorganosiloxane particles prepared

from (�-mercaptopropyl) trimethoxysilane (MPTMS) by surface-initiated thiol-ene
photochemistry without additional photoinitiator. Both grafting-onto deposition of
preformed polybutadiene-based copolymers (PB-b-Px) and grafting-from polymeriza-
tion (Px) are robust techniques for thin-�lm coatings.��–�� These complementary tech-
niques were adapted to modify particles with polystyrene (PS and PB-b-PS) as a hy-
drophobic model polymer shell. For grafting-from polymerization, the thickness of the
coating was controlled by the duration of the light exposure (up to �� nmwithin �� h).
We evaluated the polymer content by thermogravimetric analysis (TGA) and applied a
core/shell model to estimate the coating thickness on the particles. The resulting mor-
phologies were characterized by electron microscopy techniques (SEM and TEM) and
compared to uncoated particles. The generation of radicals during the UV-initiation
process was followed by dye degradation experiments (UV/vis spectroscopy).

�.� Experimental Part

�.�.� Materials
All chemicals (p. a. grade) were purchased from Sigma-Aldrich unless mentioned dif-
ferently: styrene (��.�%), puri�ed from stabilizers by �ltration through basic alumina
column; (�-mercaptopropyl) trimethoxysilane (MPTMS, ��%); p-(dimethylamino) azo-
benzene (dimethyl yellow, Fluka). Solvents, used as received: ethanol, toluene (��.�%),
and cyclohexane (��.�%). Further reagents: ammonium hydroxide (��%, Fluka). Deion-
ized water (DI) was obtained from a water puri�cation system (Milli-Q Advantage
A��, Millipore). The di�erent polybutadiene-block-polystyrene (PBx-b-PS���) diblock
copolymers were synthesized via anionic polymerization in tetrahydrofuran (THF) at
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low temperatures in the presence of alkoxides according to standard procedures.�� De-
tails on the applied series of copolymers with the same PS block, but di�erent degrees
of polymerization of the PB block was reported in our recent publication.��

�.�.� Synthesis of Polyorganosiloxane Particles
A volume of �.�mL of MPTMS was added into ���mL of water at �� �C under vig-
orous stirring (KPG, ��� rpm, �–� h) until the turbid solution caused by oil droplets
turned completely transparent. Then, ammonium hydroxide (NH�OH, �mL, �� vol.%)
was added to the transparent mixture solution. After �min of stirring, the reaction
progressed for �� h without stirring at �� �C. After completion of the reaction, the
solution was diluted by large amounts of ethanol and allowed to cool down to room
temperature. The resulting sedimented precipitate was collected by centrifugation
(���� rpm, ��min, RT) and washed three times upon ultrasonication (�min, �� �C) us-
ing ethanol to remove non-reacted material. The obtained particles were stored in
ethanol as suspension (��mg/mL).

�.�.� Thiol-Ene Photocoating of Polyorganosiloxane Particles
Approximately ��mgparticles (solids content of �mL ethanol suspension) were added
to cyclohexane solutions containing � vol.% of styrene (grafting-frommethod), or �wt.%
of PB-b-PS diblock copolymer (grafting-onto method), in closed vials (total volume
��mL) under Ar atmosphere. Polymerizations were carried out upon irradiation with
UV/visible light (Höhnle UV F ���F, ���W, blue �lter: ��� nm < � < ��� nm, see Fig-
ure �.� in the Supporting Information on page ���) for �� h for grafting-onto and for
di�erent durations (�, �, ��, ��, �� h) for grafting-from. The temperature was kept be-
low �� �C. Polymer-grafted particles were sequentially centrifuged (see above) and
washed with toluene upon ultrasonication.

�.�.� Dye Degradation by Radical Initiation
Approximately ��mgparticles (solids content of �mL ethanol suspension) were added
to a �M dye solution of p-(dimethylamino) azobenzene (dimethyl yellow) in toluene
(total volume ��mL). The solution was irradiated with UV/visible light (Höhnle UV F
���F, see above) for �� h upon vigorous stirring. At given times, �mL samples were
drawn from the particle solution, centrifuged, and the supernatant was analyzed by
UV/vis spectroscopy (Lambda ��, Perkin Elmer). A dye solution with identical compo-
sition without particles was used as reference. Before each sample measurement, the
quartz cuvette was cleaned six times with toluene and a new baseline was determined.

�.�.� Characterization
Particles were imaged by transmission electron microscopy (TEM) at �� kV (CEM ���,
Zeiss). Deposited on cleaned silicon wafers and glass substrates, particles were in-
vestigated by scanning electron microscopy (SEM), by energy dispersive X-ray spec-
troscopy (EDX) (Leo����, Zeiss), and by atomic force microscopy (AFM) in tapping
mode (Dimension V, VeecoMetrology Group) with AC���TS-W� cantilevers (��� kHz,
��N/m) by Olympus. Raman spectra were acquired using a confocal Raman micro-
scope (LabRAM Division, HORIBA Jobin Yvon) equipped with a lens from Olympus
(��⇥, NA = �.��) and a linear-polarized HeNe laser (��� nm). Raman scattering
was detected by a peltier-cooled CCD camera (-�� �

C, Synapse) situated behind a
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Figure 8.1 Scanning electron mircographs of uncoated polyorganosiloxane microparticles.

���� grooves/mm grating spectrometer. The thickness of thin �lms on particles was
calculated from thermogravimetric analysis (TGA) (N� �ow, heating rate � �C/min,
TGA/SDTA ���e, Mettler Toledo). Dynamic light scattering (DLS) was performed us-
ing a goniometer setup (ALV-Laservertriebsgesellschaft, Langen, Germany) with an
Ar ion laser (��� nm,Coherent Verdi-V�) andwith a HeNe laser (��� nm, JDS Uniphase
����/P) as light source. The correlation function was generated using an ALV-����/E
multiple-⌧ digital correlator and afterward analyzed by the method of cumulants.��
Toluene served as an index matching bath. Measurements were performed at low par-
ticle concentrations at scattering angles between ��� and ���� and were repeated at
least three times.

�.� Results and Discussion

�.�.� Polyorganosiloxane Particles
The applied synthesis of polyorganosiloxane microparticles was based on a sol-gel
condensation with MPTMS as precursor.�� In contrast to the Stöber synthesis,�� the
applied sol-gel process utilizes precursor molecules which are fully soluble in water.
Therefore, the functional organosilane forms a homogeneous dispersion. We used
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Figure 8.2 (a) Atomic force micrograph of polyorganosiloxane microparticles and (b) dy-
namic light scattering in ethanol (red) and toluene (green).

MPTMS to prepare particles with a high surface coverage of thiol groups. Upon hy-
drolysis of its three methoxy groupsMPTMS forms silanols of high reactivity. NH�OH
was added as catalyst to increase the rate of nucleation, as previously reported by
Oh et al.�� Formed nuclei grow to spherical particles until the available precursor is
consumed.
The result of the sol-gel process was a sedimented precipitate. After washing, this

precipitate was found to consist of spherical microparticles (see Figure �.�). The SEM
images show particles with a smooth surface without visual surface defects as con-
�rmed by AFM topography (see Figure �.�a). The size of the particles was evaluated
by dynamic light scattering (DLS) using the method of cumulants�� with a hydro-
dynamic radius Rh of about ���±�� nm depending on the dispersion medium. Fig-
ure �.�b shows the decay rate � versus the squared scattering vectorq� formulti-angle
measurements in ethanol and toluene. The Rh in ethanol was slightly smaller than in
toluene. At �rst glance, the linear succession of �(q�) suggests spherical objects of
uniform shape as scatters. For DLS, the size-dispersity (PDI) is a dimensionless num-
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Figure 8.3 Raman spectrum of polyorganosiloxane microparticles prepared from MPTMS.

ber calculated from a simple two parameter-based cumulant analysis (� and µ�) and
scaled such that values smaller than �.�� are attributed to monodisperse particles.��,��

PDI ⌘
Dµ�
� �

E
=

��
Rh

hRhi�
(�.�)

where � is the �rst-order and µ� is the second-order moment of the exponential de-
scription of the autocorrelation function, and �Rh is the width of the Gaussian dis-
tribution. The PDI was evaluated as a mean of all measured angles. For both media,
the mean PDI was about �.��� indicating a highly monodisperse size-distribution (see
Figure �.�� in the Supporting Information on page ���).
Energy dispersive X-ray spectroscopy (EDX) was performed to assess the elemen-

tary composition at the particle surface (atom ratio: ��% C, ��.�% Si, ��.�% O, and �%
S). The high carbon content is according to expectations that the surface is occupied
by the functional alkyls of MPTMS. The framework of the particles consists of silicon
and oxygen (SiOx network). Since the content of sulfur was lower than expected, we
performed Raman spectroscopy to evaluate the particle composition in more detail.
Raman scattering allows for the discrimination of the functional groups at and close

to the surface. Figure �.� shows the characteristic spectrum of a polyorganosiloxane
particle. For details on the vibrational assignments, see Table �.� in the Supporting
Information on page ���. Additional to the signals of the SiOx framework, the alkyl
chain can be identi�ed. The thiol group shows a pronounced signal at ���� cm-�.
Interestingly, the spectrum does not contain a peak at ���� cm-�, which could be at-
tributed to free silanol groups. It was expected to detect unreacted silanols due to
incomplete crosslinking inside the particles as a result of the steric hindrance by the
alkyl chains. The absence of this signal indicates that the particle surface is free from
reactive silanols and exclusively exposes thiol-terminated alkyls.
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�.�.� Thiol-Ene Photocoating: UVA-Initiation
Thiol-ene photocoating utilizes the formation of surface-located thiyl radicals byUVA-
light in presence of ole�ns. Details on the mechanism of thiyl formation are pro-
vided in Chapter �.� Thiol-Ene Coupling on page ��. Contrary to common free-radical-
transfer techniques, this approach does not require additional photoinitiator. The radi-
cal species is generated in solution but resides at the particle surface. Surface-localized
radicals can serve as anchoring site for preformed solution-borne polymer (grafting-
onto) or as polymerization initiators (grafting-from).
As a �rst step, we evaluated the particles’ capability to form radicals. Therefore

a dye degradation (decomposition) experiment was performed. Dye solutions with
andwithout polyorganosiloxane particles were irradiated byUVA-light. Subsequently,
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Figure 8.4 Absorbance decay of dimethyl yellow dye in toluene: (a) UV/vis spectra for
different times of UVA exposure, and (b) absorbance decay at 409 nm, normalized by refer-
ence spectra without microparticles.
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samples were drawn from both solutions, centrifuged to separate the particles, and the
supernatant was analyzed by UV/vis spectroscopy. This allowed for the comparison
of the two solutions and to evaluate the in�uence of the particles on the rate of dye
degradation. The applied dye was p-(dimethylamino) azobenzene (dimethyl yellow),
a commonly used indicator in the low pH regime, which is stable upon irradiation of
UVA-light. After �� h of UVA irradiation, the molecular degradation (without parti-
cles) was below ��%. Figure �.� shows the radical degradation of dimethyl yellow in
the presence of polyorganosiloxane particles. The absorbance decrease at ��� nm was
used to follow the accelerated degradation of the dye as a result of the formation of
radicals at the particle surface.
The initial absorbance decrease (at � h) of approximately ��% is related to the ad-

sorption of dye molecules to the surface of the particles (see Figure �.�� in the Sup-
porting Information of page ���).�� Any further absorbance decrease corresponds to a
degradation of the dye by the generation of thiyl radicals at the surface and the trans-
fer of radicals to vicinal dye molecules. The decay was followed over a time frame
of �� h. The generation of new radicals proceeds continuously as long as irradiation
takes place. The normalized maximum of the absorbance peak decreases almost lin-
early with time. Even though the total concentration of radicals increases progres-
sively with time, the local centration is kept low due to the spatial separation of the
random distribution of active sites.

�.�.� Grafting-Onto Copolymer Deposition
Thiol-ene photocoating was used to anchor polybutadiene (PB)-based diblock copoly-
mers to polyorganosiloxane particles. Figure �.� shows TEM and SEM images for PB-
b-PS-coated particles. After deposition onto �at substrates and evaporation of the sol-
vent, thin connections were found between particles assemblies (see Figure �.�a-c).
These connections ranged up to several hundred nm in length and could be identi�ed
as copolymer of the coating. To verify that the visible copolymer between the par-
ticles was not physisorbed but surface-tethered, �ve additional washing cycles (cen-
trifugation and ultrasonication in toluene, which is a good solvent for both blocks)
were performed. The morphology did not change, which concludes that the copoly-
mer was strongly attached to the particle surface. The morphology at the surface can
be related to the adsorption pattern of anchor-buoy diblock copolymers, where one
block (PB) forms an anchoring layer and the other block (PS) remains free in a di-
luted and extended state.�� The multiply attached anchor chains form a bottom layer

Table 8.1 Hydrodynamic radii of diblock copolymer-photocoated particles in
toluene determined by dynamic light scattering.

uncoated� PB-b-PS���-coated
Polymerization degree (anchor) NPB �� ��� ��� ���
Hydrodynamic radius,a nm Rh ��� ��� ��� ��� ���
Measured increase,a nm Rh - ���nm �� ��� ��� ���
Calculated increase,b nm Rh,coated - ���nm �� ��� ��� ���

a Each values has an apparent accuracy of approx. ±�nm, based on the linear �ts of the di�usion
laacoe�cients. For details, see Figure �.�� in the Supporting Information on page ���.
b Using Equation �.� with ↵ = �.�� (PB) and � = � (PS).
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Figure 8.5 Diblock copolymer-photocoated microparticles: TEM of (a) PB43-b-PS360 and
(b) PB663-b-PS360 coatings; REM of (c) PB43-b-PS360 and (d) PB854-b-PS360 coatings.

at the surface. The top layer mainly consists of buoys, which in dry state do not form
a smooth �lm but a rough assembly of collapsed domains (see Figure �.�cd).
DLS was used to evaluate the size and size-distribution of the coated particles in

good solvent (toluene, see Figure �.�� and Figure �.�� in the Supporting Information
on page ���). The size-distribution slightly increased but remainedwithin a PDI range
of �.��–�.��, indicating a narrow size-distribution. The hydrodynamic radii of copoly-
mer-coated particles determined by DLS in good solvent can be found in Table �.�. In
fact,Rh is a measure related to the di�usional properties of a hypothetical hard sphere
and describes the size of this sphere with a surrounding solvation layer. For coated
particles, larger Rh values were obtained in comparison to uncoated particles. The
increase of Rh in good solvent can be correlated to the copolymer composition by a
rough estimation:

Rh,coated ⇡ Rh,uncoated + (N↵

anchor +N�

buoy) · l (�.�)

where N is the degree of polymerization, l is the monomer unit length (⇡ �.��nm),
and the exponents ↵ and � re�ect the respective chain conformation. An exponent
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of � describes a terminal-attached fully stretched chain, whereas a value of �.� corre-
lates to a coiled conformation of an ideal chain. In good solvent, it can be expected
that the buoy chain (PS) is well solvated and stretches due to the steric repulsion by
neighboring buoys (brush conformation). The anchor chain (PB) is multiply attached
to the surface and to chain segments of the same or neighboring anchor blocks. Since
the adsorption was performed in a non-selective solvent, where both blocks are well
solvated, the anchors do not form collapsed globules but retain in conformations of
larger volume. The anchoring network of inter- and intra-crosslinked chains can be
expected to exhibit an exponent between �.� and �. Even though this predication is
only a rough estimate, it shows a scaling similar to the measured increase of Rh for
PBx-b-PS��� coatings. The outmost shell of the coated particles consists of a layer of
buoy chains (PS), which could be substituted by a functional block (Px) by use of the
corresponding diblock copolymer (PB-b-Px).

�.�.� Grafting-From Polymerization
As a complementary approach, thiol-ene photocoating was used for grafting-from
polymerization on polyorganosiloxane particles. The formation of surface-localized
radicals can be utilized to initiate the growth of polymer at the surface. To follow the
photocoating, a series of samples with identical monomer content (� vol.% styrene)
was prepared and characterized. Figure �.� shows TEM images of this series in dry
state. Coated particles showed connections between particles, similar to the �ndings
for the copolymer coatings. Again, the samples were exposed to �ve additional wash-
ing cycles (centrifugation and ultrasonication in toluene, which is a good solvent for
PS) to verify that the polymer was tethered to the surface. Compared to uncoated
particles, the modi�ed particles look like hexagonal-like structures in the dry state.
This shape is a drying e�ect and results from the soft shells being partly fused in
the swollen state. Upon drying, the shells collapse onto the core, while thin polymer
connections remain at the contact points between the closely packed particles. With
increasing polymerization time these features becomemore pronounced. SEM images

Figure 8.6 Transmission electron micrographs of microparticles after photocoating with
polystyrene (grafting-from) for increasing polymerization times.
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show similarmorphologies and an increased surface roughness compared to uncoated
particles (see Figure �.�� in the Supporting Information on page ���).
To evaluate the apparent size of the polymer-coated particles, DLS in good solvent

(toluene) was measured. The mean hydrodynamic radii were in a narrow range of
���±� nm (see Figure �.�� in the Supporting Information on page ���). A tendency
toward higher PDI values for longer polymerization times was found but a PDI < �.��
still indicates a narrow size-distributions (see Figure �.�� in the Supporting Informa-
tion on page ���). Also, longer polymerizations (�� and �� h) showed slightly smaller
Rh values within a deviation of �� nm. This apparent contraction could be a result of
an increased chain density in the coating layer.
Based on the method of initiation, the present polymerization of surface-tethered

chains is not an instantaneous event like in classical free-radical polymerizations with
initiation by radical-transfer from the solution. As shown by the dye degradation ex-
periment, the UVA-light induced formation of radicals proceeds sporadically and con-
tinuously. After initiation and upon chain growth, these active sites are translocated
away from the surface reducing the chance for termination of newly formed radicals
at the surface. Ideally, this would allow for the coexistence of many active chains at
high spatial density and their simultaneous unperturbed growth. It can be expected
that both grafting density and mean chain length increase successively with time. De-
pending on the time of initiation, the resulting chains may exhibit a high dispersity
in length. Even though thiol-ene photocoating is generally a free-radical process, the
con�nement of radicals to the surface enables the deposition to proceed in a controlled
manner.
Thermogravimetric analysis (TGA) was done to quantify the amount of covalently

attached polymer at the particle surface. Therefore, we compared the thermogravi-
metric behavior of polymer-coated to uncoated polyorganosiloxane particles.
As a result of the high carbon content (as evaluated by EDX), polyorganosiloxane

particles behave di�erent from regular pure silica particles upon heating.�,��,�� Pure
silica particles exhibit high temperature stability with a mass loss of below �% up to
��� �C (see Figure �.�). Polyorganosiloxane particles are temperature-labile and start
to decompose at ��� �C. At ��� �C a total mass loss of about ��% was detected, which
is related to the alkyl-based fraction of the particles. The more stable SiOx framework
accounts for the remaining mass. In comparison, polymer-coated particles started to
lose mass already at ��� �C. Since all grafting-from samples were prepared from the
same batch of uncoated polyorganosiloxane particles, a higher mass loss is directly
correlated with a higher amount of coated polymer. From the di�erences in mass loss,
the polymer content of the respective sample was determined.
Figure �.�b presents the polymer content of particles modi�ed by grafting-from of

polystyrene without additional photoinitiator. After �� h of photocoating, the parti-
cles showed an e�ective polymer content of ��%. The coating thickness t, that is, the
thickness of the shell if all chains collapsed onto the core particle to reach the bulk
density, can be calculated based on a simple core/shell model (for derivation, see Sec-
tion �.�.� in the Supporting Information on page ���).

t =

✓
�

r
�+

wshell
�-wshell

k⇢ - �
◆

r with k⇢ =
⇢core
⇢shell

(�.�)
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Figure 8.7 Thermogravimetric analysis of polymer-coated microparticles: (a) Compari-
son of different polymerization times and uncoated polyorganosiloxane particles. The sam-
ple pure silica denotes a commercial batch (PSi-0.2 and PSi-0.8, Discovery Scientific Inc.)
of standard TEOS-based silica particles as reference. (b) increasing polymer content (mass
loss) for longer polymerization times with estimated coating thickness (error bars in red
color, right axis).

Here,wshell is the polymer content (shell) evaluated from the TGA mass loss, k⇢ is
the density ratio,⇢ is the bulk density of polymer (p) or the polyorganosiloxane (g), and
r is the radius of the uncoated core particles (DLS, ��� nm in ethanol). The bulk den-
sity ratio k⇢ is an important scaling factor in this calculation, de�ning the core/shell
system (polymer on polymer particle k⇢ ⇡ �, polymer on polyorganosiloxane particle
k⇢ ⇡ �, polymer on pure silica particle k⇢ ⇡ �.�).
The scaling behavior of the relative coating thickness t/r and the polymer content

(mass loss wshell) is shown in Figure �.�� in the Supporting Information on page ���.
Below a polymer content of approximately ��% a simpli�ed estimation can be applied.
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Table 8.2 Coating thickness and polymer/thiol content of PS-photocoated poly-
organosiloxane particles.

Polymerization time, h � � � �� �� ��
Polymer content wshell,a % — ��.� ��.� ��.� ��.� ��.�
Coating thickness t,b nm — ��±� ��±�� ��±�� ��±�� ��±��
Relative PS content,c % � ��.� ��.� ��.� ��.� ���
Relative thiol content,c % ��� ��.� ��.� �.� �.� �.�

a Mass loss di�erence (TGA) of sample to uncoated polyorganosiloxane particles with an apparent
o�accuracy of approximately ±�.�%. For details, see Figure �.�� in the Supporting Information on
o�page ���.
b Calculated using Equation �.� with a core particle radius of r = 484nm (DLS, Rh in ethanol).
c Determined by Raman spectroscopy; see Figure �.�.

Here, the t/r ratio increases linearlywith the polymer contentwshell. Equation �.�was
used to calculate the coating thickness of PS on polyorganosiloxane particles.

t ⇡ �.��� r wshell for polymer on polyorganosiloxane k⇢ =
�
�

(�.�)

The resulting coating thicknesses are included in Figure �.�a and listed in Table �.�.
Even though, this approach is based on an ideal model and assuming a shell to core
density ratio of �:�, it is useful to represent the trend of the thickness increase for
longer polymerization times. The true thickness could deviate from the calculated
values, since the particles density is an estimation (⇢core ⇡ �g/cm

�).
The correlation of DLS and TGA shows that the polymer content increased with

longer polymerization times, while the hydrodynamic radius stayed almost constant
throughout the process. Therefore, the e�ective polymer density of the shell has to
increase throughout the time of photocoating, which is according to the nature of the
continuous initiation process.
In order to further study the grafting-from process, we conducted Raman spec-

troscopy of the polystyrene-coated particles. Figure �.�a presents the frequency range
of ����–���� cm

-�, while the full spectra can be found in Figure �.�� in the Sup-
porting Information (page ���). The spectra show the additional signals, which can
be expected for a polystyrene modi�cation (vibrational assignments, see Table �.� in
the Supporting Information on page ���). To allow for a direct comparison, all spec-
tra were normalized for the area under the vibrations of aliphatic CH�/CH at ����–
���� cm

-� (see Figure �.�� in the Supporting Information on page ���). From the
normalized spectra, the relative contents of thiol (area ratio of ⌫(SH) at ���� cm

-�

to aliphatic ⌫(CH�/CH)) and polystyrene (area ratio of aromatic ⌫(CH) at ���� and
���� cm

-� to aliphatic ⌫(CH�/CH)) can be evaluated. Figure �.�b shows the time-
dependent consumption of thiols and coinciding formation of polystyrene. After the
�rst � h, the thiol content is decreased to ��.�% and further decreases to �.�% after �� h.
The rate of photoinitation decreases over time since it depends on the concentration
of available thiols. As a consequence thereof, the generation of new growing chains
also distinctively slows down. After �� h of polymerization, neither the coating thick-
ness (see Figure �.�b) nor the polystyrene content (see Figure �.�b) show signi�cant
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Figure 8.8 Raman analysis of polystyrene-coated particles: (a) spectra of different
polymerization times, normalized for the area under the vibration of aliphatic CH2/CH
at 2800–3000 cm

-1; (b) time-dependent changes of the relative contents of thiol and
polystyrene, calculated from the area ratios of the observed vibrational bands.

increases even after additional � h of UVA irradiation. This is a clear consequence of
the low residual concentration of thiols at the particle surfaces. From this, it can be
concluded that the surface chain density (i. e., grafting density) increases throughout
the process, as suggested by the proposed initiation mechanism.
For the applied UVA-mediated photoinitiation, an apparent thiol half-life of �.� ±

�.�h can be calculated from the exponential decrease in Figure �.�b. This is much
faster than expected from the degradation of dimethyl yellow (�.�±�.� h). The di�er-
ence of the initiation rate could be related to steric reasons or the UVA absorption
e�ciencies of the formed charge-transfer complexes of thiol and unsaturated species
(e. g., ene or azo compound; see Chapter �.� Thiol-Ene Coupling on page �� for details
on thiyl formation). This could be a suitable starting point for further studies on the
mechanism of UVA photoinitiation.
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�.� Conclusion

In conclusion, we reported the modi�cation of polyorganosiloxane particles by direct
thiol-ene photocoating. Highly monodisperse microparticles prepared from MPTMS
were characterized for size and size-dispersity (DLS), morphology (SEM), elementary
composition (EDX), and functional groups at the surface (Raman). The available thi-
ols at the surface were utilized to generate surface-localized radicals upon irradiation
with UVA-light without additional photoinitiator. The particles’ capability to contin-
uously form radicals was evaluated by a dye degradation experiment. These radicals
were used as copolymer anchoring sites and polymerization initiators to generate a
hydrophobic shell of polystyrene around the polyorganosiloxane core.
The grafting-onto deposition of anchor-buoy diblock copolymers was shown for a

series of PB-b-PS. The resulting morphology at the particle surface was according to
anchor-buoy grafted�� and adsorbed �lms.�� The hydrodynamic radii of the copoly-
mer-coated particles were correlated to the composition of the respective copolymers.
The grafting-from polymerization resulted in closed polystyrene shells, while the

coating thickness was controlled by the polymerization time. After �� h a polymer
content of ��% was achieved, which was correlated to a coating thickness of approx.
�� nm by use of a simple analytical core/shell model. By using Raman spectroscopy,
it was possible to show the successive increase of the relative polystyrene content
toward longer polymerization times. Furthermore, we used this approach to directly
follow the time-dependent consumption of thiols by UVA-mediated photoinitiation.
In respect to thiol-ene photocoating, both grafting-onto copolymer deposition and

grafting-from polymerization are complementary techniques which allow for the pro-
duction of polymer-modi�ed microparticles of narrow size-distributions. Both tech-
niques can be adapted to functional copolymers (PB-b-Px) and a broad range of mono-
mers. Therefore, we believe that the presented photocoating method embodies a rapid
and versatile pathway to modify polyorganosiloxane surfaces and to prepare tailored
polymer-modi�ed core/shell micro- and nanoparticles. Such particles could �nd ap-
plication as colloidal �ller for composites or as colloidal probes for adhesion/force
measurements by AFM.��–��
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�.� Supporting Information

�.�.� Applied UV Irradiation

Figure 8.9 Emission spectrum of the applied UV lamp (in red color) as a result of a Hg
lamp and a blue filter (transmission, dashed line).
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�.�.� Dye Adsorption on Polyorganosiloxane Particles

Figure 8.10 Dye p-(dimethylamino) azobenzene (dimethyl yellow): (a) pH-dependent
color change; (b) image of exemplary samples drawn from the reference solution without
particles (left, yellow) and from the particles solution (right, red); (c) image of exemplary
samples after centrifugation before UV/vis analysis (sedimented particles are red, super-
natant is yellow).
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�.�.� Scanning Electron Micrographs of Polystyrene-Coated Polyorganosil-
oxane Particles

Figure 8.11 Scanning electron mircographs of polystryrene-coated polyorganosiloxane
microparticles after different times of polymerization.
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�.�.� Dynamic Light Scattering of Coated and Uncoated Particles
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Figure 8.12 Size-dispersity (PDI) determined by dynamic light scattering of uncoated
polyorganosiloxane particles in toluene (a) and ethanol (b).
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Figure 8.13 Dynamic light scattering of diblock copolymer-coated particles in toluene:
(a) PB43-b-PS360, (b) PB339-b-PS360, (c) PB663-b-PS360, and (d) PB854-b-PS360.
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Figure 8.14 Size-dispersity (PDI) determined by dynamic light scattering of diblock
copolymer-coated particles in toluene: (a) PB43-b-PS360, (b) PB339-b-PS360, (c) PB663-b-
PS360, and (d) PB854-b-PS360.
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Figure 8.15 Dynamic light scattering of polystyrene-coated particles in toluene: (a) 6 h,
(b) 12 h, (c) 18 h, and (d) 24 h.
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Figure 8.16 Size-dispersity (PDI) determined by dynamic light scattering of polystyrene-
coated particles in toluene: (a) 6 h, (b) 12 h, (c) 18 h, and (d) 24 h.
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�.�.� Calculation of the Coating Thickness of Spherical Core/Shell Particles
from TGA Mass Loss

The volume of the uncoated particle is given by its radius r, and the volume of the
coating is a shell of thickness t. The mass fraction of polymer shell wshell and core
particle wcore are given by the mass loss.

wshell
wcore

=
mshell
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=
⇢shell Vshell
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where ⇢ is the bulk density,V is the volume and r is the particle radius. Rearrangement
of Eq. �.� yields
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Eq. �.� can be solved for t. The coating thickness of spherical particles can be calcu-
lated from the TGA mass loss with the following Equation.
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Using wcore = � -wshell, the uncertainty of the thickness value can be calculated
using Gaussian error propagation and the respective derivations @r t, @⇢shell t, @⇢core t,
and @wshell t.
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Combination allows for calculation of the thickness variance ��
t
based on the mea-

surement uncertainty �wshell , the model uncertainty �⇢, and the size dispersity of the
core particles �r.
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Assumed errors are �.� g/cm� for the densities, �� nm for the radius (DLS, �Rh/
p
�),

and �.�% for the mass loss.

�.�.� Simplified Estimation for Polymer-Coated Polyorganosiloxane Particles
Upon assumption of a linear correlation of the relative coating thickness t/r and the
polymer content (mass loss) wshell, a simpli�ed estimation for polymer-coated poly-
organosiloxane particles with r = ���nm (Rh in ethanol) can be formulated:

t ⇡ �.��� r wshell for polymer on polyorganosiloxane k⇢ =
�
�

(�.��)

where k⇢ represents the density ratio of shell to core. Error by Gaussian error propa-
gation:

�t ⇡ �.���
q

w�
shell �

�
r + r� ��wshell

(�.��)

with assumed errors of �r = ��nm (DLS, �Rh/
p
�) and �wshell = �.�%.

�.�.� Thermogravimetric Analysis
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Figure 8.17 Scaling behavior of the relative coating thickness to the polymer content
(TGA mass loss). The dashed lines are based on Eq. 8.9. The bulk density ratio k⇢ is
an important scaling factor in this calculation, defining the core/shell system (polymer on
polymer particle k⇢ ⇡ 1, polymer on polyorganosiloxane particle k⇢ ⇡ 2, polymer on pure
silica particle k⇢ ⇡ 2.5). The linear fit is based on Eq. 8.16 (red line).
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�.�.� Raman Spectroscopy of Polystyrene-Coated Partciles
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Figure 8.18 Raman spectra of polystyrene-coated particles with different polymerization
times: (a) Overview of the complete spectra, normalized for the area under the vibrations
of aliphatic CH2 at 2800 to 3000 cm

-1. (b) Detail spectra of the range of 400 to 1750 cm
-1

with vibrational assignments. From the changes of the Raman signals, the increase of the
coating thickness for longer polymerization times can be followed. Figure 8.19 presents the
normalization procedure. Table 8.3 on page 183 gives an overview of the observed Raman
frequencies and vibrational assignments.
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Figure 8.19 Procedure used to normalize the spectra for the area under the vibrations of
aliphatic CH2 at 2800 to 3000 cm

-1: The respective frequency range of each Raman spec-
trum was processed by a multi-peak fitting using IGOR Pro by WaveMetrics. The measured
spectra could be described by 6 to 8 Voigt signals. The residuals, indicated above each fit
in red color, were below 5%. A normalization factor was calculated based on the areas of
the individual Voigt fits. (a) 0 h, uncoated particles; (b) 3 h; (c) 6 h; (d) 12 h; (e) 18 h; and
(f) 24 h of polymerization time.
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Table 8.3 Observed vibrational frequencies of uncoated polyorganosiloxane parti-
cles (left), prepared from MPTMS as precursor, and additional vibrational frequen-
cies after photocoating with polystyrene (right) via grafting-from. Vibrational assign-
ments are based on Refs.47,48

Polyorganosiloxane particles Polystyrene-coated particles
Raman shift, cm-� Assignment Raman shift, cm-� Assignment

��� ⌫(SiOSi) or �(OSiO)
��� ⌫(CC)

���, ��� ⌫(SiC)
��� ⌫(SC)

��� ↵(CCC) phenyl
ring deformation

��� �(CSH)
��� �(CH) aromatic

���, ��� �(CH�)
���� ⌫(CC) ���� ⌫(CC) and

⌫(CC) phenyl
���� ⌫(CC) phenyl

����, ���� ⌫a(SiOC)
����,���� T (CH�) ����, ����, ����, ⌫(phenyl)

����, ����
����, ���� !(CH�)

���� �(CH�)
����, ���� ⌫(CC) aromatic

���� ⌫(SH)
����, ���� ⌫s(CH�/CH) aliphatic
����, ���� ⌫a(CH�/CH) aliphatic

����, ���� ⌫(CH) aromatic
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Abstract
The increasing demand in �ber-reinforced plastics (FRPs) necessitates economic pro-
cessing of high quality, like the vacuum-assisted resin transfer molding (VARTM) pro-
cess. FRPs exhibit excellent in-plane properties but weaknesses in o�-plane direction.
The addition of nano�llers into the resinous matrix phase embodies a promising ap-
proach due to bene�ts of the nano-scaled size of the �ller, especially its high surface
and interface areas. Carbon nanotubes (CNTs) are preferable candidates for resin
modi�cation in regard of their excellent mechanical properties and high aspect ra-
tios. However, especially the high aspect ratios give rise to withholding or �ltering by
�brous fabrics during the impregnation process, i. e. length dependent withholding
of tubes (short tubes pass through the fabric, while long tubes are restrained) and a
decrease in the local CNT content in the laminate along the �ow path can occur. In
this study, hybrid composites containing endless glass �ber reinforcement and surface
functionalized CNTs dispersed in the matrix phase were produced by VARTM. New
methodologies for the quanti�cation of the �ltering of CNTs were developed and ap-
plied to test laminates. As a �rst step, a method to analyze the CNT length distribution
before and after injection was established for thermosetting composites to character-
ize length-dependent withholding of nanotubes. The used glass �ber fabric showed
no perceptible length dependent retaining of CNTs. Afterward, the resulting test lam-
inates were examined by Raman spectroscopy and compared to reference samples of
known CNT content. This Raman-based technique was developed further to assess
the quality of the impregnation process and to quantitatively follow the local CNT
content along the injection �ow in cured composites. A local decline in CNT content
of approx. ��% was observed. These methodologies allow for the quality control of
the �ller content and size-distribution in CNT based hybrid composites.

Figure 9.0 Liquid Composite Molding-Processing and Characterization of Fiber-Rein-
forced Composites Modified with Carbon Nanotubes. (Table of Contents Figure)
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�.� Introduction

The important role of�ber-reinforced plastic composites (FRPs) inmodern lightweight
design is unquestionable and �nds its expression in an increasing utilization in the
�elds of aeronautics, automotive, construction, and wind energy. Through the incor-
poration of glass or carbon �bers into a polymer matrix, one achieves composite
structures with outstanding mechanical properties in �ber direction; but this comes
along with weaknesses in out-of-plane properties due to the highly anisotropic na-
ture of the �ber-reinforced composites. There exist various approaches compromis-
ing these anisotropies and reinforcing the composite in its interlaminar direction e. g.,
z-stitching of the textile structure�,� or the usage of interleaf tougheners in the form
of binders� or matrix modi�cation by rubbers or core-shell particles.�
Another approach is interleaf toughening by nano�llers, which exhibits a high po-

tential due to the intrinsic properties of the �llers itself and their nano-scaled size
yielding high speci�c surface area.�,� Carbon nanotubes (CNTs) are of high interest
because of outstanding thermal, electrical, andmechanical properties. Combinedwith
a high aspect ratio, they are auspicious candidates as reinforcing �ller in endless �ber
composites with thermosetting matrices. Although, these nano�llers are associated
with challenges in processing and preparation of �ber-reinforced structures.

The liquid composite molding (LCM) embodies a convenient method for the prepa-
ration of FRPs at reasonable prices. The modi�cation of the uncured resin system
with nano-sized �llers before in�ltration represents an adequate route in the prepara-
tion of modi�ed FRPs with relatively low e�ort in regards of prearrangement works;
hence the modi�ed resin system demands consistent dispersion of the nano�llers and
suitable processability in terms of viscosity. To enhance chemical compatibility and
to promote �ller dispersion, surface modi�cation of CNTs can be achieved by both
chemi- and physisorption.� Additionally, the modi�cation of FRPs with CNTs even-
tually introduces the problem of �ltration e�ects by the �brous textile, particularly
because of the high aspect ratios of CNTs.
In this work, an e�cient functionalization and processing route of CNTs was re-

alized in order to achieve a proper dispersion state. Nanocomposites of CNTs and
epoxy were prepared and characterized in terms of selected physical properties. With
the help of these characteristics, techniques for the assessment of the distribution of
nanotubes in the prepared test laminates were evaluated and new methodologies for
the quanti�cation of a conceivably occurring �ltering of CNTs during the in�ltration
of the �ber textiles with a thermosetting epoxymatrix were developed. A proper char-
acterization routine for the quanti�cation of the length distribution of CNTs before
and after injection was applied to the LCM processing of FRPs with CNTmodi�cation.
By this, the e�ect of length-dependent �ltration of CNTs during the in�ltration of the
�brous textiles with the resin was analyzed. Investigations on the vibrational behav-
ior of CNT-modi�ed composites by Raman spectroscopy enabled the determination
of the local �ller content and therewith the quanti�cation of the withholding of CNTs
in the textile during impregnation. Finally, the interlaminar fracture toughness of the
hybrid composites was studied.
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�.� Experimental

�.�.� Dispersion of CNTs and Preparation of Nanocomposites
Surface modi�edmulti-walled CNTs of type Baytubes® C���Pwere supplied as a mas-
terbatch (Bayer MaterialScience AG, Leverkusen, Germany). The modi�cation was
done by initial oxidation in acetic conditions and subsequent functionalization with
diglycidyl ether of bisphenol-A (DGEBA), similarly as described byEitan et al.� Surface-
functionalized CNTs were dispersed by �-roll-milling (EXAKT Advanced Technolo-
gies GmbH,Norderstedt,Germany) in liquid epoxy resin (DGEBA,Dow® LiquidEpoxy
Resin D.E.R.TM ��TM, epoxy equivalent weight of ���±� g/eq.).
The as-received masterbatch was diluted with DGEBA to the desired concentra-

tion, thoroughly stirred for ��min in an oil bath, and the hardener Baxxodur® EC����
(BASF, Ludwigshafen, Germany) with amine equivalent weight of �� g/eq. was added
in stoichiometric amount. The mixture was then poured in a preheated aluminum
mold and successively cured for � h at �� �C and � h at ��� �C. For characterization,
samples weremachined using a circular saw (Diadisc ����,Mutronic Präzisionsgeräte-
bau GmbH&Co.KG, Rieden am Forggensee, Germany) equipped with a diamond saw
blade, or a computer-controlled drilling machine (Diadrive ����, Mutronic Präzision-
sgerätebau GmbH&Co.KG, ibid.).

�.�.� Liquid Composite Molding of Test Laminates
Glass �ber-reinforced test laminates with and without CNT modi�cation were pro-
duced using VARTM. The aluminum mold with a cavity of approx. �� cm⇥�� cm was
preconditioned with release agent (Loctite ���-NC) and thoroughly dried before plac-
ing the glass �bers. Four, respectively six plies of a unidirectional non-crimp stitch
bonded E-glass �ber fabric with a �ber areal weight of ��� g/m� (Saertex GmbH&
Co.KG, Saerbeck, Germany) were placed in the mold equipped with a �mm (for [(�)]�s
layup), respectively �mm (for [(�)]�s layup) thick frame, leading to composites with
approx. ��% �ber volume content. The closedmoldwas put into a hot press (LZT ��� L,
Maschinenfabrik Langzauner GmbH, Lambrechten, Austria), evacuated and heated to
�� �C. The fabrics were impregnated with the epoxy system with and without CNT
modi�cation at �� �C applying a pressure of �.�MPa. After complete impregnation,
a dwell pressure of �.�MPa was applied for �min. The press was heated up to �� �C
and curing proceeded at �� �C for � h and ��� �C for � h.

�.�.� Length Distribution Analysis of Carbon Nanotubes
The analysis of the length distribution of CNTs was performed similar to the method
developed for the characterization of thermoplastic CNT composites by Krause et al.,�
which allows for proper matrix dissolution. In this study, thermoset CNT composites
were evaluated by dissolving the not-yet-cured epoxy system with CNTs in tetrahy-
drofuran (THF) in a manner, that the concentration of nanotubes in THF was approx.
�.� g/l. Dispersions were placed on a TEM grid and excess solvent was absorbed from
the opposite face of the grid, leaving only CNTs. Transmission electron microscopy
(TEM, LEO���, Carl Zeiss, Germany, ��� kV) was used for visualization and the soft-
ware ImageJ for image analysis of approx. ��� single nanotubes.
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�.�.� Raman Spectroscopy on Test Laminates
The Raman spectra were acquired using a confocal Raman microscope (LabRAMDivi-
sion, HORIBA Jobin Yvon) equipped with a lens from Olympus (��⇥,NA = �.��) and
a linear-polarized He-Ne laser (� = ���.� nm). A Peltier-cooled CCD camera (-�� �C,
Synapse) situated behind a ��� grooves/mm grating spectrometer was used to detect
the Raman scattering. The laser was focused at the surface of the samples. Each spec-
trum was accumulated from �� measurements and each specimen was measured at
least twice at positions more than ���µm apart from each other.

�.�.� Mechanical Characterization of Test Laminates
Determination of mode I interlaminar fracture toughness GIc was done referring to
ISO ����� using at least � double cantilever beam (DCB) test specimens with alu-
minum end blocks. A PTFE �lm insert with a thickness of ��µm and length of ap-
prox. ��mm was laminated in the midplane and served as initial crack. The initial
crack length a� was ��mm, no precracking was performed and crack propagation
was observed using a magnifying glass. White painting and increment marks every
�.�mm for the �rst �mm and then every �mm up to ��mm assisted for visual crack
tip identi�cation. Testing was performed on a universal testingmachine Zwick Z�.� at
constant crosshead speed of �mm/min. The loads P and the corresponding displace-
ments � were recorded for the crack length a. The large-displacement correction F
and the load block correction N were applied using Eq. �.� and Eq. �.�:

F = �-
�
��

✓
�

a

◆�
-

�
�

✓
� l�
a�

◆
(�.�)

N = �-
✓
l�
a

◆�
-

�
�


�-

✓
l�
a

◆�� ✓� l�
a�

◆
-

�
��

✓
�

a

◆�
(�.�)

where l� is the distance from the center of the loading pin to the mid-plane of the
specimen and l� is the distance from the loading pin to its edge. Modi�ed compliance
calibration was used for the calculation of the critical strain energy release rate using
the expression:

GIc =
�m

� (�h)

✓
P

B

◆� ✓bC

N

◆�/�
F (�.�)

where m is the slope of the relation between the delamination length a and the
compliance C established by plotting the width-normalized cube root of the compli-
ance divided by the end block correctionN (bC/N)�/� as a function of the thickness-
normalized delamination length a/�h. All results were used to plot a delamination
resistance curve (R-curve).

�.� Results and Discussion

�.�.� CNT Length Distribution Analysis
To study the length-dependent obstruction/�ltering of CNTs by the fabric during the
VARTM injection process, the procedure illustrated in Figure �.�was developed. Sam-
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where l1 is the distance from the center of the loading 
pin to the midplane of the specimen and l2 is the 
distance from the loading pin to its edge. 
Modified compliance calibration was used for the 
calculation of the critical strain energy release rate 
using the expression: 
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where m is the slope of the relation between the 
delamination length a and the compliance C 
established by plotting the width-normalized cube root 
of the compliance divided by the end block correction 
N ((bC/N)1/3) as a function of the thickness-normalized 
delamination length a/2h. All results were used to plot 
a delamination resistance curve (R-curve). 
 
Results and Discussion 
Length Distribution Analysis 
To study the length dependent obstruction/filtering of 
CNTs by the fabric during the VARTM injection 
process the procedure illustrated in Figure 1 was 
developed. Samples of the CNT containing resin 
system were drawn before the injection process and 
from the vacuum port (situated at center top side of the 
mould) after the system passed through the fabric layup 
(complete impregnation).  
 

 
Figure 1 - Determination of the length distribution of 
CNTs before and after the injection process. The not-
yet-cured epoxy system containing CNTs was 
dissolved in tetrahydrofuran (THF) and spread on TEM 
grids for visualization and size determination. 
 
Figure 2 depicts the CNT length distributions before 
and after the VARTM injection. The average nanotube 
length was in the range of 150 nm to 800 nm with an 
accumulation around 250 nm. Comparison of the 
length distribution before and after injection allows for 
the conclusion that the used glass fiber fabric showed 
only negligible length dependent retaining of CNTs. 
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Figure 2 – Length distribution of the CNT modified 
resin system before and after VARTM injection of the 
glass fiber composite. No significant length dependent 
withholding of CNTs during the injection process was 
found. 
 
Filler Content Analysis by Raman Spectroscopy 
Selected Raman spectra of the unfilled epoxy system 
and nanocomposites of low and high CNT contents are 
presented in Figure 3. The most characteristic bands of 
CNTs are the G-band, assigned to the in-plane 
vibration of the graphitic C-C bond at approx. 
1600 cm-1, and the D-band provoked by lattice defects 
i.e., disorder in the carbon nanotube structure at about 
1330 cm-1.[10] Since the D(disorder)- and G(graphite)-
band of the CNTs are overlaid by various vibrations of 
the epoxy resin system, they are not suitable for the 
quantification of the CNT content. The overtone of the 
D-band, historically refered to as G’-band [10] at 
around 2650 cm-1 is unique for the CNTs filled 
nanocomposites and is therefore used for the 
quantification of the filler content. As a reference, the 
C-H aromatic vibration at 3060 cm-1, assigned to the 
aromatic ring of DGEBA, was used. The intensity 
ratios   of   G’-band (~2650 cm-1) and C-H aromatic 
(~3060 cm-1) were calculated from the baseline-
corrected spectra and plotted against the CNT content, 
see Figure 4. The resulting calibration curve shows a 
relationship linearly fitted with high accuracy (Adj. R-
Square of 0.999): 

.%
18.2/' wt

CNTIR HCG � �
 Eq. 4 

with IRG’/C-H being the  intensity  ratio  of  G’-band and C-
H aromatic signals and CNT as the content of CNTs in 
wt% as known from the preparation of the reference 
nanocomposites. This calibration curve allows for the 
quantification of the local CNT contents in the cured 
epoxy composites. This spectroscopic evaluation is 
fast, reliable and can be extended to analyze large areas 
by subsequent measurements of local samples. From 
the calibration, the local amount of nanofillers of the 
modified glass fiber reinforced plastic composites can 
be determined. 
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where l1 is the distance from the center of the loading 
pin to the midplane of the specimen and l2 is the 
distance from the loading pin to its edge. 
Modified compliance calibration was used for the 
calculation of the critical strain energy release rate 
using the expression: 
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where m is the slope of the relation between the 
delamination length a and the compliance C 
established by plotting the width-normalized cube root 
of the compliance divided by the end block correction 
N ((bC/N)1/3) as a function of the thickness-normalized 
delamination length a/2h. All results were used to plot 
a delamination resistance curve (R-curve). 
 
Results and Discussion 
Length Distribution Analysis 
To study the length dependent obstruction/filtering of 
CNTs by the fabric during the VARTM injection 
process the procedure illustrated in Figure 1 was 
developed. Samples of the CNT containing resin 
system were drawn before the injection process and 
from the vacuum port (situated at center top side of the 
mould) after the system passed through the fabric layup 
(complete impregnation).  
 

 
Figure 1 - Determination of the length distribution of 
CNTs before and after the injection process. The not-
yet-cured epoxy system containing CNTs was 
dissolved in tetrahydrofuran (THF) and spread on TEM 
grids for visualization and size determination. 
 
Figure 2 depicts the CNT length distributions before 
and after the VARTM injection. The average nanotube 
length was in the range of 150 nm to 800 nm with an 
accumulation around 250 nm. Comparison of the 
length distribution before and after injection allows for 
the conclusion that the used glass fiber fabric showed 
only negligible length dependent retaining of CNTs. 
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Figure 2 – Length distribution of the CNT modified 
resin system before and after VARTM injection of the 
glass fiber composite. No significant length dependent 
withholding of CNTs during the injection process was 
found. 
 
