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1. Zusammenfassung

1. Zusammenfassung
In der vorliegenden Dissertation wird ein neuartiges Konzept zur kontrollierten

Exfolierung von Schichtverbindungen in funktionale Doppelschichten vorgestellt.

Das entwickelte Syntheseprinzip basiert auf der Bildung von streng alternierenden
Wechsellagerungen, in denen sowohl funktionelle Zwischenschichten als auch definierte
Sollbruchstellen generiert werden.

Die auf diese Weise hergestellten Doppelschichten sind aufgrund der hohen strukturellen
Anisotropie zum Aufbau von komplexen funktionalen Systemen verwendbar. Als
maogliche Anwendungen werden optisch-anisotrope Beschichtungen, die Herstellung
mechanisch verstarkter Nanofullstoffe und die Verwendung von Doppelschichten als
Ausgangsverbindung fiir die asymmetrische Oberflachenmodifikation von Nanoplattchen
exemplarisch vorgestellt.

Zur Realisierung dieses Konzeptes wurde zundchst ein Schichtsilicat aus einer
Schmelzsynthese untersucht, das nach einem Langzeittempern ideale Eigenschaften flr
diese Studie aufwies. So konnte durch die Nachbehandlung eine deutliche Erhthung der
Phasenreinheit, der intrakristallinen Reaktivitdt, sowie eine Homogenisierung der
Ladungsdichteverteilung nachgewiesen werden. Durch die niedrige und homogene
Schichtladung zeigt dieses Schichtsilicat in Wasser ein homogenes osmotisches
Quellverhalten und delaminiert vollstandig in einzelne Silicatschichten. Die osmotische
Quellung ist als besonders schonendes Verfahren ideal geeignet, um Schichtstapel
kontrolliert in definierte Doppelschichten zu exfolieren.

Aufgrund der homogenen Ladungsdichteverteilung konnte im néachsten Schritt die
Ausbildung von geordneten Wechsellagerungen mit verschiedenen organischen Kationen
untersucht und der Ordnungsmechanismus aufgeklart werden. Es zeigte sich, dass in der
geordneten Wechsellagerung die Molekiile im Zwischenschichtraum eine dichte Packung
realisieren, wobei die Kationendichte lokal von der mittleren Ladungsdichte der
Wirtsverbindung abweicht. Dadurch wird eine lokale Ladung erzeugt, welche in der
néchsten Zwischenschicht durch eine entsprechend angepasste Kationendichte
ausgeglichen wird, was wiederum die alternierende Abfolge der Zwischenschichten
erklart.

Mit dem Wissen (ber die Synthese und den Bildungsmechanismus von geordneten
Wechsellagerungen  war es  anschlieBend  mdoglich,  funktionale  organische
Zwischenschichten einzufiigen, welche mit Natriumzwischenschichten alternieren.

Letztere konnen als definierte Sollbruchstellen aufgefasst werden, da sie nach
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1. Zusammenfassung

Wasserzugabe osmotisch quellen und dabei die geordnete Wechsellagerung kontrolliert in
Doppelschichten mit darin verkapselten, funktionalen Molekulen exfolieren.

Als funktionale Modellverbindung wurde ein fluoreszierendes Stilbazoliumderivat
ausgewahlt. Durch Intercalation und