Filler Content Analysis by Raman Spectroscopy 
Selected Raman spectra of the unfilled epoxy system 
and nanocomposites of low and high CNT contents are 
presented in Figure 3. The most characteristic bands of 
CNTs are the G-band, assigned to the in-plane 
vibration of the graphitic C-C bond at approx. 
1600 cm-1, and the D-band provoked by lattice defects 
i.e., disorder in the carbon nanotube structure at about 
1330 cm-1.[10] Since the D(disorder)- and G(graphite)-
band of the CNTs are overlaid by various vibrations of 
the epoxy resin system, they are not suitable for the 
quantification of the CNT content. The overtone of the 
D-band, historically refered to as G’-band [10] at 
around 2650 cm-1 is unique for the CNTs filled 
nanocomposites and is therefore used for the 
quantification of the filler content. As a reference, the 
C-H aromatic vibration at 3060 cm-1, assigned to the 
aromatic ring of DGEBA, was used. The intensity 
ratios   of   G’-band (~2650 cm-1) and C-H aromatic 
(~3060 cm-1) were calculated from the baseline-
corrected spectra and plotted against the CNT content, 
see Figure 4. The resulting calibration curve shows a 
relationship linearly fitted with high accuracy (Adj. R-
Square of 0.999): 
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18.2/' wt

CNTIR HCG � �
 Eq. 4 

with IRG’/C-H being the  intensity  ratio  of  G’-band and C-
H aromatic signals and CNT as the content of CNTs in 
wt% as known from the preparation of the reference 
nanocomposites. This calibration curve allows for the 
quantification of the local CNT contents in the cured 
epoxy composites. This spectroscopic evaluation is 
fast, reliable and can be extended to analyze large areas 
by subsequent measurements of local samples. From 
the calibration, the local amount of nanofillers of the 
modified glass fiber reinforced plastic composites can 
be determined. 
 

after injectionCNT length
analysis

Figure 9.1 Determination of the length distribution of CNTs before and after the injection
process. The not-yet-cured epoxy system containing CNTs was dissolved in tetrahydrofu-
ran (THF) and spread on TEM grids for visualization and size determination.

ples of the CNT-containing resin system were drawn before the injection process and
from the vacuum port (situated at center top side of the mold) after the system passed
through the fabric layup (complete impregnation).
Figure �.� depicts the CNT length distributions before and after the VARTM injec-

tion. The average length was in the range of ��� nm to ��� nm with an accumulation
around ��� nm. Comparison of the length distribution before and after injection al-
lows for the conclusion that the used glass �ber fabric showed only negligible length-
dependent retaining of CNTs.
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where l1 is the distance from the center of the loading 
pin to the midplane of the specimen and l2 is the 
distance from the loading pin to its edge. 
Modified compliance calibration was used for the 
calculation of the critical strain energy release rate 
using the expression: 
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where m is the slope of the relation between the 
delamination length a and the compliance C 
established by plotting the width-normalized cube root 
of the compliance divided by the end block correction 
N ((bC/N)1/3) as a function of the thickness-normalized 
delamination length a/2h. All results were used to plot 
a delamination resistance curve (R-curve). 
 
Results and Discussion 
Length Distribution Analysis 
To study the length dependent obstruction/filtering of 
CNTs by the fabric during the VARTM injection 
process the procedure illustrated in Figure 1 was 
developed. Samples of the CNT containing resin 
system were drawn before the injection process and 
from the vacuum port (situated at center top side of the 
mould) after the system passed through the fabric layup 
(complete impregnation).  
 

 
Figure 1 - Determination of the length distribution of 
CNTs before and after the injection process. The not-
yet-cured epoxy system containing CNTs was 
dissolved in tetrahydrofuran (THF) and spread on TEM 
grids for visualization and size determination. 
 
Figure 2 depicts the CNT length distributions before 
and after the VARTM injection. The average nanotube 
length was in the range of 150 nm to 800 nm with an 
accumulation around 250 nm. Comparison of the 
length distribution before and after injection allows for 
the conclusion that the used glass fiber fabric showed 
only negligible length dependent retaining of CNTs. 
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Figure 2 – Length distribution of the CNT modified 
resin system before and after VARTM injection of the 
glass fiber composite. No significant length dependent 
withholding of CNTs during the injection process was 
found. 
 
Filler Content Analysis by Raman Spectroscopy 
Selected Raman spectra of the unfilled epoxy system 
and nanocomposites of low and high CNT contents are 
presented in Figure 3. The most characteristic bands of 
CNTs are the G-band, assigned to the in-plane 
vibration of the graphitic C-C bond at approx. 
1600 cm-1, and the D-band provoked by lattice defects 
i.e., disorder in the carbon nanotube structure at about 
1330 cm-1.[10] Since the D(disorder)- and G(graphite)-
band of the CNTs are overlaid by various vibrations of 
the epoxy resin system, they are not suitable for the 
quantification of the CNT content. The overtone of the 
D-band, historically refered to as G’-band [10] at 
around 2650 cm-1 is unique for the CNTs filled 
nanocomposites and is therefore used for the 
quantification of the filler content. As a reference, the 
C-H aromatic vibration at 3060 cm-1, assigned to the 
aromatic ring of DGEBA, was used. The intensity 
ratios   of   G’-band (~2650 cm-1) and C-H aromatic 
(~3060 cm-1) were calculated from the baseline-
corrected spectra and plotted against the CNT content, 
see Figure 4. The resulting calibration curve shows a 
relationship linearly fitted with high accuracy (Adj. R-
Square of 0.999): 
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with IRG’/C-H being the  intensity  ratio  of  G’-band and C-
H aromatic signals and CNT as the content of CNTs in 
wt% as known from the preparation of the reference 
nanocomposites. This calibration curve allows for the 
quantification of the local CNT contents in the cured 
epoxy composites. This spectroscopic evaluation is 
fast, reliable and can be extended to analyze large areas 
by subsequent measurements of local samples. From 
the calibration, the local amount of nanofillers of the 
modified glass fiber reinforced plastic composites can 
be determined. 
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Figure 9.2 Length distribution of the CNT-modified resin system before and after VARTM
injection of the glass fiber composite. No significant length-dependent withholding of CNTs
during the injection process was found.
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�.�.� Filler Content Analysis by Raman Spectroscopy
Selected Raman spectra of the un�lled epoxy system and nanocomposites of low and
high CNT contents are presented in Figure �.�. The most characteristic bands of CNTs
are the G-band, assigned to the in-plane vibration of the graphitic C–C bond at approx.
���� cm-�, and the D-band provoked by lattice defects i. e., disorder in the carbon nan-
otube structure at about ���� cm-�.�� Since the D(isorder)- and G(raphite)-band of
CNTs are overlaid by various vibrations of the epoxy resin system, they are not suit-
able for quanti�cation of the CNT content. The harmonic of the D-band, historically
referred to as G’-band�� at around ���� cm-� is unique for the CNTs �lled nanocom-
posites and is therefore used for the quanti�cation of the �ller content. As a reference,
the C–H aromatic vibration at ���� cm-�, assigned to the aromatic ring of DGEBA,
was used. The intensity ratios of G’-band (���� cm-�) and C–H aromatic (���� cm-�)
were calculated from the baseline-corrected spectra and plotted against the CNT con-
tent, see Figure �.�. The resulting calibration curve shows a relationship linearly �tted
with high accuracy (Adj. R� of �.���):

IG’
IC-H

= �.��wt.%
-�wCNT (�.�)

where IG’/IC-H is the intensity ratio of G’-band and C–H aromatic signals andwCNT
as the content of CNTs in wt.% as known from the preparation of reference nanocom-
posites. This calibration curve allows for the quanti�cation of the local CNT con-
tents in the cured epoxy composites. This spectroscopic evaluation is fast, reliable,
and can be extended to analyze large areas by subsequent measurements of local
samples. From the calibration, the local amount of nano�llers of the modi�ed glass
�ber-reinforced plastic composites can be determined.
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Figure 3 – Exemplary Raman spectra of the reference 
sample and nanocomposites containing 0.05 wt%, 
0.5 wt%, and 0.75 wt% CNTs with indications of 
characteristic bands. The CNT-typical D- and G-bands 
are coincided by vibrations of the non-filled epoxy 
system   (reference).   The  G’-band (harmonic of the D-
band) is discrete and only present in filled composites. 
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Figure 4 - Calibration curve for the determination of 
the CNT filler content. The intensity ratios of the G' 
band (~2660 cm-1) and the C-H aromatic vibration 
(~3050 cm-1) are plotted versus the CNT weight 
content. There is a linear correlation of the filler 
content to the Raman intensity ratio. 
 
In this study, we used the described methodology to 
analyse the distribution of surface modified CNTs as 
additional reiforcement in glass fiber-reinforce 
polymer composites (GFRP). We aquired Raman data 
at 8 different positions on the laminate surface. The 
measurement positions were chosen in an equidistant 
manner according to the main flow direction, i.e. the 
primary direction of the glass fibers. The Raman data 
was evaluated as described above using the intensity 
ratios to calculate the local CNT content. According to 
Eq. 4 the local nanofiller content is shown in in Figure 
5. The CNT content in the prepared epoxy system was 
0.5 wt.%. Tthe results indicate a slight deviation 
towards lower local amounts over all measurement 
positions. Additionally, the distribution shows the 
tendency for a decrease of the nanofiller content with 
increasing flow length along the glass fabric. The 

initial deviation in the filler content (i.e. a calculated 
CNT concentration of approx. 0.4 wt% at the first 
mesurment points at about 2 cm flow length) could be 
to a withholding of nanotubes at the very beginning of 
the fiber fabric. Since the geometrical dimension of the 
fabric was chosen a few centimeters smaller than the 
cavity in the RTM mold, a ring sprue was achieved. 
During the injection process, a circular distribution of 
the resin system around the dry fiber fabrics (placed 
centrically in the mold) occurs and subsequently the 
impregnation takes place favorably  in the direction of 
the major fiber orientation. 
A local decrease of the nanofiller content in the range 
of 0.1 wt.% was regarded as tolerable considering the 
measurement error, local concentration deviations, and 
uncertainties of the calibration. As produced test 
laminates were used for coupon-based composite 
evaluation. 
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Figure 5 – Local Raman intensity   ratios   (G’   to C-H 
aromatic) and calculated local contents of CNTs as a 
function of resin system flow length through the glass 
fiber fabric. A tendency towards reduced nanofiller 
content with increasing flow length can be found, 
indicating a withholding of the nanofiller by the fabric. 
 
Mechanical Characterization 
Mode I interlaminar fracture toughness date of 
unmodified and CNT modified GFRPs are shown in 
Figure 6 by means of averaged R-curves. The additon 
of only 0.5 wt.% of CNTs to the matrix phase leads to 
a small increase in the GIc onset value as well as in the 
values of continuing crack propagation. This can be 
attributed to a slight increase in CNT modified matrix 
fracture toughness (data not shown). 
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Figure 9.3 Exemplary Raman spectra of the reference sample and nanocomposites con-
taining different amounts of CNTs with indications of characteristic bands. The CNT-typical
D- and G-bands are coincided by vibrations of the non-filled epoxy system (reference). The
G’-band (harmonic of the D-band) is discrete and only present in filled composites.
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Figure 3 – Exemplary Raman spectra of the reference 
sample and nanocomposites containing 0.05 wt%, 
0.5 wt%, and 0.75 wt% CNTs with indications of 
characteristic bands. The CNT-typical D- and G-bands 
are coincided by vibrations of the non-filled epoxy 
system   (reference).   The  G’-band (harmonic of the D-
band) is discrete and only present in filled composites. 
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Figure 4 - Calibration curve for the determination of 
the CNT filler content. The intensity ratios of the G' 
band (~2660 cm-1) and the C-H aromatic vibration 
(~3050 cm-1) are plotted versus the CNT weight 
content. There is a linear correlation of the filler 
content to the Raman intensity ratio. 
 
In this study, we used the described methodology to 
analyse the distribution of surface modified CNTs as 
additional reiforcement in glass fiber-reinforce 
polymer composites (GFRP). We aquired Raman data 
at 8 different positions on the laminate surface. The 
measurement positions were chosen in an equidistant 
manner according to the main flow direction, i.e. the 
primary direction of the glass fibers. The Raman data 
was evaluated as described above using the intensity 
ratios to calculate the local CNT content. According to 
Eq. 4 the local nanofiller content is shown in in Figure 
5. The CNT content in the prepared epoxy system was 
0.5 wt.%. Tthe results indicate a slight deviation 
towards lower local amounts over all measurement 
positions. Additionally, the distribution shows the 
tendency for a decrease of the nanofiller content with 
increasing flow length along the glass fabric. The 

initial deviation in the filler content (i.e. a calculated 
CNT concentration of approx. 0.4 wt% at the first 
mesurment points at about 2 cm flow length) could be 
to a withholding of nanotubes at the very beginning of 
the fiber fabric. Since the geometrical dimension of the 
fabric was chosen a few centimeters smaller than the 
cavity in the RTM mold, a ring sprue was achieved. 
During the injection process, a circular distribution of 
the resin system around the dry fiber fabrics (placed 
centrically in the mold) occurs and subsequently the 
impregnation takes place favorably  in the direction of 
the major fiber orientation. 
A local decrease of the nanofiller content in the range 
of 0.1 wt.% was regarded as tolerable considering the 
measurement error, local concentration deviations, and 
uncertainties of the calibration. As produced test 
laminates were used for coupon-based composite 
evaluation. 
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Figure 5 – Local Raman intensity   ratios   (G’   to C-H 
aromatic) and calculated local contents of CNTs as a 
function of resin system flow length through the glass 
fiber fabric. A tendency towards reduced nanofiller 
content with increasing flow length can be found, 
indicating a withholding of the nanofiller by the fabric. 
 
Mechanical Characterization 
Mode I interlaminar fracture toughness date of 
unmodified and CNT modified GFRPs are shown in 
Figure 6 by means of averaged R-curves. The additon 
of only 0.5 wt.% of CNTs to the matrix phase leads to 
a small increase in the GIc onset value as well as in the 
values of continuing crack propagation. This can be 
attributed to a slight increase in CNT modified matrix 
fracture toughness (data not shown). 
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0.5 wt%, and 0.75 wt% CNTs with indications of 
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band) is discrete and only present in filled composites. 
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primary direction of the glass fibers. The Raman data 
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ratios to calculate the local CNT content. According to 
Eq. 4 the local nanofiller content is shown in in Figure 
5. The CNT content in the prepared epoxy system was 
0.5 wt.%. Tthe results indicate a slight deviation 
towards lower local amounts over all measurement 
positions. Additionally, the distribution shows the 
tendency for a decrease of the nanofiller content with 
increasing flow length along the glass fabric. The 

initial deviation in the filler content (i.e. a calculated 
CNT concentration of approx. 0.4 wt% at the first 
mesurment points at about 2 cm flow length) could be 
to a withholding of nanotubes at the very beginning of 
the fiber fabric. Since the geometrical dimension of the 
fabric was chosen a few centimeters smaller than the 
cavity in the RTM mold, a ring sprue was achieved. 
During the injection process, a circular distribution of 
the resin system around the dry fiber fabrics (placed 
centrically in the mold) occurs and subsequently the 
impregnation takes place favorably  in the direction of 
the major fiber orientation. 
A local decrease of the nanofiller content in the range 
of 0.1 wt.% was regarded as tolerable considering the 
measurement error, local concentration deviations, and 
uncertainties of the calibration. As produced test 
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evaluation. 
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Figure 5 – Local Raman intensity   ratios   (G’   to C-H 
aromatic) and calculated local contents of CNTs as a 
function of resin system flow length through the glass 
fiber fabric. A tendency towards reduced nanofiller 
content with increasing flow length can be found, 
indicating a withholding of the nanofiller by the fabric. 
 
Mechanical Characterization 
Mode I interlaminar fracture toughness date of 
unmodified and CNT modified GFRPs are shown in 
Figure 6 by means of averaged R-curves. The additon 
of only 0.5 wt.% of CNTs to the matrix phase leads to 
a small increase in the GIc onset value as well as in the 
values of continuing crack propagation. This can be 
attributed to a slight increase in CNT modified matrix 
fracture toughness (data not shown). 
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the CNT filler content. The intensity ratios of the G' 
band (~2660 cm-1) and the C-H aromatic vibration 
(~3050 cm-1) are plotted versus the CNT weight 
content. There is a linear correlation of the filler 
content to the Raman intensity ratio. 
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manner according to the main flow direction, i.e. the 
primary direction of the glass fibers. The Raman data 
was evaluated as described above using the intensity 
ratios to calculate the local CNT content. According to 
Eq. 4 the local nanofiller content is shown in in Figure 
5. The CNT content in the prepared epoxy system was 
0.5 wt.%. Tthe results indicate a slight deviation 
towards lower local amounts over all measurement 
positions. Additionally, the distribution shows the 
tendency for a decrease of the nanofiller content with 
increasing flow length along the glass fabric. The 

initial deviation in the filler content (i.e. a calculated 
CNT concentration of approx. 0.4 wt% at the first 
mesurment points at about 2 cm flow length) could be 
to a withholding of nanotubes at the very beginning of 
the fiber fabric. Since the geometrical dimension of the 
fabric was chosen a few centimeters smaller than the 
cavity in the RTM mold, a ring sprue was achieved. 
During the injection process, a circular distribution of 
the resin system around the dry fiber fabrics (placed 
centrically in the mold) occurs and subsequently the 
impregnation takes place favorably  in the direction of 
the major fiber orientation. 
A local decrease of the nanofiller content in the range 
of 0.1 wt.% was regarded as tolerable considering the 
measurement error, local concentration deviations, and 
uncertainties of the calibration. As produced test 
laminates were used for coupon-based composite 
evaluation. 
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Figure 5 – Local Raman intensity   ratios   (G’   to C-H 
aromatic) and calculated local contents of CNTs as a 
function of resin system flow length through the glass 
fiber fabric. A tendency towards reduced nanofiller 
content with increasing flow length can be found, 
indicating a withholding of the nanofiller by the fabric. 
 
Mechanical Characterization 
Mode I interlaminar fracture toughness date of 
unmodified and CNT modified GFRPs are shown in 
Figure 6 by means of averaged R-curves. The additon 
of only 0.5 wt.% of CNTs to the matrix phase leads to 
a small increase in the GIc onset value as well as in the 
values of continuing crack propagation. This can be 
attributed to a slight increase in CNT modified matrix 
fracture toughness (data not shown). 
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the CNT filler content. The intensity ratios of the G' 
band (~2660 cm-1) and the C-H aromatic vibration 
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content to the Raman intensity ratio. 
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manner according to the main flow direction, i.e. the 
primary direction of the glass fibers. The Raman data 
was evaluated as described above using the intensity 
ratios to calculate the local CNT content. According to 
Eq. 4 the local nanofiller content is shown in in Figure 
5. The CNT content in the prepared epoxy system was 
0.5 wt.%. Tthe results indicate a slight deviation 
towards lower local amounts over all measurement 
positions. Additionally, the distribution shows the 
tendency for a decrease of the nanofiller content with 
increasing flow length along the glass fabric. The 

initial deviation in the filler content (i.e. a calculated 
CNT concentration of approx. 0.4 wt% at the first 
mesurment points at about 2 cm flow length) could be 
to a withholding of nanotubes at the very beginning of 
the fiber fabric. Since the geometrical dimension of the 
fabric was chosen a few centimeters smaller than the 
cavity in the RTM mold, a ring sprue was achieved. 
During the injection process, a circular distribution of 
the resin system around the dry fiber fabrics (placed 
centrically in the mold) occurs and subsequently the 
impregnation takes place favorably  in the direction of 
the major fiber orientation. 
A local decrease of the nanofiller content in the range 
of 0.1 wt.% was regarded as tolerable considering the 
measurement error, local concentration deviations, and 
uncertainties of the calibration. As produced test 
laminates were used for coupon-based composite 
evaluation. 
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Figure 5 – Local Raman intensity   ratios   (G’   to C-H 
aromatic) and calculated local contents of CNTs as a 
function of resin system flow length through the glass 
fiber fabric. A tendency towards reduced nanofiller 
content with increasing flow length can be found, 
indicating a withholding of the nanofiller by the fabric. 
 
Mechanical Characterization 
Mode I interlaminar fracture toughness date of 
unmodified and CNT modified GFRPs are shown in 
Figure 6 by means of averaged R-curves. The additon 
of only 0.5 wt.% of CNTs to the matrix phase leads to 
a small increase in the GIc onset value as well as in the 
values of continuing crack propagation. This can be 
attributed to a slight increase in CNT modified matrix 
fracture toughness (data not shown). 
 

Figure 9.4 Calibration curve for determination of the CNT filler content. The intensity
ratios of the G’-band (2660 cm-1) and the C–H aromatic vibration (3060 cm-1) are plotted
versus the CNT weight content. There is a linear correlation of the filler content to the
Raman intensity ratio.

In this study, we used the described methodology to analyze the distribution of
surface-modi�ed CNTs as additional reinforcement in glass �ber-reinforce polymer
(GFRP) composites. We acquired Raman data at � di�erent positions on the laminate
surface. The measurement positions were chosen in an equidistant manner according
to the main �ow direction i. e., the primary direction of the glass �bers. The Raman
data was evaluated as described above using the intensity ratios to calculate the local
CNT content. According to Eq. �.�, the local nano�ller content is shown in Figure �.�.
The CNT content in the prepared epoxy system was �.�wt.%. The results indicate a
slight deviation towards lower local amounts over all measurement positions. Addi-
tionally, the distribution shows the tendency for a decrease of the nano�ller content
with increasing �ow length along the glass fabric. The initial deviation in the �ller
content (i. e., a calculated CNT concentration of approx. �.�wt.% at the �rst measure-
ment points at about � cm �ow length) could be to a withholding of nanotubes at
the very beginning of the �ber fabric. Since the geometrical dimension of the fabric
was chosen a few centimeters smaller than the cavity in the RTM mold, a ring sprue
was achieved. During the injection process, a circular distribution of the resin system
around the dry �ber fabrics (placed centrically in the mold) occurs and subsequently
the impregnation takes place favorably in the direction of the major �ber orientation.
A local decrease of the nano�ller content in the range of �.�wt.% was regarded

as tolerable considering the measurement error, local concentration deviations, and
uncertainties of the calibration. As produced test laminates were used for coupon-
based composite evaluation.
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band) is discrete and only present in filled composites. 
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Figure 4 - Calibration curve for the determination of 
the CNT filler content. The intensity ratios of the G' 
band (~2660 cm-1) and the C-H aromatic vibration 
(~3050 cm-1) are plotted versus the CNT weight 
content. There is a linear correlation of the filler 
content to the Raman intensity ratio. 
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was evaluated as described above using the intensity 
ratios to calculate the local CNT content. According to 
Eq. 4 the local nanofiller content is shown in in Figure 
5. The CNT content in the prepared epoxy system was 
0.5 wt.%. Tthe results indicate a slight deviation 
towards lower local amounts over all measurement 
positions. Additionally, the distribution shows the 
tendency for a decrease of the nanofiller content with 
increasing flow length along the glass fabric. The 

initial deviation in the filler content (i.e. a calculated 
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mesurment points at about 2 cm flow length) could be 
to a withholding of nanotubes at the very beginning of 
the fiber fabric. Since the geometrical dimension of the 
fabric was chosen a few centimeters smaller than the 
cavity in the RTM mold, a ring sprue was achieved. 
During the injection process, a circular distribution of 
the resin system around the dry fiber fabrics (placed 
centrically in the mold) occurs and subsequently the 
impregnation takes place favorably  in the direction of 
the major fiber orientation. 
A local decrease of the nanofiller content in the range 
of 0.1 wt.% was regarded as tolerable considering the 
measurement error, local concentration deviations, and 
uncertainties of the calibration. As produced test 
laminates were used for coupon-based composite 
evaluation. 
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Figure 5 – Local Raman intensity   ratios   (G’   to C-H 
aromatic) and calculated local contents of CNTs as a 
function of resin system flow length through the glass 
fiber fabric. A tendency towards reduced nanofiller 
content with increasing flow length can be found, 
indicating a withholding of the nanofiller by the fabric. 
 
Mechanical Characterization 
Mode I interlaminar fracture toughness date of 
unmodified and CNT modified GFRPs are shown in 
Figure 6 by means of averaged R-curves. The additon 
of only 0.5 wt.% of CNTs to the matrix phase leads to 
a small increase in the GIc onset value as well as in the 
values of continuing crack propagation. This can be 
attributed to a slight increase in CNT modified matrix 
fracture toughness (data not shown). 
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Figure 9.5 Local Raman intensity ratios (G’ to C–H aromatic) and calculated local con-
tents of CNTs as a function of resin system flow length through the glass fiber fabric. A
tendency towards reduced nanofiller content with increasing flow length can be found, indi-
cating a withholding of the nanofiller by the fabric.

�.�.� Mechanical Characterization
Mode I interlaminar fracture toughness date of unmodi�ed and CNT-modi�ed GFRPs
are shown in Figure �.� by means of averaged R-curves. The addition of only �.�wt.%
of CNTs to the matrix phase leads to a small increase in the GIc onset value as well
as in the values of continuing crack propagation. This can be attributed to a slight
increase in CNT-modi�ed matrix fracture toughness (data not shown).
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Figure 6 – Averaged mean R-curves of glass fiber 
composites with and without CNT modification. The 
modification of the matrix phase with CNTs leads to a 
moderate increase in interlaminar strain energy release 
rate GIc. 
 
Conclusions 
In this study, we presented an approach using surface 
modified CNTs as through the thickness reinforcement 
for epoxy based unidirectional glass fiber-reinforced 
composites. In order to produce these hybrid 
composites, resin containing dispersed CNTs was 
injected in a VARTM process. From the length 
distribution analysis before and after the injection 
process of the CNT modified epoxy system, the 
phenomenon of length dependent filtering of the 
Baytubes® can be neglected. To analyze the 
distribution of the nano-reinforcement in the cured 
state, a new methodology based on Raman 
spectroscopy was developed. This technique proved to 
be capable of determining the local CNT content in 
cured composites with high accuracy. Especially by 
means of quality control, the CNT distribution in 
composites is an important parameter. We were able to 
identify deviations in the CNT distribution along the 
glass fiber orientation direction resulting from the 
impregnation process. This could be attributed to 
obstruction of the CNTs by the presence of the glass 

fibers. Our results are important for the optimization of 
the VARTM process used for the production of hybrid 
composites containing endless glass fiber 
reinforcement and CNT modified matrix phase. 
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�.� Conclusions

In this study, we presented an approach using surface-modi�ed CNTs as through the
thickness reinforcement for epoxy-based unidirectional glass �ber-reinforced compos-
ites. In order to produce these hybrid composites, resin containing dispersed CNTs
was injected in a VARTM process. From the length distribution analysis before and
after the injection process of the CNT-modi�ed epoxy system, the phenomenon of
length-dependent �ltering of the Baytubes® can be neglected. To analyze the distri-
bution of the nano-reinforcement in the cured state, a new methodology based on Ra-
man spectroscopywas developed. This technique proved to be capable of determining
the local CNT content in cured composites with high accuracy. Especially by means
of quality control, the CNT distribution in composites is an important parameter. We
were able to identify deviations in the CNT distribution along the glass �ber orien-
tation direction, resulting from the impregnation process. This could be attributed to
obstruction of CNTs by the presence of the glass �bers. Our results are important
for the optimization of the VARTM process used for production of hybrid composites
containing endless glass �ber reinforcement and a CNT-modi�ed matrix.
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Abstract
Soft polymer-based Janus micelles provide excellent stabilization formulti-walled car-
bon nanotubes (see Figure ��.�) in a variety of solvents, including water. The size ra-
tio of the micelle’s stabilizing corona to adsorbing corona (Janus balance) is decisive
for good physisorption and stabilization. The supracolloidal interaction preserves the
structural integrity of the nanotubes, which is essential for maintaining their useful
properties.

��.� Supracolloidal Hybrids

Carbon nanotubes (CNTs) are undoubtedly exceptional materials in nanotechnology
and materials science.�,� Their outstanding strength, robustness, and electrical and
thermal conductivity make them very attractive components for numerous innova-
tive composites.�–� A uniform distribution of CNTs in the target medium, for exam-
ple, solvent or polymer matrix, is often required to fully harness the desired prop-
erties and to enhance CNT processability. However, the high cohesion energy (⇡-
stacking) combined with a low solubility parameter promotes extreme bundling of
CNTs to minimize the interactions with the surrounding medium.�,� It is therefore
necessary to stabilize each CNT with a surface coating either by covalent attachment
(grafting-onto/grafting-from) or physisorption of polymers.�–�� Covalent attachment
provides very good stabilization, yet this anchoring also interrupts the conjugated
⇡-system thus interfering with the CNT’s properties. Physisorbed moieties are bet-
ter suited as they show excellent stabilization, while maintaining the structural in-
tegrity of the CNTs. Noncovalent dispersants range from pure organic compounds
to surfactants��–�� and block copolymers,��–�� and recently, even block copolymer
micelles.��,�� Organic solvents have the disadvantage that the CNTs cannot be trans-
ferred into other media without coagulation and precipitation. Surfactants and am-Communications
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nanotubes, which is essential for main-
taining their useful properties.
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Figure 10.1 Janus Micelles as Effective Supracolloidal Dispersants for Carbon Nano-
tubes. (Table of Contents Figure)
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Carbon nanotubes (CNTs) are undoubtedly exceptional
materials in nanotechnology and materials science.[1, 2] Their
outstanding strength, robustness, and electrical and thermal
conductivity make them very attractive components for
numerous innovative composites.[3–6] A uniform distribution
of CNTs in the target medium, for example, solvent or
polymer matrix, is often required to fully harness the desired
properties and to enhance CNT processability. However, the
high cohesion energy (p stacking) combined with a low
solubility parameter promotes extreme bundling of CNTs to
minimize the interactions with the surrounding medium.[6,7] It
is therefore necessary to stabilize each CNT with a surface
coating either by covalent attachment (grafting to/from) or
physisorption of polymers.[8–14] Covalent attachment provides
very good stabilization, yet this “anchoring” also interrupts
the conjugated p system thus interfering with the CNT!s
properties. Physisorbed moieties are better suited as they
show excellent stabilization, while maintaining the structural
integrity of the CNTs. Noncovalent dispersants range from
pure organic compounds to surfactants[15–17] and block
copolymers,[18–22] and recently, even block copolymer
micelles.[23, 24] Organic solvents have the disadvantage that

the CNTs cannot be transferred into other media without
coagulation and precipitation. Surfactants and amphiphilic
block copolymers can be tailored to match any solvent, but
often require a high dispersant-to-CNT weight ratio to form
stable dispersions.[18] In comparison, block copolymer
micelles have similar stabilizing properties, while requiring
lower dispersant/CNT ratios.[23] These developments mirror
that the trend is clearly shifting towards more sophisticated
dispersants unifying strong adsorption to the CNTs and
enhanced stabilization, preferably in many different media.
Janus particles of various topologies[25–29] have a strong
affinity towards interfaces,[30–32] outstanding performance as
“giant surfactants” in emulsion polymerization, and as
compatibilizers in polymer blends.[33, 34] The strong interfacial
affinity originates from the Pickering effect[35] and the two
strictly phase-separated corona patches.

Herein, we demonstrate that polymer-based Janus
micelles (JMs) facilitate the dispersion of multi-walled
carbon nanotubes (MWNTs) in a variety of solvents, includ-
ing water. JMs selectively adsorb to the MWNTs with a p-
stacking hemisphere, while stabilizing the formed supra-
colloidal hybrid in the chosen medium through steric
repulsion with a solvophilic hemisphere (Scheme 1). The
non-invasive physisorption preserves the conjugated structure
of the MWNTs, essential for maintaining its properties.

We recently developed a large-scale approach allowing
the functional design of nanoscale JMs[36,37] with respect to
size, corona chemistry, and Janus balance (JB), all properties
which are decisive for MWNT dispersion as summarized in
Table 1. The overall size of the JMs can be tailored from 20–
100 nm, thus matching the outer diameter of MWNTs,
typically in the range of 10–100 nm. Larger particles (over
100 nm) may attach to several tubes causing network
formation and precipitation. Matching sizes are essential to
enhance particle–particle interaction as recently demon-
strated for a biomimetic composite, in which a “Janus-like”
protein, hydrophobin, facilitates extremely strong supra-
molecular interaction between nanofibrillated cellulose and

Scheme 1. Janus micelles functioning as compatibilizers between
MWNTs and a polymer matrix.
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Figure 10.2 Janus micelles functioning as compatibilizers between multi-walled carbon
nanotubes and a polymer matrix.

phiphilic block copolymers can be tailored to match any solvent, but often require
a high dispersant-to-CNT weight ratio to form stable dispersions.�� In comparison,
block copolymer micelles have similar stabilizing properties, while requiring lower
dispersants/CNT ratios.�� These developments mirror that the trend is clearly shift-
ing towards more sophisticated dispersants unifying strong adsorption to the CNTs
and enhanced stabilization, preferably in many di�erent media. Janus particles of var-
ious topologies��–�� have a strong a�nity towards interfaces,��–�� outstanding perfor-
mance as giant surfactants in emulsion polymerization, and as compatibilizers in poly-
mer blends.��,�� The strong interfacial a�nity originates from the Pickering e�ect��
and the two strictly phase-separated corona patches.
Here, we demonstrate that polymer-based Janus micelles (JMs) facilitate the disper-

sion of multi-walled carbon nanotubes (MWNTs) in a variety of solvents, including
water. JMs selectively adsorb to the MWNTs with a ⇡-stacking hemisphere, while
stabilizing the formed supracolloidal hybrid in the chosen medium through steric re-
pulsion with a solvophilic hemisphere (Figure ��.�). The non-invasive physisorption
preserves the conjugated structure of the MWNTs, essential for maintaining its prop-
erties.
We recently developed a large-scale approach allowing for the functional design

of nanoscale JMs��,�� with respect to size, corona chemistry, and Janus balance (JB),
all properties which are decisive for MWNT dispersion as summarized in Table ��.�.
The overall size of the JMs can be tailored from �� nm to ��� nm, thus matching the
outer diameter of MWNTs, typically in the range of �� nm to ��� nm. Larger particles
(over ��� nm) may attach to several tubes causing network formation and precipita-
tion. Matching sizes are essential to enhance particle-particle interaction as recently
demonstrated for a biomimetic composite, in which a Janus-like protein, hydrophobin,
facilitates extremely strong supramolecular interaction between nano�brillated cellu-
lose and graphene.�� In our case, the task of the corona hemispheres can be tailored to
meet application needs, simply by choosing the proper ABC triblock terpolymer. Be-
yond that, we systematically vary the rarely addressed Janus balance i. e., the size ratio
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Table 10.1 Characteristics of used Janus micelles.

Code Polymera Rh, nmb dcore, nmc JBPS, %d

SBM� S���B���M���
��� ��±� ��±� ��

SBM� S���B���M���
�� ��±� ��±� ��

SBM� S���B���M���
�� ��±� ��±� ��

SBT S���B���T������ ��±� ��±� ��
SBV S���B���V���

��� ��±� ��±� ��

a Subscript denotes the number-average degree of polymerization,DPn, and superscript the molec-
ullular weight in kg/mol.
b Hydrodynamic radius in THF at c = �g/L.
c Average diameter from from TEM image analysis of ��� cores.��
d Janus balance, JBPS = DPn,PS/(DPn,PS +DPn,C) withC = PMMA, PtBMA, or P�VP.

of both corona patches, from dominant adsorbant to dominant stabilizer and show its
critical impact on the e�ectiveness of the dispersant.
The experimental approach to JM/MWNT hybrids is straightforward and

will be shown for polystyrene-block-polybutadiene-block-poly(methyl methacrylate)
(PS-b-PB-b-PMMA; SBM) JMs with a cross-linked PB core, a dominant PS patch, and
a minor PMMA patch (JBPS = ��%).
Pristine (untreated) MWNTs were dispersed in acetone together with SBM� JMs

at a weight ratio of �� : �� w/w to yield a �nal MWNT concentration of �.�� g/L.
Acetone is a good solvent for PMMA, a near-✓ solvent (that is, the polymer exists
as a statistical coil and is at the edge of solubility) for PS, and a non-solvent for the
MWNTs. Thus, the MWNTs entangle into strongly interacting bundles (sedimenta-
tion), whereas the solvophobic PS patches cause clustering of JMs (Figure ��.�a). This
mixture was sonicated to disassemble the MWNTs and the JM clusters. After treat-
ment, re-assembly results in the adsorption of JMs onto the MWNTs surface to min-
imize energetically unfavorable solvent/solvophobic interfaces. Thereby, the PMMA
patches provide steric repulsion, suppressing rebundling of the MWNTs and promote
the formation of a stable dispersion. A dense coating of JMs on to the MWNTs is
evident from the large number of spherical particles on the surface as seen by trans-
mission and scanning electron microscopy (TEM, SEM) and atomic force microscopy
(AFM, Figure ��.�b). Raman spectroscopy shows that the CNT surface is not a�ected
by this supracolloidal attachment and in IR measurements both materials contribute
to the spectrum (Figures ��.� to ��.� and Table ��.� in the Supporting Information,
pages ��� to ���).
Surprisingly, the JMs selectively attach to the MWNTs instead of re-assembling

with each other, irrespective of JM concentration or Janus balance. At a JM/MWNT
ratio of �� : �� w/w, the JMs fully attach to the MWNTs and no clusters or resid-
ual JMs can be identi�ed (Figure ��.�a). Dense packing is not observed at this stage,
because there is still enough space for the JMs to distribute evenly along the MWNT
surface. At a ratio of �� : �� w/w, SBM� forms a dense multilayer packing, but still
no residual JMs are found (Figure ��.�a). However, an excess of JMs (�� : ��w/w) re-
sults in quantitative coverage, multilayer formation, and growth of JM clusters from
the surface (Figure ��.�� in the Supporting Information, page ���). Only then, does a
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graphene.[38] In our case, the tasks of the corona hemispheres
can be tailored to meet application needs, simply by choosing
the proper ABC triblock terpolymer. Beyond that, we
systematically vary the rarely addressed Janus balance, that
is, the size ratio of both corona patches, from dominant
adsorbant to dominant stabilizer and show its critical impact
on the effectiveness of the dispersant.

The experimental approach to JM/MWNT hybrids is
straightforward and will be shown for polystyrene-block-
polybutadiene-block-poly(methyl methacrylate) (PS-PB-
PMMA; SBM) JMs with a cross-linked PB core, a dominant
PS, and a minor PMMA patch (JBPS = 68%).

Pristine, untreated MWNTs were dispersed in acetone
together with SBM1 JMs at a weight ratio of 50:50 w/w to
yield a final MWNT concentration of 0.05 gL!1. Acetone is
a good solvent for M, a near-theta solvent (that is, the polymer
exists as a statistical coil and is at the edge of solubility) for S,
and a non-solvent for the MWNTs. Thus, the MWNTs
entangle into strongly interacting bundles (sedimentation),
whereas the solvophobic S-patches cause clustering of JM
(Figure 1A). This mixture was sonicated to disassemble the
MWNTs and the JM clusters. After treatment, re-assembly
results in the adsorption of JMs onto the MWNTs surface to
minimize energetically unfavorable solvent/solvophobic
interfaces. Thereby, the PMMA-patches provide steric repul-
sion, suppressing rebundling of the MWNTs and promote the
formation of a stable dispersion. A dense coating of JMs on to
the MWNTs is evident from the large number of spherical
particles on the surface as seen by transmission and scanning
electron microscopy (TEM, SEM) and atomic force micros-
copy (AFM, Figure 1B). Raman spectroscopy shows that the
CNT surface is not affected by this supracolloidal attachment
and in IR measurements both materials contribute to the
spectrum (Figure S1–3 in the Supporting Information).

Surprisingly, the JMs selectively attach to the MWNTs
instead of re-assembling with each other, irrespective of JM
concentration or Janus balance. At a JM/MWNT ratio of
33:66 w/w, the JMs fully attach to the MWNTs and no clusters
or residual JMs can be identified (Figure 2 A). Dense packing
is not observed at this stage, because there is still enough
space for the JMs to distribute evenly along the MWNT
surface. At a ratio of 50:50 w/w, SBM1 forms a dense
multilayer packing, but still no residual JMs are found
(Figure 2B). However, an excess of JMs (90:10 w/w) results
in quantitative coverage, multilayer formation, and growth of

JM clusters from the surface (Figure S4). Only then, does
a fraction of the JMs re-assemble into the former raspberry-
like shape. We attribute the strong and selective affinity of the
JMs towards the solvent/MWNT-interface to 1) the Pickering
effect,[35] 2) p stacking of the polystyrene hemisphere facing
towards the sp2-hybridized carbon surface, but mostly, to
3) minimization of unfavorable interfacial energies. In good
solvents, such as THF (or less polar), JMs do not attach to the
MWNTs but are evenly scattered on the TEM grid as the
driving force for surface-energy minimization is greatly
reduced. Repeatedly changing the solvent conditions, allows

Table 1: Characteristics of used Janus Micelles.

Code Polymer[a] Rh [nm][b] dcore [nm][c] JBPS [%][d]

SBM1 S610B640M290
127 35"3 31"5 68

SBM2 S340B330M360
90 25"4 22"4 48

SBM3 S280B330M430
90 27"3 21"3 39

SBT S580B120T470
134 29"2 10"2 55

SBV S360B380V590
120 29"7 14"3 38

[a] Subscript denotes the number-average degree of polymerization, DPn,
and superscript the molecular weight in kgmol!1. [b] Hydrodynamic
radius in THF at c =1 gL!1. [c] Average diameter from TEM image
analysis of 250 cores.[41] [d] Janus balance, JBPS = DPn,PS/(DPn,PS+DPn,C)
with C =PMMA, PtBMA, or P2VP.

Figure 1. General preparation procedure. A) Schematic representation
and TEM images of starting materials in acetone. B) Supracolloidal re-
assembly (scale bars are 200 nm).

Figure 2. Adsorption pattern of SBM1 JMs to MWCNTs in acetone at
A) 80:20 w/w and B) at 50:50 w/w, C) of SBM2, and D) of SBM3 both
50:50 w/w.
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Figure 10.3 General preparation procedure. (a) Schematics and TEM images of start-
ing materials in acetone. (b) Supracolloidal reassembly after sonication (scale bars are
200 nm).

fraction of the JMs re-assemble into the former raspberry-like shape. We attribute the
strong and selective a�nity of the JMs towards the solvent/MWNT-interface to (i) the
Pickering e�ect,�� (ii) ⇡-stacking of the polystyrene hemisphere facing towards the
sp�-hybridized carbon surface, but mostly, to (iii) minimization of unfavorable inter-
facial energies. In good solvents such as THF (or less polar), JMs do not attach to the
MWNTs but are evenly scattered on the TEM grid as the driving force for surface-
energy minimization is greatly reduced. Repeatedly changing the solvent conditions,
allows reversible switching between the adsorbed (in acetone) and desorbed state
(in THF), underlining the supracolloidal nature of the JM/MWNT interaction (Fig-
ure ��.�� in the Supporting Information, page ���).
In recent work, we and others showed that the Janus balance is a key element deter-

mining the aggregation behavior of JMs in selective solvents.��,��,�� Here, we demon-
strate its fundamental in�uence on the quantity of adsorbed JMs on a set of SBM
JMs ranging from dominant adsorbing (SBM�, JBPS = ��%) to equal-sized (SBM�,
JBPS = ��%), to dominant stabilizing patch (SBM�, JBPS = ��%). The adsorption be-
havior in acetone is visualized qualitatively in TEM (Figure ��.�b-d and Figures ��.��
to ��.�� in the Supporting Information, pages ��� to ���) andmonitored quantitatively
by thermogravimetric analysis (TGA) (Figure ��.� and Figures ��.�� and ��.�� in the
Supporting Information, pages ��� to ���). As long as the surface is not saturated (less
than �� : �� w/w), we observe quantitative adsorbtion corroborated by the linear re-
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graphene.[38] In our case, the tasks of the corona hemispheres
can be tailored to meet application needs, simply by choosing
the proper ABC triblock terpolymer. Beyond that, we
systematically vary the rarely addressed Janus balance, that
is, the size ratio of both corona patches, from dominant
adsorbant to dominant stabilizer and show its critical impact
on the effectiveness of the dispersant.

The experimental approach to JM/MWNT hybrids is
straightforward and will be shown for polystyrene-block-
polybutadiene-block-poly(methyl methacrylate) (PS-PB-
PMMA; SBM) JMs with a cross-linked PB core, a dominant
PS, and a minor PMMA patch (JBPS = 68%).

Pristine, untreated MWNTs were dispersed in acetone
together with SBM1 JMs at a weight ratio of 50:50 w/w to
yield a final MWNT concentration of 0.05 gL!1. Acetone is
a good solvent for M, a near-theta solvent (that is, the polymer
exists as a statistical coil and is at the edge of solubility) for S,
and a non-solvent for the MWNTs. Thus, the MWNTs
entangle into strongly interacting bundles (sedimentation),
whereas the solvophobic S-patches cause clustering of JM
(Figure 1A). This mixture was sonicated to disassemble the
MWNTs and the JM clusters. After treatment, re-assembly
results in the adsorption of JMs onto the MWNTs surface to
minimize energetically unfavorable solvent/solvophobic
interfaces. Thereby, the PMMA-patches provide steric repul-
sion, suppressing rebundling of the MWNTs and promote the
formation of a stable dispersion. A dense coating of JMs on to
the MWNTs is evident from the large number of spherical
particles on the surface as seen by transmission and scanning
electron microscopy (TEM, SEM) and atomic force micros-
copy (AFM, Figure 1B). Raman spectroscopy shows that the
CNT surface is not affected by this supracolloidal attachment
and in IR measurements both materials contribute to the
spectrum (Figure S1–3 in the Supporting Information).

Surprisingly, the JMs selectively attach to the MWNTs
instead of re-assembling with each other, irrespective of JM
concentration or Janus balance. At a JM/MWNT ratio of
33:66 w/w, the JMs fully attach to the MWNTs and no clusters
or residual JMs can be identified (Figure 2 A). Dense packing
is not observed at this stage, because there is still enough
space for the JMs to distribute evenly along the MWNT
surface. At a ratio of 50:50 w/w, SBM1 forms a dense
multilayer packing, but still no residual JMs are found
(Figure 2B). However, an excess of JMs (90:10 w/w) results
in quantitative coverage, multilayer formation, and growth of

JM clusters from the surface (Figure S4). Only then, does
a fraction of the JMs re-assemble into the former raspberry-
like shape. We attribute the strong and selective affinity of the
JMs towards the solvent/MWNT-interface to 1) the Pickering
effect,[35] 2) p stacking of the polystyrene hemisphere facing
towards the sp2-hybridized carbon surface, but mostly, to
3) minimization of unfavorable interfacial energies. In good
solvents, such as THF (or less polar), JMs do not attach to the
MWNTs but are evenly scattered on the TEM grid as the
driving force for surface-energy minimization is greatly
reduced. Repeatedly changing the solvent conditions, allows

Table 1: Characteristics of used Janus Micelles.

Code Polymer[a] Rh [nm][b] dcore [nm][c] JBPS [%][d]

SBM1 S610B640M290
127 35"3 31"5 68

SBM2 S340B330M360
90 25"4 22"4 48

SBM3 S280B330M430
90 27"3 21"3 39

SBT S580B120T470
134 29"2 10"2 55

SBV S360B380V590
120 29"7 14"3 38

[a] Subscript denotes the number-average degree of polymerization, DPn,
and superscript the molecular weight in kgmol!1. [b] Hydrodynamic
radius in THF at c =1 gL!1. [c] Average diameter from TEM image
analysis of 250 cores.[41] [d] Janus balance, JBPS = DPn,PS/(DPn,PS+DPn,C)
with C =PMMA, PtBMA, or P2VP.

Figure 1. General preparation procedure. A) Schematic representation
and TEM images of starting materials in acetone. B) Supracolloidal re-
assembly (scale bars are 200 nm).

Figure 2. Adsorption pattern of SBM1 JMs to MWCNTs in acetone at
A) 80:20 w/w and B) at 50:50 w/w, C) of SBM2, and D) of SBM3 both
50:50 w/w.
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Figure 10.4 Adsorption patterns of SBM1 JMs to MWNTs is acetone at (a) 80 : 20 w/w
and (b) at 50 : 50 w/w, (c) of SBM2, and (d) of SBM3 both 50 : 50 w/w.

lationship in Figure ��.� (and also by the absence of residual JMs in Figure ��.�b-d).
At a constant weight ratio of �� : �� w/w, the amount of adsorbed JMs decreases
from SBM� to SBM�. SBM� has the largest adsorbing PS patch and the smallest re-
pulsive PMMA corona, both factors promoting dense packing. After adsorption, the
sticky PS patch attracts other JMs inducing a cascade e�ect as every newly attached
JM generates an additional hydrophobic surface. Even at very high JM content (�� : ��
w/w), we determine almost quantitative adsorption by TGA (ca. ��wt.%) realized by
multilayer coating and cluster growth from the MWNT surface (shown by TEM, Fig-
ure ��.��, ��.��, and ��.�� in the Supporting Information, pages ��� to ���). SBM�
on the other hand, displays an adsorption limit at approximately ��wt.%, reached
at �� : �� w/w, which is shown by a less dense packing as compared to SBM� (Fig-
ure ��.�c). The larger stabilizing PMMA corona occupies more volume and blocks
surface area for other JMs.
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reversible switching between the adsorbed (in acetone) and
desorbed state (in THF), underlining the supracolloidal
nature of the JM/MWNT interaction (Figure S5).

In recent work, we and others showed that the Janus
balance is a key element determining the aggregation
behavior of JMs in selective solvents.[36, 39, 40] Herein, we
demonstrate its fundamental influence on the quantity of
adsorbed JMs on a set of SBM JMs ranging from dominant
adsorbing (SBM1, JBPS = 68 %) to equal-sized (SBM2, JBPS =
48%), to dominant stabilizing patch (SBM3, JBPS = 39 %).
The adsorption behavior in acetone is visualized qualitatively
in TEM (Figure 2 B–D, S4–7) and monitored quantitatively
by thermogravimetric analysis (TGA) (Figure 3, S8, S9). As
long as the surface is not saturated (less than 50:50 w/w), we
observe quantitative adsorption corroborated by the linear
relationship in Figure 3 (and also by the absence of residual
JMs in Figure 2B–D). At a constant weight ratio of 66:33 w/w,
the amount of adsorbed JMs decreases from SBM1 to SBM3.
SBM1 has the largest adsorbing S patch and the smallest
repulsive PMMA corona, both factors promoting dense
packing. After adsorption, the “sticky” S patch attracts
other JMs inducing a cascade effect as every newly attached
JM generates an additional hydrophobic surface. Even at very
high JM content (83:17 w/w), we determine almost quantita-
tive adsorption by TGA (ca. 70 wt %) realized by multilayer
coating and cluster growth from the MWNT surface (shown
by TEM, Figure S4, S8, S9). SBM2 on the other hand, displays
an adsorption limit at approximately 45 wt %, reached at
50:50 w/w, which is shown by a less-dense packing as
compared to SBM1 (Figure 2 C). The larger stabilizing
PMMA corona occupies more volume and blocks surface
area for other JMs. These effects become more distinct for
SBM3 (Figure 2D). In this case, the surface uptake reaches
saturation at about 35 wt % as the PMMA corona requires
too much space for all the JMs to be accommodated. In the
TEM image the space between the particles appears to be
empty, but it is occupied by poly(methyl methacrylate)
(PMMA; not visible owing to e-beam degradation) and

therefore not accessible for other JMs. Repulsive interactions
of the solvated PMMA-corona prevent complete coverage. In
both TEM and SEM, JMs are shown to be evenly spaced on
the MWNT surface, reminiscent of helical packing (Fig-
ure 2D, S7). The JM–JM interparticle spacing is defined by
the excluded volume of the PMMA corona. The helical
wrapping of CNTs is not uncommon and has been reported
for several polymers.[11]

The striking advantage of JMs is the possibility to
combine and spatially divide different chemical environments
within one single particle. We designed several JMs with one
patch, matching the demands of increasingly polar solvents,
while continuing to use the PS patch that had already
demonstrated its extraordinary affinity towards MWNTs.
We first exchange the PMMA-patch (which aids blending
with poly(styrene-co-acrylonitrile) or PMMA) for poly(tert-
butyl methacrylate) (PtBMA; T), which is stable in ethanol
(Figure 4A). When cast from ethanol, PS-b-PB-b-PtBMA
(SBT) JMs are only visible as regularly spaced small black
dots on the MWNTs surrounded by a dark gray coating (S,
selectively stained with RuO4). PS-b-PB-b-P2VP (SBV) JMs
with a pH-responsive poly(2-vinylpyridine) (P2VP; V) patch
allow stabilization of MWNTs in acidic water. Cryogenic
TEM imaging of samples in water at pH 3 gives a clear picture
of the JM distribution around the MWNTs and rules out
drying artifacts (Figure 4 B). P2VP is an attractive functional
corona that allows the entire supracolloidal hybrid to undergo
reversible precipitation/redispersion cycles with a sharp tran-
sition at pH 4 and it can also coordinate metal anions (e.g.
AuCl4

! , TiO2
2!). JMs with a poly(methacrylic acid) (MAA)

patch (SBMAA, obtained by hydrolysis of SBM),[41] form
stable dispersions in neutral and basic water (Figure 4C). This
hybrid shows a precipitation/redispersion transition at pH" 5
and PMAA can coordinate metal cations (e.g. Ag+, Cd2+).
Surprisingly, the stability of the SBMAA/MWNT hybrids
follows an inverse trend to the adsorbed mass of JMs and

Figure 3. Adsorption efficiency of SBM1–3 JMs relative to their Janus
balance as determined by thermogravimetric analysis. &: SBM1,
JBPS =69%, ~: SBM2, JBPS =48 %, *: SBM3, JBPS = 39%, c : linear
region.

Figure 4. JM/MWNT hybrids (50:50 w/w) in protic solvents. A) SBT
JMs in ethanol, B) SBV JMs in water at pH 3 (cryo-TEM), and
C) SBMAA3 JMs in water at pH 10. D) MWNT dispersions in water at
pH 10: pristine, stabilized by SBMAA1, SBMAA2, and SBMAA3 (scale
bars are 200 nm).
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Figure 10.5 Adsorption efficiency of SBM1-3 JMs relative to their Janus balance as de-
termined by thermogravimetric analysis.

These e�ects become more distinct for SBM� (Figure ��.�d). In this case, the sur-
face uptake reaches saturation at about ��wt.% as the PMMA corona requires too
much space for all the JMs to be accommodated. In the TEM image the space between
the particles appears to be empty, but it is occupied by poly(methyl methacrylate)
(PMMA; not visible owing to e-beam degradation) and. therefore not accessible for
other JMs. Repulsive interactions of the solvated PMMA corona prevent complete
coverage. In both TEM and SEM, JMs are shown to be evenly spaced on the MWNT
surface, reminiscent of helical packing (Figure ��.�d and Figure ��.�� in the Support-
ing Information, page ���). The helical wrapping of CNTs is not uncommon and has
been reported for several polymers.��
The striking advantage of JMs is the possibility to combine and spatially divide

di�erent chemical environments within one single particle. We designed several JMs
with one patch, matching the demands of increasingly polar solvents, while contin-
uing to use the PS patch that had already demonstrated its extraordinary a�nity
towards MWNTs. We �rst exchange the PMMA patch (which aids blending with
poly(styrene-co-acrylonitrile) or PMMA) for poly(tert-butyl methacrylate) (PtBMA;
T),which is stable in ethanol (Figure ��.�a). When cast from ethanol,PS-b-PB-b-PtBMA
(SBT) JMs are only visible as regularly spaced small black dots on the MWNTs sur-
rounded by a dark gray coating (PS, selectively stained with RuO�). PS-b-PB-b-P�VP
(SBV) JMs with a pH-responsive poly(�-vinylpyridine) (P�VP; V) patch allow stabiliza-
tion of MWNTs in acidic water. Cryogenic TEM imaging of samples in water at pH �
gives a clear picture of the JM distribution around the MWNTs and rules out drying
artifacts (Figure ��.�b). P�VP is an attractive functional corona that allows the entire
supracolloidal hybrid to undergo reversible precipitation/redispersion cycles with a
sharp transition at pH � and it can also coordinate metal anions (e. g., AuCl-� , TiO�-

� ).
JMs with a poly(methacrylic acid) (MAA) patch (SBMAA, obtained by hydrolysis of
SBM),�� form stable dispersions in neutral and basic water (Figure ��.�c). This hybrid
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reversible switching between the adsorbed (in acetone) and
desorbed state (in THF), underlining the supracolloidal
nature of the JM/MWNT interaction (Figure S5).

In recent work, we and others showed that the Janus
balance is a key element determining the aggregation
behavior of JMs in selective solvents.[36, 39, 40] Herein, we
demonstrate its fundamental influence on the quantity of
adsorbed JMs on a set of SBM JMs ranging from dominant
adsorbing (SBM1, JBPS = 68 %) to equal-sized (SBM2, JBPS =
48%), to dominant stabilizing patch (SBM3, JBPS = 39 %).
The adsorption behavior in acetone is visualized qualitatively
in TEM (Figure 2 B–D, S4–7) and monitored quantitatively
by thermogravimetric analysis (TGA) (Figure 3, S8, S9). As
long as the surface is not saturated (less than 50:50 w/w), we
observe quantitative adsorption corroborated by the linear
relationship in Figure 3 (and also by the absence of residual
JMs in Figure 2B–D). At a constant weight ratio of 66:33 w/w,
the amount of adsorbed JMs decreases from SBM1 to SBM3.
SBM1 has the largest adsorbing S patch and the smallest
repulsive PMMA corona, both factors promoting dense
packing. After adsorption, the “sticky” S patch attracts
other JMs inducing a cascade effect as every newly attached
JM generates an additional hydrophobic surface. Even at very
high JM content (83:17 w/w), we determine almost quantita-
tive adsorption by TGA (ca. 70 wt %) realized by multilayer
coating and cluster growth from the MWNT surface (shown
by TEM, Figure S4, S8, S9). SBM2 on the other hand, displays
an adsorption limit at approximately 45 wt %, reached at
50:50 w/w, which is shown by a less-dense packing as
compared to SBM1 (Figure 2 C). The larger stabilizing
PMMA corona occupies more volume and blocks surface
area for other JMs. These effects become more distinct for
SBM3 (Figure 2D). In this case, the surface uptake reaches
saturation at about 35 wt % as the PMMA corona requires
too much space for all the JMs to be accommodated. In the
TEM image the space between the particles appears to be
empty, but it is occupied by poly(methyl methacrylate)
(PMMA; not visible owing to e-beam degradation) and

therefore not accessible for other JMs. Repulsive interactions
of the solvated PMMA-corona prevent complete coverage. In
both TEM and SEM, JMs are shown to be evenly spaced on
the MWNT surface, reminiscent of helical packing (Fig-
ure 2D, S7). The JM–JM interparticle spacing is defined by
the excluded volume of the PMMA corona. The helical
wrapping of CNTs is not uncommon and has been reported
for several polymers.[11]

The striking advantage of JMs is the possibility to
combine and spatially divide different chemical environments
within one single particle. We designed several JMs with one
patch, matching the demands of increasingly polar solvents,
while continuing to use the PS patch that had already
demonstrated its extraordinary affinity towards MWNTs.
We first exchange the PMMA-patch (which aids blending
with poly(styrene-co-acrylonitrile) or PMMA) for poly(tert-
butyl methacrylate) (PtBMA; T), which is stable in ethanol
(Figure 4A). When cast from ethanol, PS-b-PB-b-PtBMA
(SBT) JMs are only visible as regularly spaced small black
dots on the MWNTs surrounded by a dark gray coating (S,
selectively stained with RuO4). PS-b-PB-b-P2VP (SBV) JMs
with a pH-responsive poly(2-vinylpyridine) (P2VP; V) patch
allow stabilization of MWNTs in acidic water. Cryogenic
TEM imaging of samples in water at pH 3 gives a clear picture
of the JM distribution around the MWNTs and rules out
drying artifacts (Figure 4 B). P2VP is an attractive functional
corona that allows the entire supracolloidal hybrid to undergo
reversible precipitation/redispersion cycles with a sharp tran-
sition at pH 4 and it can also coordinate metal anions (e.g.
AuCl4

! , TiO2
2!). JMs with a poly(methacrylic acid) (MAA)

patch (SBMAA, obtained by hydrolysis of SBM),[41] form
stable dispersions in neutral and basic water (Figure 4C). This
hybrid shows a precipitation/redispersion transition at pH" 5
and PMAA can coordinate metal cations (e.g. Ag+, Cd2+).
Surprisingly, the stability of the SBMAA/MWNT hybrids
follows an inverse trend to the adsorbed mass of JMs and

Figure 3. Adsorption efficiency of SBM1–3 JMs relative to their Janus
balance as determined by thermogravimetric analysis. &: SBM1,
JBPS =69%, ~: SBM2, JBPS =48 %, *: SBM3, JBPS = 39%, c : linear
region.

Figure 4. JM/MWNT hybrids (50:50 w/w) in protic solvents. A) SBT
JMs in ethanol, B) SBV JMs in water at pH 3 (cryo-TEM), and
C) SBMAA3 JMs in water at pH 10. D) MWNT dispersions in water at
pH 10: pristine, stabilized by SBMAA1, SBMAA2, and SBMAA3 (scale
bars are 200 nm).
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Figure 10.6 JM/MWNT hybrids (50 : 50 w/w) in protic solvents. (a) SBT JMs in ethanol,
(b) SBV JMs in water pH 3 (cryo-TEM), and (c) SBMAA3 JMs in water pH 10. (d) MWNT
dispersions in water pH 10: pristine, stabilized by SBMAA1, SBMAA2, and SBMAA3. Scale
bars are 200 nm.

shows a precipitation/redispersion transition at pH⇡ � and PMAA can coordinate
metal cations (e. g., Ag+, Cd�+). Surprisingly, the stability of SBMAA/MWNT hybrids
follows an inverse trend to the adsorbed mass of JMs and increases from SBMAA� to
SBMAA� (Figure ��.�d). Coating with SBMAA� (JBPS = ��%) induces sedimentation
as a result of insu�cient stabilization by the small SMAA patch.
In conclusion,we demonstrated that Janus micelles are well suited as supracolloidal

dispersants for carbon nanotubes. They exhibit amphiphilic character and have tun-
able surface patches, their supracolloidal attachment to CNTs preserves the CNTs
properties, and low dispersant-to-tube weight ratios (�� : �� w/w) are su�cient for
stabilization. In the dried state, the JMs act as a glue for the CNTs and the hybrid
material approaches the bulk density of the glassy polymers (⇢hybrid ⇡ �.��g/cm

� to
�.��g/cm

�), making handling safer and dosing easier. In contrast, pristine disentan-
gled CNTs have a very low density and when dry are easily blown into the air. The
quantitative coating allows precipitation, drying, long-time storage, and redispersion
in any medium, matching the stabilizing corona. The Janus balance determines the
quantity of adsorbed JMs and thus controls adsorption patterns from multilayered to
helical. The direct visualization of these adsorption patterns should aid the design of
future CNT dispersants. We are currently investigating a number of other stabilizing
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patches, such as pH- and temperature-responsive poly(�-(dimethylamino)ethyl meth-
acrylate), degradable poly("-caprolactone), or biocompatible poly(ethylene oxide).
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��.� Supporting Information

��.�.� Experimental Section

Materials: The preparation and characterization of SBM, SBV, and SBT triblock ter-
polymers were reported in detail previously.��,��–�� Relevant terpolymer speci�cs are
summarized in Tables ��.�. Multi-walled carbon nanotubeswere purchased from Sigma
Aldrich (carbon content > ��%, average diameter d = ��nm to �� nm, �.�µm to
���µm length, produced via CoMoCAT®Catalytic Chemical Vapor Deposition (CVD)
Method). All solvents used were of analytical grade.

Preparation of Janus Micelles (JMs): To demonstrate the readily accessible large-
scale synthesis, we prepared solutions of SBM, SBV and SBT terpolymers (� g) in THF
(��mL) at a concentration of ��� g/L. The highly concentrated polymer solutions were
dialyzed into � L of selective solvent for the corona block to yield spherical multi-
compartment micelles. This step breaks the symmetry by phase separation of block
A (core) and C (corona). The solvent exchange was monitored by 1H NMR. Micellar
solutions of SBM terpolymers were dialyzed into acetone/isopropyl alcohol mixtures,
SBT terpolymer into ethanol, SBV into isopropyl alcohol. In order to permanently �x-
ate this phase separated state, we added �.� equivalents of a photo-crosslinker, �,�,�-
trimethylbenzoyldiphenyl-phosphineoxide (Lucirin TPO®; �max ⇡ ���nm) per dou-
ble bond to the solution. Stirring for � h ensured homogeneous distribution of the
photo-crosslinker before the sample was irradiated for � h using a UV-lamp with a
cut-o� �lter of � = ���nm. Precipitation in methanol (or MilliQ water for SBV) re-
moved the cross-linker and yielded Janus micelles. The overall procedure takes over
night and can be modi�ed to produce JMs on a ��� g scale. As stable dispersions with
MWNTs are already obtained at ratios of �� : �� w/w, this can be used to prepare
� kg of hybrid material equalling ��� kg composite with �wt.% �ller content.

Preparation of JM/MWNT Hybrids: JMs and MWNTs were dispersed in acetone,
JMs at varying concentrations of �.�� g/L, �.�g/L, and �.� g/L, and MWNTs at a
�xed concentration of �.��g/L. The JM and MWNT solutions were mixed to yield
JM/MWNT weight ratios of �� : ��, �� : ��, �� : ��, �� : ��, �� : ��, �� : �� and
�� : �� w/w. The mixtures underwent ultrasonic treatment using a Branson model-
��� digital soni�er, equipped with a �/� in diameter tapered microtip, for ��min with
��% amplitude (���W) and a pulse/pause sequence of �� s/�� s.

Hydrolysis of SBM JMs to SBMAA: The JMswere dissolved in �,�-dioxane (�� g/L)
in a sealed Schott glass and the PMMA ester groups were hydrolyzed with � eq. KOH
per PMMA unit using ��-crown-� as a phase transfer agent (molar ratio [��-crown-
�]/[KOH] = �:�). The reaction was carried out at ��� �C for �ve days. Finally the solu-
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tion was precipitated into �M hydrochloric acid, and washed with water, before the
residue was dried under vacuum (maximum �� �C).

Transmission Electron Microscopy (TEM) was performed in bright-�eld mode
on Zeiss CEM ��� and LEO ��� OMEGA electron microscopes operated at �� kV and
��� kV, respectively. The samples were prepared by placing one drop of the polymer
solution (�.�� g/L) onto carbon-coated copper grids. Excess solvent was instantly ab-
sorbed by a �lter paper.

Sample Preparation for Additional Measurements: ��mg of MWNTs were soni-
�ed together with JMs in acetone for ��min, �ltered to remove excess JMs (e. g., for
high JM contents) andwashedwith acetone. After drying of the residue, �mg to ��mg
of hybrid was used for the measurements.

Thermogravimetric Analysis (TGA) were carried out on a Mettler Toledo TGA/S-
DTA ���e to study the thermal properties at a heating rate of ��K/min in N� from
�� �C to ��� �C.

Raman Spectroscopy: The Raman data was acquired using a confocal Raman mi-
croscope (LabRAM Division, HORIBA Jobin Yvon) equipped with a lens from Olym-
pus (���⇥, NA = �.�) and a linear polarized laser (HeNe, � = 632.8nm). The Raman
scattering was detected by a Peltier-cooled CCD camera (-�� �

C, Synapse), behind a
grating spectrometer. All spectra were accumulated from three measurements with
the laser focused at the sample surface.

Attenuated Total Reflection Infrared (ATR-IR) spectra were recorded on a Digilab
Excalibur Series with an ATR unit MIRacle from Pike Technology.

��.�.� Raman Spectroscopy of Supracolloidal JM/MWNT Interaction
Apart from the radial breathing modes (RBM) the Raman spectra of MWNTs show
three characteristic frequency bands: D(defect)-band (���� cm-�), G(raphene)-band
(���� cm-� to ���� cm-�), and G’-band (���� cm-�). The D-band is a result of photon-
defect interactions.�� For MWNTs, the G-band can be dif- ferentiated for the longitu-
dinal (G-) and the circumferential (G+) stretching of the nanotube.�� The G-/G+ ratio
suggests that the studied CNT sample has a multi-wall con�guration.�� The G’-band
is an overtone which is related to photo-second photon interactions. These peaks are
characteristic of MWNTs and graphite sheets. Figure ��.� shows overview spectra
comparing neat and SBM modi�ed MWNTs. The ratio of the D-band to the G-band
intensity (ID/IG) is a sensitive measure of the defect concentration, which is com-
monly used for MWNTs samples.��,�� The D/G bands are presented in Figure ��.�. By
�tting the data for three Voigt signals, the G-/G+ signals can be distinguished. A com-
parison of the Raman data can be found in Table ��.�. We found that the ID/IG-band
ratio, which is related to the defect concentration, did not change noticeably upon
modi�cation (< �%). Considering the area ratio AD/(AG- +AG+) the data suggests
an apparent decrease of the defect density, which is due to a contribution of the poly-
mer (additional vibrations: ⌫(CC) alicyclic, aliphatic chain ��� cm-� to ���� cm-�;
aromatic ring chain ���� cm-�, ���� cm-�; �(CH�) ���� cm-�; �(CH�) �(CH�) asym.
���� cm-� to ���� cm-�; ⌫(C=O) ���� cm-� to ���� cm-�). The speci�c signals could
not be distinguished from the MWNTs bands.
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which is related to photo-second photon interactions. These peaks are characteristic of MWNTs and 
graphite sheets. Figure S1 shows overview spectra comparing neat and SBM modified MWNTs. 
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Figure S1. Raman spectra of pristine (black) and modified CNTs (red). For clarity a low resolution grating (600 g 
mm-1) was used. 
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Figure S2. Raman spectra of G/D-band regime measured at high resolution (grating: 1800 g mm-1). The fitting was 
based on three Voigt signals (D, G-, and G+). 

The ratio of the D-band to the G-band intensity (ID/IG) is a sensitive measure of the defect concentration, 
which is commonly used for MWNTs samples.[8,9] The D/G bands are presented in Figure S2. By fitting 

Figure 10.7 Raman spectra of pristine (black) and modified CNTs (red). For clarity a low
resolution grating (600 grooves/mm) was used.
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ratio suggests that the studied CNT sample has a multi-wall configuration.[8] The G’-band is an overtone 
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Figure S2. Raman spectra of G/D-band regime measured at high resolution (grating: 1800 g mm-1). The fitting was 
based on three Voigt signals (D, G-, and G+). 

The ratio of the D-band to the G-band intensity (ID/IG) is a sensitive measure of the defect concentration, 
which is commonly used for MWNTs samples.[8,9] The D/G bands are presented in Figure S2. By fitting 

Figure 10.8 Raman spectra of G/D-band regime measured at high resolution
(1800 grooves/mm). The fitting was based on three Voigt signals (D, G-, and G+).

Table 10.2 Comparison of Raman data.

D, cm-� G-, cm-� G+, cm-� IG+/I
a

G- ID/I
b

G- AD/(AG- +AG+)c

Pristine CNTs ���� ���� ���� �.�� �.�� �.��
SBM-
modi�ed

���� ���� ���� �.�� �.�� �.��

a Intensity ratio of G+/G- bands — measure of structural integrity of the MWNTs.
b Intensity ratio of D/G- bands — measure of defect concentration.
c Area ratio of D/G bands — measure of defect concentration.
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��.�.� IR-Spectroscopy of JM, Pristine MWNTs, and Purified Hybrid
After sonication treatment and removal of excess micellar solution we �nd a contri-
bution of both materials to the characteristic signals within the hybrid. The charac-
teristic features of both materials are highlighted and can be found within the hybrid
material. The characteristic adsorption band for CH� (����–���� cm-�), the MWNT
(����–���� cm-�) and –COO- of PMMA (���� cm-�).
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the data for three Voigt signals, the G-/G+ signals can be distinguished. A comparison of the Raman data 
can be found in Table S1. We found that the ID/IG- band ratio, which is related to the defect concentration, 
did not change noticeably upon modification (<2%). Considering the area ratio AD/(AG-+AG+) the data 
suggests an apparent decrease of the defect density, which is due to a contribution of the polymer (addi-
tional vibrations/cm-1: ν(CC) alicyclic, aliphatic chain 600-1300 cm-1; aromatic ring chain 1600 cm-1, 
1500 cm-1; δ(CH3) 1380 cm-1; δ(CH2) δ(CH3) asym. 1400-1470 cm-1; ν(C=O) 1680-1820 cm-1). The 
specific signals could not be distinguished from the MWNTs bands. 

Table S1. Comparison of Raman data. 

 D [cm-1] G- [cm-1] G+ [cm-1] IG+/IG- ID/IG- AD/(AG-+AG+) 

Pristine 1320 1570 1600 0.56 1.86 1.86 

modified 1320 1570 1600 0.60 1.89 1.67 

3. IR-Spectroscopy of JM, pristine MWNTs and purified hybrid 
After sonication treatment and removal of excess micellar solution we find a contribution of both materi-
als to the characteristic signals within the hybrid. 

 

Figure S3. IR-spectra of SBM2 (red), pristine MWNTs (black) and hybrid (blue). The characteristic features of both 
materials are highlighted and can be found within the hybrid material. The characteristic adsorption band for CH2 
(3200-2800 cm-1), the MWNT (2300-1800 cm-1) and -COO- of PMMA (1750 cm-1). 
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Figure 10.9 Infrared spectra of SBM2 (red), pristine MWNTs (black), and hybrid (blue).
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��.�.� Magnified Adsorption Pattern of SBM1-3 at Weight Ratios 50 : 50,
66 : 33, and 90 : 10

Already at a moderate weight ratio of �� : �� a large fraction of the JMs cannot adsorb
to the MWNTs.

 10

 

4. Magnified adsorption pattern of SBM1-3 at weight ratios 50:50, 66:33 and 90:10. 

 

Figure S4. JM/MWNT hybrids at varying weight ratios 50:50, 66:33 and 90:10 and differing Janus balance. A-D) 
The adsorption pattern goes from statistical to dense to multilayer coating for SBM1 with JM clusters observed only 
at high weight ratios (D). E-H) SBM2 displays less dense coating and I-L) SBM3 adsorption pattern with regular 
spacing. Already at a moderate weight ratio of 66:33 a large fraction of the JMs cannot adsorb to the MWNTs. 

SBM1 SBM2 SBM3

50:50

66:33

90:10

Figure 10.10 JM/MWNT hybrids at varying weight ratios 50 : 50, 66 : 33, and 90 : 10
and differing Janus balance. (A-D) The adsorption pattern goes from statistical to dense
to multilayer coating for SBM1 with JM clusters observed only at high weight ratios (D).
(E-H) SBM2 displays less dense coating and (I-L) SBM3 adsorption pattern with regular
spacing.
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��.�.� Reversible Supracolloidal Adsorption/Desorption of SBM1

 11

5. Reversible supracolloidal adsorption/desorption of SBM1 

 

Figure S5. Supracolloidal adsorption/desorption of SBM1 onto MWNTs in selective solvents at a weight ratio of 
50:50. A) Dense coating after 20 min sonication in acetone. Full consumption of the JMs and no residual micelles 
in the background. B) The TEM image shows the sample from (A) after drying, redispersion in THF and sonication 
for 20 min. Some JMs are still attached to the surface, yet the major part has detached and is located in the vicinity. 
C) The TEM image shows the sample from (B) after drying, redispersion in acetone and sonication for 20 min. The 
JMs are again quantitatively attached to the surface and no residual JMs are in the vicinity. 

6. TEM overviews of SBM1-3 at a weight ratio of 66:33. 

 

Figure S6. Overviews of MWNTs coated with SBM1-3 at a weight ratio of 66:33. A) MWNTs coated with SBM1 
show full consumption of the JMs with no residual micelles in the background. B) For SBM2 the surface is also 
completely covered with JMs, but at this weight ratio already small micellar clusters are visible (red arrows). C) Due 
to the large swollen repulsive corona, SBM3 JMs require more space and at this weight ratio a large amount can-
not attach to the surface of the MWNTs. 
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b c 

Figure 10.11 Supracolloidal adsorption/desorption of SBM1 onto MWNTs in selective
solvents at a weight ratio of 50 : 50. (a) Dense coating after 20 min sonication in acetone.
Full consumption of the JMs and no residual micelles in the background. (b) The TEM im-
age shows the sample from (a) after drying, redispersion in THF and sonication for 20 min.
Some JMs are still attached to the surface, yet the major part has detached and is located
in the vicinity. (c) The TEM image shows the sample from (b) after drying, redispersion in
acetone and sonication for 20 min. The JMs are again quantitatively attached to the surface
and no residual JMs are in the vicinity.
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��.�.� TEM Overviews of SBM1-3 at a Weight Ratio of 66 : 33
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Figure S5. Supracolloidal adsorption/desorption of SBM1 onto MWNTs in selective solvents at a weight ratio of 
50:50. A) Dense coating after 20 min sonication in acetone. Full consumption of the JMs and no residual micelles 
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6. TEM overviews of SBM1-3 at a weight ratio of 66:33. 

 

Figure S6. Overviews of MWNTs coated with SBM1-3 at a weight ratio of 66:33. A) MWNTs coated with SBM1 
show full consumption of the JMs with no residual micelles in the background. B) For SBM2 the surface is also 
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to the large swollen repulsive corona, SBM3 JMs require more space and at this weight ratio a large amount can-
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a b 

c 

Figure 10.12 Overviews of MWNTs coated with SBM1-3 at a weight ratio of 66 : 33.
(a) MWNTs coated with SBM1 show full consumption of the JMs with no residual micelles
in the background. (b) For SBM2 the surface is also completely covered with JMs, but at
this weight ratio already small micellar clusters are visible (red arrows). (c) Due to the large
swollen repulsive corona, SBM3 JMs require more space and at this weight ratio a large
amount cannot attach to the surface of the MWNTs.
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��.�.� TEM/SEM Overviews of SBM1-3 at a Weight Ratio of 50 : 50

 12

7. TEM and SEM overviews of SBM1-3 at a weight ratio of 50:50. 

 

Figure S7. Overviews of MWNTs coated with SBM1-3 at a weight ratio of 50:50. A-C) MWNTs coated with SBM1 
show full consumption of the JMs with no residual micelles in the background. B) For SBM2 the surface is also 
completely covered with JMs, but at this weight ratio already small micellar clusters are visible (red arrows). C) Due 
to the large swollen repulsive corona, JMs SBM3 require more space and already at this weight ratio a large 
amount cannot attach to the surface of the MWNTs. 

a 

b 
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SBM1

SBM2

SBM3

SBM1

SBM2

SBM3

Figure 10.13 Overviews of MWNTs coated with SBM1-3 at a weight ratio of 50 : 50.
(a-c) At this weight ratio all JMs fully adsorb to the MWNT surface and no residual micelles
are found in the background in both TEM and SEM
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��.�.� Thermogravimetric (TGA) Measurements
We observe a clear increase with sonication time, which we attribute to the progress-
ing disentanglement of the long and length- disperse MWNTs (�.�µm to ���µm) and
the larger produced surface area (see Figure ��.��). All JMs exhibit a linear region
(quantitative adsorption) until surface saturation is reached.
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8. Thermogravimetric (TGA) measurements 

 

Figure S8. A) TGA of starting materials. B) Influence of sonication time on adsorbed mass. We observe a clear 
increase with sonication time, which we attribute to the progressing disentanglement of the long and length-
disperse MWNTs (0.5-200 µm) and the larger produced surface area. 

 

Figure S9. Quantitative determination of adsorbed mass in dependence of mixing ratios 10:90, 20:80, 33:66, 
50:50, 66:33, 83:17 and 90:10. A) SBM1, B) SBM2 and C) SBM3. D) Comparison of adsorption behaviour of 
SBM1-3. All JMs exhibit a linear region (quantitative adsorption) until surface saturation is reached. The larger the 
stabilizing corona patch, the sooner complete coverage of the MWNTs is reached expressed by asymptotic ap-
proximation of the maximum loading limit: §70wt% for SBM1, §45wt% for SBM2, §35wt% for SBM3. The exces-
sively large weight fraction (§85wt%) of adsorbed SBM1 at 90:10 w/w is attributed to the formation of large JM clus-
ters alongside with MWNT coating. 
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Figure 10.14 TGA of (a) starting materials and (b) influence of sonication on mass loss.
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Figure 10.15 Quantitative determination of adsorbed mass in dependence of mixing ratio:
10 : 90 (gray), 20 : 80 (orange), 33 : 66 (red), 50 : 50 (purple), 66 : 33 (green), 83 : 17
(blue), and 90 : 10 w/w (black). (a) SBM1, (b) SBM2, and (c) SBM3. (d) Comparison of
adsorption behavior of SBM1-3.

Figure ��.�� shows that the larger the stabilizing corona patch, the sooner complete
coverage of the MWNTs is reached expressed by asymptotic approximation of the
maximum loading limit: ⇡ ��wt.% for SBM�, ⇡ ��wt.% for SBM�, ⇡ ��wt.% for
SBM�. The excessively large weight fraction (⇡ ��wt.%) of adsorbed SBM� at �� : ��
w/w is attributed to the formation of large JM clusters alongside withMWNT coating.
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Abstract
This study demonstrates that microcapsules of consistent size, shell thickness, and
mechanical properties can be synthesized independently from the molecular struc-
ture and hydrophobicity of the core liquid. Batches of thin-walled polyurea capsules
made with identical syntheses but with di�erent core liquids were characterized. The
size (⇡��µm in radius) and shell thickness (�� to �� nm) were evaluated by optical
microscopy and transmission electron microscopy of thin-�lm sections of microcap-
sules embedded in epoxy resin. Both size and shell thickness have been uniform and
independent from the type of hydrophobic �lling. The mechanical properties of the
microcapsule shell have been quanti�ed by AFM force spectroscopy using the col-
loidal probe technique in dry state. Microcapsules of identical synthesis conditions
and shell composition exhibited the same mechanical properties. An in�uence of the
hydrophobic core liquid on the shell sti�ness and elasticity could not be observed. As
comparison, we show that a change of the molecular weight of the prepolymer trans-
lates to changes in the mechanical response of microcapsules with identical liquid
core.

��.� Introduction

Encapsulated perfumes �nd application in both wet and dry state.� In dry state appli-
cations, the core liquid is conserved in microcapsules until mechanical stress ruptures
the shell and releases the �lling fragrance.� It is important to know the mechanical
properties of microcapsules to understand their release performance and hence allow
for controlledmechanical release conditions. Themicrocapsule elasticity and the shell
thickness are expected to play a role for the release/loss of fragrance by rubbing or

Figure 11.0 Polyurea core/shell microcapsules. (Table of Contents Figure)
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Figure 11.1 Hydrophobic molecules used as fragrance fillings for microcapsules.

stretching. Also, the in�uence of the core liquid on the shell formation during synthe-
sis is a topic of research and product development.
Polyurea microcapsules are commonly produced by an interfacial polymerization

in an oil/water emulsion. The fragrance oil, a hydrophobic liquid, is dispersed in a con-
tinuous aqueous phase. The interface is stabilized by additives and polymeric agents.
During the process, a stable polymeric shell is formed around the oil phase. The hy-
drophobic liquid is enclosed inside the capsule. The permeability of the capsule wall
is given by the physicochemical properties of the shell material. Polyurea classi�es
an elastomeric material based on an isocyanate prepolymer and a polyamide (e. g.,
guanidine).�� Ahigh content of nitrogen is signifying for polyurea-based elastomers.�,�
The mechanical properties of the capsule wall mainly rely on the shell thickness

and its internal structure. In aqueous suspension, the shell is swollen with water as a
result of the hydrophilic nature of thewallmaterial. The incorporatedwatermay serve
as a plasticizer inside the shell and result in a softening. The hydrated shell can be
described as an interphase of polyurea and water. The situation at the inner interface
is quite di�erent. Here, the hydrophobic �lling is facing the wall. For a chemically
incompatible wall material, a strict phase boundary can be expected.
The question is whether the morphological and mechanical properties of micro-

capsules are in�uenced by the hydrophobicity and the molecular structure of the
oil phase. To answer this question, we studied microcapsule batches prepared with
identical amounts of prepolymer/polyamide but with four di�erent hydrophobic fra-
grance �llings: cyclohexyl acetate,n-hexyl acetate, ethyl benzoate, and romascone (see
Figure ��.�). For comparison, we included a romascone �lled microcapsule batch pre-
pared with a prepolymer of di�erent molecular weight. This sample was denoted as
romascone thin, based on the initial assumption that this microcapsule would exhibit
a thinner shell wall.

��.� Experimental Section

��.�.� Synthesis of Microcapsules
Polyurea microcapsules suspensions were prepared by Stephanie Budijono and pro-
vided by Firmenich International SA (Geneve, Swiss). Core/shell polyurea microcap-
sules with a ��% fragrance load were prepared by interfacial emulsion polymerization
of guanidine and a technical polyisocyanate prepolymer containing mainly biuret
trimer derived from hexamethylene diisocyanate. Preparation details are reported by
Jacquemond et al.� Di�erent water-insoluble fragrances were used as core liquids: Cy-
clohexyl acetate, ethyl benzoate, n-hexyl acetate, (+-)-methyl �,�-dimethyl-�-methyl-
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ene-�-cyclohexanecarboxylate (romascone) (see Figure ��.�). Demineralizedwaterwas
used as dispersant.

��.�.� Morphological Characterization
The shell thickness was obtained from TEM images by extracting cross-sectional gray
value pro�les that were analyzed with ImageJ software. The start/end of the shell
was determined at ��% decrease/increase of the gray value intensity. TEM samples
were prepared by mixing the capsule solution in a �:� ratio with �% aqueous solu-
tion of agar (Agar Noble, Difco). After curing, the �exible gel was cut with a scalpel
into small cubes. Next, the agar-embedded capsules were solidi�ed by � h incubation
with a �% glutaraldehyde solution (Serva Electrophoresis GmbH) in phosphate bu�er
(�.��M Phosphate Bu�er, pH �.� Merck). Afterward, three washing steps with phos-
phate bu�er (�.��M, pH �.�, Merck) were used to remove the excess of glutaraldehyde.
Then the samples were dehydrated in ethanol-watermixtures with increasing ethanol
content (��%, ��%, ��%, and ��%) and three times to pure ethanol (VWR International).
The dehydration exposure timewas ��min for each step. Then the dried samples were
mixed with EPON��� (Serva Electrophoresis GmbH):
EPON���/ethanol mixture (�:�) for �� h, followed by an EPON���/ethanol mixture
(�:�) for � h to � h and �nished with three immersion steps (again, � h to � h) in ���%
EPON���. The resulting EPON was sectioned by an ultracut microtome (Leica EM
UC�) and imaged at �� kV by transition electron microscopy (Zeiss CEM ���).

��.�.� Mechanical Characterization.
Force spectroscopy experiments were performed in dry state with a commercial AFM
setup: Nanowizard I (JPK Instruments, Germany) combined with an inverted optical
microscope Axiovert ��� (Zeiss, Germany). The optical microscope was used to de-
termine the size of the microcapsule before the deformation experiment and to align
the cantilever probe with the center of the immobilized microcapsule. During the cap-
sules’ compression we used the microinterferometry� mode of the microscope to fol-
low in situ the change of the apparent contact area between microcapsule and sub-
strate. Only elastic and uniform capsule deformations were used for evaluation. The
deformations were performed using the colloidal probe technique,�–�� in which sil-
ica particles (diameter ��µm to ��µm; PolySciences Inc., USA) were attached to tip-
less silicon cantilevers (NSC�� AlBS, kc = �.�N/m to ��.�N/m, fc = ���kHz to
��� kHz, MikroMash, Estonia). The colloidal silica beads were attached using a micro-
manipulator (MP-���, Sutter Instruments) and two-component epoxy glue (UHU Plus
Endfest ���, UHU GmbH&Co.KG, Germany). After attachment, the colloidal probe
cantilevers were cleaned by exposure to atmospheric plasma (oxygen, �.�mBar, �min,
���W, PlasmaTechnology). Spring constants of the cantilevers were determined with
the thermal noise method,��,�� which is implemented in the commercial JPK software.
Only cantilevers that were in accordance with the frequency and spring constant
range reported by the manufacturer were used. The experiments were performed on
glass substrates (coverslips, diameter ��mm, thickness �.��mm to �.��mm, Menzel),
which were cleaned by ultrasoni�cation (��min in �� vol.% isopropyl alcohol) and
plasma (oxygen, �.�mBar, �min, ���W, PlasmaTechnology) before usage. After redis-
persion by shaking, a small volume (�.�mL) of microcapsule dispersion diluted with
DI water (�:��) was spread on freshly cleaned glass substrates. After �min of wetting,
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the excess liquid was removed. To obtain individual and separated microcapsules for
force spectroscopy experiments and to remove non-immobilized capsules, the sample
was washed several times with puri�ed water (Millipore Advantage). To set a repro-
ducible state of dehydration, the samples were exposed to a mild drying procedure
at �� �

C at reduced pressure (�.�Bar) for ��min. Reference curves on hard substrates
were obtained before and after each capsule deformation to ensure a constant optical
lever sensitivity, which is necessary for reliable and comparable force deformation
curves.��

��.� Results and Discussion

��.�.� Morphology of Polyurea Core/Shell Microcapsules
The study of the dimensions of the microcapsules was done by optical and electron
microscopy. Lightmicroscopy allows only for the assessment of the capsule radius (⇡�
to ��µm). Thewall thickness of less than ��� nm is below the resolution limit of visible
light. Therefore, we applied transmission electron microscopy (TEM) to analyze the
shell thickness. In order to prepare thin sections, the capsules have to be embedded in
a supporting resin matrix. Unfortunately, commonly applied epoxy-based resins are
not well compatible with hydrophilic polar materials like polyurea.
Therefore, the studied PU capsules could not be directly embedded in EPON���.

Problems are related to the aggregation and microcapsule rupture during processing.
As a �rst step, a gel �xation was done by addition of agar and glutaraldehyde to the
aqueous suspension. The dialdehyde acts as a cross-linking agent and forms a sup-
porting gel matrix around the microcapsules. Next, the aqueous medium is stepwise
exchanged by ethanol. During this dehydration, aggregation is inhibited by the gel
network. As a �nal step, the ethanol phase was infused with EPON resin, thermally
cured, and sectioned by an ultramicrotome. Figure ��.� schematically summarizes the
TEM sample preparation. All resulting sections showed contracted structures with
handles at the folding points. Further examples of contracted sections are shown in
Figure ��.�. At a closer look, the individual shell walls can be distinguished along the
aligned segments based on the variation of the grey scale values. Also, the circular
area close to the contracted structure resembles a capsule section. Here, the surround-
ing area shows a di�erent brightness and morphology. The outside area looks rough
and grainy, which can be related to the presence of the gel �xation (gel/resin mixture).
The inside area looks smooth �ne and should consist of a mixture of residual �lling
and EPON resin. This area can be regarded as an apparent �lling perimeter. The situ-
ation that at least one handle is in contact with this perimeter is a feature which can
be found in almost every image.
The cause of the contraction is not fully understood. We did not �nd any images

showing gel (grainy area) inside a capsule. Therefore, the contract must take place
after the �xation process. Since the resin can be found inside the (apparent) capsule
perimeter, it can be expected that the capsulewas infusedwith EPONbefore the curing
step. The admission of resin to the core could be due to an increased permeability
in ethanol or a result of shell defects. The di�erences in viscosity of resin to �lling
could contribute to a de�ation (leaking of the �lling), leaving the shell in a contracted
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Figure 11.2 Morphological characterization of the microcapsule radius and shell thick-
ness: Fixation, dehydration, and embedding of microcapsules in epoxy resin.

state. Another explanation could be that during curing at elevated temperatures, the
expansion of the resin network exerts stresses the dehydrated shell cannot withstand.
We evaluated the shell thickness from the grey value pro�les at aligned segments

as shown in Figure ��.�. The radius was determined as the perimeter along the con-
tracted capsule. The apparent�lling perimeterwas not used as ameasure of the radius,
since the ratio of initial �lling and resin is unde�ned. The results of the morphologi-
cal characterization for all studied capsule samples are presented in Figure ��.� in the
Supporting Information on page ���.
In summary, all �ve microcapsule batches showed a similar mean radius (⇡�µm)

and a mean thickness (�� to �� nm). In comparison to the results of optical microscopy
(R ⇡� to ��µm), the radii were much smaller than expected. This deviation is even
beyond the error of random slicing. By sectioning, the cut will have a certain distance
from the equator of an ideally spherical microcapsule.��,�� Since the true wall thick-
ness and true radius can only be measured at the equatorial plane, all other cuts will
exhibit a di�erent thickness to radius ratio. Based on geometric considerations, the
radius is inherently underestimated, while the wall thickness is overestimated during
random slicing.

hHi = fcorr hHii with fcorr < � (��.�)

where fcorr is a correction factor, hHii is the mean measured shell thickness by TEM
imaging and hHi is themean true shell thickness. More information on random slicing
are provided in Chapter ��.�.� on page ���.
The reason for the large deviation between optical and electronmicroscopy is based

on the TEM sample preparation and statistics. The thin-�lm sections are supported
on a TEM grid after microtome cutting. The mesh size of the applied grids o�ers a
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Figure 11.3 Transmission electron microscopy images of sections of microcapsules em-
bedded in epoxy resin.

limited free area of approximately ��⇥ ��µm�,which can be evaluated by the electron
microscope. To evaluate the radius, the full intact capsule has to be inside this area.
The chance to �nd small capsules in this area is much higher than for large capsules.
Also, the thin-�lm section is often prone to fracture during the transfer onto the grid.
Again, large capsules are more prone to be a�ected by thin-�lm fractures. As a result,
the size distribution of the measurable capsules is shifted towards smaller radii.
In contrast, the determination of the shell thickness is less a�ected by this phe-

nomenon, since also fragments of capsules can be evaluated. As a result, the thickness
is measured with better statistics than the radius. Also, the radius and thickness are
not strictly correlated (no data paring). Whether such a data set is appropriate for a
random slicing correction (RSC) is an important point of discussion. In the derivation
of the RSC procedure, a correlation of the data set is assumed. The reason is that the
angle of the outer radius � is limited between [-�limit,+�limit], while the angle of
the inner radius � is not limited ([-⇡/�,+⇡/�]). The mean shell thickness evaluated
by TEM is

hHii = hRi - rii
NR

i
=Nr

i= hRii- hrii (��.�)

= hRi
+� limitZ

-�limit

cos� f� d�- hri
+⇡/�Z

-⇡/�

cos� f� d� (��.�)

Here, Hi is the shell thickness, Ri is the outer radius, and ri is the inner radius as
measured by TEM. N is the number of values. R and r are the true outer and inner
radius. f� and f� are the respective normalized probability density functions. For
details see Chapter ��.�.� on page ���. The assumption that the inner radius and its
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Table 11.1 Microcapsules prepared with different hydrophobic fillings and the ob-
tained results from the morphological and mechanical characterization: average ra-
dius hRi, measured shell thickness hHii, correction factor f corr, corrected shell thick-
ness hHi, and capsule stiffness hF/�i.

radius (AFM) shell thickness (TEM) sti�ness hF/�i, N/m
�lling hRi, µm hHii, nma f corr hHi, nm Gaussiana mean
ethyl benzoate ��.�±�.� ��±�� �.�� �� �.�±�.� �.��±�.��
n-hexyl acetate ��.�±�.� ��±�� �.�� �� �.�±�.� �.��±�.��
cyclohexyl
acetate

��.�±�.� ��±�� �.�� �� �.�±�.� �.��±�.��

romascone ��.�±�.� ��±�� �.�� �� �.�±�.� �.��±�.��
romascone
(thinb)

��.�±�.� ��±�� �.�� �� �.�±�.� �.��±�.��

a The standard deviation � of the thickness and sti�ness distributions refers to the �t coe�cient
wiiwidth w by the following relation � = w/

p
�.

a Prepared with from a prepolymer of di�erent molecular weight.

distribution because of random slicing can be fully determined by TEM, allows for the
correction of the outer radius (with a limited distribution). The degree of limitation is
given by the geometric considerations and is expressed by the slicing limit, based on
the true dimensions of the capsule.

�limit = sin
-�
✓
R-H

R

◆
=
⇡

�
- sin

-�
✓
-H

R

◆
(��.�)

In principle, data pairing is notmandatory as long as the collected data set is a true rep-
resentation of the morphological parameters and the distribution by random slicing.
A distribution because of dispersity in size is not considered by RSC.

However, we applied RSC to test the applicability to our polydisperse microcapsule
batches and get an estimation of the true shell thickness. For all batches, a thickness
correction factor of �.��±�.�� could be found, which relates to a shell thickness of ��
to �� nm. The results of the morphological characterization are listed in Table ��.�.

��.�.� Mechanical Properties of the Polymeric Shell
We applied AFM force spectroscopy using the colloidal probe technique to quantify
the mechanical properties of the microcapsules in dry state. The experiments were
performed on a single capsule level with optical feedback by an inverted microscope
(see Figure ��.�a). In microcapsule mechanics, the material properties of the shell can
be evaluated from the mechanical response of small deformations � upon normal load
F.�� The slope hF/�i in the linear elastic regime is a measure of the capsule sti�ness.
Reissner predicted a linear scaling of the elastic module E with the sti�ness upon
consideration of the capsule’s geometry.��,��

F

�
=

H�

R

Ep
� (�- ⌫�)/�

(��.�)
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Figure 11.4 Mechanical characterization of microcapsules by AFM force spectroscopy:
(a) schematic of the colloidal probe technique; (b) small deformation of the microcapsule
shell; (c) optical microscopy images of a microcapsule (left) and a colloidal silica probe
(right) over the same capsule; (d) exemplary AFM force-deformation curve with a linear
regression of the linear elastic regime.

Here, the capsule’s geometry is given by the radius R and the shell thickness H, and
⌫ is Poisson’s ratio. Reissner’s equation holds for small deformations up to a critical
relative deformation ✏crossover, where the contributions of shell and volume are equal.
This upper limit can be estimated based on the geometry of the capsule.��

"crossover ⇡

s
H

�⇡R
(��.�)

For the studied system, this crossover can be expected at a relative deformation of �.�
to �.�%. For thin-shelled capsules, empirical �ndings show that a reasonable estimate
of the linear elastic regime is about the shell thickness. The corresponding relative
deformation is one order of magnitude smaller than the Reissner limit.
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Figure ��.�ab shows a schematic representation of the colloidal probe AFM experi-
ment. The microcapsules were distributed on a transparent glass substrate. The setup
can be described by a series of coupled springs with spring constant k.
✓
F

�

◆-�
=

�
kcapsule

=
�

ke�ective
-

�
kcantilever

+

✓
-

�
kprobe

-
�

ksubstrate

◆
(��.�)

The spring constant of the cantilever was determined before attachment of the col-
loidal glass bead. The probe and the substrate are both made of glass and exhibit a
much higher sti�ness in respect to the microcapsule and the cantilever. Therefore,
it can be assumed that the deformation of bead and substrate can be neglected. To
achieve high sensitivity, the sti�ness of the cantilever should be comparable to the
one of the microcapsule. The size of the colloidal probe is large compared to the
studied capsules (see Figure ��.�c). The mechanical response is recorded in form of
force-deformation curves (see Figure ��.�d), which allow for evaluation of the capsule
sti�ness hF/�i for small deformations in the linear elastic regime.
To assess the reproducibility of the experiments, we performed consecutive load

cycles. Figure ��.� presents the progressive deformation of a microcapsule upon a
repeated maximum load of ���� nN. The force-deformation curves show that beyond
the linear elastic regime, plastic deformation takes place which can be in form of buck-
ling, formation of microcracks, or release of �lling. At a �rst glance, it seems that the
general deformation behavior is preserved upon repeated loading. But the shifting of
the curves towards smaller deformations indicates a consecutive plastic deformation.
The critical force Fx required to cause a �rst buckling event (geometrical transition)
decreases from ��� to ��� nN (see top inset of Figure ��.�). The e�ect of the plastic
deformation on the linear elastic ascent seems to be small, since the evaluated cap-
sule sti�ness hF/�i remains within �.�±�.�N/m (see bottom inset of Figure ��.�). The
maximum deviation from the initial value was found to be below �%. This shows that
the sti�ness determination does not rely on a �rst-contact event but is a true material
property of the sample.
Figure ��.� in the Supporting Information on page ��� presents an overview of the

mechanical characterization in terms of radii and sti�ness histograms. The results of
the mechanical characterization are also included in Table ��.�. The radius of every
single capsule has been determined by optical microscopy before the deformation
experiment. For the tested microcapsule batches, the mean size of approx. ��µm in
radius and the distribution of radii ranging from � to ��µm is similar. In regard to the
size, no general di�erences of the capsule types can be found.
Concerning the mechanical response, four samples (with cyclohexyl acetate, ethyl

benzoate, hexyl acetate, and romascone) exhibited a comparable sti�ness of approx.
�N/m, whereas the romascone thin sample clearly showed a lower sti�ness of �.�N/m.
A scatter plot of the capsule sti�ness versus the inverse radius reports the distribution
of the data (see Figure ��.�). The sti�ness values for cyclohexyl acetate, ethyl benzoate,
and n-hexyl acetate (Figure ��.�a) show a broader distribution compared to the two
romascone samples (Figure ��.�b). Application of Reissner’s equation results values
in the low GPa regime. The four similar samples (cyclohexyl acetate, ethyl benzoate,
hexyl acetate, and romascone) with identical shell composition range from � to �GPa,
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Figure 11.5 Progressive deformation of a microcapsule of 16 consecutive loading cycles.
The bottom inset shows the shell stiffness hF/�i (slope of the linear elastic regime). The
top inset shows the decreasing force Fx of the first plastic deformation event.

while the romascone thin sample, which was produced with a di�erent prepolymer
exhibits ⇡ �.�GPa. These values are based on the evaluated geometric parameters
and sti�ness and should be regarded as rough estimations.
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Figure 11.6 Overview of the mechanical properties of microcapsules with (a) different
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lines are guides to the eye indicating the mean value.

��.� Conclusion

In this study, we evaluated the in�uence of hydrophobic core liquids on the result-
ing morphological and mechanical properties of thin-walled polyurea microcapsules.
Concerning the size and shell thickness, no general di�erences of the �ve microcap-
sule batches can be found. The molecular di�erences of the hydrophobic fragrances
do not translate to changes in the shell formation and the resulting wall thickness.
The same tendency can be identi�ed in regard to the mechanical properties. The

studied batches with identical shell composition but di�erent �llings showed compa-
rable shell sti�ness and deformation behavior. As a comparison a microcapsule batch
referenced as romascone thin prepared from a di�erent prepolymer was included in
the study. This sample exhibited a lower shell sti�ness which can be related to a lower
elastic modulus. The initial expectation that the shell of this sample would be thinner
could not be con�rmed. It can be expected that the lower sti�ness is caused by di�er-
ences in the shell composition and inner structure (degree of crosslinking, size and
distribution of crystalline domains).
As a result, the shell mechanics are not a�ected by the hydrophobicity and the

molecular structure of the encapsulated fragrances. This is bene�cial for production
since the choice of the fragrance type or fragrance mixture does not in�uence the
host capsule’s elasticity. Instead, the shell composition (e. g., resin content, molecular
weight of prepolymer, functionality of crosslinking agent) is the dominant factor that
determines the shell’s elastic properties. The in�uence of the shell composition on the
resulting micromechanical properties of polyurea core/shell microcapsules has been
studied and reported in a joint publication�� (see Chapter ��).
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��.�.� Morphological Characterization Data
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Figure 11.7 Overview of the morphological characterization of microcapsules with dif-
ferent hydrophobic fillings: radius (left) and shell thickness distributions (right). The red
horizontal lines are guides to the eye indicating the mean value.
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��.�.� Mechanical Characterization Data
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Figure 11.8 Overview of the mechanical characterization data of microcapsules with dif-
ferent hydrophobic fillings: radius (left) and shell stiffness distributions (right). The red hori-
zontal lines are guides to the eye indicating the mean value.
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Abstract
This work aims at establishing a link between process conditions and resulting micro-
mechanical properties for aminoplast core/shell microcapsules. The investigated cap-
sules were produced by the in situ polymerization of melamine formaldehyde resins,
which represents a widely used and industrially relevant approach in the �eld of mi-
croencapsulation. Within our study, we present a quantitative morphological analy-
sis of the capsules’ size and shell thickness. The diameter of the investigated capsules
ranged from ��µm to ��µm and the shell thickness was found in a range between
�� nm and ��� nm. As key parameter for the control of the shell thickness, we identi-
�ed the amount of amino resin per total surface area of the dispersed phase. Mechan-
ical properties were investigated using small deformations on the order of the shell
thickness by atomic force microscopy with a colloidal probe setup. The obtained cap-
sule sti�ness increased with an increasing shell thickness from �N/m to ��N/m and
thus showed the same trend on the process parameters as the shell thickness. A sim-
ple analytical model was adopted to explain the relation between capsules’ geometry
and mechanics and to estimate the elastic modulus of the shell about �.�GPa. Thus,
this work provides strategies for a rational design of microcapsule mechanics.

��.� Introduction

Microcapsules are of broad interest not only in fundamental science,�,� but also in a
wide range of applications. Whenever the functionality of an active substance needs
to be protected and/or a controlled release is demanded, microencapsulation is a fre-
quently used solution.�–�� Industrially relevant wall materials are amino resins, like
melamine formaldehyde (MF), because this class of resins is produced from cheap
raw materials, widely applicable, and economical to use.�� In particular, aminoplast
core/shellmicrocapsules are suitable for the encapsulation of pressure sensitive record-
ingmaterials,�� perfume fragrances,��,�� phase changematerials,��,�� self-healing com-
posites,��,�� agrochemicals,�� or analytes in biosensor applications.�� All these appli-
cations require a particular mechanical stability, compliance, release, shelf life, and
adhesion of the microcapsules.��,�� Therefore, a rational process design of microcap-
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sules is desired to individually tailor their mechanical properties.�� To establish corre-
lations between process parameters and the resulting capsule mechanics,methods are
favored that allow an investigation of microcapsule mechanics on the single-particle
level.��
So far, reported mechanical characterizations on aminoplast microcapsules were

focused on compression experiments with the single capsule compression apparatus
described by Keller and Sottos,�� and the micromanipulation technique described by
Zhang and coworkers.�� With both setups, individual microcapsules were deformed
in the range of micrometers under applied force loads of millinewtons. Thus, the au-
thors were able to access a deformation regime where rupture forces and the failure of
microcapsules can be successfully determined.��–�� To understand how our approach
di�ers from the ones used in previous studies, the de�nition of the terms small de-
formation and large deformation is crucial. In general, the mechanical response of a
material can be elastic or plastic. In brief, an elastic response is characterized by a full
recovery of the material’s original shape, whereas a plastic response is accompanied
by a permanent change of the material’s shape (e. g., buckling or capsule failure). In
material sciences, small deformations are often referred to compression tests carried
out in the elastic regime. We stress that for our approach, the critical parameter used
for the de�nition of small and large deformations is the microcapsule’s shell thickness
and not the yield point, which describes the transition between the elastic and plastic
regime. Hence, small deformations are understood in this publication as compressions
below or on the order of the shell thickness and large deformations as compressions
larger than the shell thickness. There is one pioneering paper by Mercadé-Prieto,��
where �nite element modeling has been used to estimate the wall thickness to radius
ratio and the elastic modulus of individual capsules from compression experiments in
the elastic regime. We appreciate the approach of the authors because it o�ers the pos-
sibility to estimate the critical mechanical parameters for individual capsules. How-
ever, for this publication, the included experimental data concentrates on fractional
deformations between small deformations on the order of the shell thickness and very
high deformations.�� In contrast to previous studies, our interest is concentrated on
the mechanical response of capsules in the small deformation regime, which refers
to a compression of the capsule on the order of the shell thickness. This regime has
not yet been explored for aminoplast microcapsules, which is unfortunate, because it
o�ers the possibility to link the capsules’ mechanical response to its geometric design.
For polyelectrolyte multilayer capsules it has been shown,�� that this regime is also
relevant for adhesion properties. Atomic force microscopy (AFM) is an ideal tool to
carry out deformations of capsules on the order of the shell thickness, because it o�ers
a displacement resolution of nanometers and a force resolution of piconewtons. The
compression apparatuses used in previous studies show with a resolution of a few
hundred nanonewtons a su�cient resolution to investigate the elastic response of
many capsule systems. Indeed, the limiting factor for small deformation experiments
is also often not the force resolution, but the resolution of the induced deformation.
Several strategies exist for the synthesis of aminoplast core/shellmicrocapsules,��,��

but the most applied and industrially relevant is the in situ polymerization,��,�� which
sometimes is also referred to as phase separationmethod.�� In this emulsion templated
process, the hydrophobic core material is dispersed in form of small oil droplets in the
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aqueous continuous phase, where the MF prepolymer is dissolved. The polyconden-
sation of the prepolymers starts under acidic conditions and elevated temperatures.
Formed oligomers are deposited at the oil/water interface, where they polymerize
to a three-dimensional shell around the oil droplet.��,�� To control capsule mechan-
ics, process parameters are interesting that a�ect size, shell thickness and the elas-
tic modulus of the wall material. Typically, a certain dispersity in size is observed
for capsules manufactured with the in situ polymerization. These size distributions
are determined by the produced emulsion droplets, which serve as soft templates for
the buildup of the shell. Key parameters for the adjustment of the emulsion droplet
size are the interfacial tension between core and continuous phase and the energy
dissipation of the stirrer.��,�� In general, the in situ polymerization yields aminoplast
core/shell microcapsules between �µm and ��µm,�� where smaller capsules show
narrower size distributions than larger capsules.�� The shell thickness is expected to
be between �� nm and ��� nm,�� and can be adjusted by the ratio of melamine to
formaldehyde,�� the reaction time,�� pH,�� and the core to shell mass ratio per created
surface area of the emulsion droplets.�� The elastic modulus of the shell depends on
the used wall material,�� and can be changed through chemical modi�cations and/or
the cross-linking density.
In this paper, we investigate aminoplast core/shell microcapsules and strategies to

rationally design their mechanical properties. The motivation to focus on aminoplast
microcapsules is based on their regular application in di�erent industrial �elds.�,��
Challenging for the presentedworkwas the polydispersity of the studied capsules that
is verywell re�ecting the actual industrial situation for amino resinmicrocapsules pro-
duced by an emulsion-templated in situ polymerization. Structure property relations
are often not e�ciently resolved by standard methods employed during industrial
quality assurance. Therefore, the characterization on the single particle level is cru-
cial for such size-dispersed systems. For this reason, we have chosen methods that
are able to resolve and quantify the geometry and mechanics of single microcapsules.
In particular, we used transmission electron microscopy (TEM) to determine the shell
thickness from ultrathin sections of EPON-embedded microcapsules. With AFM and
a colloidal probe setup we studied the mechanical response of single capsules in the
small deformation regime, which refers to a capsule compression on the order of the
shell thickness. Subsequently, we correlated the obtained shell thickness with the pro-
cess parameters and then via a simple analytical model with the resulting capsule
mechanics. The full correlation between process parameters and resulting mechan-
ical properties suggests strategies to rationally tailor microcapsules produced by an
industrial relevant process.

��.� Experimental Section

��.�.� Materials
The key ingredients for the microcapsules synthesis are the melamine-formaldehyde
resin (Urecoll SMV, BASF); a colloidal stabilizer (poly(acrylamide ��%, acrylic acid
��%) sodium salt, Sigma Aldrich); a formaldehyde scavenger (ethylene urea, Fluka);
acetic acid and sodium hydroxide for pH adjustments. The core liquid is a mixture of
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a �-model fragrance compound, as described previously:�
(+-)-methyl �,�-dimethyl-�-methylene-�-cyclohexanecarboxylate ��% w/w (Romas-
cone), hexyl salicylate ��%w/w, �-(�-tert-butylphenyl)-�-methylpropanal ��% w/w
(Lilial), cis/trans-�-tert-butyl-�-cyclohexyl acetate ��%w/w (Vertenex), and (+-)-�-tert-
butyl-�-cyclohexyl acetate ��%w/w) (Verdox). As dispersant, we used demineralized
water.

��.�.� Synthesis of Microcapsules
Standard core/shell capsules were synthesized according to protocols described pre-
viously.��,��,�� The speci�ed amounts of the resin, colloidal stabilizer, and water were
introduced into a ���mL reactor at room temperature (pH �.��). The reaction mixture
was sheared at ��� rpm with an anchor stirrer. A resin to oil mass ratio of �.��� g/g
was chosen for the standard core/shell capsules. Then acetic acid (�.�� g) was added for
the adjustment of the pH (pH �.��). The perfume oil (��.�� g) containing Rhodamine
(�.�%w/w, Fluka) was added, and the reaction mixture was warmed up to �� �C and
stirred for � h. Afterward, the reaction mixture was stirred at �� �C for � h. Finally,
ethylene urea (��% in water w/w, ��.�� g) was added, and the reaction mixture was
stirred at �� �C for � h. Then, the mixture was cooled to room temperature (pH �.��)
and neutralized with NaOH (��% in water w/w, �.�� g) to give a �nal pH of �.�� in
the aqueous dispersion.

��.�.� Morphological Characterization
Size distributions were determined with a �ow particle image analyzer FPIA (Sysmex
FPIA-���, Malvern Instruments). Zeta potential measurements (Zetasizer, Malvern) of
the diluted capsule slurries yielded negative values,which typically range from -��mV
to -��mV (see Table ��.�). With TEM (Zeiss CEM ���), thin sections of about �� nm to
�� nm were produced by an ultracut microtome (Leica EM UC�) and imaged at �� kV.
The shell thickness was obtained from TEM images by extracting cross-sectional gray
value pro�les that were analyzed with ImageJ software. The start/ end of the shell
was determined at ��% decrease/increase of the gray value intensity. TEM samples
were prepared by mixing the capsule solution in a �:� ratio with �% aqueous solu-
tion of agar (Agar Noble, Difco). After curing, the �exible gel was cut with a scalpel
into small cubes. Next, the agar-embedded capsules were solidi�ed by � h incubation
with a �% glutaraldehyde solution (Serva Electrophoresis GmbH) in phosphate bu�er
(�.��M Phosphate Bu�er, pH �.� Merck). Afterward three washing steps with phos-
phate bu�er (�.��M, pH �.�, Merck) were used to remove the excess of glutaraldehyde.
Then the samples were dehydrated in ethanol-watermixtures with increasing ethanol
content (��%, ��%, ��%, and ��%) and three times to pure ethanol (VWR International).
The dehydration exposure timewas ��min for each step. Then the dried samples were
mixed with EPON��� (Serva Electrophoresis GmbH): EPON���/ethanol mixture (�:�)
for �� h, followed by an EPON���/ethanol mixture (�:�) for � h to � h and �nished with
three immersion steps (again, � h to � h) in ���% EPON���.

��.�.� Mechanical Characterization.
Force spectroscopy experiments were performed in aqueous environment with a com-
mercial AFM setup: Nanowizard I (JPK Instruments, Germany) combined with an in-
verted optical microscope Axiovert ��� (Zeiss, Germany). The optical microscope was
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used to determine the size of the microcapsule before the deformation experiment and
to align the cantilever probe with the center of the immobilized microcapsule. Dur-
ing the capsules’ compression we used the microinterferometry�� mode of the mi-
croscope to follow in situ the change of the apparent contact area between microcap-
sule and substrate. Only elastic and uniform capsule deformations were used for eval-
uation. The deformations were performed using the colloidal probe technique,��,��
in which silica particles (diameter ��µm to ��µm; PolySciences Inc., USA) were at-
tached to tipless silicon cantilevers (ACT-TL, kc = ��N/m to ��N/m, fc = ���kHz

to ��� kHz, AppNano). The colloids were attached using a micromanipulator (MP-
���, Sutter Instruments) and two-component epoxy glue (UHU Plus Endfest ���, UHU
GmbH&Co. KG, Germany). After attachment, the colloidal probe cantilevers were
cleaned by exposure to atmospheric plasma (�min, high intensity, Plasma Technol-
ogy). Spring constants of the cantilevers were determined with the thermal noise
method,��,�� which is implemented in the commercial JPK software. Only cantilevers
that were in accordance with the frequency and spring constant range reported by the
manufacturer were used. The experiments in aqueous solution were carried out in liq-
uid cells, made of a plastic ring (diameter ��mm, height �mm) and a coverslip (diame-
ter ��mm, thickness �.��mm to �.��mm, Menzel). The liquid cells were cleaned with
an isopropanol/ethanol/water mixture (�:�:� v/v/v) and through exposure to an at-
mospheric plasma (�min, high intensity, PlasmaTechnology). To keep the negatively
charged microcapsules immobilized in the liquid cell, we used branched polyethylen-
imine (PEI,Mw �� kg/mol, � g/L aqueous solution, Sigma Aldrich) as surface coating.
To obtain individual and separated microcapsules for force spectroscopy experiments
and to remove non-immobilized capsules, the sample was washed several times with
puri�ed water (Millipore Advantage) in the liquid cell. Reference curves on hard sub-
strates were obtained before and after each capsule deformation to ensure a constant
optical lever sensitivity, which is necessary for reliable and comparable force defor-
mation curves.��

��.� Results and Discussion

��.�.� Morphology of Aminoplast Core/Shell Microcapsules
Size, shell thickness and the used wall material are important parameters for the me-
chanics of microcapsules. A possible parameter to adjust the shell thickness of amino-
plast microcapsules is the resin concentration.�� For the microcapsules production,
the fragrance oil is dispersed by emulsi�cation in the continuous aqueous phase. The
melamine formaldehyde prepolymer, which is dissolved in the continuous phase, will
start to form oligomers under acidic conditions and elevated temperatures. These
oligomers then deposit at the oil/water interface of the emulsi�ed droplets and form
under further condensation an impermeable shell around the fragrant oil. The typical
amount of MF resin�� used for this encapsulation will be referred to as ���% or stan-
dard amount in the following discussion. The amount of resin was decreased from
���% to ��%, to ��%, and to ��% to obtain microcapsules with thinner shells. All other
process parameters were kept constant.
The dispersity in size of the studiedmicrocapsules is typical for an emulsion droplet

based in situ polymerization. Microcapsules with smaller average diameters show a
narrower size distribution than capsuleswith larger average diameters.��,�� Figure ��.�
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Table 12.1 Microcapsules prepared with different amounts of resin and the ob-
tained results from the morphological and mechanical characterization: diameter hdi,
zeta potential ⇣, measured shell thickness Hi, correction factor f corr, corrected shell
thickness H, and capsule stiffness F/�.

amino resin, % perfume, % hdi, µm ⇣, mV Hi, nma f corr H, nm F/�, N/m
��� ��.� �� -�� ���±�� �.�� ��� .��±��
��� ��.� �� -�� ���±�� �.�� ��� .��±�
�� ��.� �� -�� ���±�� �.�� �� �.�±�
�� ��.� �� -�� ���±�� �.�� �� �.�±�
�� ��.� �� -�� ���±�� �.�� �� �.�±�
�� ��.� �� -��

a The standard deviation � of the thickness and sti�ness distributions refers to the �t coe�cient
wiiwidthw by the following relation � = w/

p
�.

presents the optical micrographs and size distributions of the produced capsules with
a corresponding average diameter d for each sample size distribution summarized in
Table ��.�. The size distributions of two additional samples produced from ���% and
��% amount of amino resin are indicated in Table ��.�, but not shown in Figure ��.�.
In particular, we observed a mean diameter hdi of about ��µm for the produced cap-
sules. Samples that signi�cantly deviated from this mean diameter were microcap-
sules produced from ��% and ��% amino resin with an average diameter of ��µm and
��µm respectively. Such variations in size are well-known and re�ect the actual sit-
uation of the industrial production, which already has been reported previously.��,��
The success and/or failure of the encapsulation process is clearly indicated in the opti-
cal micrographs in Figure ��.�. Spherically shaped capsules with an amino resin level
of ���%, ��%, and ��% indicate a successful encapsulation of the oil phase. The shape
of the microcapsules produced from a ��% level of amino resin was in contrast to the
other batches strongly deformed. Here, the encapsulation process was not successful,
and the formed shell was not stable enough to encapsulate the oil phase.
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Figure 12.1 Optical micrographs and size distributions of the produced aminoplast
core/shell microcapsules. For a 25% level of amino resin, the encapsulation process failed
and microcapsules with a deformed capsule shape were produced, that were not able to
form a stable shell around the dispersed oil droplets.
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To access the shell thickness of the microcapsules, we used ultrathin sections of
EPON-embedded microcapsules, which we analyzed with TEM. In Figure ��.� exam-
ples of such sections are shown for capsules produced from di�erent amount of amino
resin. For all investigated samples, we observed a smooth shell with uniform density
and rather uniform thickness. For microcapsules produced from ��% amino resin, we
were not able to obtain any ultrathin sections of the embedded capsules. The mea-
sured shell thickness of one section is denoted Hi and refers to an average of six an-
alyzed cross sections, which were extracted from one TEM image. With this method,
we were able to determine the shell thickness Hi with an accuracy of ��%. For each
microcapsule batch, we usedN number of sections to quantify the shell thickness in-
dicated in the histograms displayed in Figure ��.�. From this thickness distributions
we were able to determine a mean measured shell thickness Hi from the maximum
of the Gaussian �t.
In general,we observed a decrease of hHii from ��� nm to ��� nmwhenwe reduced

the amount of amino resin from ���% to ��%. The observed mean shell thickness for
each batch is summarized in Table ��.�. In Figure ��.�, we grouped our results accord-
ing to the employed amount of amino resin and the average capsule diameter. The size
distribution of the produced capsules is as important as the resin concentration for
the �nal shell thickness of the capsules. If the volume of the dispersed phase and the
resin concentration were constant, thinner shells would be expected for batches with
smaller capsules compared to those with larger capsules.�� The change in thickness is
caused through an alteration of the total surface area of the dispersed phase available
during the polymerization reaction,whichwill be larger for smaller emulsion droplets
than for larger droplets. We observed this trend as well for the two samples produced
from ���% amino resin, where the mean shell thickness was reduced from ��� nm to
��� nm, when the average diameter of the capsules decreased from ��µm to ��µm,
as indicated in Figure ��.�. For samples whose average diameter was reproduced, as
for capsules made of ��% amino resin and average diameter of ��µm, no signi�cant
di�erence in the shell thickness was observed. Therefore, we combined Hi values of
both batches in one diagram, shown in Figure ��.�.
When spherical particles are sectioned at random distance from the center, the mea-

sured diameterRi will be smaller than the true diameterR and themeasured thickness
Hi will be larger than the true thickness H. On average, we obtained a standard de-
viation of the mean measured shell thickness of about ��%. This deviation is higher
than the accuracy of the method of ��% and re�ects the uncertainty of the random
sectioning process. Smith and coworkers�� introduced a correction factor accounting
for the thickness artifacts produced by the random slicing process. They described the
shell thicknessH as a function of the slicing angle, the measured radius, and the mea-
sured shell thickness. With an estimated limit for the slicing angle of about ���, we
determined the correction factor fcorr to be about �.��. The obtained correction factor
for each batch and the corresponding corrected shell thickness hHi can be found in
Table ��.�.

To estimate the available mean total surface area, a mean diameter of ��µm, mean
mass of �� g and a density of �.�� g/mL for the fragrance composition was used. For a
constant volume of the dispersed phase, the total surface area of the emulsion droplets
will decrease with increasing particle radius. In Equation ��.�, the change of the total
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Figure 12.2 TEM images of embedded microcapsules sectioned with an ultra microtome
and the quantified distribution of the measured shell thickness. The number of analyzed
sections N is indicated along with the used amount of resin in percentage and the average
diameter d.

surface area Atotal of microcapsules is shown when their radius is changed from R�
to R�. The index � refers to capsules characterized by the radius R� and index � to the
capsule characterized by the radius R�. Atotal of the dispersed phase can be described
by the surface area A� of the individual oil droplets multiplied by the number N of
droplets. The numberN of particles is obtained by the volume of the dispersed phase
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Figure 12.3 Shell thickness is a function of the ratio of resin amount (MF %) per total
surface area of the dispersed phase. The lines were added as a guide to the eye.

V divided by the volume of the dispersed particles V�. With regard to the application,
the volume of the dispersed phase V can be easily controlled at the start of the synthe-
sis, likewise the mean radius of micrometer-sized capsules that is determined by the
emulsion droplet size can be assessed by standard techniques for quality assurance.
As Equation ��.� shows, the ratio of the total surface area for microcapsules with dif-
ferent diameters is the same like the ratio between the two capsule radii when the
volume of the dispersed phase is constant.

A�,total
A�,total

=
N�A�
N�A�

=
V

V�
A�

V

V�
A�

=
R�
R�

(��.�)

with equal volumina V� = V� = V with the volume Vi = (�/�)⇡R�
i
and the surface

Ai = �⇡R�
i
of a sphere, it follows that

Ai

Vi

=
�⇡R�

i

�/�⇡R�
i

= �
�
Ri

(��.�)

For the production of the studied capsules, the volume of the dispersed phase was
constant for the di�erent amounts of amino resin. For microcapsules that showed a
deviation from the expectedmean radius of ��µm, the average total surface area could
be corrected by the ratio of the capsule radii, where R� refers to the expected mean
capsule radius and R� to the radius of the actual produced microcapsules. Figure ��.�
describes the shell thickness as a function of the amount of amino resin per total sur-
face area. Both results of the measured and the corrected shell thickness are displayed.
As a trend,we can observe an increase of the shell thickness with an increase of theMF
amount per total surface area, which was already reported for MF microcapsules by
Sgraia et al.�� In view of the complex nature of the manufacturing process inherent to
the application-oriented study and the characterization method, the observed error
margins are to be expected. We are con�dent that our analysis of a relatively large
number of sections and the performed correction of the random sectioning process
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takes these variations into account. Themorphological characterization and the corre-
lation to simple and accessible process parameters showed that it is possible to adjust
and predict the thickness for the investigated process. Both analysis and correlation
provide strategies to realize an adjustment of the shell thickness for microcapsules
produced by in situ polymerization.

��.�.� Mechanical Properties
The mechanical response of immobilized microcapsules was studied by force spec-
troscopy in terms of force-deformation experiments with atomic force microscopy
(AFM). We used cantilevers modi�ed with a colloidal probe to ensure an axisymmet-
ric and uniform compression of the microcapsules. An AFM mounted on an optical
microscope ensures optical control over the alignment of probe and sample. Immobi-
lized capsules are recognized by the presence of an apparent contact area by using
the microscope in microinterferometry mode.�� In Figure ��.�, the typical change of
the apparent contact area for an elastic response of the microcapsule is shown. The
time in seconds displayed on the x-axis corresponds to the length of the video that
can be found in the Supporting Information. The apparent contact area refers to the
dark spot in the middle of the interference pattern, shown in the insets in Figure ��.�.
During the �rst � s, there is no compression of the capsule and the contact area shows
the immobilized capsule in uncompressed state. After � s, the cantilever reaches the
capsule and the contact area linearly increases with further compression until the
maximum deformation is reached. The cantilever retraction ends the deformation cy-
cle and indicates the same curve progression as for the compression. The apparent
contact area returns to its initial state before it is deformed again. The constant and
periodic change of the apparent contact area during the presented three consecutive
load-unload cycles clearly indicates a uniform and elastic compression of the capsule
and the recovery of its original contact area and shape. This optical control is crucial
to ensure the correct alignment between probe and sample and to carry out a repro-
ducible capsule deformation.
To assess the mechanical properties of the shell, we performed all compression ex-

periments in the small deformation regime. For our approach as already highlighted
in the introduction, the critical parameter to distinguish between small and large de-
formations is the shell thickness. In Figure ��.�A, the deformation process of a thick-
shelled and a thin-shelled microcapsule is illustrated. As expected for capsules with
comparable size, the thin-shelled capsule deforms stronger than the thick-shelled cap-
sule under the same force load. In this example, the thick-shelled capsules synthesized
from the standard amount of amino resin show a mean shell thickness about ��� nm.
The thin-shelledmicrocapsules were produced from ��% level of amino resin and refer
to a thin shell with a thickness about �� nm. The capsule with the thick shell deforms
less than �� nm,whereas the capsule with a thin shell deforms by �� nm. In both cases,
we observe a linear increase of the deformation with increasing force load, which rep-
resents a typical scaling behavior for a capsule deformation in the small deformation
regime.��
The slope of the force-deformation curves re�ects the compression of the capsule

under the applied force load, referred to as the capsule’s sti�ness in units of N/m. In
Figure ��.�B, an overview of �� repeated force deformation cycles of the thin- and
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Figure 12.4 Uniform and elastic deformation of a microcapsule observed with an opti-
cal microscope using microinterferometry (corresponds to the video in the Supporting In-
formation). The investigated capsule with a diameter of 30µm was deformed by 870 nm,
corresponding to a relative deformation of 2.91%.
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Figure 12.5 (A) Compression of capsules under the same force will yield larger defor-
mations for thin-shelled capsules compared with thick-shelled capsules. (B) Microcapsules
compression is elastic and the stiffness is constant over thirty load-unload cycles.

thick-shelled capsules is shown. The observed sti�ness values are constant for both
capsules throughout the repeated compression, illustrating that no altering of the cap-
sules’ sti�ness is obtained through consecutive deformation. We also investigated the
in�uence of fast and slow deformation rates on the microcapsules’ sti�ness. The used
deformation rates of ��µm/s and �.���µm/s did not signi�cantly a�ect the mechan-
ical response of thick-shelled microcapsules. For thin-shelled capsules, we observed
an increase of the sti�ness about ��% for faster deformations.
To quantify the sti�ness of the capsules produced from di�erent amount of amino

resin, we measured a representative number n of aminoplast microcapsules with a
slow deformation rate of �.�µm/s. In Figure ��.�, the distributions of the measured
sti�ness values present a decrease of the mean sti�ness from about ��N/m to �N/m
for a change of the shells thickness from ��� nm to ��� nm, respectively. The cap-
sules’ sti�ness strongly depends on the capsules’ diameter. Hence, smaller microcap-
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Figure 12.6 Capsules become softer with thinner shells, shown by the decrease of the
mean stiffness for capsules with reduced shell thickness.

sules will be sti�er than larger capsules, if they were produced from the same batch
and have the same shell thickness. For example, standard core/shell microcapsules
with a mean shell thickness of ��� nm showed an increase in the capsule sti�ness
from ��N/m to ��N/m when the diameter of the capsule was decreased from ��µm
to ��µm. Therefore, the width of the sti�ness histograms is also re�ecting the size
distribution of the investigated capsules within one batch. The mean sti�ness value
determined from the histogram for each capsule batch can be found in Table ��.�.
In Figure ��.�, all results obtained from the morphological and mechanical charac-

terization of the aminoplast capsules are displayed in relation to the used process pa-
rameters. Both shell thickness and capsule sti�ness increasewith the amount of amino
resin per total surface area. It already has been shown�� that properties determined
in the small deformation regime play an important role for macroscopic properties
such as the capsule’s adhesion. In the case of MF-shelled microcapsules, with a uni-
form, closed, and rather strong shell, it would be interesting to link the results gained
from the small deformation regime with the already well investigated rupture force
of aminoplast microcapsules.��,��
Zhang and coworkers��,�� showed that the deformation at burst is one of the key

parameters for the rupture of aminoplast microcapsules. As discussed before, the de-
formation behavior of microcapsules is strongly linked to the thickness of their shell,
as shown in Figure ��.�A, where thin-shelled capsules deform much more under an
applied load than thick-shelled capsules. Microcapsules burst when a critical compres-
sion is reached, which was for MF capsules reported about ��% relative deformation
at burst.�� The force loads needed for a burst will be reached for smaller force loads
in the case of thin-shelled capsules compared with thick-shelled capsules. Therefore,
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Figure 12.7 Summary of the morphological and mechanical characterization of amino-
plast core/shell capsules and the influence of used process parameters.

the observed correlations present a potential strategy to be further linked with the
reported macroscopic rupture forces. Such a relation would be bene�cial for the tai-
loring of aminoplast microcapsule mechanics used in various applications with very
di�erent requirements.
The tendency observed in Figure ��.� can be further analyzed to understand how

the shell thickness in�uences the microcapsule mechanics. The mechanical response
obtained from the small deformation regime can be used to understand structure
property relations, because the mechanical response can be linked to the capsule’s
geometry and the shell’s material properties.�� According to Reissner, the measured
sti�ness F/� is a function of the capsules’ geometric parameters, radius R and the shell
thicknessH, and the properties of the shell material, elastic modulus E and Poisson’s
ratio ⌫:

F

�
=

H2

R

Ep
3 (1- ⌫2)/4

(��.�)

As described in a previous study,�� the regime valid for Reissner’s prediction��,�� of a
linear scaling behavior of the applied force F with the resulting deformation � can be
easily estimated based on the shell thickness H and the radius R of the capsule:

"crossover ⇡
r

H

4⇡R
(��.�)

A critical relative deformation " is obtained that refers to the crossover of the linear
deformation regime with the deformation caused by volume forces, which scales pro-
portional to �3. Thus, the morphological characterization can be used to estimate the
deformation regime where Reissner’s prediction is valid (see Table ��.� in the Sup-
porting Information, page ���).
In Figure ��.�A, the measured sti�ness is displayed in relation to the capsule radius.

All samples show an increase in the sti�ness with decreasing capsule diameter, which
is in accordance with Reissner’s model. The linear relation is then described by the
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Figure 12.8 (A) Stiffness displayed in relation to the reciprocal radius clearly indicates an
increase in the stiffness for capsules with thicker shell and comparable radius. (B) Linear
relationship displayed in this graph can be correlated to the material constants of the shell
material and an elastic modulus of 1.7 GPa can be estimated.

proportionality factor, which is the square of the shell thickness and the material con-
stants E and ⌫. The sti�ness of microcapsules with comparable diameters increases
with increasing shell thickness as Figure ��.�A clearly indicates. The sti�ness normal-
ized by the size plotted versus the shell thickness shows a linear relation that can
be used to estimate Young’s modulus of the microcapsules’ shell (Figure ��.�B).��,��
Poisson’s ratio ⌫ is expected to be between �.�� for a solid-like material and �.� for
rubber-like materials. Equation � describes the impact of Poisson’s ratio on the result-
ing elastic modulus. In order to make the impact of ⌫ transparent, we calculated the
elastic modulus for both extremes. From Figure ��.�B, we are able to estimate the elas-
ticmodulus of the shellmaterial of about �.�GPa for a Poisson’s ratio of �.�,which is in
good agreement with the elastic modulus reported recently byMercadé-Prieto et al.,��
and for a Poisson’s ratio �.�� of about �.�GPa. However, as Figure ��.�B displays a
certain spread of the individual data remains even after the normalization of the data
by size and shell thickness. One reason for this spread can be due to di�erences in
the shell density caused by kinetic di�erences during the shell formation. Salaun and
coworkers�� showed that di�erent surface morphologies of the capsules’ shells are
dependent on the formation of the MF precondensate. They concluded that a rather
rapid shell formation will yield higher oligomers or even small MF particles in the con-
tinuous phase, which will be deposited at the oil/water interface.��,�� The melamine
to formaldehyde ratio, pH and temperature were identi�ed as important parameters
to a�ect the kinetics of the precondensate formation. Based on the formed oligomers,
which represent the building blocks of the shell, a rougher or smoother capsule shell
is obtained.�� From this perspective and based on the results of our mechanical char-
acterization, we think that the size of the formed oligomers and their assembly to a
shell is an important aspect for shell mechanics that would be of interest for further
studies.
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��.� Conclusion

In conclusion, we showed how mechanical properties of aminoplast microcapsules
correlate with process parameters for an industrially relevantmicroencapsulation pro-
cess, the in situ polymerization of amino resins. With the help of a thorough morpho-
logical analysis we were able to determine the microcapsule’s geometric parameters –
radius and shell thickness. The mechanical response of the microcapsules was investi-
gated in form of small deformations on the order of the shell thickness, using an AFM
and the colloidal probe technique. Both results, from geometrical and micromechan-
ical characterization, were explained in the framework of a simple analytical model
formicrocapsule deformation, the Reissner shell theory. On the basis of the results,we
identi�ed the ratio of amino resin to total emulsion surface area as key parameter for
controlling the microcapsules’ geometry and mechanical properties. Thus, a rational
design of mechanical properties of aminoplast microcapsules is in reach.

��.� Supporting Information

Figure ��.� displays the force-deformation curve of a standard core/shell microcap-
sule, which was obtained during the elastic compression shown in the video.a The
observed deformation is fully elastic, which was additionally shown with an inde-
pendent optical method that allows the observation of the capsule’s shape during its
compression (Figure ��.� on page ���). However, a closer look at the force deformation
curve allows the identi�cation of di�erent regimes within the elastic response. From
� nm to ��� nm compression the observed deformation scales proportional with the
applied force. This regime shows a linear relationship and is considered in the con-

S2 
 

 
Figure S1: Force-deformation curve of a standard core/shell microcapsule with 

30 µm diameter and a shell thickness of about 185 nm.  
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relations with the analytical solution from Reissner the linear deformation response of 

the shell is crucial. Compressions on the order of the shell thickness and below were 

investigated in this publication. After the linear compression phase a non-linear 

increase (smooth changeover due to the colloidal probe setup) and a kink in the 

curve at about ~700 nm deformation and a force load of ~6 µN is observed. This non-
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Deformation !, nm
0 200 400 600 1000800

0

2

4

6

8

10

Retract

Fo
rc

e 
F,

 µ
N

Approach

Figure 12.9 Force-deformation curve of a standard core/shell microcapsule with 30µm
diameter and a shell thickness of about 185 nm.

a This video is available free of charge via the Internet at
aahttp://pubs.acs.org/doi/suppl/10.1021/am300273b/suppl_file/am300273b_si_002.avi.
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Table 12.2 Small deformation regime estimated from the corrected shell thick-
ness H, the radius R, and the critical deformation ".

Sample Corrected shell Capsule Crossover Small deformation
thickness radius "crossover regime up to

���% ��� nm ��µm �.��� ��� nm
���% ��� nm ��µm �.��� ��� nm
���% ��� nm ��µm �.��� ��� nm

text of the publication as small deformation regime and compressions on the order
of the shell thickness. To analyze the structure-property relations with the analytical
solution from Reissner the linear deformation response of the shell is crucial. Com-
pressions on the order of the shell thickness and belowwere investigated in this publi-
cation. After the linear compression phase a non-linear increase (smooth changeover
due to the colloidal probe setup) and a kink in the curve at about ⇡��� nm deforma-
tion and a force load of⇡�µN is observed. This non-linear regime referred to as large
deformation regime indicates that volume forces become dominant for the observed
deformation behavior.
As shown in previous studies,�� the crossover between the Reissner and the volume

regime can be estimated based on the capsules geometry:

"crossover ⇡
r

h

4⇡R
(��.�)

The critical relative deformation " indicates the crossover with the contributions of
volume forces that scale proportional to �3. The crossover between the Reissner and
the volume regime is estimated for the studied capsules and presented in Table ��.�.
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Abstract
Polymer-shelledmagneticmicrobubbles have great potential as hybrid contrast agents
for ultrasound and magnetic resonance imaging. In this work we studied US/MRI con-
trast agent based on air-�lled poly(vinyl alcohol)-shelledmicrobubbles combinedwith
superparamagnetic iron oxide nanoparticles (SPIONs). The SPIONs are integrated ei-
ther physically or chemically into the polymeric shell of the microbubbles (MBs). As
a result, two di�erent designs of the contrast agent are obtained. With the physical
approach, SPIONs are embedded inside the polymeric shell and with the chemical
approach SPIONs are covalently linked to the shell surface. The di�erent structural
designs of hybrid probes are important, because they strongly determine the contrast
agent’s response in the considered imaging methods. In particular, we studied how
the structural changes a�ect the mechanical properties of the shell, which play a key
role for the MBs’ performance during ultrasound imaging. To bridge the gap between
synthesis and performance,we thoroughly characterized themicrobubbles’ geometric
features and investigated low-frequencymechanics by using atomic force microscopy
(AFM) and high-frequency mechanics by using acoustic tests. As results, we obtained
from quasi-static force measurements the elastic modulus of the shell and from the
MBs response during ultrasound exposure the shell’s shear modulus and shear viscos-
ity. In summary, we were able to show with this work how di�erent manufacturing
processes a�ect the shell’s structure and mechanical properties that are both crucial
for the MBs’ response in ultrasound imaging.

��.� Introduction

Hybrid imaging o�ers new diagnostic and therapeutic procedures and pushes the de-
velopment of novel multifunctional contrast agents.�–�� The successive use of ultra-

Figure 13.0 On the Interplay of Shell Structure with Low- and High-Frequency Mechanics
of Multifunctional Magnetic Microbubbles. (Table of Contents Figure)
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sound (US) and magnetic resonance imaging (MRI) is standard in today’s clinical rou-
tine, because they show complementary information and operate without ionizing
radiation. Hence, it is not surprising that a combination of both modalities for hybrid
imaging is in sight.��–��
There exist di�cult and speci�c imaging situations where conventional US and/or

MRI imaging is limited and enhanced contrast is required.�� Therefore, contrast agents
are used such as gas-�lled microbubbles (MBs) to enhance the US signal��–�� and
paramagnetic complexes or superparamagnetic nanoparticles to enhance the MRI
signal.��–�� Novel emerging diagnostics and therapies plus well-established imaging
procedures give good reasons for the growing interest in producing adequate hybrid
contrast agents visible in both modalities.��–�� The major challenges in developing
new US/MRI contrast agents are the di�erent functional requirements that hybrid
probes need to match. For US/MRI imaging, hybrid probes need a su�cient stability
during the circulation in the cardiovascular system,�� an adequate US echo signal��
and a reasonable reduced relaxation time of nearby located protons.�� All these re-
quirements have a direct impact on the structural design of the probes. For example,
the upper size is limited to about �µm,�� because the contrast agent needs to pass
capillary beds within the cardiovascular system. As lower size limit, ��� nm are rec-
ommended to avoid any leakage through the endothelium and a response from the
immune system.��–�� However, the particle diameter or more precise the gas volume
trapped inside the particles also matters for the acoustic response.�� For basic appli-
cations like Doppler imaging, a backscatter signal value of about �� dB is needed.��
Moreover, the contrast agent requires enough stability to cross the pulmonary capil-
lary bed and facilitate adequate imaging times. A common solution to increase the
MBs’ stability is the use of water-low-soluble gases that are encapsulated by shells
made of lipids, proteins, or polymers.��–�� On the one hand, the shell facilitates the
further functionalization of ultrasound responsive MBs to hybrid probes and is thus
a crucial design element. For US/MRI contrast, the shell is used for the integration of
magnetic complexes or nanoparticles.��,��,��,�� On the other hand, the shell is also a
well-known drawback for the acoustic response, because it decreases of the backscat-
ter signal, depending on the shell material and shell thickness.��,�� With regard to
the �nal imaging performance of multimodal contrast agents, all these di�erent struc-
tural elements need to be considered and adjusted during the production of the probes.
Therefore, we believe that a straightforward analysis of structure-property relations
is essential when hybrid contrast agents are developed or optimized.
The focus of this study are recently presentedUS/MRI contrast agents,��whichhave

a �µm sized air-bubble stabilized by a shell made of poly(vinyl alcohol) (PVA) as com-
mon feature.��,�� In this article, a microbubble without any magnetic nanoparticles is
referred to as plain MB as sketched in Figure ��.�. Plain MBs are already well charac-
terized regarding the option to carry therapeutic gases��,�� and the possibility to in-
troduce molecules relevant for targeting or drug delivery.�� Moreover, for plain MBs
the echogenity,��–�� the biocompatibility,�� and cytotoxicity�� were studied. Magnetic
MBs were obtained either by physical or chemical integration of superparamagnetic
iron oxide nanoparticles (SPIONs) to the plainMBs. The physicalmethod�� yieldsMBs
with SPIONs embedded inside the shell,which are referred to in this work asMBs-phys.
Recently, we reported on the synthesis process, weight percent of integrated SPIONs
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Figure 13.1 Schematic representations of plain MBs (without SPIONs), MBs-chem with
SPIONs covalently attached to the shell surface, and MBs-phys with SPIONs physically
embedded inside the shell.

and US- and MR-imaging properties of these particles.�� The magnetic properties of
the particles were studied in vitro using a SQUID system showing a higher net mag-
netization for MBs-phys compared to MBs-chem. The change in magnetization was
attributed to di�erent aggregation states of the SPIONs in the two samples. In vivo,
magnetic properties were tested on rats for proof of concept by using clinical MRI
equipment. These experiments were analyzed regarding spin-spin relaxation times
and rates for di�erent tissues.
This work focuses on mechanical properties of the MBs, which play a key role for

their �nal performance in ultrasound imaging. In particular, we were interested if
the SPIONs-integration method has an impact on the MB’s low and high-frequency
mechanics. To bridge the gap between the contrast agents’ synthesis and its �nal per-
formance, a straightforward analysis of structure-property relations is crucial. There-
fore, we �rst studied the in�uence of the methods on basic geometric properties, such
as MB diameter and shell thickness. In the next step, the mechanical properties in
the low and high-frequency regime (low: �Hz, high: �-��MHz) were studied. Low-
frequency experiments were performed with quasi-static force measurements of sin-
gle microbubbles using atomic force microscopy (AFM). Sboros and co-workers��–��
already showed that AFM is a useful tool to study the mechanical properties of hard-
shelled ultrasound contrast with a bilayer shell made of albumin and polylactide. Re-
cently, AFM force spectroscopy experiments were successfully used for the character-
ization of phospholipids-shelled MBs.��–�� High-frequency mechanics of the US/MRI
contrast agent were investigated by exposure of an ensemble of MBs to an acoustic
�eld.��,�� As a result, we obtained the elastic modulus of the shell materials from low-
frequencymechanics and the shearmodulus of the shell material from high-frequency
mechanics. This straightforward characterization of ultrasound contrast agents con-
tributes to an improved understanding of structure/property relations and o�ers the
possibility for a sustainable design of hybrid contrast agents.
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��.� Materials and Methods

��.�.� Materials
Iron chloride hexahydrate (FeCl�⇥�H�O, purity >��%), iron chloride tetrahydrate
(FeCl� ⇥ �H�O, purity >��%), rhodamine B isothiocyanate (RBITC), �-aminopropyl
trimethoxysilane (APTMS), sodium cyanoborohydride (NaBH�CN), and sodiummeta-
periodate (NaIO�) were products from Sigma Aldrich, Milan, Italy. Low-molecular-
weight chitosan (CHIT), with a Brook�eld viscosity of �� ��� cP, number-averaged
molecular weight of ��±� kg/mol, and poly(vinyl alcohol) (PVA) with a number-av-
eraged molecular weight of ��±� kg/mol determined by membrane osmometry and
mass-averaged molecular weight of ��±�� kg/mol determined by static light scatter-
ing, were purchased from Sigma Aldrich, ibid. The acetylation degree of chitosan was
��mol.% as determined by �HNMRat ���MHz (BrukerAdvance,Germany). Inorganic
acids and bases were reagent grade products from Carlo Erba, Milan, Italy. Milli-Q
water with purity grade ��.�M⌦/cm was produced with a deionization apparatus
(PureLab, Steroglass, PG, Italy).

��.�.� Synthesis of SPIONs
SPIONs (Fe�O�) with an average particle diameter of � - ��nm were prepared us-
ing controlled co-precipitation described previously.�� Brie�y, �mL of an aqueous so-
lution of �M FeCl� ⇥ �H�O, �.�M FeCl� ⇥ �H�O, and �.�M HCl were added under
vigorous mechanical stirring (� ��� rpm) to ��mL of �.�MNaOH. After heating the al-
kaline solution to �� �

C, the reaction was carried out for ��min underN� atmosphere
to prevent oxidation. The particles were collected by sedimentation with the help of
a large magnetic stirring bar, washed with degassed water and ethanol, and dried in
vacuum. For the coupling of SPIONs with non-reacted aldehyde groups available on
the MB surface, amino groups were introduced to the SPIONs’ surface via silaniza-
tion. Therefore, ���mg of SPIONs were washed with methanol (��mL), then with
an �:� (v/v) mixture of methanol and toluene (��mL), and �nally with toluene alone
(��mL). SPIONs were then dispersed into ��mL toluene. APTMS [�.�mL, �mM, in
a methanol/toluene �:� (v/v) mixture] was added to the SPION suspension, followed
by a further re�ux of the suspension at ��� �

C for �� h under a N� �ow and vigorous
stirring. The modi�ed particles were magnetically collected, washed three times with
methanol, and vacuum dried.

��.�.� Synthesis of Plain MBs
The synthesis was already previously reported by Cavalieri et al.�� Brie�y, sodium
metaperiodate was added to an aqueous PVA solution (�%w/v) to selectively split vic-
inal hydroxyl groups. Shorter chains of PVA with aldehydes as terminal groups were
obtained. An acetalization reaction between aldehyde and hydroxyl groups present
in the PVA chains was carried out at a pH of �.� and room temperature under high-
shear stirring, using an Ultra-Turrax T-�� (IKA, Germany) equipped with a Te�on tip,
at � ��� rpm for � h. Master concentration received for evaluation is �.�⇥ ��� MB/mL.

��.�.� Synthesis of Magnetic MBs-chem
For the coupling of SPIONs to the plain MBs’ shell typically a weight ratio between
plain MBs and silanized SPIONs of �:� (w/w) was used. First SPIONs were sonicated
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for ��min in an US bath (Ultrasound cleaner, CP���, CEIA, Italy). Then ��mg/mL SPI-
ONs were added to ��mg of plain MBs. The reductive amination was carried out at a
pH of �.�withNaBH�CN. The suspension was gently shaken for �ve days andwashed
with Milli-Q water. Chitosan oxidation was carried out by dissolving the polymer in
water at a concentration of �% (w/v) at pH �.�, oxidizing the C� and C� carbons of the
chitosan repeating unit for one day with NaIO� (feed molar ratio GlcN/NaIO� �:�.�,
where GlcN indicates the glucosamine repeating unit in the chitosan chain). Follow-
ing conjugation with silanized SPIONs, the oxidized repeating units of chitosan are
coupled to hydroxyl groups of the PVA shells by mixing a dispersion of �mg of MBs
with ��mL of the chitosan solution. Master concentration received for evaluation is
�.�� ⇥ ��� MB/mL. The amount of SPIONs was analyzed with thermogravimetric
analysis (TGA) and found to be ��wt.% for MBs-chem.��

��.�.� Synthesis of Magnetic MBs-phys
Unmodi�ed SPIONs were physically embedded in the shell by exploiting the favor-
able interaction between iron oxide nanoparticles and PVA. Brie�y, SPIONs were sus-
pended in water at a concentration of �mg/mL and sonicated ��min in an ultrasonic
bath (see above). ��mg/mL SPIONs were added during the PVA shell formation. The
rest of the synthesis is according to the synthesis of plain MBs. Master concentration
received for evaluation is �⇥ ��� MB/mL. The amount of SPIONs was analyzed with
TGA and found to be ��wt.% for MBs-phys.��

��.�.� Optical Microscopy
A sample of MBs was inserted in an improved Neubauer Chamber from Carl Roth,
Germany. Images of the �oating MBs were obtained under Köhler illumination with
an Axiovert ��� (Plan Neo�uar lens, ��⇥, NA=�.� Ph�) using high-resolution mono-
chrome camera (AxioCam HRm) from Carl Zeiss AG, Germany. The resolution of the
pictures was ����⇥ ����pixels (�.��� pixel/µm). To determine the size distribution,
the images were further analyzed with ImageJ software.�� First, the brightness and
contrast of the images were automatically corrected and then a binary �lter with an
automated threshold was made. The particles considered for analysis were particles
with a minimum area of �.��µm� (diameter �µm) and a maximum area of ��µm�

(diameter �µm), to exclude small and larger residues from the polymerization reaction.
The edges were excluded from the image analysis.

��.�.� Transmission Electron Microscopy
With TEM (CEM ���,Carl Zeiss AG, Germany), thin sections of about �� nm to �� nm,
produced by an ultracut microtome (EMUC�, Leica Mikrosysteme Vertrieb GmbH,
Germany), were imaged at �� kV. The shell thickness was obtained from TEM im-
ages by extracting cross-sectional gray-value pro�les that were analyzed with Im-
ageJ software.�� The start/end of the shell was determined at ��% decrease/increase of
the gray-value intensity. TEM samples were prepared by mixing the capsule solution
in a �:� ratio with �% aqueous solution of agar (Agar Noble, Difco, USA). After cur-
ing, the �exible gel was cut with a scalpel into small cubes. Next, the agar-embedded
capsules were solidi�ed by � h incubation with a �% glutaraldehyde solution (Serva
Electrophoresis GmbH, Germany) in phosphate bu�er (�.��Mphophate bu�er, pH �.�
Merck KGaA, Germany). Afterwards, three washing steps with phosphate bu�er were
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used to remove the excess of glutaraldehyde. Then the samples were dehydrated in
ethanol/water mixtures with increasing ethanol content (��%, ��%, ��%, and ��%) and
three times to plain ethanol (VWR International GmbH, Germany). The dehydration
exposure time was ��min for each step. The dried samples were then mixed with
EPON ��� (Serva Electrophoresis GmbH, Germany): EPON ���/ethanol mixture (�:�)
for �� h, followed by an EPON ���/ethanol mixture (�:�) for �-� h, and �nished with
three immersion steps (�-� h) in ���% EPON ���.

��.�.� Atomic Force Microscopy: Imaging
Gas-�lled polymer MBs were imaged with an AFM Nanowizard I (JPK Instruments
AG, Germany) mounted on a transmitted light microscope (Axiovert ���, Carl Zeiss
AG, Germany). Prior to the measurement, MBs were exposed ��min to an ultrasonic
bath at room temperature. This treatment leads to a replacement of the gas-�lled
core by the surrounding water. Water-�lled particles will fold �at upon drying on
a substrate. MBs were dried for ��min in vacuum at �� �

C. After the sample prepa-
ration, MBs were directly imaged with AFM. Dried MBs were imaged in intermittent
modus with rectangular cantilevers purchased from Atomic Force, Germany (Olym-
pus, OMCL-AC���TS (OTESPA), f = ���kHz, k = ��N/m). To determine the shell
thickness of hydrated MBs, the dried and imaged MBs were immersed for ��min in
puri�ed water (Millipore Advantage, Merck AG, Germany). ��min were enough to
ensure a hydration state that did not a�ect the measured height of the MBs any more.
Hydrated MBs were imaged in aqueous solution and in contact mode (CSC��, Mikro-
masch, Estonia, f = ��kHz, k = �.��N/m). The height images were used to extract
four cross-section pro�les by a standardized analysis with the commercial available
AFM software JPK Data Processing.

��.�.� Atomic Force Microscopy: Force Spectroscopy
The deformation behavior of MBs was measured in force spectroscopy experiments
with the same AFM used for imaging (see above). Prior to calibration, tipless can-
tilevers (CSC��, MikroMasch, Estonia, f = ��kHz, k = �.��N/m) were cleaned in
air-plasma (�min, Mini Flecto, Plasma Technology GmbH, Germany). Then the in-
verse optical lever sensitivity (InvOLS) was determined on a hard substrate at least at
three di�erent spots with a reasonable displacement of the cantilever (⇡�µm), which
is needed to �t the linear regime and read out the InvOLS in V/nm. With thermal
noise,�� the spring constant of the cantilevers were determined. Colloidal probes��
(⇡��µm, glass beads, Polyscience Europe GmbH, Germany) were attached with the
help of amicromanipulator (MP-���, Sutter Instrument Co., CA,USA) to the cantilever
tip with an epoxy glue (UHU plus Endfest ���, UHU GmbH&CoKG, Germany). Prior
to the MB deformation experiments, all colloidal probe cantilevers were cleaned for
�min in air-plasma.

��.�.�� Acoustic Characterization
The experimental setup used to assess the acoustic properties of the MBs suspension
was already described elsewhere.�� In brief, a �at transducer with nominal frequency
f = ��MHz and -��dB bandwidth ranges between �.��MHz and ��.�MHz is used.
An aluminum block, which is positioned � cm after the sample container, is used as a
re�ector. Within the near-�eld length (D�/(� �) = ���mm, whereD is the diameter
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of the transducer crystal, and � is the ultrasound wavelength in the medium of prop-
agation), this transducer produced a pressure �eld with a peak negative pressure not
larger than �� kPa. The peak negative pressure was assessed by PVdF ��µm needle
hydrophone (Precision Acoustics Ltd., Dorchester, Dorset, UK). More information on
the determination of the attenuation coe�cient can be found in the Supplementary
Information.

��.�.�� Microbubble Concentration
It was previously reported�� that acoustic e�ciency i. e., backscattered power, is pro-
portional to the number of scatterers (here MBs) in the suspension if the excitation
is performed below the resonance frequency and multiple scattering is disregarded.
As a result, we propose to evaluate all types of MBs at three di�erent concentrations:
low, intermediate, and high concentration. For plain MBs, the concentrations were
�.��⇥ ��� MB/mL, �.��⇥ ��� MB/mL, and �.��⇥ ��� MB/mL. For MBs-chem, con-
centrations of �.��⇥ ��� MB/mL, �.��⇥ ��� MB/mL, and �.��⇥ ��� MB/mL were
used. And for MBs-phys, concentrations of � ⇥ ��� MB/mL, � ⇥ ��� MB/mL, and
� ⇥ ��� MB/mL were considered. Minor discrepancies between the number of mi-
crobubbles taken for each investigation is attributed to the fact that dilution rate was
kept constant among all tests while the master solution arrived in di�erent initial
concentrations.

��.�.�� Differential Scanning Calorimetry
The crystallinity of PVA was investigated using a TAQ��� (Waters, Milan, Italy) dif-
ferential scanning calorimeter (DSC). A known amount of �-�mg of lyophilized MBs
was sealed in an aluminum pan. The scans were performed from �� �C to ��� �C at
heating and cooling rates of �� �C/min under a �ux of ��mL/min of dry N�. Data were
collected after the �rst reference thermal cycle.

��.� Results and Discussion

��.�.� Geometrical Dimensions of Magnetic MBs
PVA-shelled MBs have a diameter of about �µm as shown in the optical micrograph
and the corresponding size-distribution in Figure ��.�. Optical micrographs are useful
for quality control and to estimate roughly the average diameter of the MBs.
However, the obtained size-distributions do not only represent theMBs’ size-disper-

sity but as well include the deviation caused by the error of the method. In the case
of gas-�lled MBs, the particles are �oating at the water-air interface and can move
in x, y, and z-direction. Thus, the obtained standard deviation broadens due to MBs
that appear smaller by moving out of the focussing plane or appear bigger by overlap-
pingwith otherMBs in di�erent planes. Tomodel low- and high-frequencymechanics
the MBs’ diameter, shell thickness and the corresponding standard deviations are of
paramount importance. Therefore, a method is required that enables precise informa-
tion about the dispersity of both parameters. With AFM imaging, the simultaneous
characterization of diameter and shell thickness is possible, with a su�cient high res-
olution in the relevant micrometer and nanometer range.
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1. Determination of the attenuation coefficient: 
 
The attenuation coefficient of the ultrasound wave propagating through the MBs suspension is determined using 
a two time domain signals. The first signal is acquired from the ultrasound pulse propagating through the cell 
filled with pure water. The second signal is collected from the cell filled with the suspension of the MBs. The 
Fourier analysis reveals the harmonic decomposition of the time-domain signals to be equal: 
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Where |ref	| and ref 	are modulus and phase of the spectra acquired from pure water. If the dissipation of 
energy is added, due to wave propagation through the MBs suspension, the only effect it cause is that the wave 
vector  becomes complex, i.e. =  - . Thus, the spectrum of the signal from MBs can be 
rewritten as: 
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Where  should be seen as attenuation coefficient , and wave number  represents the phase 
shift. Taking into account the “round-trip” propagation of the beam through the cell of length L, the harmonic 
decomposition of the signal from MBs on its final form is: 
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Substituting the scale from Np to dB, the attenuation coefficient , can be calculated from: 
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2. Optical microscopy: 

 

Figure S1 Optical micrograph of US/MRI contrast agent (Type B) dispersed in water with the corresponding size 
distribution. Analysis of the optical micrographs were performed with ImageJ1. The resolution of the image is 
1.935 pixel/ µm. We performed an autocorrection of the brightness/contrast and then transformed the image in a 

Page 12 of 18Soft Matter

C
ou

nt
s

Diameter, µm          

120
N = 1784
3.2±1.7 µm100

80

60

40

20

0
0 2 4 6 8 1025 µm

Figure 13.2 Optical micrograph (left) of US/MRI contrast agent (MBs-phys) dispersed in
water with the corresponding size-distribution (right).
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Geometrical dimensions of magnetic MBs 
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Figure 2 AFM height images of magnetic MBs with the 
corresponding extracted height profiles: (left) MBs-chem with 

SPIONs on the shell surface and (right) MBs-phys with SPIONs 
inside the shell. 65 

In Figure 2 typical AFM height images of dried magnetic MBs 
are shown. Important for the determination of the shell thickness 
is a flat folded topography of the MB. This is realized by removal 
of the gas-core through a vacuum drying process, which is 
described in detail in the experimental part. For flat folded MBs 70 

we expect the shell thickness h to refer to half of the measured 
height y, as depicted in the cross sectional profiles in Figure 2. 
The diameter ds of the spherical MBs was estimated from the 
surface area Af of the flat folded MBs by assuming that the 
surface area of the spherical MB As is approximately twice the 75 

surface area of the flat folded MB Af and twice the area of the 
folds Afold. 
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Figure 3 Thickness plotted versus the radius of the MBs imaged 
with AFM in dried conditions.  

 

In Figure 3 the shell thickness of the individual studied MBs is 
plotted against their corresponding diameter. The scatter plot 85 
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Geometrical dimensions of magnetic MBs 
PVA-shelled MBs have a diameter of about 3 µm as shown in the 
optical micrograph and the corresponding size distribution in 
Figure S1. Optical micrographs are useful for quality control and 
to estimate roughly the average diameter of the MBs. However, 45 

the obtained size distributions do not only represent the MBs’ 
size dispersity but as well include the deviation caused by the 
error of the method. In the case of gas-filled MBs, the particles 
are floating at the water-air interface and can move in x, y and z-
direction. Thus, the obtained standard deviation broadens due to 50 

MBs that appear smaller by moving out of the focussing plane or 
appear bigger by overlapping with other MBs in different planes.  
To model low- and high-frequency mechanics the MBs’ 
diameter, shell thickness and the corresponding standard 
deviations are of paramount importance. Therefore, a method is 55 

required that enables precise information about the dispersity of 
both parameters. With AFM imaging the simultaneous 

characterization of diameter and shell thickness is possible, with a 
sufficient high resolution in the relevant micrometer and 
nanometer range. 60 

 

Figure 2 AFM height images of magnetic MBs with the 
corresponding extracted height profiles: (left) MBs-chem with 

SPIONs on the shell surface and (right) MBs-phys with SPIONs 
inside the shell. 65 

In Figure 2 typical AFM height images of dried magnetic MBs 
are shown. Important for the determination of the shell thickness 
is a flat folded topography of the MB. This is realized by removal 
of the gas-core through a vacuum drying process, which is 
described in detail in the experimental part. For flat folded MBs 70 

we expect the shell thickness h to refer to half of the measured 
height y, as depicted in the cross sectional profiles in Figure 2. 
The diameter ds of the spherical MBs was estimated from the 
surface area Af of the flat folded MBs by assuming that the 
surface area of the spherical MB As is approximately twice the 75 

surface area of the flat folded MB Af and twice the area of the 
folds Afold. 

  2	2	fold; 													  			fold
   (1) 

 

 80 

Figure 3 Thickness plotted versus the radius of the MBs imaged 
with AFM in dried conditions.  

 

In Figure 3 the shell thickness of the individual studied MBs is 
plotted against their corresponding diameter. The scatter plot 85 
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Figure 13.4 Thickness plotted versus the radius of the MBs imaged with AFM in dried
conditions.

In Figure ��.�, typical AFM height images of dried magnetic MBs are shown. Impor-
tant for the determination of the shell thickness is a �at folded topography of the MB.
This is realized by removal of the gas-core through a vacuum drying process, which
is described in detail in the experimental part. For �at folded MBs we expect the shell
thicknessH to refer to half of the measured height y, as depicted in the cross sectional
pro�les in Figure ��.�. The diameterdspherical of the sphericalMBs was estimated from
the surface area A�at of the �at folded MBs by assuming that the surface area of the
spherical MB Aspherical is approximately twice the surface area of the �at folded MB
A�at and twice the area of the folds Afold.

Aspherical ⇡ �A�at + �Afold and dspherical =

r
Aspherical

⇡
(��.�)

In Figure ��.�, the shell thickness of the individual studied MBs is plotted against
their corresponding diameter. The scatter plot illustrates that the thickness does not
depend on the MB diameter. The obtained shell thicknesses scatter around a mean
value. Based on this result,we conclude that the geometric dimensions of themagnetic
MBs did not change through the modi�cation with magnetic nanoparticles and are
the same for all three samples. Thus, plain MBs, MBs-chem, and MBs-phys were sum-
marized for the statistical analysis of the shell thickness and the diameter, shown in
the histogram in Figure ��.�. The average diameter of the MBs is of about �.�±�.�µm
and the average shell thickness of about ���±�� nm for the dried shell. Detailed values
for the statistical median and the peak value of the gauss distribution with their corre-
sponding standard deviations are given in Table ��.� in the Supplementary Informa-
tion (page ���). An important result from the analysis of the geometrical parameters
is that both shell thickness and diameter have a certain polydispersity. To interpret re-
alistically force spectroscopy results and minimize uncertainties during analysis, the
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illustrates that the thickness does not depend on the MB diameter. 
The obtained shell thicknesses scatter around a mean value. 
Based on this result we conclude that the geometric dimensions 
of the magnetic MBs did not change through the modification 
with magnetic nanoparticles and are the same for all three 5 

samples. Thus, plain MBs, MBs-chem and MBs-phys were 
summarized for the statistical analysis of the shell thickness and 
the diameter, shown in the histogram in Figure 4. The average 
diameter of the MBs is of about 3.5 µm ± 0.8 µm and the average 
shell thickness of about 150 nm ± 60 nm for the dried shell. 10 

Detailed values for the statistical median and the peak value of 
the gauss distribution with their corresponding standard 
deviations are given in Table S2 in the Supplementary 
Information. 

In addition to geometric parameters, the AFM images contain 15 

information about the MBs’ surface structure. The inset in Figure 
2 indicates an increased roughness of the shell surface for MBs-
chem compared to MBs-phys, caused by the SPIONs and 
SPIONs aggregates on the shell surface. 

 20 

Figure 4 Diameter and shell thickness distribution of plain, MBs-
chem and MBs-phys. 

Shells made of telechelic PVA are known to be responsive 
towards water and are described as hydrogel-like material. 
Previous studies with Scanning Transmission X-ray Microscopy 25 

(STXM) indicate a shell composition of 20% PVA and 80% 
water. 65, 66 STXM images were also used to estimate the shell 
thicknesses of three individual MBs in water. As a result, the 
authors found thickness values of 380 nm, 560 nm and 630 nm.67, 

68 Tzvetkov et al69 showed that the both thickness and shell 30 

composition were maintained after the MBs experienced a drying 
step. The change of the MBs’ shell thickness from dried to 
hydrated condition was analyzed by exposure of the dried MBs to 
aqueous solution and subsequent AFM imaging in aqueous 
condition as described in the experimental part. We observed an 35 

increase of the shell thickness and an increase of the scattering of 
the thickness values. Overall, we could determined a percental 
increase hincrease of the shell thickness of about 45%, which refers 
to a shell thickness of about 250 nm ± 127 nm calculated with the 
Equation 2: 40 

  100 
    (2) 

Because the shell thickness is a very important parameter for the 
MBs’ mechanical properties and the acoustic behaviour, we used 

TEM as a complementary method to validate the results obtained 
from AFM. In our previous paper23 TEM was successfully used 45 

to localize the SPIONs within the thin sections of magnetic MBs. 
SPIONs can be easily recognized as dark spots in the TEM 
images, because iron atoms have a high electron density. In 
Figure 5, SPIONs are located around the shell surface of MBs-
chem and inside the polymer shell for MBs-phys. In addition, the 50 

spherical PVA shell can be clearly differentiated from the 
surrounding resinous matrix (EPON) in which MBs were 
embedded.  

 
Figure 5 Ultrathin sections of magnetic MBs MBs-chem and 55 

MBs-phys imaged with TEM and the corresponding radial 
profiles of the gray value intensity. 

From contrast-corrected images, as described in Figure S4, cross 
sectional radial profiles of the gray value intensity were used to 
determine the shell thickness (see Figure 5). The edges of the 60 

shell are assumed to be at ±50% change of the gray scale value of 
the PVA/EPON interface. However, the random slicing process 
will affect the measured shell thickness hi and the measured radii 
ri. Hence sections, which are derived from an increasing distance 
from the MB’s center, will provide larger shell thicknesses and 65 

smaller radii compared to the true values. A model based on 
Smith’s correction approach70 was used to derive a correction 
factor for the measured shell thickness. The correction considers 
the diameter and thickness distributions obtained from the TEM 
images and the probability of the slicing angle. Further details 70 

can be found in the Supporting Information.  
MBs with a plain PVA shell indicated a mean thickness of about 
300 nm. For the magnetic MBs very similar thickness 
distributions were obtained that did not significantly differ from 
plain MBs. As correction factor we calculated a value of 0.6 for 75 

the investigated samples. Based on the found correction factor the 
true shell thickness is expected to be about 180 nm, which is in 
good accordance with the results obtained in the AFM 
experiments. However, the shell thickness values obtained from 
TEM experiments range between the values of the dried and 80 

hydrated shells measured with AFM. With the preparation 
method used for TEM the hydration state is not as well controlled 
as with AFM. From the obtained results we think that the shell in 
the EPON matrix corresponds to an intermediate hydration state. 
In conclusion, we know that the shell thickness ranges between 85 

120 nm and 380 nm and that we have to expect a certain 
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Figure 13.5 Diameter and shell thickness distribution of plain, MBs-chem, and MBs-phys.

in situ determination of the MBs on the single particle with optical microscopy during
force spectroscopy experiments is essential. However, the shell thickness is not acces-
sible in situ and an average value needs to be considered. In addition to geometric
parameters, the AFM images contain information about the MBs’ surface structure.
The inset in Figure ��.� indicates an increased roughness of the shell surface for MBs-
chem compared to MBs-phys, caused by the SPIONs and SPIONs aggregates on the
shell surface.
Shells made of telechelic PVA are known to be responsive towards water and are de-

scribed as hydrogel-like material. Previous studies with scanning transmission X-ray
microscopy (STXM) indicate a shell composition of ��%PVAand ��%water.��,�� STXM
images were also used to estimate the shell thicknesses of three individual MBs in wa-
ter. As a result, the authors found thickness values of ��� nm, ��� nm, and ��� nm.��,��
Tzvetkov et al. showed that the both thickness and shell composition were maintained
after theMBs experienced a drying step.�� In this study,we analyzed the change of the
MBs’ shell thickness from dried to hydrated condition. Therefore, dried MBs were ex-
posed to aqueous solution and subsequent imaged with AFM in solution as described
in the experimental part. A percental increase of the shell thickness H, increase of

Table 13.1 Diameter d and shell thickness H of plain MBs determined with different
methods.

Diameter d, µm Shell thickness H, nm
AFM Optical Confocal AFM STXM�� cryo-TEM TEM

dried-state �.�±�.� — — ���±�� — — —
in solution �.�±�.� �.�±�.� �.�±�.� ���±��� ���±��� ���,�� ����� ���
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illustrates that the thickness does not depend on the MB diameter. 
The obtained shell thicknesses scatter around a mean value. 
Based on this result we conclude that the geometric dimensions 
of the magnetic MBs did not change through the modification 
with magnetic nanoparticles and are the same for all three 5 

samples. Thus, plain MBs, MBs-chem and MBs-phys were 
summarized for the statistical analysis of the shell thickness and 
the diameter, shown in the histogram in Figure 4. The average 
diameter of the MBs is of about 3.5 µm ± 0.8 µm and the average 
shell thickness of about 150 nm ± 60 nm for the dried shell. 10 

Detailed values for the statistical median and the peak value of 
the gauss distribution with their corresponding standard 
deviations are given in Table S2 in the Supplementary 
Information. 

In addition to geometric parameters, the AFM images contain 15 

information about the MBs’ surface structure. The inset in Figure 
2 indicates an increased roughness of the shell surface for MBs-
chem compared to MBs-phys, caused by the SPIONs and 
SPIONs aggregates on the shell surface. 

 20 

Figure 4 Diameter and shell thickness distribution of plain, MBs-
chem and MBs-phys. 

Shells made of telechelic PVA are known to be responsive 
towards water and are described as hydrogel-like material. 
Previous studies with Scanning Transmission X-ray Microscopy 25 

(STXM) indicate a shell composition of 20% PVA and 80% 
water. 65, 66 STXM images were also used to estimate the shell 
thicknesses of three individual MBs in water. As a result, the 
authors found thickness values of 380 nm, 560 nm and 630 nm.67, 

68 Tzvetkov et al69 showed that the both thickness and shell 30 

composition were maintained after the MBs experienced a drying 
step. The change of the MBs’ shell thickness from dried to 
hydrated condition was analyzed by exposure of the dried MBs to 
aqueous solution and subsequent AFM imaging in aqueous 
condition as described in the experimental part. We observed an 35 

increase of the shell thickness and an increase of the scattering of 
the thickness values. Overall, we could determined a percental 
increase hincrease of the shell thickness of about 45%, which refers 
to a shell thickness of about 250 nm ± 127 nm calculated with the 
Equation 2: 40 

  100 
    (2) 

Because the shell thickness is a very important parameter for the 
MBs’ mechanical properties and the acoustic behaviour, we used 

TEM as a complementary method to validate the results obtained 
from AFM. In our previous paper23 TEM was successfully used 45 

to localize the SPIONs within the thin sections of magnetic MBs. 
SPIONs can be easily recognized as dark spots in the TEM 
images, because iron atoms have a high electron density. In 
Figure 5, SPIONs are located around the shell surface of MBs-
chem and inside the polymer shell for MBs-phys. In addition, the 50 

spherical PVA shell can be clearly differentiated from the 
surrounding resinous matrix (EPON) in which MBs were 
embedded.  

 
Figure 5 Ultrathin sections of magnetic MBs MBs-chem and 55 

MBs-phys imaged with TEM and the corresponding radial 
profiles of the gray value intensity. 

From contrast-corrected images, as described in Figure S4, cross 
sectional radial profiles of the gray value intensity were used to 
determine the shell thickness (see Figure 5). The edges of the 60 

shell are assumed to be at ±50% change of the gray scale value of 
the PVA/EPON interface. However, the random slicing process 
will affect the measured shell thickness hi and the measured radii 
ri. Hence sections, which are derived from an increasing distance 
from the MB’s center, will provide larger shell thicknesses and 65 

smaller radii compared to the true values. A model based on 
Smith’s correction approach70 was used to derive a correction 
factor for the measured shell thickness. The correction considers 
the diameter and thickness distributions obtained from the TEM 
images and the probability of the slicing angle. Further details 70 

can be found in the Supporting Information.  
MBs with a plain PVA shell indicated a mean thickness of about 
300 nm. For the magnetic MBs very similar thickness 
distributions were obtained that did not significantly differ from 
plain MBs. As correction factor we calculated a value of 0.6 for 75 

the investigated samples. Based on the found correction factor the 
true shell thickness is expected to be about 180 nm, which is in 
good accordance with the results obtained in the AFM 
experiments. However, the shell thickness values obtained from 
TEM experiments range between the values of the dried and 80 

hydrated shells measured with AFM. With the preparation 
method used for TEM the hydration state is not as well controlled 
as with AFM. From the obtained results we think that the shell in 
the EPON matrix corresponds to an intermediate hydration state. 
In conclusion, we know that the shell thickness ranges between 85 

120 nm and 380 nm and that we have to expect a certain 
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Figure 13.6 Ultrathin sections of magnetic microbubbles MBs-chem and MBs-phys im-
aged with TEM and the corresponding radial profiles of the gray-value intensity.

about ��% was observed, which refers to a shell thickness of about ���±��� nm cal-
culated with the Equation ��.�:

Hincrease/% =
Hwater -Hdry

Hwater
(��.�)

This result is in very good agreement with reported STXM�� and cryo-TEM��,�� re-
sults. A summary of diameter and shell thickness valuesmeasuredwith di�erentmeth-
ods in this study and in previous work is reported in Table ��.�.
Because the shell thickness is a very important parameter for the MBs’ mechanical

properties and the acoustic behavior, we used TEM as a complementary method to
validate the results obtained fromAFM. In our previous paper�� TEMwas successfully
used to localize the SPIONs within the thin sections of magnetic MBs. SPIONs can be
easily recognized as dark spots in the TEM images, because iron atoms have a high
electron density. In Figure ��.�, SPIONs are located around the shell surface of MBs-
chem and inside the polymer shell for MBs-phys. In addition, the spherical PVA shell
can be clearly di�erentiated from the surrounding resinous matrix (EPON) in which
MBs were embedded.
From contrast-corrected images, as described in Figure ��.�� in the Supporting In-

formation (page ���), cross-sectional radial pro�les of the gray-value intensity were
used to determine the shell thickness (see Figure ��.�). The edges of the shell are
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assumed to be at ±��% change of the gray-scale value of the PVA/EPON interface.
However, the random slicing process will a�ect the measured shell thickness Hi and
the measured radii Ri. Hence, the sections, which are derived from an increasing dis-
tance from theMB’s equatorial center,will provide larger shell thicknesses and smaller
radii compared to the true values. A modi�ed model based on Smith’s correction
approach�� was used to derive a correction factor for the measured shell thickness.
The correction considers the diameter and thickness distributions obtained from the
TEM images and the probability of the slicing at di�erent distances to the capsule’s
equator within a limiting slicing angle. Further details on the modi�cation can be
found in the Supporting Information (Section ��.�.� on page ���).
MBs with a plain PVA shell indicated a mean thickness of about ��� nm. For the

magnetic MBs, very similar thickness distributions were obtained that did not signi�-
cantly di�er from plain MBs. As correction factor, we calculated a value of �.�� for the
investigated samples. Based on the found correction factor, the true shell thickness is
expected to be about ��� to ��� nm, which is in good accordance with the results ob-
tained in the AFM experiments and the results in literature. In conclusion, we know
that the shell thickness ranges between ��� nm and ��� nm and that we have to expect
a certain dispersity in the shell thickness.

��.�.� Mechanical Characterization by AFM
Sboros and co-workers��–�� already made clear that the geometric dimensions and
mechanical properties of MBs are crucial for the prediction of the MBs’ acoustic be-
havior, and that AFM is a useful tool to study the mechanical properties of ultrasound
contrast agents (UCAs) in force-deformation experiments. Their focus was mainly
on hard-shelled UCAs with a shell made of a bilayer of albumin and polylactide. Re-
cently, AFM force spectroscopy experiments were successfully used for the character-
ization of phospholipids-shelled MBs.��–�� One distinctive feature compared to previ-
ous mechanical studies on UCAs is the detailed characterization of our investigated
system regarding the mechanical key parameters: diameter, shell thickness, and size-
dispersity. Furthermore, the probe used for the quasi-static deformation of UCAs in
the low-frequency regime di�ers. Instead of a sharp tip we used a colloidal probe
setup,�� which is well established formechanical tests on arti�cial microcapsules.��–��
One practical advantage of a colloidal probe setup for mechanical tests of core/shell

particles is an easy and optimal alignment of probe and sample. In addition, a de�ned
contact area is obtained and local probing or indentation is avoided. In Figure ��.�,
the inset sketches the used setup. The colloidal probe’ diameter is about ��µm and
thus about one magnitude larger than the investigated MBs. To test the mechanical
response of the MB’s shell material we carried out small deformations on the order of
the hydrated shell thickness, referring to deformations smaller than ��� nm. For larger
deformations,we expect a stretching and thinning of the shell due to an increasing gas
volume within the gas-tight MBs, which will lead to additional restoring forces.��,��

To identify the relative deformation "crossover, where volume forces start to domi-
nate the MBs deformation behavior Fery et al.�� suggested a simple scaling argument
for capsules that considers the shell thickness H and the radius R:



13

13.3 Results and Discussion 279

 

6  |  Journal Name, [year], [vol], 00–00 This journal is © The Royal Society of Chemistry [year] 

dispersity in the shell thickness. 

Mechanical characterization with AFM 

Sboros and co-workers53-56 already made clear that the geometric 
dimensions and mechanical properties of MBs are crucial for the 
prediction of the MBs’ acoustic behaviour, and that AFM is a 5 

useful tool to study the mechanical properties of ultrasound 
contrast agents (UCAs) in force-deformation experiments. Their 
focus was mainly on hard-shelled UCAs with a shell made of a 
bilayer of albumin and polylactide. Recently, AFM force 
spectroscopy experiments were successfully used for the 10 

characterization of phospholipids-shelled MBs.57-59 One 
distinctive feature compared to previous mechanical studies on 
UCAs is the detailed characterization of our investigated system 
regarding the mechanical key parameters: diameter, shell 
thickness, and size dispersity. Furthermore, the probe used for the 15 

quasi-static deformation of UCAs in the low frequency regime 
differs. Instead of a sharp tip we used a colloidal probe setup64, 
which is well established for mechanical tests on artificial 
microcapsules71-74. One practical advantage of a colloidal probe 
setup for mechanical tests of core/shell particles is an easy and 20 

optimal alignment of probe and sample. In addition, a defined 
contact area is obtained and local probing or indentation is 
avoided. In Figure 6, the inset sketches the used setup. The 
colloidal probe’ diameter is about 30 µm and thus about one 
magnitude larger than the investigated MBs. To test the 25 

mechanical response of the MB’s shell material we carried out 
small deformations on the order of the hydrated shell thickness, 
referring to deformations smaller than 250 nm. For larger 
deformations, we expect a stretching and thinning of the shell due 
to an increasing gas volume within the gas-tight MBs, which will 30 

lead to additional restoring forces.72, 75  

 

Figure 6 Force-deformation curves of plain MBs, MBs-chem, 
and MBs-phys. 

To identify the relative deformation ε, where volume forces start 35 

to dominate the MBs deformation behavior Fery et al.72 suggested 
a simple scaling argument for capsules that considers the shell 
thickness h and the radius r: 

  	 
 	; 					  	 	    (3) 

For the investigated MBs with a radius of ~1.75 µm and an 40 

average hydrated shell thickness of 215 nm, we expect the 
crossover of these two regimes for a deformation D of about 
350 nm. Figure 6 shows typical force deformation curves of plain 
MBs, MBs-chem and MBs-phys. The maximum applied force 
load was 50 nN that resulted in deformations up to 250 nm. The 45 

curve progression is very similar for all three samples and shows 
after a small non-linear onset a characteristic linear elastic 
deformation behavior. We believe that the onset observed in the 
force deformation curves is caused by various surface interactions 
such as steric repulsion of the PVA chains. The interface between 50 

gas core and the aqueous solution is the PVA shell, which is 
described as a hydrogel-like material of 20% polymer and 80% 
water. From previous published freeze fracture images69 we 
distinguish the shell in a polymer rich zone around the core and a 
polymer poor zone close to the aqueous phase, where PVA chains 55 

can also penetrate the aqueous phase. Differences of the MBs’ 
deformation behavior are observed when we compare the force 
loads needed for a deformation of 200 nm. MBs with a 
comparable diameter were chosen for this graph to exclude size 
effects. The force load needed for a 200 nm deformation of MBs-60 

chem was with 26 nN much lower compared to a force of 41 nN 
needed for MBs-phys. The corresponding stiffness F/D of the 
MBs is given in N/m, shown as red linear fit in the force-
deformation curve.  
The used AFM is combined with an optical microscope, thus the 65 

diameter is obtained for each deformed MB. In Figure 7, the 
statistical analysis of the observed diameter and the stiffness of 
the studied particles are displayed. All MBs had a diameter 
between1 µm and 3 µm. MBs-chem showed average stiffness 
values of about 0.03 N/m which were smaller than the stiffness 70 

values of 0.08 N/m for plain MBs. Much larger stiffness values 
with much broader distributions were observed for MBs-phys 
with an average stiffness value of about 0.26 N/m. Thus we can 
conclude that MBs-chem are much softer than MBs-phys. 
If the observed change in the stiffness is a result of changed 75 

material properties of the shell was further analyzed with a model 
proposed by Reissner 76, 77. With this model the deformation 
behavior of single MBs can be related to their geometry 
properties and the shell’s material properties can be estimated. 
The stiffness F/D depends on shell thickness h, radius R, elastic 80 

modulus E and the Poisson’s ratio ν as described in Equation 4: 


 	


 	


   (4) 

As expected from the Reissner model we observe an increase of 
the measured stiffness values for MBs with smaller radius as 
shown in Figure 8. The scattering of the stiffness around the 85 

proposed linear trend can be attributed to the dispersity that we 
expect for the shell thickness. MBs-chem are softer compared to 
plain MBs and surface-modified MBs-phys. To estimate the 
elastic modulus of the shell’s material, we used an approximated 
average shell thickness of 249 nm for the hydrated state. 90 
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For the investigated MBs with a radius of ⇡�.��µm and an average hydrated shell
thickness of ��� nm, we expect the crossover of these two regimes for a deformation �
of about ��� nm. Figure ��.� shows typical force deformation curves of plain MBs,
MBs-chem andMBs-phys. Themaximum applied force loadwas �� nN that resulted in
deformations up to ��� nm. The curve progression is very similar for all three samples
and shows after a small non-linear onset a characteristic linear elastic deformation
behavior. We believe that the onset observed in the force deformation curves is caused
by various surface interactions such as steric repulsion of the PVA chains.
The interface between gas core and the aqueous solution is the PVA shell, which is

described as a hydrogel-like material of ��% polymer and ��% water. From previous
published freeze-fracture images,�� we distinguish the shell in a polymer-rich zone
around the core and a polymer-poor zone close to the aqueous phase, where PVA
chains can also penetrate the aqueous phase. Di�erences of the MBs’ deformation
behavior are observed when we compare the force loads needed for a deformation
of ��� nm. MBs with a comparable diameter were chosen for Figure ��.� to exclude
size e�ects. The force load needed for a ��� nm deformation of MBs-chem was with
�� nN much lower compared to a force of �� nN needed for MBs-phys. The corre-
sponding sti�ness F/� of the MBs is given in N/m, shown as red linear �t in the force-
deformation curve.
The used AFM is combined with an optical microscope, thus the diameter is ob-

tained for each deformedMB. In Figure ��.�, the statistical analysis of the observed di-
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Figure 7 Histogram of the MBs stiffness and the particle 

diameter of the measured MBs. 

The Poisson’s ratio ranges for materials between 0.49 for rubber-
like materials and 0.33 for solid materials. For the calculation of 5 

the elastic modulus of the rather soft polymer shell, we used a 
reasonable Poisson’s ratio of 0.49. As a result, we obtained a 
elastic modulus of 230 kPa for MBs-chem, 1.3 MPa for plain 
MBs and about 3.2 MPa for MBs-phys. These results clearly 
indicate that the material properties have changed through the 10 

modification by SPIONs. As shown by the Equation 4 the value 
of the Poisson ratio has a minor effect on the elastic modulus 
compared to the direct measured parameters such as the shell 
thickness and the radius. Here the change of the stiffness results 
in an increase of the elastic modulus. The reinforcement of the 15 

polymeric shell observed for MBs-phys is based on an higher 
density of the shell material. This has been already observed for 
other core/shell systems where nanoparticles were integrated into 
the shell.78, 79  
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Figure 13.8 Histograms of the MBs’ diameter (left) and stiffness (right).

ameter and the sti�ness of the studied particles are displayed. All MBs had a diameter
between �µmand �µm.MBs-chem showed average sti�ness values of about �.��N/m
which were smaller than the sti�ness values of �.��N/m for plain MBs. Much larger
sti�ness values with much broader distributions were observed for MBs-phys with an
average sti�ness value of about �.��N/m. Thus we can conclude that MBs-chem are
much softer than MBs-phys.
If the observed change in the sti�ness is a result of changed material properties of

the shellwas further analyzedwith amodel proposed byReissner.��,��With thismodel,
the deformation behavior of single MBs can be related to their geometry properties
and the shell’s material properties can be estimated. The sti�ness F/� depends on
shell thickness H, radius R, elastic modulus E and the Poisson’s ratio ⌫ as described
in Equation ��.�:

F

�
=

H�

R

Ep
� (�- ⌫�)/�

Reissner model (��.�)

As expected from the Reissner model, we observe an increase of the measured sti�-
ness values for MBs with smaller radius as shown in Figure ��.�. The scattering of
the sti�ness around the proposed linear trend can be attributed to the dispersity that
we expect for the shell thickness. MBs-chem are softer compared to plain MBs and
surface-modi�ed MBs-phys. To estimate the elastic modulus of the shell’s material,
we used an approximated average shell thickness of ��� nm for the hydrated state.

The Poisson’s ratio ranges for materials between �.�� for rubber-like materials and
�.�� for solid materials. For the calculation of the elastic modulus of the rather soft
polymer shell, we used a reasonable Poisson’s ratio of �.��. As a result, we obtained
an elastic modulus of ��� kPa forMBs-chem, �.�MPa for plain MBs and about �.�MPa
forMBs-phys. These results clearly indicate that thematerial properties have changed
through the modi�cation by SPIONs. As shown by the Equation ��.� the value of
the Poisson’s ratio has a minor e�ect on the elastic modulus compared to the direct
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Figure 13.9 Scatter plot of the stiffness in N/m versus the inverse of the MB radius.

measured parameters such as the shell thickness and the radius. Here the change of
the sti�ness results in an increase of the elastic modulus.

��.�.� Internal Shell Structure
For the MBs’ mechanical properties, the shell’s structure and in particular the den-
sity of crosslinks inside the polymeric network are crucial. Both types of crosslinks
— chemical and physical — need to be considered for a shell made of poly(vinyl al-
cohol) (PVA).�� For the MBs’ polymeric shell, chemical crosslinks originate from the
acetalization reaction carried out during the MBs synthesis, where aldehyde groups
of the telechelic PVA react with hydroxyl groups. Non-covalent or physical crosslinks
refer to crystalline domains within the polymeric network, which are typical for the
semicrystalline polymer PVA.��,��
The degree of crystallinity, referring to the crystalline domains present in the poly-

meric network,was determinedwith di�erential scanning calorimetry (DSC). Endother-
mic and exothermic peaks in the DSC diagram refer to the melting and recrystalliza-
tion of the crystalline domains in the polymeric network. Thus, the degree of crys-
tallinity is accessible, which is an indicator for the number of physical crosslinks in-
side the PVA shell. Recently, we observed di�erences in the degree of crystallinity
between plain MBs, MBs-chem, and MBs-phys as shown in Figure ��.��.�� Plain MBs
showed the highest degree of crystallinity with typical endothermic and exothermic
peaks. Amajor change of the number of physical crosslinks was found for SPIONs con-
jugated to the shell surface (MBs-chem). The typical peak pro�le is lost indicating the
absence of crystalline domains in the PVA network and a complete loss of the physical
crosslinks, which is reducing the overall crosslinking density. In contrast, the embed-
ding of SPIONs (MB-phys) resulted in slight changes of the shell structure. Here, a
decrease of peak signals was observed, referring to a lower degree of crystallinity and
a reduced number of physical crosslinks.
Further experiments were performed in this study to understand the reason for the

change of the shell structure and the MBs’ mechanical stability. Therefore, we ana-



282 Interplay of Shell Structure and Mechanics of Multifunctional Magnetic Microbubbles

MBs-phys

H
ea

t fl
ow

, W
/g

   
     

Temperature, °C        

MBs-chem
plain MBs

50 100 150 200 250
-6

-4

-2

0

2

4

6

..............
....

..............
...
.

Figure 13.10 Differential scanning calorimetry of plain MBs (full line), MBs-chem (dashed
black line), and MBs-phys (dashed blue line). Reproduced from Ref.23 (Copyright 2013),
with permission from American Chemical Society.

chemically treated MBs
plain MBs

H
ea

t fl
ow

, W
/g

   
     

Temperature, °C        

1.5

1.0

0.5

0.0

-0.5

-1.0

-1.5
60 80 100 120 140 160 180 200 220 240

.. . ...........
...
.

Figure 13.11 Differential scanning calorimetry of plain MBs before and after chemical
treatment without attaching SPIONs.



13

13.3 Results and Discussion 283

lyzed the degree of crystallinity of plain MBs before and after the chemical treatment.
SPIONs were excluded from the chemical treatment, in other words, MBs were solely
exposed to the corresponding chemicals and reaction conditions without using any
nanoparticles. As Figure ��.�� shows, plain MBs indicate the typical peaks referring
the crystalline domains in the network. After exposing the MBs to the reaction condi-
tions and corresponding chemicals the peaks (crystalline domains) are lost. Plain MBs
with APTMS attached to the surface show the same internal shell structure as MBs-
chem. Thus, we can conclude from these experiments that the chemical treatment is
the crucial factor for changes in the internal shell structural.
In view of the mechanical properties of MBs-chem, the reduced number of physical

crosslinks in the PVA shell is an explanation for the reduced elastic modulus of the
shell.�� However, the DSC result for MBs-phys, indicating a reduced amount of physi-
cal crosslinks, cannot explain the shell’s increased elastic modulus. MBs-phys showed
the highest elastic modulus of all three MB types. Here, the impact of nanoparticle em-
bedment inside a polymeric network needs to be considered as well. For polymeric
nanocomposites, reinforcement upon nanoparticles integration is well-known.��–��
For PVA hydrogels reinforcement was observed for the addition of graphene,�� silver
nanoparticles�� and silica particles,�� which all resulted in an increase of the elastic
modulus. For other capsule systems, the reinforcement of e. g., polyelectrolyte multi-
layer shells after incorporated of gold nanoparticles�� or yttrium �uoride nanoparti-
cles�� was reported.

��.�.� Acoustical Characterization — Experiments and Modeling
The acoustical characterization of MBs in vitro is crucial to bridge the gap between
structure-property relations obtained from AFM studies and the application-relevant
performance of the MBs during ultrasound imaging. While we concentrated in the
AFM experiments on low-frequency mechanics of single MBs, we refocused in the
acoustic tests on high-frequency mechanics of an ensemble of MBs. In particular,
we were interested if the MB’s mechanical properties observed during quasi-static
AFM deformation experiments set the trend for the MB’s dynamic oscillation dur-
ing ultrasound exposure. As already previously reported on plain MBs�� and mag-
netic MBs,�� both demonstrate a backscatter enhancement of about �� dB at concen-
trations approved for commercial available UCAs.�� An interesting outcome of this
previous study was the �nding that MBs-chem reach the �� dB backscatter enhance-
ment already for a lower concentration (�.�⇥ ��� MB/mL) compared to MBs-phys
(�⇥ ��� MB/mL). Moreover, the attenuation coe�cient was smaller for MBs-chem
than for MBs-phys. Based on the results of the structural characterization and low-
frequency mechanics, we expect that the di�erent mechanical properties of the shell
are decisive for the changes in the MBs’ acoustic behavior. In other words, we think
that the di�erent SPIONs integration methods used for the production of MBs-chem,
and MBs-phys alter shell mechanics and the corresponding acoustic behavior. To un-
derstand the impact of the low-frequency mechanics on the MBs behavior in the
high-frequency regime, we performed further acoustic studies. Moreover, we used the
acoustic experiments to estimate the viscoelastic properties of the polymeric shell. In
particular, we were interested in the shell’s shear modulusGeq and the shear viscosity
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⌘. The ultrasound experiments were carried out in vitro and under controlled condi-
tions as explained in the experimental section.
First, we measured the frequency dependence of the attenuation coe�cient. Fig-

ure ��.�� shows the observed results for plain, MBs-chem, and MBs-phys. For each
MB sample, we acquired data from a low, intermediate, and high MB concentration.
As expected, the attenuation coe�cient shifts to higher values with an increasing MB
concentration because the number of scatterers is increased in the suspension.��,��
In general, a monotonical increase of the attenuation coe�cient is expected when
the frequency is raised from � to ��MHz. We identi�ed the following changes in the
curve progression with regard to the slope and the maximum absolute value of the
attenuation coe�cient. Plain MBs showed an almost linear frequency dependency of
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Figure 13.12 Attenuation coefficient versus frequency for plain MBs, MBs-chem, and
MBs-phys at three different concentrations (high, intermediate, low). Solid lines indicate the
experimental data; dotted lines show the theoretical predictions according to the modified
Church model.
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Table 13.2 Explanation of nomenclature used in Equations 13.5 to 13.8.

x radial displacement ⌘matrix viscosity of the surrounding liquid
r inner shell radius ⇢shell density of the shell
R outer shell radius ⇢matrix density of the surrounding liquid
G(t) relaxation function  polytropic exponent of the gas core
G 0(t) storage modulus pcore equilibrium pressure inside the MB
G 00(t) loss modulus pmatrix equilibrium pressure far from the bubble surface
↵ �+ ⇢matrix-⇢shell

⇢shell
r

R
Vshell R� - r�

the attenuation coe�cient for all studied concentrations. The incremental growthwas
about � dB/cm at ��MHz and we observed a maximum value of about �� dB/cm for
the highest MB concentration. MBs-chem showed a sigmoid-like frequency depen-
dency of the attenuation coe�cient, with an incremental growth of about � dB/cm to
�� dB/cm at ��MHz. The highest absolute value for MBs-chem was about �� dB/cm
for the highest MB concentration. On the contrary, MBs-phys showed an exponential-
growth-like frequency dependency of the attenuation coe�cient. The incremental
growth was about � dB/cm to � dB/cm at ��MHz and the MBs-phys lowest absolute
value was of about � dB/cm. Based on this results, we expect the lowest resonance
frequency for MBs-chem and the highest value for the resonance frequency for MBs-
phys. By using a mathematical description, which not only considers size distribu-
tion and density but also the viscoelastic properties of the shell material, we were
able to model the MBs response in the high-frequency regime. The acoustic tests are
performed in the MHz frequency range where MBs are exposed to a dynamic load.
Thus, the viscoelastic material properties should be seen as dynamic or time depen-
dant characteristics.�� In general, the mechanism of the MB oscillation during ultra-
sound exposure is described by a nonlinear Rayleigh-Plesset-like equation.��,��,��–��
At low incident pressure, typically below ��� kPa, the equation is simpli�ed to the de-
scription of a harmonic oscillator (Eq. ��.�) with a resonance frequency!0(!) and a
damping factorD(!), which depends on the viscoelastic properties of the MBs shell.
All parameters used in the following Equations are explained in Table ��.�.
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The total loss of energy, including absorption and scattering, from the acoustic wave
propagating through the suspension of the MBs can be assessed using the extinction
cross-section, �e given in Equation ��.�.��,��

�e = �⇡ r
⌦�

(�-⌦�)� + (⌦D)�
D

Dc
(��.�)

where⌦ = !/!� is the normalized frequency and D is the total damping, which is
the sum of the following four terms:

Dc =
!

�
r

c
damping from radiation resistance,��,��

Dmatrix =
� r� ⌘matrix
↵⇢shell R� , damping from viscosity in the embedding liquid matrix,��

Dthermal =
�Pe

!⇢shell r
� Im(�-�), thermal damping,��,��

Dshell =
�Vshell

↵⇢shell r� R�
G

00(!)
!

, damping from the shell.��

Two extra terms, namely damping from radiation resistance and thermal damping,
are added to the Churchmodel to its original formulation in Equation ��.�. The attenu-
ation coe�cient,↵(!)) in dB/unit length, can now be recalculated from the extinction
cross-section �e:

↵(!) = �� loge

Z1

�
�e(r,!) f(r) dr (��.�)

where f(r) dr is the number of MBs per unit volume having radius between r and
r dr. Using the following expressions for the storage and loss moduli:��

G 0(!) =Geq +G�!
�/� (��.��)

G 00(!) =! (⌘� - ⌘�!) (��.��)

Additional parameters used for the modelling are the speed of sound in pure water at
�� �

C, c = � ���m/s; the viscosity of the surrounding liquid, ⌘matrix = ��-�
Pa s; the

density of the surrounding liquid ⇢matrix = � ���kg/m
� and the atmospheric pressure

p1 = ��� Pa.
With the above-describedmodi�edChurchmodel that accommodates the frequency

dependence of the dynamic viscoelastic module, we were able to �t the experimental
data of the frequency-dependant attenuation coe�cient. Dotted lines in Figure ��.��
demonstrate the results of the theoretical modelling for each type of MBs.
The main idea of the �tting procedure, is the variation of four coe�cients: the stor-

ageG 0(!) and loss moduleG 00(!), the resonance frequency and the damping of the
harmonic oscillator.
As a result, the extinction cross section �e for each bubble will alter. Taking into

account the distribution and concentration of the bubbles in a suspension one obtains
the attenuation pro�le with respect to the driving frequency. Based on the diameter
and shell thickness that were determined in the MBs’ structural characterization in
the �rst part of this paper, we were able to reconstruct the viscoelastic modulus of the
shell. In Table ��.� the four coe�cients are indicated, which were used to determine
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Table 13.3 Parameters used for modelling the frequency-dependent attenuation co-
efficient.

plain MBs pMBs-chemp MBs-phys
Concentration c, ��� MB/mL �.�; �.�; �.� �.� �.� � �.�; �; �
Storage modulus parameters Geq, MPa ��.� �.� �.� �.� ��.�
storages parameters G�, Pa/(rad/s)�/� �.� ��.� �.� �.� ��.�
Viscosity parameters ⌘�, Pa s �.� �.� �.� �.� �.�
Viscosity parameters ⌘�, Pa s�/rad �.� �.�� �.� �.� �.�
Resonance frequency, MHz ��–�� ��–�� ��–�� �–�� ��–��

the storage G 0(!) and loss modulus G 00(!). A comparison between the two mag-
netic MBs shows that lower values for the static terms of both viscoelastic moduli,
Geq and ⌘�, were observed for MBs-chem. In addition, MBs-chem have a lower reso-
nance frequency of about ��MHz thanMBs-physwith a resonance frequency of about
��MHz. From these results, we conclude that MBs-chem are less rigid, are driven eas-
ier to oscillation and are more echogenic than MBs-phys. Thus, the trend observed for
the mechanical shell properties in the high-frequency regime, the acoustic tests, are
in agreement with the shells’ mechanical properties measured in the low-frequency
regime. For both frequency regimes, MBs-chem showed a signi�cant lower sti�ness
than MBs-phys.

��.� Conclusions

In this interdisciplinary work, we presented strategies for a rational design of multi-
modality contrast agents. In particular, we provided a quantitative characterization of
polymeric US/MRI contrast agents and their mechanical properties in the low and
high-frequency regime. The presented hybrid probes were produced with two di�er-
ent manufacturing processes leading to structural di�erent magnetic MBs. The �rst
process, a one-pot synthesis, SPIONs were physically embedded inside the polymeric
network of the PVA shell (MBs-phys). In the second process, a two-step synthesis, SPI-
ONs were covalently attached to the shell surface (MBs-chem). Both SPIONs integra-
tion methods did not alter diameter or shell thickness of the magnetic MBs compared
to plain MBs. However, we observed signi�cant di�erences in the mechanical proper-
ties of the polymeric shell. The elasticmodulus ofMBs-chem, studiedwith quasi-static
force measurements, was reduced from �.�MPa (plain MBs) to �.��MPa (MBs-chem).
For plain MBs the polymeric shell is stabilized by chemical and physical cross-links
within the PVA network. Through the chemical treatment physical cross-links are
lost, which leads to a softening of the shell. In particular, crystalline domains in the
PVA shell that serve as physical cross-links were lost by the postproduction treatment
as demonstrated by DSC measurements. For MBs-phys that contain SPIONs embed-
ded inside the polymer shell, we observed a reinforcement of the PVA shell. This is
re�ected in an increase of the elastic modulus from �.�MPa (plain MBs) to �.�MPa
(MBs-phys).

Further acoustic experiments showed that the mechanical properties characterized
in the quasi-static deformations experiments (AFM) set the trend for theMBs behavior
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during ultrasound exposure. In the acoustic experiments, the frequency-dependency
of the attenuation coe�cient was analyzed with Church’s modi�ed model, which not
only considers size distribution and density but also the viscoelastic properties of the
shell’s material. Thus, we were able to reconstruct the dynamic viscoelastic modulus
of the PVA shell. The trend of the results is in agreement with the AFM experiments
and provided evidence that the shell of MBs-chem are characterized by a much softer
shell compared to MBs-phys. Thus, we can conclude that shell properties analyzed
on the single particle level, were crucial to understand the more complex behavior
of an ensemble of MBs exposed to an acoustic �eld. In summary, the presented work
contributes to understand structure property relations relevant for the performance
of UCAs and provides an approach for the sustainable design and optimization of
US/MRI contrast agents.
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��.� Supporting Information

��.�.� Determination of the Attenuation Coefficient
The attenuation coe�cient of the ultrasound wave propagating through the MBs sus-
pension is determined using two time-domain signals. The �rst signal is acquired from
the ultrasound pulse propagating through the cell �lled with pure water. The second
signal is collected from the cell �lled with the suspension of the MBs. The Fourier
analysis reveals the harmonic decomposition of the time-domain signals to be equal.

fref(t) =
�
�⇡

Z1

-1
|Fref(!)| e-ikref ze-i! t d! (��.��)

Where |Fref(!)| and kref z are modulus and phase of the spectra acquired from pure
water. If the dissipation of energy is added, due to wave propagation through the
MBs suspension, the only e�ect it cause is that the wave vector ~k becomes complex
i. e., kMB(!) = k�(!)- i k�(!). Thus, the spectrum of the signal from MBs can be
rewritten as:

fMB(t) =
�
�⇡

Z1

-1
|FMB(!)| e-ikMB ze-i! t d! (��.��)

=
�
�⇡

Z1

-1
|Fref(!)| e-i(k�(!)-ik�(!))ze-i! t d! (��.��)
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Where k�(!) should be seen as attenuation coe�cient↵(!), andwave numberk�(!)
represents the phase shift. Taking into account the round-trip propagation of the beam
through the cell of length L, the harmonic decomposition of the signal from MBs on
its �nal form is:

fMB(t) =
�
�⇡

Z1

-1
|Fref(!)| e[-i (↵(!)-ik�(!)] �L e-i! t d! (��.��)

Substituting the scale from Np to dB, the attenuation coe�cient ↵(!), can be calcu-
lated from:

↵(!) = -
��
L

log

✓
|FMB(!)|

|Fref(!)|

◆
dB

unit length
(��.��)

��.�.� TEM Characterization of Shell Thickness

Figure 13.13 For the cross-sectional profiles an enhanced contrast was needed to evalu-
ate the images with an standardized protocol using ImageJ.61 Protocol: Filter Minimum (2
pixels +adjust B&C); enhance contrast 0.35 +adjust B&C; Filter Maximum (2 pixels +adjust
B&C); enhance contrast 0.35 +adjust B&C, repeat this procedure and plot a profile from the
lower left to upper right corner. Thus, we were able to identify the PVA/EPON interface at
±50% change of the gray-scale value.
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��.�.� AFM Characterization of Diameter and Shell Thickness

Table 13.4 Results summary from the statistical analysis of AFM height images.

N Median ± SDa Gaussb ± HWHMc SDd

Gauss
Diameter dry dAFM, µm ��� �.�±�.� �.�±�.�� �.�
Shell thickness dry Hdry, nm ��� ���±�� ���±�� ��
Shell thickness in waterHwater, nm �� ���±��� ���±��� ��

a Standard deviation.
b Gaussian mean/maximum.
c Half-width at half maximum.
d The standard deviation of the Gaussian mean is HWHM/

p
�.

��.�.� Mathematical Procedure of Random Slicing Correction
In general, a mean value hxii (i. e., the expectation value) can be written as either a
sum of N data points xi or an integral of the probability density function fx(xi).

hxii =
�
N

NX

i=�
xi =

xi,maxZ

xi,min

x fx(xi) dx (��.��)

If x is calculated from two measured values (ai and bi), both probability density func-
tions have to be considered.

hxi(ai,bi)i =

ai, maxZ

ai,min

bi,maxZ

bi,min

x(ai,bi) fa(ai) fb(bi) dai dbi (��.��)

The true thicknessH of a capsulewall is given by the di�erence of the true outer radius
R and the true inner radius r at the equatorial plane (see Figure ��.��). All measured
sizes are indicated by an index i and are a�ected by the position, where the capsule
was sectioned for TEM.

H = R- r Hi(�) = Ri(�)- ri(�) (��.��)

H = Hi(� = ��) but 8� > �� H
!

6= Hi (��.��)

For random slicing, the both radii are underestimated, hRii 6 R and hrii 6 r, and the
wall thickness is overestimated.

hHii = hRi - rii > H (��.��)

The assumption is that if we have good statistical data, we can apply a mathematical
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x
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r sin�
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Hi
ri

Ri

R
r

H

Figure 13.14 Definition of geometry of a sphere of uniform thickness used in the math-
ematical analysis that corrects for random slicing along the y-axis during TEM sample
preparation.70

correction introduced by Smith et al. to calculate the true values.�� In the following,
radii are always considered as pairs (NRi

= Nri
), since these values are correlated.

hHii = hRi - rii
NR

i
=Nr

i= hRii- hrii (��.��)

=

Z

�

Z

R

R cos� fR f� dR d�-

Z

�

Z

r

r cos� fr f� dr d� (��.��)

⇤
=

Z

R

R fR dR

Z

�

cos� f� d�-

Z

r

r fr dr

Z

�

cos� f� d� (��.��)

* Only valid if radius and angle are independent.

The angle of the outer radius � is limited between [-�limit,+�limit],

�limit = sin
-�
✓
R-H

R

◆
=
⇡

�
- sin

-�
✓
-H

R

◆
, (��.��)
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where the angle of the inner radius � is not limited ([-⇡/�,+⇡/�]).

hHii = hRi
+� limitZ

-�limit

cos� f� d�- hri
+⇡/�Z

-⇡/�

cos� f� d� (��.��)

For that reason, the correction factor cannot be calculated directly but has to be eval-
uated from the distribution of the experimental data. The angle of the outer radius
is given by the angle of the inner radius (� = �- ). Here one needs to �nd the
appropriate relation of d� and d�. This problem has been solved by Smith et al. by
de�ning a geometrical function H(Ri,Hi,�) based on H = R- r.�� The following
assumptions were applied:

ri = r cos� = r cos( +�) = r [cos cos�- sin sin�] (��.��)
H�

i
= R� + r� - �R r cos (��.��)

r sin = Hi sin� (��.��)
Ri = R cos� (��.��)

Rearrangement gives the corrected thicknessH as a geometrical functionH(Ri,Hi,�)
and the slicing angle �.

H(Ri,Hi,�) = R- r

=

✓
Ri

cos�

◆
-

s

H�
i
-

✓
Ri

cos�

◆�
+ �Ri

✓
Ri -Hi cos��

cos��

◆
(��.��)

The mean corrected thickness is given by the following integral:

hHi =
+�limitZ

-�limit

Hi,maxZ

Hi,min

Ri,maxZ

Ri,min

H(Ri,Hi,�) fR(Ri) fH(Hi) f�(�) dRi dHi d� (��.��)

The functions fR, fH, and f� are the normalized probability density functions of the
measured values Ri,Hi, and the slicing angle f�, respectively. If fR and fH (obtained
from the statistics of the image analysis data) are normally distributed then they can
be described by Gaussian distributions (Gaussian mean/maximum and standard devi-
ation). Smith et al. proposed that if there is an equal probability of slicing at any angle
� then f

�,Smith(�) = �/⇡.�� Mercadé-Prieto et al. reported that this assumption is
incorrect since this would mean that there is an equal probability to cut from �� to
��� and from ��� to ���.�� They suggested that the distance from the equator (r sin�
or R sin�) should be the parameter of equal probability. Therefore, we introduced a
new probability density function f�,new = �.� cos�. Table ��.� compares the old and
new function f�. The corrected inner radius r is given by
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Table 13.5 Comparison of the angular probability density function and integrations
for different angular ranges.

Angular range -��� to ��� �� to ��� ��� to ���

Integration of angular probability density
+⇡/�R

-⇡/�
f� d�

+⇡/�R
�

f� d�
+⇡/�R

+⇡/�
f� d�

Slicing probability with f�,Smith = �/⇡ ���% ��% ��%
Slicing probability with f�,new = �.� cos� ���% ��% ��%

hrii =
Z

�

Z

r

ri fr f� dr d� (��.��)

The measured radius ri can be substituted by r cos�. If r and� are independent, the
integrals can be separated. Using f� and integrating over� and r yields the correction
factor of the inner radius.

hrii =
+⇡/�Z

-⇡/�

cos� f� d�

rZ

�

r fr dr (��.��)

=

+⇡/�Z

-⇡/�

�.� cos
�� d�

rZ

�

r fr dr =
⇡

�
hri (��.��)

The mean corrected outer radius hRi can be calculated from this expression:

hRi = �
⇡

(hRii- hHii) + hHi (��.��)

Please note, that the original approach by Smith et al. considered a di�ered numerical
coe�cient of �/⇡ based on the �awed assumption on the slicing probability.�� Since
solid disks (slicing inside of the capsule wall) were excluded from the statistical anal-
ysis, the integration of � is limited. This limit is given by

�limit = sin
-�
✓
hRi- hHi
hRi

◆
(��.��)

Solution procedure:70

�. Determine mean and standard deviation forRi andHi from the TEM data. Only
include data pairs of Ri and ri. Exclude solid discs!

�. Guess �limit.

�. Solve for hHi by integration within ±� standard deviation of Ri and Hi.

�. Solve for hRi.
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�. Check whether�limit(hRi, hHi) is satis�ed. If not, repeat from step � to � using
the new �limit.

For details on the procedure code, see SectionA.� in the Appendix on page ���.

��.�.� Acoustic Modeling
As Table ��.� (page ���) indicates, the concentration is less important for plain MBs
and MBs-phys than for MBs-chem. MBs-chem appear to be more sensitive to the vari-
ation of the concentration. Even though the static terms of both viscoelastic mod-
uli, Geq and ⌘�, seems to be consistent among all concentrations, the dynamic terms,
G� and ⌘�, are di�erent. For instance, at low concentration ⌘� is approaching zero,
while at high concentration G� can be neglected. The possible explanation of this
phenomenon might be found in the experimental set-up itself. In particular, for as-
sessment of the attenuation coe�cient the ultrasound probe at a central frequency of
��MHz was employed. The frequency of the probe matches the resonance frequency
of theMBs-chem. As a result, maximum radial expansion of the bubble occurs; scatter-
ing intensity of the wave is increased by several folds compare to the one predicted by
Rayleigh scattering model�� at high concentration (typically above ���MB/mL) multi-
ple scattering and re-radiation of the waves might occur in the suspension.�� In addi-
tion, it was reported by de Jong et al.,�� that MBs driven within ��% of their resonance
frequency generate strong nonlinear harmonic response. Keeping in mind that lin-
earized theoretical model accounts only for small oscillations around equilibrium, and
considering only fundamental response, the frequency-dependent or dynamic terms
probably are not correctly assessed, while frequency-independent or static terms are
still possible to recover. This is in line with the fact that de Jong et al.�� and Ho���
managed to predict sharp resonance peaks for thin shelled Albunex® or Sonazoid®
bubble using frequency-independent shear modulus G, and viscosity ⌘� at about �
and �MHz, respectively. Worth to be noted is that plain MBs and MBs-phys oscil-
lated far from their resonance and the modi�ed theoretical model manages to predict
the attenuation pro�le with one single set of coe�cients for all concentrations. It is
also worth noting that dynamic storage and loss modulii are characteristics of the
shell material itself, but not the suspension of the MBs in general. As a result, dy-
namic viscoelastic moduli should be independent on the microbubble concentration
if multiple re-radiation of energy, multiple scattering, interaction between the MBs,
and resonance are disregarded.
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AEvaluation Procedures

A.� Nanomechanical Characterization: Evaluation of Force Maps

For the evaluation of AFM force maps, self-written IGOR Pro procedures have been
used: LoadJPKSplitMap loads the force map data from individual force curve �les.
Each force curve is processed and GetSlopes initiates the �tting procedure. The force-
deformation curves F(�) are �tted by FastForceFit with a linear regression to evaluate
the surface sti�ness (slope) up to a limiting force. FastForceFitError evaluates the error
of this regression. The loading and �tting procedure can be found in ListingA.� on
page ���.
As a next step, the data is assigned to a location in the force mapmatrix byMakeSlo-

peMatrix. An errormapmatrix can be created byMakeSlopeSdevMatrix. Bothmaps can
be plotted by PlotForceMap. For the code, see ListingA.� on page ���. To facilitate the
interpretation of themap data, thematrix values can be averaged along one dimension
by CalculatePro�le or by CalculatePro�leWeighted with weighting. SplitMapByValue
separates a matrix by a limiting threshold value (see ListingA.� on page ���).
To evaluate the Young’s modulus, the force map data has to be processed by the

JPK Data Processing software. The resulting data �le contains the force-deformation
curved �tted by Hertzian contact mechanics.�–�

FHertz =
�
�
Esurface
�- ⌫�

q
Rtip �

�/�
surface (A.�)

Esurface =
�
�
FHertz �

-�/�
surface (�- ⌫

�)R-�/�
tip Young’s modulus (A.�)

where Rtip is the tip radius of the indenting probe e. g., a sharp-tip cantilever with
(��±�) nm and ⌫ is Poisson’s ratio (here: �.��±�.�). The Hertzian �t was done from
the point-of-zero-force till ��� nN (see Eq. A.�). LoadJPKEmodulData loads the result-
ing data �le (see ListingA.� on page ���). The data can be converted to a Young’s
module map matrix by MakeMaps, which calls MakeData, MakeSlopeMatrix, MakeS-
dev, and MakeSlopeSdevMatrix to process the data. MakeSdev calculates the error of
the evaluated Young’s modulus based on Gaussian error propagation.

Force @F E =
�
�
F� �-�/� (�- ⌫�)R-�/� �F = residual RMS (A.�)

Deformation @� E =
�
�
F �-�/� (�- ⌫�)R-�/� �� = �� pm (A.�)

Poisson’s ratio @⌫ E =
�
�
F �-�/� ⌫R-�/� �⌫ = �.� (A.�)

Radius @R E =
�
�
F �-�/� (�- ⌫�)R-�/� �R = � nm (A.�)

The error of the force is the root-mean-square (RMS) residual of the Hertzian regres-
sion. The error of the deformation is estimated to �� pm (piezo feedback). The result-
ing standard deviation �E is given by
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�E =
q
(@F E)� ��F + (@� E)� ��� + (@v E)� ��v + (@R E)� ��

R
(A.�)

TidyEmodulMap is a procedure to plot a tidy map. The map preparation and error
calculation is listed in ListingA.� on page ���.

Listing A.1 Evaluation procedure of AFM force maps in IGOR Pro: data loading and
fitting.⌥
/ / IGOR Pro procedure t o load an AFM f o r c e map from s i n g l e f i l e s and per fo rm a

s t i f f n e s s f i t by a l i n e a r r e g r e s s i o n i n a l i m i t e d de fo rm a t i on regime .
/ / W r i t t e n by C h r i s t i a n Ku t tne r , P h y s i c a l Chemis t ry I I , Bayreuth U n i v e r s i t y ;

� / / c h r i s t i a n . ku t tner@uni-bayreu th . de
/ / Methodology a p p l i e d i n ACS Appl Mater I n t e r f a c e s 2012 , 4 , 3484-3492
#pragma r t G l o b a l s =� / / Use modern g l o b a l access method .
# include <A l l S t a t s P r o c e d u r e s >
Function LoadJPKSlpitMap ( ) / / Load JPK f o r c e map data from s i n g l e f i l e s and f i t s lopes

� Variable i =� / / Runtime V a r i a b l e
Str ing wavename� / / h e i g h t
Str ing wavename� / / v e r t i c a l d e f l e c t i o n
Str ing wavename� , wavename� , wavename� , f i l e n ame
NewDataFolder /O Parame te r s

�� Make /O/T /N=���� data_dummy
Make /O/N=���� xpos , ypos , index
Wave xpos , ypos , index
GetFi leFolderInfo /D/Q / / Ask the user t o i d e n t i f y a f o l d e r w i t h data

�� Str ing e n t e r e d _ d a t a _ t a g = " da t a " / / Ask f o r data i n f o r m a t i o n tag
Prompt en t e r e d_da t a _ t a g , " En t e r da t a t ag ? \ t \ t S e t s the name o f da t a f o l d e r and l og

wave . "
Variable s p r i n g _ c on s t a n t = � . � �
Prompt s p r i n g_ con s t an t , " En t e r s p r i n g c on s t a n t in N/m : \ t \ t . "
Str ing keep_da ta = " yes "

�� Prompt keep_data , " Keep _h , _vd , _ t r _ d i s p l da t a f i l e s ? : \ t \ t \ " yes \ " or \ " no \ " . "
Str ing f i t _ d a t a = " yes "
Prompt f i t _ d a t a , " F i t s l o p e o f f o r c e curve ? : \ t \ t \ " yes \ " or \ " no \ " . "
Variable f i t _ f o r c e = ���
Prompt f i t _ f o r c e , " Length o f f i t i n nN? "

�� Variable /G roo t : pa r ame t e r s : f i t f o r c e = ( f i t _ f o r c e /� e� )
DoPrompt " En t e r da t a i n f o rma t i on ! " , e n t e r e d_da t a _ t a g , s p r i n g_ con s t an t , keep_data ,

f i t _ d a t a , f i t _ f o r c e

NewDataFolder / S r oo t : $ e n t e r e d _ d a t a _ t a g / / Creates data f o l d e r w i t h tag name
NewPath /O/Q Ordner S_path

�� Str ing f i l e s = IndexedFile ( Ordner ,-� , " . out " ) / / Create a l i s t o f a l l f i l e s t h a t are
. t x t f i l e s i n the f o l d e r . -1 parameter addresses a l l f i l e s .

Printf " \ r -----------------------------------------------------"
Do / / Begin p rocess ing the l i s t

f i l e n ame = StringFromList ( i , f i l e s ) / / s t o r e the i t h name i n the l i s t i n t o wname
Str ing f i l e n ame _ s t r i p p e d = f i l e n ame [ � � , StrLen ( f i l e n ame )-�] / / s t r i p away " . t x t "

t o ge t the date o f the messurement , which i s the f i l e name
�� I f ( Str�Num ( f i l e n ame _ s t r i p p e d ) >�� ) / / 100 -999 f i l e n a m e _ s t r i p p e d = Num2Str ( i )

Else
I f ( Str�Num ( f i l e n ame _ s t r i p p e d ) >� ) / / 10- 99

f i l e n ame _ s t r i p p e d = " � " + f i l e n ame _ s t r i p p e d
Else / / 0 -9

�� f i l e n ame _ s t r i p p e d = " �� " + f i l e n ame _ s t r i p p e d
Endif

Endif

data_dummy [ i ] = f i l e n ame _ s t r i p p e d
�� wavename� = f i l e n ame _ s t r i p p e d + " _h " / / f i l e n a m e [ 0 , St rLen ( f i l e n a m e ) -5]+"_h "

wavename� = f i l e n ame _ s t r i p p e d + " _vd " / / f i l e n a m e [ 0 , S t rLen ( f i l e n a m e ) -5]+"_vd "
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wavename� = f i l e n ame _ s t r i p p e d + " _ t r _ d i s p l " / / f i l e n a m e [ 0 , S t rLen ( f i l e n a m e ) -5]+"
_ t r _ d i s p l "

wavename� = f i l e n ame _ s t r i p p e d + " _ t r _ f o r c e " / / f i l e n a m e [ 0 , S t rLen ( f i l e n a m e ) -5]+"
_ t r _ f o r c e "

wavename� = f i l e n ame _ s t r i p p e d + " _ t r _ d e f o r " / / f i l e n a m e [ 0 , S t rLen ( f i l e n a m e ) -5]+"
_ t r _ d e f o r "

��
Wave w = $wavename� / / r e f e r e n c e a wave

Str ing pathName / / Name o f symbo l i c path or " " t o d i s p l a y d i a l o g .
/ / S t r i n g f i l eName / / Name o f f i l e o r " " t o d i s p l a y d i a l o g . Can a l so be f u l l o r

p a r t i a l path r e l a t i v e t o symbo l i c path .
�� Str ing e x t e n s i on = " . out " / / " . da t " f o r . da t f i l e s . "????" f o r a l l f i l e s .

NewDataFolder /O Parame te r s
Variable refNum
Str ing b u f f e r = " " / / Read the header l i n e s

�� Variable f o r e s t , i ndexva lue , x po s i t i o n , y po s i t i o n , s p r i n g c o n s t a n t

I f ( ! WaveExists (w) ) / / i f t he r e f e re n ce d Wave does no t e x i s t , c r e a t e i t .
/ / pathname = Ordner
/ / f i l e n a m e = S t r i n g F r o m L i s t ( i , f i l e s )

��
Open / P=Ordner / R refNum as f i l eName

For ( f o r e s t = � ; f o r e s t <�� ; f o r e s t = f o r e s t +� ) / / here : 37 l i n e header
FReadLine refNum , b u f f e r
I f (CmpStr ( b u f f e r [� ]+ b u f f e r [� ]+ b u f f e r [� ]+ b u f f e r [� ]+ b u f f e r [� ]+ b u f f e r [� ]+

b u f f e r [� ]+ b u f f e r [� ]+ b u f f e r [ � ] , " # index : " ) ==� )
�� SScanf bu f f e r , " # index : %g " , i n d exva l u e

Endif
I f (CmpStr ( b u f f e r [� ]+ b u f f e r [� ]+ b u f f e r [� ]+ b u f f e r [� ]+ b u f f e r [� ]+ b u f f e r [� ]+

b u f f e r [� ]+ b u f f e r [� ]+ b u f f e r [� ]+ b u f f e r [� ]+ b u f f e r [�� ]+ b u f f e r [�� ]+ b u f f e r
[ � � ] , " # x P o s i t i o n : " ) ==� )

SScanf bu f f e r , " # x P o s i t i o n : %g " , x p o s i t i o n
Endif

�� I f (CmpStr ( b u f f e r [� ]+ b u f f e r [� ]+ b u f f e r [� ]+ b u f f e r [� ]+ b u f f e r [� ]+ b u f f e r [� ]+
b u f f e r [� ]+ b u f f e r [� ]+ b u f f e r [� ]+ b u f f e r [� ]+ b u f f e r [�� ]+ b u f f e r [�� ]+ b u f f e r
[ � � ] , " # y P o s i t i o n : " ) ==� )

SScanf bu f f e r , " # y P o s i t i o n : %g " , y p o s i t i o n
Endif
I f (CmpStr ( b u f f e r [� ]+ b u f f e r [� ]+ b u f f e r [� ]+ b u f f e r [� ]+ b u f f e r [� ]+ b u f f e r [� ]+

b u f f e r [� ]+ b u f f e r [� ]+ b u f f e r [� ]+ b u f f e r [� ]+ b u f f e r [�� ]+ b u f f e r [�� ]+ b u f f e r
[�� ]+ b u f f e r [�� ]+ b u f f e r [�� ]+ b u f f e r [�� ]+ b u f f e r [�� ]+ b u f f e r [ � � ] , " #
s p r i ngCon s t an t : " ) ==� )

SScanf bu f f e r , " # s p r i ngCon s t an t : %g " , s p r i n g c o n s t a n t
�� Variable /G roo t : pa r ame te r s : s p r i n g c o n s t a n t = s p r i n g c o n s t a n t

Endif
I f (CmpStr ( b u f f e r [ � ] , " # " ) != � )

Break
Endif

�� Endfor / / P r i n t f "%g , %g %g %g " , indexva lue , x p o s i t i o n , y p o s i t i o n , s p r i n g c o n s t a n t
i ndex [ i ] = i nd exva l u e
xpos [ i ] = x p o s i t i o n
ypos [ i ] = y p o s i t i o n

Close refNum
��

LoadWave / J /D/Q/A=wave / P=Ordner /W/K=� /V= { " \ t , " , " $ " , � , � } / L = { � , � � , � , � , � }
StringFromList ( i , f i l e s )

/ / VERY IMPORTANT f o r asymmetr ic data e . g . t r ace > r e t r a c e
Wave wave� , wave� / / Remove NaN va lues between t r a c e and r e t r a c e ;
Duplicate wave� , dummy_wave

�� Variable d a t a p o i n t s
For ( d a t a p o i n t s =� ;NumType ( dummy_wave [ d a t a p o i n t s ] ) != � && da t a po i n t s <NumPnts (

dummy_wave ) ; d a t a p o i n t s = d a t a p o i n t s +� )
Endfor

KillWaves dummy_wave

��� Duplicate /O/R = ( � , d a t a po i n t s -�) wave� , $ " wave� "
Duplicate /O/R = ( � , d a t a po i n t s -�) wave� , $ " wave� "



306 Evaluation Procedures

Wave wave�
wave� = wave�∗-� / / f l i p t r a c e d isp lacemen t

���
Wave wave�
Duplicate wave� , $ " wave� "
Wave wave�

wave� = wave� / / w i t h o u t de fo rm a t i on
��� t r a c e _ d e f o rma t i o n = t r a c e _ d i s p l a c emen t-t r a c e _ f o r c e / s p r i n g _ c on s t a n t

StrSwitch ( keep_da ta )
Case " yes " :

Rename wave� $wavename� / / uncomment t o keep h e i g h t and v d e f l s i g n a l
��� Rename wave� $wavename� / / umcomment t o keep h e i g h t and v d e f l s i g n a l

Rename wave� $wavename� / / umcomment t o keep d isp lacemen t
Rename wave� $wavename�
Rename wave� $wavename�
Break

��� Case " no " :
KillWaves wave� , wave� / / comment t o keep h e i g h t and v d e f l s i g n a l
KillWaves wave� / / commentary t o keep d isp lacemen t
Rename wave� $wavename�
Rename wave� $wavename�

��� Break
Endswitch
Pr intf " \ r %g %" , i / � � � � ∗ � � �

Else
Endif

��� i += � / / move t o nex t f i l e
While ( i < I temsInList ( f i l e s ) ) / / End when a l l f i l e s are processed .

Printf " \ r -----------------------------------------------------"
Printf " \ r R e s u l t : %d f i l e s from \ "% s \ " have been loaded to da t a f o l d e r \ "% s \ " " , i ,

S_path , e n t e r e d _ d a t a _ t a g
��� Printf " \ r -----------------------------------------------------\r "

Redimension /N=( i ) data_dummy / / C lean ing up the mess : d imension and Rename
d a t a _ l o g f i l e

Rename data_dummy , $ e n t e r e d _ d a t a _ t a g

SetDataFolder r oo t : / / Re tu rn ing t o r o o t : " ende r o o t a l l e s gu t ! "
��� Redimension /N=( i ) ypos , xpos , index / / Clean up

Sort index , index , data , xpos , ypos / / s o r t s x Wave i n i n c r e a s i n g order ,
GetSlopes ( data , f i t _ f o r c e /� e� ) / / uncomment t o f i t t i l l f i t f o r c e i s reached
/ / GetSlopes ( data , 1 0 0 / 1 e9 ) / / f o r 100 nN f i t t i n g
Edit data , xpos , ypos , index as " Overview "

��� / / AppendToTable /W=# $ " s lope100 " / / t o appEnd 100nN f i t r e s u l t s
/ / AppendToTable /W=# $ " slope100_dev " / / and e r r o r

End

Function GetSlopes ( data , f i t f o r c e ) / / Per forms a f i t t i n g on f o r c e map data
��� Wave / T da t a

Variable f i t f o r c e
Wave i ndex
Make /O/N=���� s l ope , s l o p e_ s d ev

��� Variable i , name
Str ing s t r ingname
For ( i =� ; i <NumPnts ( d a t a ) ; i = i +� )

s t r ingname = da t a [ i ] / / name = Str2Num ( s t r ingname )
name = index [ i ] / / don ’ t i n t e r p r e t the index by name o f data l i n e

��� s l o p e [ name ] = Fas tForceF i t ( s t r ingname , f i t f o r c e )
s l o p e_ s d ev [ name ] = FastForceFi tError ( s t r ingname , f i t f o r c e )

Endfor
WaveStats /Q s l o p e
For ( i =� ; i <NumPnts ( d a t a ) ; i = i +� )

��� I f ( s l o p e [ i ] >V_avg+� ∗V_sdev )
s l o p e [ i ] = NaN
s l o p e_ s d ev [ i ] = NaN

Endif
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Endfor
��� WaveStats /Q s l op e_ s d ev

For ( i =� ; i <NumPnts ( d a t a ) ; i = i +� )
I f ( s l o p e_ s d ev [ i ] >V_avg+� ∗V_sdev )

s l o p e [ i ] = NaN
s l o p e_ sd ev [ i ] = NaN

��� Endif
Endfor
Str ing s lopename = " s l o p e " +Num�Str ( f i t f o r c e /� e-�)
Str ing s lopename_sdev = " s l o p e " +Num�Str ( f i t f o r c e /� e-�)+ " _sdev "
Redimension /N=( i ) s l ope , s l o p e_ s d ev

��� Rename s l ope , $s lopename
Rename s l ope_sdev , $s lopename_sdev

End

Function Fas tForceF i t ( t ime tag , f i t f o r c e ) / / F i t t i n g a l g o r i t h m
��� Str ing t ime t ag / / e . g . " 1 2 . 0 1 . 3 0 "

Variable f i t f o r c e / / e . g . 100e-9 / / i n N

Str ing logwave_name = " da t a " / / d i e f o r c e und de fo rm a t i on a l s wave
Str ing f o l d e r = " da t a "

��� SetDataFolder r oo t : $ f o l d e r
Str ing name_of_forcewave = t ime t ag + " _ t r _ f o r c e "
Str ing name_of_deforwave = t ime t ag + " _ t r _ d e f o r "
Wave fo rcewave = $name_of_forceWave / / r o o t : c10 : ’ 1 3 . 1 4 . 2 1 _ t r _ f o r c e ’
Wave deforwave = $name_of_deforWave / / r o o t : c10 : ’ 1 3 . 1 4 . 2 1 _ t r _ d e f o r ’

��� / / d i s p l a y forceWave vs deforwave

Variable anzah lpunk te = NumPnts ( fo rcewave ) / / Anzahl der Punkte i n K r a f t k u r v e
Variable anfang = �
Variable ende = Round ( anzah lpunk te / � )

��� Variable summe / / summiere e r s t e n x Punkte au f
Variable wert

For ( wert= anfang ; wert < ( ende +� ) ; wert=wert +� )
summe = summe+ forcewave [ wert ]

Endfor
��� Variable mi t t e lw e r t = summe / ( ende-anfang )

Variable sdev = �
For ( wert =� ; wert < ( ende +� ) ; wert=wert +� )

sdev = sdev+Abs ( fo rcewave [ wert]-mi t t e lw e r t )
Endfor

��� sdev = sdev / ( ende-anfang )
Variable s chwe l l enwer t = m i t t e lw e r t +�� ∗ sdev
/ / P r i n t f " M i t t e l w e r t = "+ Num2Str ( m i t t e l w e r t ) +" und Standardabweichung = "+ Num2Str (

sdev ) +" und Schwe l lenwer t = "+ Num2Str ( schwe l l enwe r t )
Variable i

For ( i =� ; f o rcewave ( i ) < s chwe l l enwer t&& i < anzah lpunk te ; i = i +� )
��� Endfor

Variable j / / F ind p o i n t o f zero f o r c e
For ( j = i ; fo rcewave [ j-�]< forcewave [ j ]&& j >� && forcewave [ j ] > m i t t e lw e r t ; j = j -�)
Endfor

Variable b e g i n f i t y / / = j +1
��� b e g i n f i t y = j-�

Variable e n d f i t y
Variable p

For ( p= b e g i n f i t y ; fo rcewave [ p ] < ( m i t t e lw e r t + f i t f o r c e ) ; p=p +� )
Endfor

���
CurveFit /Q/NTHR=� Line fo rcewave [ b e g i n f i t y , e n d f i t y ] /X=deforWave /D

Wave W_coef ,W_sigma
Str ing name_f i twave = " f i t _ " +name_of_forcewave

��� Wave f i twav e = $name_fitWave
/ / Modi fyGraph mode ( $name_f i twave ) =4 , marker ( $name_f i twave ) =39;
/ / Modi fyGraph mrkThick ( $name_f i twave ) =1 , l s i z e ( $name_f i twave ) =1;
/ / Modi fyGraph rgb ( $name_f i twave ) =(48059 ,48059 ,48059)
Printf " \ r r oo t : " + f o l d e r + " : " + t ime t ag + " \ t \ t " +Num�Str (W_coef [ � ] ) + " \ t " +Num�Str (

W_sigma [ � ] )
��� SetDataFolder r oo t :
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Return W_coef [ � ]
End

��� Function FastForceFi tError ( t ime tag , f i t f o r c e ) / / F i t t i n g e r r o r a l g o r i t h m
Str ing t ime t ag / / e . g . " 1 2 . 0 1 . 3 0 "
Variable f i t f o r c e / / e . g . 100e-9 / / i n N

Str ing logwave_name = " da t a " / / d i e f o r c e und de fo rma t i on a l s wave
��� Str ing f o l d e r = " da t a "

SetDataFolder r oo t : $ f o l d e r
Prompt f o l d e r , " Data f o l d e r : "
Prompt t ime tag , " t ime t ag t ag : "
Prompt f i t f o r c e , " Fo r ce range to f i t ? in N"

��� Str ing name_of_forcewave = t ime t ag + " _ t r _ f o r c e "
Str ing name_of_deforwave = t ime t ag + " _ t r _ d e f o r "
Wave fo rcewave = $name_of_forceWave / / r o o t : c10 : ’ 1 3 . 1 4 . 2 1 _ t r _ f o r c e ’
Wave deforwave = $name_of_deforWave / / r o o t : c10 : ’ 1 3 . 1 4 . 2 1 _ t r _ d e f o r ’
/ / d i s p l a y forceWave vs deforwave

���
Variable anzah lpunk te = NumPnts ( fo rcewave ) / / Bestimme Anzahl der Punkte i n

K r a f t k u r v e
Variable anfang = �
Variable ende = Round ( anzah lpunk te / � )
Variable summe / / summiere e r s t e n x Punkte au f

��� Variable wert
For ( wert= anfang ; wert < ( ende +� ) ; wert=wert +� )

summe = summe+ forcewave [ wert ]
Endfor

Variable mi t t e lw e r t = summe / ( ende-anfang )
��� Variable sdev = �

For ( wert =� ; wert < ( ende +� ) ; wert=wert +� )
sdev = sdev+Abs ( fo rcewave [ wert]-mi t t e lw e r t )

Endfor
sdev = sdev / ( ende-anfang )

��� Variable s chwe l l enwer t = m i t t e lw e r t +�� ∗ sdev
Variable i

For ( i =� ; f o rcewave ( i ) < s chwe l l enwer t&& i < anzah lpunk te ; i = i +� )
Endfor

Variable j
��� For ( j = i ; fo rcewave [ j-�]< forcewave [ j ]&& j >� && forcewave [ j ] > m i t t e lw e r t ; j = j -�)

Endfor
Variable b e g i n f i t y / / = j +1

b e g i n f i t y = j-�
Variable e n d f i t y

��� Variable p
For ( p= b e g i n f i t y ; fo rcewave [ p ] < ( m i t t e lw e r t + f i t f o r c e ) ; p=p +� )

/ / P r i n t f " \ r %g , %g < %g , " , p , forcewave [ p ] , m i t t e l w e r t + f i t f o r c e
Endfor

��� CurveFit /Q/NTHR=� Line fo rcewave [ b e g i n f i t y , e n d f i t y ] /X=deforWave /D

Wave W_coef ,W_sigma
Str ing name_f i twave = " f i t _ " +name_of_forcewave
Wave f i twav e = $name_f i twave

��� / / Modi fyGraph mode ( $name_f i twave ) =4 , marker ( $name_f i twave ) =39;
/ / Modi fyGraph mrkThick ( $name_f i twave ) =1 , l s i z e ( $name_f i twave ) =1;
/ / Modi fyGraph rgb ( $name_f i twave ) =(48059 ,48059 ,48059)
/ / P r i n t f " \ r r o o t : " + f o l d e r + " : " + t i m e t a g +" \ t \ t "+ Num2Str ( W_coef [ 1 ] ) +" \ t "+ Num2Str (

W_sigma [ 1 ] ) + " \ r "
SetDataFolder r oo t :

���
Return W_sigma [ � ]

End⌃ ⇧
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Listing A.2 Evaluation procedure of AFM force maps in IGOR Pro: matrix formation and
image plotting.⌥
/ / IGOR Pro procedure t o b u i l d and p l o t an AFM f o r c e map .
/ / W r i t t e n by C h r i s t i a n Ku t tne r , P h y s i c a l Chemis t ry I I , Bayreuth U n i v e r s i t y ; c h r i s t i a n

. ku t tner@uni-bayreu th . de
� / / Methodology a p p l i e d i n ACS Appl Mater I n t e r f a c e s 2012 , 4 , 3484-3492

Function MakeSlopeMatrix ( data , s l o p e ) / / B u i l d a f o r c e map m a t r i x f rom f i t t e d data
Wave / T da t a
Wave s l o p e

� Make /N= ( � � � , � � ) /D s l o p ema t r i x / / s l o p e m a t r i x [ y ] [ x ]
Make /O/N=���� number

number = Str�Num ( d a t a )
Variable i
For ( i =� ; i <NumPnts ( d a t a ) ; i = i +� )

�� I f ( number [ i ] <��� )
s l o p ema t r i x [ ( number [ i ]-�) ] [ � ] = s l o p e [ i ]

Else
I f ( number [ i ] <��� )

s l o p ema t r i x [��-( number [ i ]-���) ] [ � ] = s l o p e [ i ]
�� Else

I f ( number [ i ] <��� )
s l o p ema t r i x [ ( number [ i ]-���) ] [ � ] = s l o p e [ i ]

Else
I f ( number [ i ] <��� )

�� s l o p ema t r i x [��-( number [ i ]-���) ] [ � ] = s l o p e [ i ]
Else

I f ( number [ i ] <��� )
s l o p ema t r i x [ ( number [ i ]-���) ] [ � ] = s l o p e [ i ]

Else
�� I f ( number [ i ] <��� )

s l o p ema t r i x [��-( number [ i ]-���) ] [ � ] = s l o p e [ i ]
Else

I f ( number [ i ] <��� )
s l o p ema t r i x [ ( number [ i ]-���) ] [ � ] = s l o p e [ i ]

�� Else
I f ( number [ i ] <��� )

s l o p ema t r i x [��-( number [ i ]-���) ] [ � ] = s l o p e [ i ]
Else

I f ( number [ i ] <��� )
�� s l o p ema t r i x [ ( number [ i ]-���) ] [ � ] = s l o p e [ i ]

Else
s l o p ema t r i x [��-( number [ i ]-���) ] [ � ] = s l o p e [ i ]

Endif
Endif

�� Endif
Endif

Endif
Endif

Endif
�� Endif

Endif
Endfor

End

�� Function MakeSlopeSdevMatrix ( data , s l o p e ) / / B u i l d a m a t r i x f rom the f i t t i n g e r r o r
Wave / T da t a
Wave s l o p e

Make /N= ( � � � , � � ) /D s l o p e _ s d e vma t r i x / / s l o p e m a t r i x [ y ] [ x ]
�� Make /O/N=���� number

number = Str�Num ( d a t a )
Variable i
For ( i =� ; i <NumPnts ( d a t a ) ; i = i +� )

I f ( number [ i ] <��� )
�� s l o p e _ s d e vma t r i x [ ( number [ i ]-�) ] [ � ] = s l o p e [ i ]

Else
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I f ( number [ i ] <��� )
s l o p e _ s d e vma t r i x [��-( number [ i ]-���) ] [ � ] = s l o p e [ i ]

Else
�� I f ( number [ i ] <��� )

s l o p e _ s d e vma t r i x [ ( number [ i ]-���) ] [ � ] = s l o p e [ i ]
Else

I f ( number [ i ] <��� )
s l o p e _ s d e vma t r i x [��-( number [ i ]-���) ] [ � ] = s l o p e [ i ]

�� Else
I f ( number [ i ] <��� )

s l o p e _ s d e vma t r i x [ ( number [ i ]-���) ] [ � ] = s l o p e [ i ]
Else

I f ( number [ i ] <��� )
�� s l o p e _ s d e vma t r i x [��-( number [ i ]-���) ] [ � ] = s l o p e [ i ]

Else
I f ( number [ i ] <��� )

s l o p e _ s d e vma t r i x [ ( number [ i ]-���) ] [ � ] = s l o p e [ i ]
Else

�� I f ( number [ i ] <��� )
s l o p e _ s d e vma t r i x [��-( number [ i ]-���) ] [ � ] = s l o p e [ i ]

Else
I f ( number [ i ] <��� )

s l o p e _ s d e vma t r i x [ ( number [ i ]-���) ] [ � ] = s l o p e [ i ]
�� Else

s l o p e _ s d e vma t r i x [��-( number [ i ]-���) ] [ � ] = s l o p e [ i ]
Endif

Endif
Endif

�� Endif
Endif

Endif
Endif

Endif
�� Endif

Endfor
End

Function PlotForceMap ( ) / / P l o t the f i t t e d f o r c e map
��� NewImage /K=� r oo t : s l o p ema t r i x

SetAxis /A l e f t
ModifyImage s l o p ema t r i x c t a b = { � , � � ,Mud , � }
ModifyGraph width = � � � . � � � , h e i gh t = � � � . � � � , gFont= " H e l v e t i c a Neue " , g f S i z e =��
ModifyGraph margin =�

��� Label l e f t " \ \ f��y \ \ f��- P o s i t i o n "
Label top " \ \ f��x \ \ f��- P o s i t i o n "
ModifyGraph n t i c k s =�� , minor ( l e f t ) =� , f S i z e =�� , f o n t = " H e l v e t i c a Neue " ; DelayUpdate

End⌃ ⇧
Listing A.3 Evaluation procedure of AFM force maps in IGOR Pro: analysis and splitting.⌥
/ / IGOR Pro procedure t o ana lyze AFM f o r c e map data .
/ / W r i t t e n by C h r i s t i a n Ku t tne r , P h y s i c a l Chemis t ry I I , Bayreuth U n i v e r s i t y ; c h r i s t i a n

. ku t tner@uni-bayreu th . de
� / / Methodology a p p l i e d i n ACS Appl Mater I n t e r f a c e s 2012 , 4 , 3484-3492

Function Calcu la teProf i l e ( s l o p ema t r i x ) / / C a l c u l a t e a mean over y va lues o f m a t r i x
Wave s l o p ema t r i x

Make /O/N=��� meanxpos , meanxpos_sdev
� Variable x , y , i , meanx , meanx_sdev

For ( x =� ; x <��� ; x=x +� )
For ( y =� ; y <�� ; y=y +� )

meanx = meanx+ s l o p ema t r i x [ x ] [ y ]
Endfor

�� meanx = meanx /��
meanxpos [ x ]=meanx
meanx_sdev=�

For ( y =� ; y <�� ; y=y +� )
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meanx_sdev = meanx_sdev+Abs ( meanx-s l o p ema t r i x [ x ] [ y ] )
�� Endfor

meanx_sdev = meanx_sdev /��
meanxpos_sdev [ x ] = meanx_sdev
Printf "Meanx i s : %g +- %g \ r " , meanxpos [ x ] , meanxpos_sdev [ x ]
meanx = �

�� Endfor
End

Function CalculateProfileWeighted ( s l op ema t r i x , s l o p e _ s d e vma t r i x ) / / C a l c u l a t e a
weighted mean over y va lues o f m a t r i x

Wave s l o p ema t r i x
�� Wave s l o p e _ s d e vma t r i x

Make /O/N=��� meanxpos , meanxpos_sdev
Variable x , y , i , meanx , meanx_sdev , weightedsum
For ( x =� ; x <��� ; x=x +� )

�� For ( y =� ; y <�� ; y=y +� )
meanx = meanx+ s l o p ema t r i x [ x ] [ y ] ∗ ( � / s l o p e _ s d e vma t r i x [ x ] [ y ] )
weightedsum = weightedsum + ( � / s l o p e _ s d e vma t r i x [ x ] [ y ] )

Endfor
meanx = meanx / weightedsum

�� meanxpos [ x ] = meanx
meanx_sdev = �

For ( y =� ; y <�� ; y=y +� )
meanx_sdev = meanx_sdev+Abs ( meanx-s l o p ema t r i x [ x ] [ y ] )

Endfor
�� meanx_sdev = meanx_sdev /��

meanxpos_sdev [ x ] = meanx_sdev
Printf "Meanx i s : %g +- %g \ r " , meanxpos [ x ] , meanxpos_sdev [ x ]
meanx = �
weightedsum = �

�� Endfor
End

Function SplitMapByValue ( s l op ema t r i x , l i m i t v a l u e ) / / D i v i d e a f o r c e map m a t r i x by a
t h r e s h o l d va lue i n t o separa te m a t r i c e s

Wave s l o p ema t r i x
�� Variable l i m i t v a l u e

Variable x , y
Make /O/N= ( � � � , � � ) g l a s sma t r i x , ma t r i xma t r i x
For ( x =� ; x <��� ; x=x +� )

�� For ( y =� ; y <�� ; y=y +� )
I f ( s l o p ema t r i x [ x ] [ y] > l i m i t v a l u e )

g l a s sm a t r i x [ x ] [ y ] = s l o p ema t r i x [ x ] [ y ]
ma t r i xma t r i x [ x ] [ y ] = NaN

Else
�� g l a s sm a t r i x [ x ] [ y ] = NaN

mat r i xma t r i x [ x ] [ y ] = s l o p ema t r i x [ x ] [ y ]
Endif

Endfor
Endfor

�� End⌃ ⇧
Listing A.4 Evaluation procedure of AFM force maps in IGOR Pro: load E-modulus data.⌥
/ / IGOR Pro procedure t o ana lyze AFM E-modulus map data f i t t e d by JPK DP.
/ / W r i t t e n by C h r i s t i a n Ku t tne r , P h y s i c a l Chemis t ry I I , Bayreuth U n i v e r s i t y ; c h r i s t i a n

. ku t tner@uni-bayreu th . de
� / / Methodology a p p l i e d i n ACS Appl Mater I n t e r f a c e s 2012 , 4 , 3484-3492

Function LoadJPKEmodulData ( )
LoadWave / J /D/W/ E=� /K=� /V= { " \ t , " , " $ " , � , � }
Wave Young_s_Modulus__Pa_ , Base l ine__N_ , Contact_Point__m_ ,

Con tac t_Po in t_Of f s e t__m_ , B a s e l i n e _ S l op e , B a s e l i n e _O f f s e t _ _N_
Str ing a s t r

� Wave / T f i l e n ame
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Variable i , pos , Xmax , Ymax , Yi , Xi , d a t apo in t s x_p , d a t a po i n t s y _p
Prompt da t apo in t s x_p , " En te r nr o f d a t a p o i n t s in x d i r e c t i o n : "
Prompt da t apo in t sy_p , " En te r nr o f d a t a p o i n t s in y d i r e c t i o n : "

DoPrompt " En t e r nr o f d a t a p o i n t s in x d i r e c t i o n : " , d a t a po i n t s x _p
�� DoPrompt " En t e r nr o f d a t a p o i n t s in y d i r e c t i o n : " , d a t a po i n t s y _p

Xmax = da t a po i n t s x _p
Ymax = da t a po i n t s y _p

I f ( V_Flag )
return -�

�� Endif
Make /O/N=� p o s i t i o n

For ( i =� ; i <NumPnts ( f i l e n ame ) ; i = i +� )
Inser tPoints i +� , � , p o s i t i o n
a s t r = f i l e n ame [ i ]

�� pos = Str�Num ( StringFromList ( � , StringFromList ( � , a s t r , "-" ) , " . " ) )
p o s i t i o n [ i ] = pos

Endfor
Sort p o s i t i o n F i l ename
Sort p o s i t i o n Young_s_Modulus__Pa_

�� Sort p o s i t i o n ResidualRMS__N_
Sort p o s i t i o n Base l ine__N_
Sort p o s i t i o n Contac t_Po int__m_
Sort p o s i t i o n Con t a c t _Po in t _O f f s e t __m_
Sort p o s i t i o n B a s e l i n e _ S l o p e

�� Sort p o s i t i o n Ba s e l i n e _O f f s e t _ _N_
Sort p o s i t i o n p o s i t i o n
pos = �
Make /O/N=(Xmax , Ymax ) YModulus
Make /O/N=(Xmax , Ymax ) Con t a c t po i n t

�� For ( Y i =� ; Yi <Ymax ; Y i =Yi +� ) / / YModulusMap
For ( Xi =� ; Xi <Xmax ; Xi=Xi +� )

YModulus [ Xi ] [ Y i ] = Young_s_Modulus__Pa_ [ pos ]
pos = pos +�

Endfor
�� Yi = Yi +�

I f ( pos==NumPnts ( p o s i t i o n ) )
break

Endif
For ( Xi=Xmax-�; Xi >=� ; Xi=Xi-�)

�� YModulus [ Xi ] [ Y i ] = Young_s_Modulus__Pa_ [ pos ]
pos = pos +�

Endfor
Endfor

pos = �
�� For ( Y i =� ; Yi <Ymax ; Y i =Yi +� ) / / heightMap

For ( Xi =� ; Xi <Xmax ; Xi=Xi +� )
Con t a c t po i n t [ Xi ] [ Y i ] = Con t a c t _Po in t _O f f s e t __m_ [ pos ]
pos = pos +�

Endfor
�� Yi = Yi +�

I f ( pos==NumPnts ( p o s i t i o n ) )
break

Endif
For ( Xi=Xmax-�; Xi >=� ; Xi=Xi-�)

�� Con t a c t po i n t [ Xi ] [ Y i ] = Con t a c t _Po in t _O f f s e t __m_ [ pos ]
pos = pos +�

Endfor
Endfor

Display ;
�� AppendImage YModulus

Label bottom " x da t a Nr . "
Label l e f t " Y da t a Nr . "
ColorScale /C/N= t e x t � " \ \ Z��Youngs Modulus \ \ u \ \ Z��Pa "
Display ;

�� AppendImage c o n t a c t p o i n t
Label bottom " x da t a Nr . "
Label l e f t " Y da t a Nr . "
ColorScale /C/N= t e x t � " \ \ Z�� he i gh t \ \ u \ \ Z�� m"

End⌃ ⇧
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Listing A.5 Evaluation procedure of AFM force maps in IGOR Pro: E-modulus evaluation.⌥
/ / IGOR Pro procedure t o ana lyze AFM Emodul map data by JPK DP.
/ / W r i t t e n by C h r i s t i a n Ku t tne r , P h y s i c a l Chemis t ry I I , Bayreuth U n i v e r s i t y ; c h r i s t i a n

. ku t tner@uni-bayreu th . de
� / / Methodology a p p l i e d i n ACS Appl Mater I n t e r f a c e s 2012 , 4 , 3484-3492

Function MakeMaps ( )
MakeData ( F i l ename )
MakeSlopeMatrix ( data , Young_s_Modulus__Pa_ )
MakeSdev ( Young_s_Modulus__Pa_ , ResidualRMS__N_ , � � � e-� ,� .�� ,�� e-�)

� MakeSlopeSdevMatrix ( data , sdev )
End

Function MakeData ( F i l ename )
Wave / T F i l ename

�� Make / T /N=���� da t a
Str ing s t r ingname
Variable i
For ( i =� ; i <���� ; i = i +� )

s t r ingname = F i l ename [ i ]
�� s t r ingname = s t r ingname [ � � , StrLen ( F i l ename [ i ] )-�] / / remove . ou t o r . t x t

da t a [ i ] = s t r ingname
s t r ingname = " "

Endfor
End

��
Function MakeSdev ( Young_s_Modulus__Pa_ , ResidualRMS__N_ , Fmax , v , R )

Wave Young_s_Modulus__Pa_
Wave ResidualRMS__N_
Variable Fmax , v , R

�� Make /N=���� F_sdev , deform , v_sdev , R_sdev , sdev , d e l t a _ s d e v

Variable sdevdeform = �� e-�� / / 10 pm
Variable sdevv = � . � / / Poisson Ra t i o E r r o r 0 .1
Variable sdevR = �e-� / / 5 nm

��
deform = ( � / � ∗ � � � e-� ∗ (�-� .��^� ) / ( Young_s_Modulus__Pa_ ) ∗ ( � � e-�) ^ (-� .� ) ) ^ ( � / � )

F_sdev = Abs ( � / � ∗ deform ^(-� /� ) ∗ (� -� .��^� ) ∗ ( � � e-�) ^ (-� .� ) ) ∗Abs ( ResidualRMS__N_ )
d e l t a _ s d e v = Abs ( � / � ∗ � � � e-�∗deform ^(-� /� ) ∗ (� -� .��^� ) ∗ ( � � e-�) ^ (-� /� ) ) ∗Abs ( sdevdeform

)
�� v_sdev = Abs ( � / � ∗ � � � e-� ∗� .�� ∗ deform ^(-� /� ) ∗ ( � � e-�) ^ (-� .� ) ) ∗Abs ( sdevv )

R_sdev = Abs ( � / � ∗ � � � e-�∗deform ^(-� /� ) ∗ (� -� .��^� ) ∗ ( � � e-�) ^ (-� /� ) ) ∗Abs ( sdevR )
sdev = Sqrt ( ( F_sdev ) ^�+( R_sdev ) ^�+( v_sdev ) ^�+( d e l t a _ s d e v ) ^� )

End

�� Function TidyEmodulMap ( )
NewImage /K=� r oo t : YModulus
SetAxis /A l e f t
ModifyImage YModulus c t a b = { � , � � e� , Mud , � }
ModifyGraph width = � � � . � � � , h e i gh t = � � � . � � � , gFont= " H e l v e t i c a Neue " , g f S i z e =��

�� ModifyGraph margin =�
Label l e f t " \ \ f��y \ \ f��- P o s i t i o n "
Label top " \ \ f��x \ \ f��- P o s i t i o n "
ModifyGraph n t i c k s =�� , minor ( l e f t ) =� , f S i z e =�� , f o n t = " H e l v e t i c a Neue "
ColorScale /C/N= t e x t � " \ \ Z��Youngs Modulus \ \ u \ \ Z��Pa "

�� ModifyGraph margin ( r i g h t ) =���
ColorScale /C/N= t e x t � /X= � � � . � � / Y=-� .��

End⌃ ⇧
A.� Spectrometric Ellipsometry: Film Thickness Evaluation

Spectroscopic ellipsometry (SE) was used to evaluate thin-�lm thickness of polymer
layers on silicon wafers and glass substrates.�–� SE is a re�ection experiment with po-
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larized light. Depending on the phase di�erence of p(arallel)- and s(enkrecht)-compo-
nents, light can be linearly polarized (in-phase) or elliptically polarized (out-of-phase).
Elliptical polarization can be caused by a retarder or by re�ection o� a surface. While
re�ectometry measures the intensity of outgoing and incoming light, ellipsometry an-
alyzes the amplitude and phase of outgoing and incoming light. SE is sensitive to the
optical constants of the material (dispersion: real part n(�) and imaginary part k(�)).
The optics and physics �elds use di�erent conventions for the optical constants. In
optics, the complex refractive index is de�ned as

ñ(�) = n(�)- i k(�) optical dispersion (A.�)

Based on the optical fundaments of re�ection (�in = �out) and refraction (Snell’s
law, n� sin�� = n� sin�� for dielectics with no adsorption k = �), the polarization
change at an interface of two phases (�,�) with optical contrast can be calculated. The
complex Fresnel re�ection coe�cients r̃p,�� and r̃s,�� are given by

r̃p,�� =
ñ� cos�� - ñ� cos��
ñ� cos�� + ñ� cos��

r̃s,�� =
ñ� cos�� - ñ� cos��
ñ� cos�� + ñ� cos��

(A.�)

The (total) re�ection coe�cients allow for the calculation of the ellipsometric ratio ⇢̃,
which is determined experimentally.

r̃p
r̃s
⌘ ⇢̃(�,�) ellipsometric ratio (A.��)

For dielectics, the parallel component diminishes at the Brewster angle (rp(�B) = �
with tan�B = n�/n�). If k is non-zero, rp(�B) is not zero but shows a minimum
(@� rp = �). Close to the Brewster angle, also known as principle angle, the most
pronounced di�erences of rp and rs can be expected — which is bene�cial for ellip-
sometry. For a simple interface system, the optical properties of the bottom layer can
be directly evaluated by the pseudodielectric function:

hñbottomi� =
⌦
ñtop

↵� · sin
�� ·


�+ tan

�� ·
✓
�- ⇢̃
�+ ⇢̃

◆�
(A.��)

For a three-layer system, the thickness of the middle layer (�) and the multi re�ection
between the interface �/� and interface �/� have to be considered. In optics, the total
re�ection coe�cients R of a three-layer model are

R̃p =
r̃p,�� + r̃p,�� exp (-i ���)

�+ r̃p,�� r̃p,�� exp (-i ���)
R̃s =

r̃s,�� + r̃s,�� exp (-i ���)

�+ r̃s,�� r̃s,�� exp (-i ���)
(A.��)

with �j as the phase angle i. e., the phase change that the multiply-re�ected wave
inside layer j experiences

�j =
�⇡ ñj

�
tj cos�j with cos�j =

q
ñ�
j
- ñ�

� sin
��

ñj

8 j > �. (A.��)
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The calculation is based on a follow-the-light-path principle — from top (�) to bot-
tom (�). For a four-layer system, two layer thicknesses have to be considered e. g.,
polymer (�) on silicon dioxide (�) on silicon (�) in ambient air (�).

R̃p =
r̃p,�� + R̃p,�� exp (-i��)

�+ r̃p,�� R̃R,�� exp (-i��)
with R̃p,�� =

r̃p,�� + r̃p,�� exp (-i��)

�+ r̃p,�� r̃p,�� exp (-i��)
(A.��)

R̃s =
r̃s,�� + R̃s,�� exp (-i��)

�+ r̃s,�� R̃s,�� exp (-i��)
with R̃s,�� =

r̃s,�� + r̃s,�� exp (-i��)

�+ r̃s,�� r̃s,�� exp (-i��)
(A.��)

The ellipsometric ratio can be formulated and separated into a real part (tan ) and
an imaginary part (exp(i�)). In optics it is de�ned as

R̃p

R̃s
=

��R̃p
�� exp

�
-i �p

�
��R̃s
�� exp (-i �s)

= tan exp(i�) ellipsometric ratio (A.��)

The ellipsometric angles can be calculated and compared to the experimental data.

 = arctan

 ��R̃p
��

��R̃s
��

!

amplitude ratio (A.��)

� = �s - �p phase di�erence (A.��)

Evaluation procedure:
The experimental data was evaluated by using two self-written applications: Vary-
Thickness and NormData. The experimental data was in the form of (�,  , �) triples
and used as *.lpd �les . Dispersion data was in the form of (�, n, k) triples and stored
as *.dsp �les. The application was designed to support multilayer models with up to
�ve layers of di�erent optical properties. The model has to be stored as designated
*.model �le. ListingA.� shows an exemplary model �le.

Listing A.6 Exemplary model file for a layer of polystyrene on silicon.⌥
a i r / / t op l a y e r : a i r
a i r / / 2nd l a y e r : a i r
PS . dsp ��� / / 3 rd l a y e r : p o l y s t y r e n e 100 nm
SIO�ASP . dsp � . � / / 4 t h l a y e r : s i l i c o n d i o x i d e ( Aspnes ) 2 .5 nm

� S I � � � J L . dsp / / bot tom l a y e r : s i l i c o n ( J e l l i s o n )
phi / deg � � . � / / i n c i d e n t ang le 70 deg⌃ ⇧
The main evaluation was done by VaryThickness, which source code is provided in
ListingA.� on page ���. The essential part of this application in the code responsible
for the calculation of the  � data for the provided model — this is done by PsiDelta-
Calc. LoadModel loads the data of the *.model. LoadDispersion loads the (�,n,k) triples
of the *.dsp �les speci�ed in the model. LoadPsiDeltaData loads the experimental data
in (�, ,�) triples of *.lpd �les. The calculated data is compared to the experimental
values and the layer thickness of interest is varied. Afterwards, the best �t is identi-
�ed by global minimum search in regard to the error/deviation values. The basic code
of the minimum identi�cation is given in FindMinimum. The check and checkx func-
tions are auxiliary functions to review real and complex variables along the evaluation
procedure.
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In this evaluation procedure, all data �les have to be wavelength-normalized, so
every line in the �le starts with an integer value of a wavelength with a constant
wavelength increment of � nm between the lines. Since not all dispersion and ex-
perimental data �les are according to this standard, the application NormData was
written to normalize any given data triples. The source code is given in LisitingA.�
on page ���. NormData() creates wavelength-normalized �les e. g., *.dsp or *.lpd �les.
Disperion data can be obtained from a commercial materials database, publications,
or via www.refractiveindex.info.

Listing A.7 Evaluation procedure of spectroscopic ellipsometry data: loading and fitting.⌥
/ / C++ a p p l i c a t i o n " VaryTh ickness " t o e v a l u a t e s p e c t r o s c o p i c e l l i p s o m e t r y data .
/ / W r i t t e n by C h r i s t i a n Ku t tne r , P h y s i c a l Chemis t ry I I , Bayreuth U n i v e r s i t y ;

� / / c h r i s t i a n . ku t tner@uni-bayreu th . de
/ / Methodology a p p l i e d i n ACS Appl Mater I n t e r f a c e s 2012 , 4 , 3484-3492 and ACS Appl

Mater I n t e r f a c e s 2013 , 5 , 2469-2478
# include < f s t r eam >
# include <ss t ream >
# include < ios t r eam >

� # include < str ing >
# include <complex>
# include <math . h>
# include <vec to r >
using namespace s t d ;

��
const double p i = � . � �� � � � �� � � �� � � � �� � � � f ;
in t lambda ; / / W e l l e n l \ " ange i n nm
double phi , ph i_grad , p s i , d e l t a ;
double ∗ p s i _ t h e o r i e , ∗ d e l t a _ t h e o r i e ; / / A r ray von W e l l e n l \ " angen

��
s t r ing l a y e r [ � ] ;
double n [ � ] , k [ � ] , th [ � ] ;
double ∗ dsp_n [ � ] , ∗ dsp_k [ � ] ; / / k Werte aus dsp Da te i

�� in t lambdamin [ � ] , lambdamax [ � ] ; / / W e l l e n l \ " angengrenzen i n dsp Da te i
in t lambda_minimum = � , lambda_maximum = � � � ;

complex <double> mse , p e r i o d ;
double ∗ th�_tmp , ∗ psi_tmp , ∗ de l ta_ tmp , ∗ mse_tmp ;

�� double ∗ ps i _exps , ∗ de l t a _ exp s , ∗ ps i_exp , ∗ d e l t a _ e xp ;
in t werte ; / / Werte d i e e inge lesen wurden

/ / H e l p f u l f u n c t i o n s
void check ( s t r ing name , double v a r i a b l e ) { cout << " \ t " <<name<< " = " << v a r i a b l e <<endl ; }

�� void checkx ( s t r ing name , complex <double> v a r i a b l e ) {
s t r ing s i gn = " " ;

i f ( v a r i a b l e . imag ( ) >=�) { s i gn = " + " ; }
cout << " \ t " <<name<< " = " << v a r i a b l e . rea l ( ) << s ign << v a r i a b l e . imag ( ) << " i " <<endl ;
}

�� / / P r i n c i p l e f u n t i o n s
in t PsiDeltaCalc ( ) {

in t ok = � ;
complex <double> N� ( n [ � ] , k [ � ] ) , N� ( n [ � ] , k [ � ] ) , / / D i s p e r s i o n s
complex <double> N� ( n [ � ] , k [ � ] ) , N� ( n [ � ] , k [ � ] ) , N� ( n [ � ] , k [ � ] ) ;

�� complex <double> co sph i� = cos ( ph i ) ; / / cos o f ph i0 i n rad
complex <double> co sph i� = ( sqrt ( ( N� ∗N� ) -((N� ∗N� ) ∗ sin ( ph i ) ∗ sin ( ph i ) ) ) ) /N� ;
complex <double> co sph i� = ( sqrt ( ( N� ∗N� ) -((N� ∗N� ) ∗ sin ( ph i ) ∗ sin ( ph i ) ) ) ) /N� ;
complex <double> co sph i� = ( sqrt ( ( N� ∗N� ) -((N� ∗N� ) ∗ sin ( ph i ) ∗ sin ( ph i ) ) ) ) /N� ;
complex <double> co sph i� = ( sqrt ( ( N� ∗N� ) -((N� ∗N� ) ∗ sin ( ph i ) ∗ sin ( ph i ) ) ) ) /N� ;

�� / / F resne l p1001 s0011 p2112 s1122 p3223 s2233 p4334 s3344
complex <double> rp�� = ( ( N� ∗ co sph i� )-(N� ∗ co sph i� ) ) / ( ( N� ∗ co sph i� ) + (N� ∗ co sph i� ) ) ;
complex <double> r s � � = ( ( N� ∗ co sph i� )-(N� ∗ co sph i� ) ) / ( ( N� ∗ co sph i� ) + (N� ∗ co sph i� ) ) ;
complex <double> rp�� = ( ( N� ∗ co sph i� )-(N� ∗ co sph i� ) ) / ( ( N� ∗ co sph i� ) + (N� ∗ co sph i� ) ) ;
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complex <double> r s � � = ( ( N� ∗ co sph i� )-(N� ∗ co sph i� ) ) / ( ( N� ∗ co sph i� ) + (N� ∗ co sph i� ) ) ;
�� complex <double> rp�� = ( ( N� ∗ co sph i� )-(N� ∗ co sph i� ) ) / ( ( N� ∗ co sph i� ) + (N� ∗ co sph i� ) ) ;

complex <double> r s � � = ( ( N� ∗ co sph i� )-(N� ∗ co sph i� ) ) / ( ( N� ∗ co sph i� ) + (N� ∗ co sph i� ) ) ;
complex <double> rp�� = ( ( N� ∗ co sph i� )-(N� ∗ co sph i� ) ) / ( ( N� ∗ co sph i� ) + (N� ∗ co sph i� ) ) ;
complex <double> r s � � = ( ( N� ∗ co sph i� )-(N� ∗ co sph i� ) ) / ( ( N� ∗ co sph i� ) + (N� ∗ co sph i� ) ) ;
p e r i o d = � . � ∗ lambda / sqrt ( N� ∗N�-N� ∗N� ∗ sin ( ph i ) ∗ sin ( ph i ) ) ;

�� complex <double> be t a� = ( � ∗ p i ∗ th [ � ] / lambda ) ∗N� ∗ co sph i� ;
complex <double> be t a� = ( � ∗ p i ∗ th [ � ] / lambda ) ∗N� ∗ co sph i� ;
complex <double> be t a� = ( � ∗ p i ∗ th [ � ] / lambda ) ∗N� ∗ co sph i� ;
/ / H e l p f u l v a r i a b l e s
complex <double> m�I (� ,-� ) ; / / minus 2 i

�� complex <double> p� ( � , � ) ; / / +1 r e a l
/ / R e l e c t i o n c o e f f i c e n t s
complex <double> Rp�� = ( rp��+ rp�� ∗ exp ( m�I ∗ be t a� ) ) / ( p�+ rp�� ∗ rp�� ∗ exp ( m�I ∗ be t a� ) ) ;
complex <double> Rs�� = ( r s � � + r s � � ∗ exp ( m�I ∗ be t a� ) ) / ( p�+ r s � � ∗ r s � � ∗ exp ( m�I ∗ be t a� ) ) ;
complex <double> Rp�� = ( rp��+Rp�� ∗ exp ( m�I ∗ be t a� ) ) / ( p�+ rp�� ∗ Rp�� ∗ exp ( m�I ∗ be t a� ) ) ;

�� complex <double> Rs�� = ( r s � � +Rs�� ∗ exp ( m�I ∗ be t a� ) ) / ( p�+ r s � � ∗ Rs�� ∗ exp ( m�I ∗ be t a� ) ) ;
complex <double> Rp�� = ( rp��+Rp�� ∗ exp ( m�I ∗ be t a� ) ) / ( p�+ rp�� ∗ Rp�� ∗ exp ( m�I ∗ be t a� ) ) ;
complex <double> Rs�� = ( r s � � +Rs�� ∗ exp ( m�I ∗ be t a� ) ) / ( p�+ r s � � ∗ Rs�� ∗ exp ( m�I ∗ be t a� ) ) ;

double amp l i tude = atan ( abs ( Rp�� ) / abs ( Rs�� ) ) ;
�� complex <double> phase = log ( Rp�� / Rs�� / amp l i t ude ) ; / / shou ld be 0 f o r p h i =0

d e l t a = phase . imag ( ) / p i ∗ � � � . � ; / / DELTA i n deg
i f ( ampl i tude <� ) { d e l t a = d e l t a + � � � ; }
i f ( ampl i tude >=� & phase . imag ( ) < � ) { d e l t a = d e l t a + � � � ; }

�� p s i = abs ( amp l i t ude ) / p i ∗ � � � . � ; / / PSI i n deg

ok = � ;
return ( � ) ;

}
��

in t LoadModel ( s t r ing Dateiname ) {
in t ok = � , i = � ;

s t r ing s t r ingdump [ � ] ;
�� double doubledump [ � ] ;

s t r ing p u f f e r ;

i fstream Eingabe ;
E ingabe . open ( Dateiname . c_ s t r ( ) , ios_base : : in ) ;

�� i f ( ! E ingabe ) {
cout << " E r r o r : " <<Dateiname << " cou ld not be opened . " <<endl ;
ex i t ( � ) ;

}
while ( ! E ingabe . f a i l ( ) ) { / / l oad data o f model i n dumps

�� ge t l ine ( Eingabe , p u f f e r ) ;
stringstream Eingabes t rom ( p u f f e r ) ;
E ingabes trom >>str ingdump [ i ]>>doubledump [ i ] ; / / >> th0 ;
/ / cout << s t r ingdump [ i ] < <" "<<doubledump [ i ] < < end l ;
i ++ ;

��� }
for ( i =� ; i <� ; i ++) { / / d e f i n e dumps

l a y e r [ i ] = s t r ingdump [ i ] ;
th [ i ] = doubledump [ i ] ;
/ / cout << l a y e r [ i ] < < end l ;

��� }
ph i_g rad = doubledump [ � ] ; / / i n deg
phi = ph i_g rad / � � � . � ∗ p i ; / / i n rad
/ / cout << phi_grad < <" "<< phi << end l ;

Eingabe . c lose ( ) ;
��� ok = � ;

return ( ok ) ;
}

in t LoadDispersion ( s t r ing Dateiname , in t j ) {
��� in t ok = � ;

in t i = � ;
wer te = � ; / / Reset t o zero
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char Ze i l e n [ � � ] ; / / B u f f e r
in t lambdatmp ;

���
dsp_n [ j ] = ( double ∗ ) ca l l o c ( � � � � , s i z eo f ( double ) ) ; / / From 0nm b i s 999nm
dsp_k [ j ] = ( double ∗ ) ca l l o c ( � � � � , s i z eo f ( double ) ) ; / / From 0nm b i s 9990nm

s t r ing dump , p u f f e r ;
��� i fstream Eingabe ;

E ingabe . open ( Dateiname . c_ s t r ( ) , ios_base : : in ) ;
i f ( ! E ingabe ) {

cout << " F e h l e r : " <<Dateiname << " cou ld not be opened . " <<endl ;
ex i t ( � ) ;

��� }
while ( ! E ingabe . f a i l ( ) ) {

E ingabe . ge t l ine ( Ze i l en , � � ) ;
wer te ++ ;

}
��� werte = werte-�;

E ingabe . c l ear ( ) ;
E ingabe . seekg ( � ) ;

for ( i =� ; i <werte ; i ++) {
ge t l ine ( Eingabe , p u f f e r ) ;

��� stringstream Eingabes t rom ( p u f f e r ) ;
E ingabest rom >>lambdatmp ; / / Wavelengths
Eingabest rom >>dsp_n [ j ] [ lambdatmp ]>> dsp_k [ j ] [ lambdatmp ] ; / / Data i n dsp

fo rma t
lambdamax [ j ] = lambdatmp ; / / maximum wavelength

}
��� lambdamin [ j ] = lambdamax [ j ]-werte +� ;

E ingabe . c lose ( ) ;
p u f f e r . c l ear ( ) ;
dump . c l ear ( ) ;

��� ok = � ;
return ( ok ) ;

}

void LoadPsiDeltaData ( s t r ing Dateiname ) {
��� in t i ;

wer te = � ; / / Redet va lues t o zero
char Ze i l e n [ � � ] ; / / B u f f e r
in t lambdatmp ;
double lambdamax_exp , lambdamin_exp ;

���
ps i _ exp = ( double ∗ ) ca l l o c ( � � � � , s i z eo f ( double ) ) ;
d e l t a _ e xp = ( double ∗ ) ca l l o c ( � � � � , s i z eo f ( double ) ) ;

s t r ing dump , p u f f e r ;
��� i fstream Eingabe ;

E ingabe . open ( Dateiname . c_ s t r ( ) , ios_base : : in ) ;
i f ( ! E ingabe ) {

cout << " E r r o r : " <<Dateiname << " cou ld not be opened . " <<endl ;
ex i t ( � ) ;

��� }
while ( ! E ingabe . f a i l ( ) ) {

E ingabe . ge t l ine ( Ze i l en , � � ) ;
wer te ++ ;

}
��� werte = werte-�;

E ingabe . c l ear ( ) ;
E ingabe . seekg ( � ) ;

for ( i =� ; i <werte ; i ++) {
ge t l ine ( Eingabe , p u f f e r ) ;

��� stringstream Eingabes t rom ( p u f f e r ) ;
E ingabest rom >>lambdatmp ; / / Wavelength
Eingabest rom >>ps i _ exp [ lambdatmp ]>> d e l t a _ e xp [ lambdatmp ] ; / / Data i n dsp

fo rma t
lambdamax_exp = lambdatmp ; / / maximum wavelength
/ / cout <<lambdatmp < <" "<< ps i_exp [ lambdatmp ] < <" "<< de l t a_exp [ lambdatmp ] < < end l ;
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��� }
lambdamin_exp = lambdamax_exp-werte +� ;
i f ( lambda_minimum<lambdamin_exp ) {

lambda_minimum=lambdamin_exp ;
}

��� i f ( lambda_maximum>lambdamax_exp ) { lambda_maximum = lambdamax_exp ; }
E ingabe . c lose ( ) ;
p u f f e r . c l ear ( ) ;
dump . c l ear ( ) ;

}
���

in t FindMinimum ( double ∗ a r r ay ) {
in t i , j , k , l ;
double min = a r r ay [ � ] ; / / minimum o f double a r r a y s

��� for ( i =� ; i <werte ; i ++) {
i f ( a r r ay [ i ] <min ) {

min = a r r ay [ i ] ;
j = i ;

}
��� }

min = a r r ay [ � ] ;
for ( i =� ; i <werte ; i ++) {

i f ( a r r ay [ i ] <min && ar r ay [ i ] != a r r ay [ j ] ) {
min = a r r ay [ i ] ;

��� k = i ;
}

}
min = a r r ay [ � ] ;
for ( i =� ; i <werte ; i ++) {

��� i f ( a r r ay [ i ] <min && ar r ay [ i ] != a r r ay [ j ] && a r r ay [ i ] != a r r ay [ k ] ) {
min = a r r ay [ i ] ;
l = i ;

}
}

��� cout <<endl<< " Ev a l u a t i o n o f p s i = " <<ps i_exp << " and d e l t a = " << de l t a _ exp << " : " <<endl ;
cout << "mse : \ t " << a r r ay [ j ]<< " < " << a r r ay [ k]<< " < " << a r r ay [ l ]<<endl ;
cout << " th� : \ t " <<th�_tmp [ j ]<< " < " <<th�_tmp [ k]<< " < " << th�_tmp [ l ]<<endl ;

double gues s = th�_tmp [ j ] ;
��� while ( guess-pe r i o d . rea l ( ) >� ) {

gues s = guess-pe r i o d . rea l ( ) ;
}
cout << " I gues s i t i s " <<guess << " nm (+ " << pe r i o d . rea l ( ) << " nm) ! " <<endl ;
return ( j ) ;

��� }

/ /-------------------------main ( )-------------------------
in t main ( in t argc , char ∗ const argv [ ] ) {

in t i , ok = � ;
��� s t r ing f i l ename , name , outname , exper iment ;

s i z e _ t punk tpo s i t i on , p unk t p o s i t i o n � ;
i f ( argc <� ) { / / how t o c a l l a p p l i c a t i o n

cout <<endl ;
cout << " E r r o r � : Command shou ld be : . / VaryTh ickness < l aye r > < l a y e r . model > <

exper iment . lpd > . . . " <<endl ;
��� cout << " Th i cknes s o f l a y e r < l aye r > ( � , � or � ) w i l l be v a r i e d to f i t the

" <<endl ;
cout << " model <model . t x t > to the da t a g iven by the f i l e < exper iment . lpd

> . " <<endl<<endl ;
ex i t ( � ) ;

}
in t schichtnummer = a to i ( argv [ � ] ) ;

��� double summe = � ;
f i l e n ame = argv [ � ] ;
check ( " Number o f Exper iment s " , argc-�) ;
double ∗ S c h i c h t d i c k e n ;

S c h i c h t d i c k e n = ( double ∗ ) ca l l o c ( argc-� , s i z eo f ( double ) ) ;
���
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ofstream R e s u l t a t ;
R e s u l t a t . open ( " R e s u l t a t . t x t " , ios_base : : out ) ;

i f ( ! R e s u l t a t ) {
cout << " E r r o r : F i l e R e s u l t a t . t x t cou ld not be c r e a t e d or opened . " <<endl ;

��� ex i t ( � ) ;
}
for ( in t coun t e r =� ; counter <argc ; c oun t e r ++) {

exper iment = argv [ coun t e r ] ;
name = f i l e n ame ;

��� cout <<endl<< " p r o c e s s i n g \ t " <<exper iment <<endl ;
p unk t p o s i t i o n = f i l e n ame . find ( " . " , � ) ; / / f i n d pos ( . ) i n f i l e n a m e s t a r t i n g

a t pos=0
punk t p o s i t i o n � = f i l e n ame . find ( " . " , p unk t p o s i t i o n +� ) ; / / f i n d pos ( . ) i n

f i l e n a m e
i f ( punk tpo s i t i on� < s t r ing : : npos ) {

/ / cout < <" E r r o r 2 : Fi lename "<< f i l ename < <" c o n t a i n s m u l t i p l e p e r i o d s ." < <
end l ;

��� ex i t ( � ) ;
}

i f ( p unk t p o s i t i o n != s t r ing : : npos ) {
name = name . erase ( punk tpo s i t i on , f i l e n ame . s i z e ( ) ) ; / / remove . ending
outname = name ; / / d e f i n e outname

��� / / cout < <" Output f i l e : \ t "<<outname < <" t h "<< schichtnummer < <" . l p d "<< end l ;
}
LoadModel ( f i l e n ame . c_ s t r ( ) ) ; / / l oads l a y e r names , angles , t h i c k n e s s

for ( i =� ; i <� ; i ++) {
i f ( l a y e r [ i ]== " a i r " ) { / / i f l a y e r i s a i r

��� dsp_n [ i ] = ( double ∗ ) ca l l o c ( � � � � , s i z eo f ( double ) ) ;
dsp_k [ i ] = ( double ∗ ) ca l l o c ( � � � � , s i z eo f ( double ) ) ;

for ( in t j =� ; j <���� ; j ++) {
dsp_n [ i ] [ j ] = � . � ;
dsp_k [ i ] [ j ] = � . � ;

��� }
}
e l se { LoadDispersion ( l a y e r [ i ] , i ) ; } / / l oad d i s p e r s i o n data

} / / n ( lambda ) and k ( lambda ) and lambda l i m i t s are loaded
for ( i = � ; i < � ; i ++) { / / f i n d l i m i t s

��� i f ( lambdamin [ i ] > lambda_minimum ) { lambda_minimum = lambdamin [ i ] ; }
i f ( lambdamax [ i ] < lambda_maximum && lambdamax [ i ] >� ) { lambda_maximum =

lambdamax [ i ] ; }
}

LoadPsiDeltaData ( exper iment . c_ s t r ( ) ) ; / / l oad e x p e r i m e n t a l data
p s i _ t h e o r i e = ( double ∗ ) ca l l o c ( lambda_maximum , s i z eo f ( double ) ) ;

��� d e l t a _ t h e o r i e = ( double ∗ ) ca l l o c ( lambda_maximum , s i z eo f ( double ) ) ;

double ∗ f e h l e r , ∗ t h i c k n e s s ;
f e h l e r = ( double ∗ ) ca l l o c ( � � � � � , s i z eo f ( double ) ) ;
t h i c k n e s s = ( double ∗ ) ca l l o c ( � � � � � , s i z eo f ( double ) ) ;

���
i = � ; / / t r a n f e r d i s p e r s i o n
for ( th [ schichtnummer ] = � ; th [ schichtnummer ] <���� ; th [ schichtnummer ]= th [

schichtnummer ] + � . � ) {
for ( lambda=lambda_minimum ; lambda <lambda_maximum ; lambda ++) {

n [ � ] = dsp_n [ � ] [ lambda ] ;
��� k [ � ] = -� .�∗ dsp_k [ � ] [ lambda ] ;

n [ � ] = dsp_n [ � ] [ lambda ] ;
k [ � ] = -� .�∗ dsp_k [ � ] [ lambda ] ;
n [ � ] = dsp_n [ � ] [ lambda ] ;
k [ � ] = -� .�∗ dsp_k [ � ] [ lambda ] ;

��� n [ � ] = dsp_n [ � ] [ lambda ] ;
k [ � ] = -� .�∗ dsp_k [ � ] [ lambda ] ;
n [ � ] = dsp_n [ � ] [ lambda ] ;
k [ � ] = -� .�∗ dsp_k [ � ] [ lambda ] ;
PsiDeltaCalc ( ) ; / / --> c r e a t e p s i d e l t a o f model

��� p s i _ t h e o r i e [ lambda ] = p s i ;
d e l t a _ t h e o r i e [ lambda ] = d e l t a ;
/ / cout <<lambda < <" "<< p s i _ t h e o r i e [ lambda ] < <" "<< d e l t a _ t h e o r i e [ lambda ] < <

end l ;
} / / p s i d e l t a data i s t r a n s f e r r e d t o t h e r o r y a r r a y s
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t h i c k n e s s [ i ] = th [ schichtnummer ] ;
��� for ( lambda=lambda_minimum ; lambda <lambda_maximum ; lambda ++) {

f e h l e r [ i ] = f e h l e r [ i ]+
( p s i _ exp [ lambda]- p s i _ t h e o r i e [ lambda ] ) ∗ ( p s i _ exp [ lambda]- p s i _ t h e o r i e [

lambda ] ) +
( d e l t a _ e xp [ lambda]- d e l t a _ t h e o r i e [ lambda ] ) ∗ ( d e l t a _ e xp [ lambda]-

d e l t a _ t h e o r i e [ lambda ] ) ;
}

��� i ++ ;
}
double min , thmin ;

min = f e h l e r [ � ] ;
for ( i =� ; i <����� ; i ++) {

��� i f ( f e h l e r [ i ] <min&&f e h l e r [ i ] != � ) {
min = f e h l e r [ i ] ;
thmin= t h i c k n e s s [ i ] ;

}
}

��� / / check ( " f e h l e r " , min ) ;
/ / check ( " t h i c k n e s s " , thmin ) ;
in t d i c k e = thmin ∗ � � + � . � ;
stringstream os ;

os << d i c k e ;
��� outname . append ( os . s t r ( ) ) ;

outname . append ( " . l pd " ) ;
th [ schichtnummer ] = thmin ;

for ( lambda=lambda_minimum ; lambda <lambda_maximum ; lambda ++) {
n [ � ] = dsp_n [ � ] [ lambda ] ;

��� k [ � ] = -� .�∗ dsp_k [ � ] [ lambda ] ;
n [ � ] = dsp_n [ � ] [ lambda ] ;
k [ � ] = -� .�∗ dsp_k [ � ] [ lambda ] ;
n [ � ] = dsp_n [ � ] [ lambda ] ;
k [ � ] = -� .�∗ dsp_k [ � ] [ lambda ] ;

��� n [ � ] = dsp_n [ � ] [ lambda ] ;
k [ � ] = -� .�∗ dsp_k [ � ] [ lambda ] ;
n [ � ] = dsp_n [ � ] [ lambda ] ;
k [ � ] = -� .�∗ dsp_k [ � ] [ lambda ] ;
PsiDeltaCalc ( ) ; / / --> w r i t e s p s i d e l t a data

��� p s i _ t h e o r i e [ lambda ] = p s i ;
d e l t a _ t h e o r i e [ lambda ] = d e l t a ;

}
ofstream Ausgabe ;
Ausgabe . open ( outname . c_ s t r ( ) , ios_base : : out ) ; / / outname . c _ s t r ( )

��� i f ( ! Ausgabe ) {
cout << " E r r o r : F i l e E rg ebn i s . t x t cou ld not be c r e a t e d or opened . " <<endl ;
ex i t ( � ) ;

}
for ( lambda=lambda_minimum ; lambda <lambda_maximum ; lambda ++) {

��� Ausgabe <<lambda << " " << p s i _ t h e o r i e [ lambda ]<< " " << d e l t a _ t h e o r i e [ lambda ]<<
endl ;

}
Ausgabe . c lose ( ) ;
cout << " w r i t t e n to \ t " <<outname<<endl ;

S c h i c h t d i c k e n [ counter -�] = thmin ;
��� summe = summe+ S ch i c h t d i c k e n [ counter -�] ;

R e s u l t a t <<exper iment << " " <<outname<< " " <<thmin << " nm " <<endl ; / / << min<< end l ;
}
double Mi t t e lw e r t = summe / ( argc-�) ;
summe = � ;

��� for ( i =� ; i <argc-�; i ++) {
summe = summe+( M i t t e lwe r t-S c h i c h t d i c k e n [ i ] ) ∗ ( M i t t e lwe r t-S c h i c h t d i c k e n [ i ] ) ;

}
double s t d e v = sqrt ( summe / ( argc-�) ) ;
R e s u l t a t <<Mi t t e lwe r t << " +/- " << s tdev << " nm" <<endl ;

��� R e s u l t a t . c lose ( ) ;
ok =� ;
return ok ;

}⌃ ⇧
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Listing A.8 Evaluation procedure of spectroscopic ellipsometry data: data normalization.⌥
/ / C++ a p p l i c a t i o n " NormData " t o no rma l i ze s p e c t r o s c o p i c e l l i p s o m e t r y and d i s p e r s i o n

data .
/ / W r i t t e n by C h r i s t i a n Ku t tne r , P h y s i c a l Chemis t ry I I , Bayreuth U n i v e r s i t y ;

� / / c h r i s t i a n . ku t tner@uni-bayreu th . de
/ / Methodology a p p l i e d i n ACS Appl Mater I n t e r f a c e s 2012 , 4 , 3484-3492 and ACS Appl

Mater I n t e r f a c e s 2013 , 5 , 2469-2478
# include < ios t r eam >
# include < f s t r eam >
# include <ss t ream >

� # include < s t d i o . h>
# include <iomanip >
# include <math . h>
# include < str ing >
# include < s t d l i b . h>

�� using namespace s t d ;

s t r ing f i l ename , name , outname ;
in t a n z a h l z e i l e n ;
double ∗ l , ∗ n , ∗ k ;

��
in t NormData ( s t r ing date iname ) {

i fstream Eingabe ; / / f i l e n a m e
ofstream Ausgabe ; / / outname

�� in t ok = � , i , a ;
char z e i l e [ � � ] ;
a n z a h l z e i l e n = � ;

E ingabe . open ( da te iname . c_ s t r ( ) , ios_base : : in ) ;
�� i f ( E ingabe . i s _open ( ) ) {

while ( ! E ingabe . f a i l ( ) ) {
E ingabe . ge t l ine ( z e i l e , � � ) ;
a n z a h l z e i l e n ++ ;

}
�� a n z a h l z e i l e n = an z a h l z e i l e n -�; / / f i r s t l i n e

}
e l se {

cout << " E r r o r � : F i l e " <<date iname << " cannot be opened . " <<endl ;
ex i t ( � ) ;

�� }
/ / cout < <" F i l e "<< dateiname < <" c o n t a i n s "<< a n z a h l z e i l e n < <" l i n e s ." < < end l ;

Eingabe . c l ear ( ) ;
E ingabe . seekg ( � ) ;

s t r ing p u f f e r ;
�� double ∗ x , ∗ y , ∗ z ;

x = ( double ∗ ) ca l l o c ( a n z a h l z e i l e n , s i z eo f ( double ) ) ;
y = ( double ∗ ) ca l l o c ( a n z a h l z e i l e n , s i z eo f ( double ) ) ;
z = ( double ∗ ) ca l l o c ( a n z a h l z e i l e n , s i z eo f ( double ) ) ;

for ( i =� ; i < a n z a h l z e i l e n ; i ++) {
�� ge t l ine ( Eingabe , p u f f e r ) ;

stringstream Eingabes t rom ( p u f f e r ) ;
E ingabest rom >>x [ i ]>>y [ i ]>> z [ i ] ;

}
cout . p r e c i s i o n ( � � ) ;

�� Eingabe . c lose ( ) ;
in t we l l en l a engen = in t ( x [ a n z a h l z e i l e n -�])-in t ( x [ � ] ) ;
cout <<endl<< an z a h l z e i l e n << " v a l u e s were i n t e r p o l a t e d to " <<we l l en l aengen << " i n t e g e r

wave leng ths [ " << in t ( x [ � ] + � ) << "nm, " << in t ( x [ a n z a h l z e i l e n -�])<< "nm ] . " <<endl<<
endl ;

in t x i n t [ we l l en l a engen ] ;
double y i n t [ we l l en l a engen ] ;

�� double z i n t [ we l l en l a engen ] ;
x i n t [ � ] = in t ( x [ � ] ) ; / / S t a r t x [ 0 ] Wert a l s I n t e g e r

Ausgabe . open ( outname . c_ s t r ( ) , ios_base : : out ) ;
i f ( ! Ausgabe ) {

cout << " E r r o r � : F i l e " <<outname<< " cannot be opened or c r e a t e d . " <<endl ;
�� ex i t ( � ) ;
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}
for ( a =� ; a<=we l l en l a engen ; a ++) {

x i n t [ a ] = x i n t [� ]+ a ; / / x i n t i s x o f i n t e r e s t
double xr , x l , yr , y l , zr , z l ; / / Neighbor o f y i n t ( x i n t ) and z i n t ( x i n t )

�� for ( i =� ; x [ i ] < x i n t [ a ] ; i ++) {
x l = x [ i ] ; / / x l i s l e f t o f x i , t h e r e f o r e s m a l l e r
y l = y [ i ] ;
z l = z [ i ] ;
xr = x [ i + � ] ; / / x r i s r i g h t o f x i , t h e r e f o r e l a r g e r

�� yr = y [ i + � ] ;
z r = z [ i + � ] ;

}
double y s t e i gung = ( yr-y l ) / ( xr-x l ) ; / / cout < <" s lope : "<< s te igung << end l ;
double z s t e i g ung = ( zr-z l ) / ( xr-x l ) ;

�� double y a ch s e n a b s c hn i t t = yl-y s t e i gung ∗ x l ;
/ / cout < <" i n t e r c e p t : "<< achsenabschn i t t << end l ;
double z a c h s e n a b s c h n i t t = z l-z s t e i g ung ∗ x l ;

y i n t [ a ] = y s t e i gung ∗ x i n t [ a ]+ y a c h s e n a b s c hn i t t ;
z i n t [ a ] = z s t e i g ung ∗ x i n t [ a ]+ z a c h s e n a b s c h n i t t ;

�� / / cout << x i n t [ a ] < <" "<< y i n t [ a ] < <" "<< z i n t [ a ] < < end l ;
Ausgabe << x i n t [ a ]<< " " << y i n t [ a ]<< " " << z i n t [ a ]<<endl ;
}

Ausgabe . c lose ( ) ;
s t r ing outname� = name ;

�� outname� . append ( " . HeNe " ) ;
Ausgabe . open ( outname� . c_ s t r ( ) , ios_base : : out ) ; / / outname . c _ s t r ( ) , ios_base : : ou t ) ;

i f ( ! Ausgabe ) {
cout << " E r r o r � : F i l e " <<outname� << " cannot be opened or c r e a t e d . " <<endl ;
ex i t ( � ) ;

�� }
double x i n t � = � � � . � � � ; / / x i n t i s x o f i n t e r e s t
double xr , x l , yr , y l , zr , z l ; / / Neighbor o f y i n t ( x i n t ) and z i n t ( x i n t )

for ( i =� ; x [ i ] < x i n t � ; i ++) {
x l = x [ i ] ; / / x l i s l e f t o f x i , t h e r e f o r e s m a l l e r

�� y l = y [ i ] ;
z l = z [ i ] ;
xr = x [ i + � ] ; / / x r i s r i g h t o f x i , t h e r e f o r e l a r g e r
yr = y [ i + � ] ;
z r = z [ i + � ] ;

��� }
double y s t e i gung = ( yr-y l ) / ( xr-x l ) ; / / cout < <" s lope : "<< s te igung << end l ;
double z s t e i g ung = ( zr-z l ) / ( xr-x l ) ;
double y a ch s e n a b s c hn i t t = yl-y s t e i gung ∗ x l ; / / cout < <" i n t e r c e p t : "<<

achsenabschn i t t << end l ;
double z a c h s e n a b s c h n i t t = z l-z s t e i g ung ∗ x l ;

��� double y i n t � = y s t e i gung ∗ x i n t � + y a ch s e n a b s c hn i t t ;
double z i n t � = z s t e i g ung ∗ x i n t � + z a c h s e n a b s c hn i t t ;
/ / cout < <"HeNe Laser : "<< y i n t 2 < <" "<< z i n t 2 < <" a t "<< x i n t 2 < <"nm"<< end l ;

Ausgabe << x in t� << " " <<y in t� << " " << z i n t � <<endl ;
Ausgabe . c lose ( ) ;

���
f r e e ( x ) ;
f r e e ( y ) ;
f r e e ( z ) ;
ok =� ;

��� return ( ok ) ;
}
/ /--------------------main ( )--------------------//
in t main ( in t argc , char ∗ const argv [ ] ) {

in t ok = � ;
��� s i z e _ t punk tpo s i t i on , p unk t p o s i t i o n � ;

i f ( argc == � ) { / / S t a r t a p p l i c a t i o n
cout << " E r r o r � : Command shou ld be : . / normal < f i l e n ame . ∗ > " <<endl ;
ex i t ( � ) ;

}
��� cout <<argc <<endl ;

for ( in t l i =� ; l i <argc ; l i ++) {
f i l e n ame = argv [ l i ] ; / / must be 1
name = f i l e n ame ;
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cout <<endl<< " Inpu t f i l e : \ t " << f i l ename <<endl ;
��� punk t p o s i t i o n = f i l e n ame . find ( " . " , � ) ; / / f i n d pos ( . ) i n f i l e n a m e

punk t p o s i t i o n � = f i l e n ame . find ( " . " , p unk t p o s i t i o n + � ) ; / / f i n d 2nd pos ( . )
i f ( punk tpo s i t i on� < s t r ing : : npos ) {

cout << " E r r o r � : F i l ename " << f i l ename << " c on t a i n s mu l t i p l e p e r i o d s . " <<
endl ;

ex i t ( � ) ;
��� }

i f ( p unk t p o s i t i o n != s t r ing : : npos ) {
name = name . erase ( punk tpo s i t i on , f i l e n ame . s i z e ( ) ) ; / / remove . end
outname = name ; / / o u t p u t f i l e n a m e
outname . append ( " . l pd " ) ; / / a t t a c h . dsp

��� cout << " Output f i l e : \ t " <<outname<<endl ;
}

i f ( !NormData ( f i l e n ame ) ) ex i t ( � ) ;
}

ok = � ;
��� return ( ok ) ;

}⌃ ⇧
A.� Dynamic Light Scattering: Evaluation of the Hydrodynamic

Radius

Dynamic light scattering (DLS), also known as quasi-elastic light scattering (QELS),
allows for determination of the dimensions of colloidal (spherical) objects in solution
by autocorrelation of the time-dependent �uctuations in the scattered light.�,� The
normalized (second-order) time autocorrelation of the intensity of scattered light g(�)
reads as

g(�)(⌧) =
hI(t) I(t+ ⌧)i
hI(t)i� time autocorrelation (A.��)

where I(t) and I(t+ ⌧) are the intensity of scattered light at time t and after a time
lag ⌧, respectively. An alternative expression in the (�rst-order) �eld-�eld time auto-
correlation function g(�).

g(�)(⌧) = B+�corr

h
g(�)(⌧)

i�
(A.��)

where B is a baseline (long-time value of lim⌧!1 g(�) = �) and �corr is an experi-
mental factor. The true �eld-�eld time autocorrelation function g(�) reads as

g(�)(⌧) =
h~E(t)~E⇤(t+ ⌧)i
h~E(t)~E⇤(t)i

�eld-�eld time autocorrelation (A.��)

where ~E is the scattered electric �eld. For monodisperse particles, the autocorrelation
decay exponentially,

g(�)(⌧) = exp(-� ⌧) with � = Dt q
� (A.��)
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where � is the decay rate of the uniformly sized objects, Dt is the translational dif-
fusion coe�cient, and q is the magnitude of the scattering wave vector (di�erence
between the incident and the scattered wave vectors).

q = |~q| =
�⇡n�

�
sin

✓
✓

�

◆
(A.��)

Here, n� is the refractive index of the medium, � is the wavelength of the incident
light, and ✓ is the respective scattering angle. For polydisperse samples, g(�) becomes
hg(�)i, a heterodyne of several species i of di�erent sizes. This function cannot be
described by a single exponential decay but is a sum or an integral over a distribution
of decay rates.

D
g(�)(⌧)

E
=

Z1

�
g(�)
i
(⌧) f� (�i) d�i =

Z1

�
exp [-h�i ⌧] f� (�i) d�i (A.��)

The distribution is expressed by a normalized probability density function f� (�i).

h�i =
Z1

�
�i f� (�i) d�i and

Z1

�
f� (�i) d�i = � (A.��)

To analyze polydisperse samples, the method of cumulants� by Koppel can be applied.
Please note, that this method is only applicable if f� (�i) is monomodal.

ln

h
hg(�)(⌧,q)i

i
= -h�i ⌧+ µ�

�!
⌧� -

µ�
�!
⌧� + . . . (A.��)

where µn are the nth-order moments about the mean.

µn =

Z1

�
(�i - h�i) f� (�i)n d�i (A.��)

The �rst-order moment is h�i. The second-order moment gives the variance and the
third-order moment corresponds to the asymmetry of the size distribution. Please
note, that the �rst two moments must be positive values. Pusey et al. showed that the
�eld-�eld time autocorrelation function can be �tted by Eq. A.��.��

D
g(�)(⌧)

E
= exp [-h�i ⌧]

✓
�+

µ�
�!
⌧� -

µ�
�!
⌧� + . . .

◆
Pusey (A.��)

Alternatively, the second-order time autocorrelation function can be �tted by Siegert’s
equation.

D
g(�)(⌧)

E
= B+�corr exp [-� h�i ⌧]

✓
�+

µ�
�!
⌧� -

µ�
�!
⌧� + . . .

◆�
Siegert (A.��)
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The Stokes-Einstein equation correlates the translational di�usion coe�cientDt and
the hydrodynamic particle radius Rh.

Dt =
kB T

�⇡⌘Rh
Stokes-Einstein (A.��)

where kB T is the thermal energy and ⌘ is the medium viscosity.

hRhi =
kB T
�⇡⌘

q�

h�i =
kB T
�⇡⌘

⇣�⇡n�

�

⌘�
h�i-� Hydrodynamic radius

(A.��)

The size dispersity PDI, also referenced as polydispersity index in the past,�� can be
calculated from the �rst two moments.

PDI(x) ⌘ µ�
h�i� =

��x
hxi� (A.��)

Here, the PDI(x) is the size dispersity of x and �x is the width of the according Gaus-
sian distribution. The error is given by the Gaussian width divided by

p
�.

Experimental details:
TheDLSmeasurements were performed by using an goniometer setup (ALV-Laserver-
triebsgesellschaft, Langen, Germany) with an argon ion laser (� = ���nm, Coherent
Verdi-V�) or with an HeNe laser (� = ���nm, JDS Uniphase ����/P) as light source.
The correlation function was generated using an ALV-����/E multiple-⌧ digital cor-
relator and afterwards analyzed by the method of cumulants.� Toluene served as an
indexmatching bath. Measurements were performed at scattering angles between ���
to ���� and were repeated at least three times.

Evaluation procedure:
The procedure LoadASC was used to load the DLS data. G�Fit andG�Fit are the cumu-
lant �ts of third or second order. h�i vs. q� was plotted and �tted by a linear regression
MyLine. The procedure returns the hydrodynamic radius and the size dispersity. De-
pending on anisotropy and size dispersity of the sample, the h�i/q� vs. q� may show
angular dependence or not. If some single measurements are prone to high errors,
these data points can be removed by HighError. Afterwards the hydrodynamic radius
and the size dispersity can be recalculated from the remaining data points by RhFit
and PDIFit. The respective procedures are presented in ListingA.�

Listing A.9 Procedure to load and evaluate DLS data by the method of cumulants.⌥
/ / IGOR Pro procedure t o load and e v a l u a t e DLS data by the method o f cumulants .
/ / W r i t t e n by C h r i s t i a n Ku t tne r , P h y s i c a l Chemis t ry I I , Bayreuth U n i v e r s i t y ;

� / / c h r i s t i a n . ku t tner@uni-bayreu th . de
/ / Mathemat ica l model based on D. E . Koppel e t a l . , J Chem Phys 1972 , 57 , 4814;
Function LoadASC ( ) / / Load ASC dynamic l i g h t s c a t t e r i n g data , f i t Rh and PDI

Variable i = � / / Runtime V a r i a b l e i
Str ing wavename� , wavename� , f i l e n ame

� Make /O/T /N=���� data_dummy
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Make /O/N=���� t empera ture , v i s c o s i t y , r e f r a c t i v e i n d e x , wavelength , angle , index , g ,
g e r ro r , q� , pdi , gbackup , pd ibackup

GetFi leFolderInfo /D/Q
Str ing e n t e r e d _ d a t a _ t a g = " da t a "
Variable F i t r ange_min = ��

�� Variable F i t range_max = ��
Prompt en t e r e d_da t a _ t a g , " En t e r da t a t ag ? \ t \ t \ t S e t s the name o f da t a f o l d e r and

l og wave . "
Prompt F i t r ange_min , " F i t from %?\ t "
Prompt Fi t range_max , " F i t u n t i l %? \ t "
DoPrompt " En t e r da t a i n f o rma t i on ! " , e n t e r e d_da t a _ t a g , F i t r ange_min , F i t r ange_max

�� NewDataFolder / S r oo t : $ e n t e r e d _ d a t a _ t a g / / Creates data f o l d e r w i t h tag name
SetDataFolder r oo t : $ e n t e r e d _ d a t a _ t a g
NewDataFolder / S $ e n t e r e d _ d a t a _ t a g / / Creates data f o l d e r w i t h tag name
NewPath /O/Q Ordner S_path
Str ing f i l e s = IndexedFile ( Ordner ,-� , " . ASC" )

�� Printf " \ r -----------------------------------------------------"
Do

f i l e n ame = StringFromList ( i , f i l e s )
Str ing f i l e n ame _ s t r i p p e d = f i l e n ame
data_dummy [ i ] = f i l e n ame _ s t r i p p e d

�� wavename� = f i l e n ame _ s t r i p p e d + " _x " / / f i l e n a m e [ 0 , s t r l e n ( f i l e n a m e ) -5]+"_h "
wavename� = f i l e n ame _ s t r i p p e d + " _y " / / f i l e n a m e [ 0 , s t r l e n ( f i l e n a m e ) -5]+"_vd "
Wave w = $wavename�
Str ing pathName / / Name o f symbo l i c path or " " t o d i s p l a y d i a l o g .
Str ing e x t e n s i on = " . ASC" / / e . g . , " . da t " f o r . da t f i l e s . "????" f o r a l l

f i l e s .
�� Variable refNum

Str ing b u f f e r = " "
Variable f o r e s t , t empera turex , v i s c o s i t y x , r e f r a c t i v e i n d e x x , wavelengthx , ang l ex
I f ( ! WaveExists (w) )
Open / P=Ordner / R refNum as f i l eName

�� For ( f o r e s t = � ; f o r e s t < � � ; f o r e s t = f o r e s t +� ) / / here : 28 l i n e header
FReadLine refNum , b u f f e r
I f (CmpStr ( b u f f e r [� ]+ b u f f e r [� ]+ b u f f e r [� ]+ b u f f e r [� ]+ b u f f e r [� ]+ b u f f e r [� ]+

b u f f e r [� ]+ b u f f e r [� ]+ b u f f e r [� ]+ b u f f e r [� ]+ b u f f e r [�� ]+ b u f f e r [�� ]+ b u f f e r
[�� ]+ b u f f e r [�� ]+ b u f f e r [�� ]+ b u f f e r [�� ]+ b u f f e r [�� ]+ b u f f e r [�� ]+ b u f f e r
[�� ]+ b u f f e r [�� ]+ b u f f e r [�� ]+ b u f f e r [�� ]+ b u f f e r [ � � ] , " Temperature [K] :

" ) ==� )
SScanf bu f f e r , " Temperature [K] : %g " , t empe ra tu r ex
t empe ra tu r e [ i ] = t empera tu r ex

�� Endif
I f (CmpStr ( b u f f e r [� ]+ b u f f e r [� ]+ b u f f e r [� ]+ b u f f e r [� ]+ b u f f e r [� ]+ b u f f e r [� ]+

b u f f e r [� ]+ b u f f e r [� ]+ b u f f e r [� ]+ b u f f e r [� ]+ b u f f e r [�� ]+ b u f f e r [�� ]+ b u f f e r
[�� ]+ b u f f e r [�� ]+ b u f f e r [�� ]+ b u f f e r [�� ]+ b u f f e r [�� ]+ b u f f e r [�� ]+ b u f f e r
[�� ]+ b u f f e r [�� ]+ b u f f e r [�� ]+ b u f f e r [�� ]+ b u f f e r [�� ]+ b u f f e r [�� ]+ b u f f e r
[ � � ] , " V i s c o s i t y [ cp ] : " ) ==� )

SScanf bu f f e r , " V i s c o s i t y [ cp ] : %g " , v i s c o s i t y x
v i s c o s i t y [ i ] = v i s c o s i t y x

Endif
�� I f (CmpStr ( b u f f e r [� ]+ b u f f e r [� ]+ b u f f e r [� ]+ b u f f e r [� ]+ b u f f e r [� ]+ b u f f e r [� ]+

b u f f e r [� ]+ b u f f e r [� ]+ b u f f e r [� ]+ b u f f e r [� ]+ b u f f e r [�� ]+ b u f f e r [�� ]+ b u f f e r
[�� ]+ b u f f e r [�� ]+ b u f f e r [�� ]+ b u f f e r [�� ]+ b u f f e r [�� ]+ b u f f e r [�� ]+ b u f f e r
[�� ]+ b u f f e r [�� ]+ b u f f e r [�� ]+ b u f f e r [�� ]+ b u f f e r [�� ]+ b u f f e r [�� ]+ b u f f e r
[ � � ] , " R e f r a c t i v e Index : " ) ==� )

SScanf bu f f e r , " R e f r a c t i v e Index : %g " , r e f r a c t i v e i n d e x x
r e f r a c t i v e i n d e x [ i ] = r e f r a c t i v e i n d e x x

Endif
I f (CmpStr ( b u f f e r [� ]+ b u f f e r [� ]+ b u f f e r [� ]+ b u f f e r [� ]+ b u f f e r [� ]+ b u f f e r [� ]+

b u f f e r [� ]+ b u f f e r [� ]+ b u f f e r [� ]+ b u f f e r [� ]+ b u f f e r [�� ]+ b u f f e r [�� ]+ b u f f e r
[�� ]+ b u f f e r [�� ]+ b u f f e r [�� ]+ b u f f e r [�� ]+ b u f f e r [�� ]+ b u f f e r [�� ]+ b u f f e r
[�� ]+ b u f f e r [�� ]+ b u f f e r [�� ]+ b u f f e r [�� ]+ b u f f e r [ � � ] , " Wavelength [nm] :

" ) ==� )
�� SScanf bu f f e r , " Wavelength [nm] : %g " , wave lengthx

wave length [ i ] = wave lengthx
Endif
I f (CmpStr ( b u f f e r [� ]+ b u f f e r [� ]+ b u f f e r [� ]+ b u f f e r [� ]+ b u f f e r [� ]+ b u f f e r [� ]+

b u f f e r [� ]+ b u f f e r [� ]+ b u f f e r [� ]+ b u f f e r [� ]+ b u f f e r [�� ]+ b u f f e r [�� ]+ b u f f e r
[�� ]+ b u f f e r [�� ]+ b u f f e r [�� ]+ b u f f e r [�� ]+ b u f f e r [�� ]+ b u f f e r [�� ]+ b u f f e r
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[�� ]+ b u f f e r [�� ]+ b u f f e r [�� ]+ b u f f e r [�� ]+ b u f f e r [ � � ] , " Angle [X] :
" ) ==� ) / / X= symbol f rom f i l e

SScanf bu f f e r , " Angle [X] : %g " , ang l ex / / X= symbol
�� ang l e [ i ] = ang l ex

Endif
I f (CmpStr ( b u f f e r [� ]+ b u f f e r [� ]+ b u f f e r [� ]+ b u f f e r [� ]+ b u f f e r [� ]+ b u f f e r [� ]+

b u f f e r [� ]+ b u f f e r [� ]+ b u f f e r [� ]+ b u f f e r [� ]+ b u f f e r [�� ]+ b u f f e r [�� ]+ b u f f e r
[�� ]+ b u f f e r [�� ]+ b u f f e r [�� ]+ b u f f e r [�� ]+ b u f f e r [�� ]+ b u f f e r [�� ]+ b u f f e r
[�� ]+ b u f f e r [�� ]+ b u f f e r [�� ]+ b u f f e r [�� ]+ b u f f e r [�� ]+ b u f f e r [ � � ] , " Angle [X
] : " ) ==� ) / / X= symbol f rom f i l e

SScanf bu f f e r , " Angle [X] : %g " , ang l ex / / X= symbol
ang l e [ i ] = ang l ex

�� Endif
Endfor

Close refNum

LoadWave / F = { � , � � , � } /O/D/Q/A=wave / P=Ordner /W/K=� /V= { " \ t , " , " $ " , � , � } / L
= { � , � � , � � � , � , � } StringFromList ( i , f i l e s )

�� Wave wave� , wave�
Display Data vs ALV_����_E_WIN
ModifyGraph rgb ( Data ) = ( � , � , � )
Label l e f t "Norm . I n t e n s i t y C o r r e l a t i o n Func t i on -� , a . u . " ; DelayUpdate
Label bottom " Lag Time , ms "

�� ModifyGraph width = � � � . � � � , h e i gh t = � � � . � � � , gFont= " H e l v e t i c a " , g f S i z e =�� , log ( bottom )
=� , m i r ro r =� , expand =� ,mode ( Data ) =� , marker ( Data ) =�� , ms ize ( Data ) =�

Make /O/N=� wtes t
Wave wtes t

wte s t = { � , � , � , � , � }
��

FuncFit /Q/M=� /W=� /TBOX=(� x��� ) G�Fit , wtes t , Data [ F i t r ange_min / � � � ∗NumPnts ( Data
) , F i t r ange_max / � � � ∗NumPnts ( Data ) ] /X=ALV_����_E_WIN /D

ModifyGraph l s i z e ( f i t _ D a t a ) =� , rgb ( f i t _ D a t a ) = ( � , � , � � � � � ) , l s t y l e ( f i t _ D a t a ) =�
Wave W_coef , W_sigma

�� g [ i ] = ��� ∗ wtes t [ � ] / / E i n h e i t Hz da 1 /ms = 1000*1 / s
gbackup [ i ] = g [ i ]
pd i [ i ] = Abs ( w t e s t [ � ] ) / ( w t e s t [ � ] ^ � ) / / i n 1 / ms2 =
pdibackup [ i ] = pd i [ i ]
g e r r o r [ i ] =��� ∗W_sigma [ � ]

�� q� [ i ] = ( � ∗ Pi ∗ r e f r a c t i v e i n d e x [ i ] / wave length [ i ] ∗ sin ( ang l e [ i ] / � � � ∗ p i / � ) ) ^� / / i n
nm-2

gbackup [ i ] = NaN
pdibackup [ i ] = NaN

Duplicate ALV_����_E_WIN , dummy_wave
�� Variable d a t a p o i n t s

For ( d a t a p o i n t s =� ;NumType ( dummy_wave [ d a t a p o i n t s ] ) != � && da t a po i n t s <NumPnts (
dummy_wave ) ; d a t a p o i n t s = d a t a p o i n t s +� )

Endfor
KillWaves dummy_wave

Duplicate /O/R= ( � , d a t a po i n t s -�) ALV_����_E_WIN , $wavename�
�� Duplicate /O/R= ( � , d a t a po i n t s -�) Data , $wavename�

TextBox /C/N=CF_Data /A=MT/X= � . � � / Y =�� .��
TextBox /C/N=CF_Data /X= � . � � / Y =� .��
SetAxis l e f t -� .� ,� .�

��� Str ing n ameo f f i l e
I f ( i <�� )

n ameo f f i l e = " f i t � " +Num�Str ( i ) + " } % . pdf "
Else

n ameo f f i l e = " f i t " +Num�Str ( i ) + " } % . pdf "
��� Endif

SavePICT /O/ EF =� / P=Ordner / E=-� as n ameo f f i l e
KillWaves ALV_����_E_WIN , Data
KillWaves wave� , wave�

��� Printf " \ r %g %" , i / � � ∗ � � �
Endif
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i += � / / move t o nex t f i l e
While ( i < I temsInList ( f i l e s ) ) / / end when a l l f i l e s are processed .
Printf " \ r -----------------------------------------------------"

��� Printf " \ r R e s u l t : %d f i l e s from \ "% s \ " have been loaded to da t a f o l d e r \ "% s \ " " , i
, S_path , e n t e r e d _ d a t a _ t a g

Printf " \ r -----------------------------------------------------\r "
/ / C lean ing up the mess : d imension and rename d a t a _ l o g f i l e
Redimension /N=( i ) data_dummy
Rename data_dummy , $ e n t e r e d _ d a t a _ t a g

���
/ / Re tu rn ing t o r o o t : " Ende r o o t a l l e s gu t ! "
SetDataFolder r oo t :
Redimension /N=( i ) t empera ture , v i s c o s i t y , ang le , r e f r a c t i v e i n d e x , wavelength , g ,

g e r ro r , q� , pdi , gbackup , gbackup
Edit $ en t e r e d_da t a _ t a g , pd i g , gbackup , ge r ro r , q� , t empera ture , v i s c o s i t y , ang l e

as " Overview "
���

/ / PDI berechnen
Make /N=��� /O pd i _H i s t
Histogram / P /C/B= { - � . � � , � . � � , � � � } pdi , p d i _H i s t
Display pd i _H i s t

��� ModifyGraph mode ( p d i _H i s t ) =� , h b F i l l ( p d i _H i s t ) =�

CurveFit /G/X=� /NTHR=� Gauss pd i _H i s t /D

ModifyGraph l s t y l e ( f i t _ p d i _ H i s t ) =� , l s i z e ( f i t _ p d i _ H i s t ) =� , rgb ( f i t _ p d i _ H i s t )
= ( � , � , � � � � � ) , width = � � � . � � � , h e i gh t = � � � . � � � , gFont= " H e l v e t i c a " , g f S i z e =�� , expand
=� , m i r ro r =�

��� Label l e f t "Norm . P r o b a b i l i t y " ,
Label bottom " PDI "
SetAxis bottom � , � . �

Wave W_coef
��� Variable meanpdi = W_coef [ � ]

Variable meanpd ie r ro r = Abs (W_coef [ � ] )

/ / Rh berechnen
Display g vs q�

��� ModifyGraph mode=� , marker =� , mrkThick =� , m i r ro r =� , width = � � � . � � � , h e i gh t = � � � . � � � , gFont
= " H e l v e t i c a " , g f S i z e =�� , expand=�

SetAxis l e f t � ,���
SetAxis bottom � ,���� e-�
Label l e f t " \ \ f � � \ F ’ Symbol ’G \ \ F ’ H e l v e t i c a ’ \ f�� , Hz " ; DelayUpdate
Label bottom " \ f��q \ f � � \ \ S� \ \M, nm \ \ S-�"

���
Make /D/N=� /O d i f f u s i o n

d i f f u s i o n [ � ] = { � }

FuncFit /X=� /Q/M=� /NTHR=� /TBOX=��� MyLine , d i f f u s i o n , g /X=q� /D
���

Wave W_coef / / i n nm2 / s
Wave W_sigma
Variable Dt = d i f f u s i o n [ � ] ∗��^(-�� ) / / i n m2 / s
Variable Rh = � .������� ∗��^ ( -�� ) ∗ t empe ra tu r e [ � ] / ( � ∗ p i ∗ v i s c o s i t y [ � ] / � � � � ∗ Dt ) ∗��^� / /

von cp i n mPa s
��� Variable Rher ro r = Sqrt ( (W_sigma [� ] ∗��^ ( -�� ) ) ^ � ∗ ( � . � � � � � � � ∗ � �^ ( - � � ) ∗ t empe ra tu r e

[ � ] / ( � ∗ p i ∗ v i s c o s i t y [ � ] / � � � � ∗ Dt ^� ) ) ^� ) ∗��^� / / von cp i n mPa s
Variable r h t e x t = Round ( Rh )
Variable r h e r r o r t e x t = Round ( Rher ro r + � . � )
Variable p d i t e x t = Round ( � � � ∗ ( meanpdi+meanpd ie r ro r ) ) /���

��� TextBox /K/N=CF_g
Legend /C/N= t e x t / J /A=LT /X=� /Y=� " \ \ Z�� \ \ Z�� " + e n t e r e d _ d a t a _ t a g + " \ \ Z�� \ r \ \ F ’ Symbol ’ l

\ \ F ’ H e l v e t i c a ’ \ t = " +Num�Str ( wave length [ � ] ) + " nm\ r \ \ f��R \ \ f � � \ \ Bh \ \M\ t = ( " +
Num�Str ( r h t e x t ) + " +- " +Num�Str ( r h e r r o r t e x t ) + " ) nm\ rPDI \ t < " +Num�Str ( p d i t e x t
)

AppendToGraph gbackup vs q�
ModifyGraph mode ( gbackup ) =� , marker ( gbackup ) =� , rgb ( g ) = ( � , � , � )
SetAxis /A
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��� ErrorBars gbackup Y , wave =( ge r ro r , g e r r o r )
ErrorBars g Y , wave =( ge r ro r , g e r r o r )
ModifyGraph l s t y l e ( f i t _ g ) =�
ModifyGraph rgb ( f i t _ g ) = ( � � � � � , � � � � � , � � � � � )
SetAxis l e f t � ,���

��� ModifyGraph msize ( g ) =� , marker ( g ) =� , expand=�
Rename gbackup ’ high e r r o r ’
Duplicate ’ h igh e r r o r ’ gbackup
ErrorBars ’ h igh e r r o r ’ OFF

��� Duplicate g gdq�
gdq� = g / q�

Duplicate q� q�
q� = Sqrt ( q� )

Display gdq� vs q�
��� ModifyGraph mode=� , marker =� , rgb = ( � , � , � )

SetAxis l e f t � ,�������
SetAxis /A/N=� bottom
Label l e f t " \ \ f � � \ \ F ’ Symbol ’G \ \ F ’ H e l v e t i c a ’ \ \ f � � / q \ \ S� \ \M, Hz " ; DelayUpdate
Label bottom " \ \ f��q \ \ f�� , nm \ \ S-�"

��� ModifyGraph width = � � � . � � � , h e i gh t = � � � . � � � , gFont= " H e l v e t i c a " , g f S i z e =�� , m i r ro r =�

/ / Make a p d i vs ang le p l o t
Display pd i vs ang l e
ModifyGraph mode=� , marker =� , rgb = ( � , � , � )

��� SetAxis /A/N=� l e f t
Label l e f t " D i s p e r i s t y PDI " ; DelayUpdate
Label bottom " Angle , deg "
ModifyGraph width = � � � . � � � , h e i gh t = � � � . � � � , gFont= " H e l v e t i c a " , g f S i z e =�� , m i r ro r =� ,

manTick ( bottom ) = { � � , � � , � , � } , manMinor ( bottom ) = { � , � � }
Printf " Rh =%� .� g +- %� .� g \ r " , Rh , Rher ro r

��� Printf " PDI =%� .� g +- %� .� g \ r " , meanpdi , meanpd ie r ro r
Printf " PDI <%� .�g \ r " , meanpdi+meanpd ie r ro r
SetDataFolder r oo t

End

��� Function MyLine (w, x ) : F i t F un c / / L ine f i t f u n c t i o n y=m* x+0
Wave w
Variable x
/ / C u r v e F i t D i a l o g / These comments were c rea ted by the Curve F i t t i n g d i a l o g . A l t e r i n g

them w i l l
/ / C u r v e F i t D i a l o g / make the f u n c t i o n l e s s conven ien t t o work w i t h i n the Curve

F i t t i n g d i a l o g .
��� / / C u r v e F i t D i a l o g / Equat ion :

/ / C u r v e F i t D i a l o g / f ( x ) = D* x
/ / C u r v e F i t D i a l o g / End o f Equat ion
/ / C u r v e F i t D i a l o g / Independent V a r i a b l e s 1
/ / C u r v e F i t D i a l o g / x

��� / / C u r v e F i t D i a l o g / C o e f f i c i e n t s 1
/ / C u r v e F i t D i a l o g / w [ 0 ] = D
Return w[ � ] ∗ x

End

��� Function G�Fit (w, t ) : F i t F un c / / Cumulant f i t o f t h i r d o rde r
Wave w
Variable t
/ / C u r v e F i t D i a l o g / These comments were c rea ted by the Curve F i t t i n g d i a l o g . A l t e r i n g

them w i l l
/ / C u r v e F i t D i a l o g / make the f u n c t i o n l e s s conven ien t t o work w i t h i n the Curve

F i t t i n g d i a l o g .
��� / / C u r v e F i t D i a l o g / Equat ion :

/ / C u r v e F i t D i a l o g / f ( t ) = y0+A* exp(-G* t +mu2 / 2 * t ^2-mu3 / 6 * t ^3 )
/ / C u r v e F i t D i a l o g / End o f Equat ion
/ / C u r v e F i t D i a l o g / Independent V a r i a b l e s 1
/ / C u r v e F i t D i a l o g / t

��� / / C u r v e F i t D i a l o g / C o e f f i c i e n t s 5
/ / C u r v e F i t D i a l o g / w [ 0 ] = y0
/ / C u r v e F i t D i a l o g / w [ 1 ] = A
/ / C u r v e F i t D i a l o g / w [ 2 ] = G
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/ / C u r v e F i t D i a l o g / w [ 3 ] = mu2
��� / / C u r v e F i t D i a l o g / w [ 4 ] = mu3

Return w[� ]+w[ � ] ∗ exp(-w[ � ] ∗ t + (w[ � ] ) / � ∗ t ^�-(w[ � ] ) / � ∗ t ^� )
End

��� Function G�Fit (w, x ) : F i t F un c / / Cumulant f i t o f second o rde r
Wave w
Variable x
/ / C u r v e F i t D i a l o g / These comments were c rea ted by the Curve F i t t i n g d i a l o g . A l t e r i n g

them w i l l
/ / C u r v e F i t D i a l o g / make the f u n c t i o n l e s s conven ien t t o work w i t h i n the Curve

F i t t i n g d i a l o g .
��� / / C u r v e F i t D i a l o g / Equat ion :

/ / C u r v e F i t D i a l o g / f ( x ) = y0+A* exp(-G* x+mu2 / 2 * x ^2 )
/ / C u r v e F i t D i a l o g / End o f Equat ion
/ / C u r v e F i t D i a l o g / Independent V a r i a b l e s 1
/ / C u r v e F i t D i a l o g / x

��� / / C u r v e F i t D i a l o g / C o e f f i c i e n t s 4
/ / C u r v e F i t D i a l o g / w [ 0 ] = y0
/ / C u r v e F i t D i a l o g / w [ 1 ] = A
/ / C u r v e F i t D i a l o g / w [ 2 ] = G
/ / C u r v e F i t D i a l o g / w [ 3 ] = mu2

��� return w[� ]+w[ � ] ∗ exp(-w[ � ] ∗ x+w[ � ] / � ∗ x ^� )
End

Function HighError ( ) / / Removes p o i n t s w i t h h igh e r r o r f rom p l o t
Wave g , ge r ro r , ’ h igh e r r o r ’ , pd i

��� WaveStats g
Variable i
For ( i =� ; i <V_npnts +� ; i = i +� )

I f ( g e r r o r [ i ] > � . � ∗ g [ i ] )
’ h igh e r r o r ’ [ i ] = g [ i ]

��� g [ i ] = NaN
pd i [ i ] = NaN

Endif
Endfor

End
���

Function PDIFit ( )
Wave pdi , p d i _H i s t
Histogram / P /C/B=� pdi , p d i _H i s t

��� CurveFit /G/X=� /H= " ���� " /NTHR=� Gauss pd i _H i s t /D
End

Function RhFit ( )
Wave Di f f u s i on , g , q� , t empera ture , v i s c o s i t y

��� FuncFit /X=� /Q/M=� /NTHR=� /TBOX=��� MyLine , D i f f u s i on , g /X=q� /D

Wave W_coef / / i n nm2 / s
Wave W_sigma
Variable Dt = D i f f u s i o n [� ] ∗��^ ( -�� ) / / i n m2 / s

��� Variable Rh = � .������� ∗��^ ( -�� ) ∗ t empe ra tu r e [ � ] / ( � ∗ p i ∗ v i s c o s i t y [ � ] / � � � � ∗ Dt ) ∗��^� / /
von cp i n mPa s

Variable Rher ro r = Sqrt ( (W_sigma [� ] ∗��^ ( -�� ) ) ^ � ∗ ( � . � � � � � � � ∗ � �^ ( - � � ) ∗ t empe ra tu r e
[ � ] / ( � ∗ p i ∗ v i s c o s i t y [ � ] / � � � � ∗ Dt ^� ) ) ^� ) ∗��^� / / von cp i n mPa s

Variable r h t e x t = Round ( Rh )
Variable r h e r r o r t e x t = Round ( Rher ro r + � . � )
Printf " Rh= ( " +Num�Str ( r h t e x t ) + " +- " +Num�Str ( r h e r r o r t e x t ) + " ) nm\ r "

��� End

Function PDIFit ( )
Wave pdi , p d i _H i s t
Histogram / P /C/B= { - � . � � , � . � � , � � � } pdi , p d i _H i s t

��� CurveFit /G/X=� /NTHR=� Gauss pd i _H i s t /D
End⌃ ⇧
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A.� Random Slicing Correction: Mathematical Procedures to An-
alyze Shell Thickness

Listing A.10 Mathematical procedure to correct random slicing in IGOR Pro.⌥
/ / IGOR Pro procedure t o c o r r e c t random s l i c i n g d u r i n g TEM sample p r e p a r a t i o n . Wal l

t h i c k n e s s Hi and o u t e r r a d i u s Ri are determined by image a n a l y s i s .
/ / W r i t t e n by C h r i s t i a n Ku t tne r , P h y s i c a l Chemis t ry I I , Bayreuth U n i v e r s i t y ;

� / / c h r i s t i a n . ku t tner@uni-bayreu th . de
/ / Methodology p u b l i s h e d i n M. Poehlmann e t a l . , S o f t Ma t te r 2014;
/ / Mathemat ica l model based on A . E . Smith e t a l . , Chemical Eng inee r i ng Science 2000 ,

55 , 2031-2041;
Function Calc ( ) / / Random S l i c i n g C o r r e c t i o n : En te r measured Ri and Hi data and c a l l

f u n c t i o n
Make /O/N=� meanRi = { � � � � . � , � � � . � } / / Example va lues

� / / En te r measured r a d i u s : mean , sdev i n nm
Make /O/N=� meanHi = { � � � . � , � � � . � } / / Example va lues

/ / En te r measured t h i c k n e s s : mean , sdev i n nm
Make /O/N=�� phi , meanR , meanH / / S l i c i n g angle , c o r r e c t e d r a d i u s & t h i c k n e s s
Variable g u e s s e d p h i l im i t = ASin ( ( meanRi [�]-meanHi [ � ] ) / meanRi [ � ] ) / / Guessed ang le

�� Print " gue s s edph i = " , g u e s s e d p h i l im i t / Pi ∗���

Variable Ri_max = meanRi [ � ] + � ∗meanRi [ � ] / / c a l c u l a t e s
Variable Hi_max = meanHi [ � ] + � ∗meanHi [ � ] / / i n t e g r a t i o n
Variable Ri_min = meanRi [�]-�∗meanRi [ � ] / / l i m i t s

�� Variable Hi_min = meanHi [�]-�∗meanHi [ � ]
I f ( Ri_min <� ) / / Sets lower l i m i t

Ri_min = �
Endif
I f ( Hi_min <� ) / / Sets lower l i m i t

�� Hi_min = �
Endif

Print " L im i t s = " , Ri_min , Ri_max , " and " , Hi_min , Hi_max

Variable /G normRiF i t = � / / N o r m a l i z a t i o n
�� normRiF i t = Integrate�D ( f�Ri , Ri_min , Ri_max )

Variable /G normHiFi t = � / / N o r m a l i z a t i o n
normHiFi t = Integrate�D ( f�Hi , Hi_min , Hi_max )

Print " NormRiF i t = " , normRiF i t , " NormHiFit = " , normHiFi t

�� meanH [ � ] = meanHi [ � ] / / S t a r t i n g va lues
meanR [ � ] = meanRi [ � ]
ph i [ � ] = g u e s s e d p h i l im i t / Pi ∗���
Print " � : ph i " , ph i [ � ] , " meanH " ,meanH [ � ] , meanH [ � ] / meanHi [ � ] , " meanR " ,meanR

[ � ] , � / ( meanR [ � ] / meanRi [ � ] )
Variable i =� , o l d g u e s s e d l im i t = � , d i f

��
meanH[ i ] = meanHcalc ( Ri_min , Ri_max , Hi_min , Hi_max ,- gu e s s e d ph i l im i t , + g u e s s e d p h i l im i t )
meanR [ i ] = � / Pi ∗ ( meanRi [�]-meanHi [ � ] ) +meanH[ i ] / / Cor rec ted f u n c t i o n , Smith used P i

/ 2 f a c t o r
phi [ i ] = g u e s s e d p h i l im i t / Pi ∗���
Print i , " : ph i " , ph i [ i ] , " meanH " ,meanH[ i ] ,meanH[ i ] / meanHi [ � ] , " meanR " ,meanR [ i

] , � / ( meanR [ i ] / meanRi [ � ] )
��

For ( i =� ;Abs ( o l d g u e s s e d l im i t-g u e s s e d p h i l im i t ) > � . � � � � � � ; i = i +� ) / / Set P r e c i s i o n
o l d g u e s s e d l im i t = g u e s s e d p h i l im i t / / Update guessed ang le
g u e s s e d p h i l im i t = ASin ( ( meanR [ i-�]-meanH[ i -�]) / meanR [ i -�])
ph i [ i ] = g u e s s e d p h i l im i t / Pi ∗���

�� meanH[ i ] = meanHcalc ( Ri_min , Ri_max , Hi_min , Hi_max ,- gu e s s e d ph i l im i t , +
g u e s s e d p h i l im i t )

meanR [ i ] = � / Pi ∗ ( meanRi [�]-meanHi [ � ] ) +meanH[ i ] / / Cor rec ted f u n c t i o n
Print i , " : ph i " , ph i [ i ] , " meanH " ,meanH[ i ] ,meanH[ i ] / meanHi [ � ] , " meanR " ,meanR [ i

] , � / ( meanR [ i ] / meanRi [ � ] )
Endfor
Redimension /N=( i ) phi , meanH , meanR / / C lean ing up

�� End
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Function f�Ri ( x ) / / N o r m a l i z a t i o n o f f 1 R i
Variable x
Wave meanRi

�� NVAR normal = normRiF i t
Return ( � / normal ∗ ( � + � / ( meanRi [ � ] ∗ Sqrt ( � ∗ Pi ) ) ∗ Exp ( - � . � ∗ ( ( x-meanRi [ � ] ) / meanRi [ � ] ) ^� ) ) )

/ / Gaussian
End

Function f�Hi ( x ) / / N o r m a l i z a t i o n o f f 2 H i
�� Variable x

Wave meanHi
NVAR normal = normHiFi t
Return ( � / normal ∗ ( � + � / ( meanHi [ � ] ∗ Sqrt ( � ∗ Pi ) ) ∗ Exp ( - � . � ∗ ( ( x-meanHi [ � ] ) / meanHi [ � ] ) ^� ) ) )

/ / Gaussian
End

��
Function f�phi ( x ) / / Must be norma l i zed

Variable x
Return ( � . � ∗ Cos ( x ) ) / / New ang le f u n c t i o n , Smith used 1 / P i

End
��

Function meanHcalc ( xmin , xmax , ymin , ymax , zmin , zmax )
Variable xmin , xmax , ymin , ymax , zmin , zmax
Variable /G globa lXmin = xmin , globalXmax = xmax
Variable /G g loba lYmin = ymin , g loba lYmax = ymax

�� Variable /G g loba lZ , g l o b a l Y
Return Integrate�D ( Zfunction , zmin , zmax , � )

End

Function H( Ri , Hi , ph i ) / / Geometr ic Func t i on by Smith e t a l .
�� Variable Ri , Hi , ph i

Return ( ( R i /Cos ( ph i ) )-Sqrt ( Hi^�-( R i /Cos ( ph i ) ) ^�+� ∗ Ri ∗ ( Ri-Hi ∗Cos ( ph i ) ^� ) / ( Cos ( ph i ) ^� )
) )

End

Function Xfunction ( inX )
�� Variable inX

NVAR g l o b a l Y = g loba lY , g l o b a lZ = g l ob a lZ
Return (H( inX , g loba lY , g l o b a lZ ) ∗ f�Ri ( inX ) ∗ f�Hi ( g l o b a l Y ) ∗ f�phi ( g l o b a lZ ) )

End

�� Function Yfunction ( inY ) / / Gaussian Quadrature i n t e g r a t i o n
Variable inY
NVAR g l ob a lZ = g loba lZ , g l o b a l Y = g l o b a l Y

g l o b a l Y = inY
NVAR globa lXmin = globalXmin , globalXmax = globalXmax

�� Return Integrate�D ( Xfunction , g lobalXmin , globalXmax , � )
End

Function Zfunction ( inZ ) / / Gaussian Quadrature i n t e g r a t i o n
Variable inZ

��� NVAR g l ob a lZ = g l ob a lZ
g l ob a lZ = inZ

NVAR globa lXmin = globalXmin , globalXmax = globalXmax
NVAR g loba lYmin = globa lYmin , g loba lYmax = globalYmax
Return Integrate�D ( Yfunction , g loba lYmin , globalYmax , � )

��� End

/ / c a l c ( )
/ / guessedphi = 44.427
/ / L i m i t s = 1200 2800 and 0 1600

��� / / NormRiF i t = 0.999936 NormHiF i t = 0.991771
/ / 0 : p h i 44.427 meanH 600 1 meanR 2000 1
/ / 1 : p h i 44.427 meanH 371.706 0.61951 meanR 2154.24 0.928401
/ / 2 : p h i 55.8381 meanH 415.283 0.692138 meanR 2197.82 0.909993
/ / 3 : p h i 54.1984 meanH 410.358 0.68393 meanR 2192.89 0.912037

��� / / 4 : p h i 54.3772 meanH 410.916 0.68486 meanR 2193.45 0.911805
/ / 5 : p h i 54.3569 meanH 410.853 0.684754 meanR 2193.39 0.911831
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/ / 6 : p h i 54.3592 meanH 410.86 0.684766 meanR 2193.4 0.911828
/ / 7 : p h i 54.3589 meanH 410.859 0.684765 meanR 2193.39 0.911829
/ / 8 : p h i 54.3589 meanH 410.859 0.684765 meanR 2193.39 0.911829

��� / / Cor rec ted r a d i u s i s 2193nm, c o r r e c t e d t h i c k n e s s i s 411nm, c o r r e c t i o n f a c t o r i s
0 .68 , l i m i t i n g s l i c i n g ang le i s 54.4 deg⌃ ⇧

Listing A.11 Mathematical procedure to correct random slicing in Mathematica.⌥
/ / Mathemat ica procedure t o c o r r e c t random s l i c i n g d u r i n g TEM sample p r e p a r a t i o n . Wal l

t h i c k n e s s Hi and o u t e r r a d i u s Ri are determined by image a n a l y s i s .
� / / W r i t t e n by C h r i s t i a n Ku t tne r , P h y s i c a l Chemis t ry I I , Bayreuth U n i v e r s i t y ;

/ / c h r i s t i a n . ku t tner@uni-bayreu th . de
/ / Methodology p u b l i s h e d i n M. Poehlmann e t a l . , S o f t Ma t te r 2013;
/ / Mathemat ica l model based on A . E . Smith e t a l . , Chemical Eng inee r i ng Science 2000 ,

55 , 2031-2041;

� / / En te r measured Ri and Hi data and f o l l o w the procedure
Clear [ Hi , Ri , phi , p h i l im i t , g u e s s e d ph i l im i t , meanR , meanH , meanRi , meanHi , R i F i t , H i F i t , Rimin ,

Rimax , Himin , Himax ] / / Clean up memory

/ / En te r measured r a d i u s and t h i c k n e s s : { mean , sdev } i n nm
meanRi : = { � � � � . � , � � � . � } / / Example va lues

�� meanHi : = { � � � . � , � � � . � } / / Example va lues

/ / Geometr ic Func t i on by Smith e t a l .
H: = ( Ri /Cos [ ph i ] )-Sqrt [ Hi^�-( R i /Cos [ ph i ] ) ^�+� ∗ Ri ∗ ( Ri-Hi ∗Cos [ ph i ] ^ � ) / ( Cos [ ph i ] ^ � ) ]
meanH := NIntegrate [H∗ f �R i ∗ f�Hi ∗ f�ph i , { Ri , Rimin , Rimax } , { Hi , Himin , Himax } , { phi ,-

gu e s s e d ph i l im i t , + g u e s s e d p h i l im i t } ]
��

/ / P r o b a b i l i t y d e n s i t y f u n c t i o n s
f �R i : = � / ( meanRi [ [ � ] ] ∗ Sqrt [ � ∗ P i ] ) ∗ Exp [- ( ( Ri-meanRi [ [ � ] ] ) / meanRi [ [ � ] ] ) ^� ]
f�Hi : = � / ( meanHi [ [ � ] ] ∗ Sqrt [ � ∗ P i ] ) ∗ Exp [- ( (Hi-meanHi [ [ � ] ] ) / meanHi [ [ � ] ] ) ^� ]
f �ph i : = � . � ∗ Cos [ ph i ] / / New ang le f u n c t i o n , Smith used 1 / P i

�� meanR : = � / P i ∗ ( meanRi [[�]]-meanHi [ [ � ] ] ) +meanH / / Cor rec ted f u n c t i o n , Smith used P i / 2
f a c t o r

p h i l i m i t : = ArcS in [ ( meanR-meanH ) /meanR ] / / L i m i t i n g s l i c i n g ang le
g u e s s e d p h i l im i t : = ArcS in [ ( meanRi [[�]]-meanHi [ [ � ] ] ) / meanRi [ [ � ] ] ]
/ / P h i l i m i t d e f i n e s the maximal c u t t i n g ang le . Cuts above p h i l i m i t r e s u l t i n c losed

d i s c ( l i d s ) . I n i t i a l l y p h i l i m t i s no t known , t h e r e f o r e we guess a va lue "
g u e s s e d p h i l i m t "

/ / I f Ri and Hi are assumed t o be n o r m a l l y d i s t r i b u t e d then they w i l l be desc r i bed by
a mean and s tandard d e v i a t i o n t h a t can be c a l c u l a t e d from the image a n a l y s i s data
. Where f 1 R i and f 2 H i are the p r o b a b i l i t y d e n s i t y f u n c t i o n s o f Ri and Hi
r e s p e c t i v e l y i n the form o f y := y0+yA * Exp [ - ( ( x-x0 ) / w id th ) ^ 2 ] . Th is gauss ian
equa t i on parameters are g iven v i a y F i t : = { y0 , yA , x0 , w id th } . The area below y F i t
shou ld be 1 . Check v i a N I n t e g r a t e [ f 1 y i , { y , ymin , ymax } ] . I f no t no rma l i zed use
f1Rinorm : = 1 / N I n t e g r a t e [ f1R i , { Ri , Rimin , Rimax } ] * f 1 R i . There fo re , N I n t e g r a t e [
f1Rinorm , { Ri , Rimin , Rimax } ] t o s e t i t t o 1 .

�� / / c a l c u l a t e i n t e g r a t i o n l i m i t s
Rimin : = I f [ ( meanRi [[�]]-meanRi [ [ � ] ] ∗ � ) <� ,� , ( meanRi [[�]]-meanRi [ [ � ] ] ∗ � ) ]
Rimax : = meanRi [ [ � ] ] + meanRi [ [ � ] ] ∗ �
Himin : = I f [ ( meanHi [[�]]-meanHi [ [ � ] ] ∗ � ) <� ,� , ( meanHi [[�]]-meanHi [ [ � ] ] ∗ � ) ]
Himax := meanHi [ [ � ] ] + meanHi [ [ � ] ] ∗ �

�� / / The f a c t o r *4 was proposed by Smith , s i nce i t r e p r e s e n t s a lmost 100% o f a l l da ta .
Rimin and Himin must no t be n e g a t i v e .

g u e s s e d p h i l im i t / / Returns 0.775397
N[ g u e s s e d p h i l im i t ] ∗ � � � / P i / / Returns 44.427 deg
/ / N o r m a l i z a t i o n o f f 1 R i
NIntegrate [ f�Ri , { Ri , Rimin , Rimax } ] / / Returns 0.707107

�� f �R i no rma l i z e d : = � / NIntegrate [ f�Ri , { Ri , Rimin , Rimax } ] ∗ f �R i
NIntegrate [ f�R ino rma l i z ed , { Ri , Rimin , Rimax } ] / / Returns 1
/ / N o r m a l i z a t i o n o f f 2 H i
NIntegrate [ f�Hi , { Hi , Himin , Himax } ] / / Returns 0.706863
f�Hino rma l i z ed : = � / NIntegrate [ f�Hi , { Hi , Himin , Himax } ] ∗ f�Hi

�� NIntegrate [ f�Hinorma l i z ed , { Hi , Himin , Himax } ] / / Returns 1
/ / now norma l i zed . . . r e d e f i n e meanH
meanH := NIntegrate [H∗ f �R i no rma l i z e d ∗ f�Hino rma l i z ed ∗ f�ph i , { Ri , Rimin , Rimax } , { Hi , Himin ,

Himax } , { phi ,- gu e s s e d ph i l im i t , + g u e s s e d p h i l im i t } ]
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/ / 1 s t i t e r a t i o n
meanH / / Returns 370.146 (nm)

�� meanR / / Returns 2152.89 (nm)
N[ g u e s s e d p h i l im i t ∗ � � � / P i ] / / Returns 44.427 ( deg )
N[ p h i l i m i t ∗ � � � / P i ] / / Returns 55.8993 ( deg )
/ / 2nd i t e r a t i o n
g u e s s e d p h i l im i t : = � � . � � � � / � � � ∗ P i / / Update guess manual ly

�� meanH / / Returns 414.083
meanR / / Returns 2196.62
N[ g u e s s e d p h i l im i t ∗ � � � / P i ] / / Returns 55.8993
N[ p h i l i m i t ∗ � � � / P i ] / / Returns 54.2418
/ / 3nd i t e r a t i o n

�� g u e s s e d p h i l im i t : = � � . � � � � / � � � ∗ P i / / Update guess manual ly
meanH / / Returns 409.093
meanR / / Returns 2191.63
N[ g u e s s e d p h i l im i t ∗ � � � / P i ] / / Returns 54.2418
N[ p h i l i m i t ∗ � � � / P i ] / / Returns 54.4234

�� / / 4 t h i t e r a t i o n
g u e s s e d p h i l im i t : = � � . � � � � / � � � ∗ P i / / Update guess manual ly
meanH / / Returns 409.661
meanR / / Returns 2192.2
N[ g u e s s e d p h i l im i t ∗ � � � / P i ] / / Returns 54.4234

�� N[ p h i l i m i t ∗ � � � / P i ] / / Returns 54.4027
/ / 5 t h i t e r a t i o n
g u e s s e d p h i l im i t : = � � . � � � � / � � � ∗ P i / / Update guess manual ly
meanH / / Returns 409.596
meanR / / Returns 2192.13

�� N[ g u e s s e d p h i l im i t ∗ � � � / P i ] / / Returns 54.4027
N[ p h i l i m i t ∗ � � � / P i ] / / Returns 54.405
/ / 6 t h i t e r a t i o n
g u e s s e d p h i l im i t : = � � . � � � / � � � ∗ P i / / Update guess manual ly
meanH / / Returns 409.603

�� meanR / / Returns 2192.14
N[ g u e s s e d p h i l im i t ∗ � � � / P i ] / / Returns 54.405
N[ p h i l i m i t ∗ � � � / P i ] / / Returns 54.4047
/ / 7 t h i t e r a t i o n
g u e s s e d p h i l im i t : = � � . � � � � / � � � ∗ P i / / Update guess manual ly

�� meanH / / Returns 409.602
meanR / / Returns 2192.14
N[ g u e s s e d p h i l im i t ∗ � � � / P i ] / / Returns 54.4047
N[ p h i l i m i t ∗ � � � / P i ] / / Returns 54.4048
/ / 8 t h i t e r a t i o n

�� g u e s s e d p h i l im i t : = � � . � � � � / � � � ∗ P i / / Update guess manual ly
meanH / / Returns 409.603 (nm)
meanR / / Returns 2192.14 (nm)
N[ g u e s s e d p h i l im i t ∗ � � � / P i ] / / Returns 54.4048 ( deg )
N[ p h i l i m i t ∗ � � � / P i ] / / Returns 54.4048 ( deg )

�� / / I f g u e s s e d p h i l i m i t = p h i l i m i t , s top procedure .

/ / C o r r e c t i o n f a c t o r s
meanH /meanHi [ [ � ] ] / / Returns 0.682671
� / ( meanR / meanRi [ [ � ] ] ) / / Returns 0.912351

�� / / Cor rec ted r a d i u s i s 2192nm, c o r r e c t e d t h i c k n e s s i s 410nm, c o r r e c t i o n f a c t o r i s
0 .68 , l i m i t i n g s l i c i n g ang le i s 54.4 deg⌃ ⇧
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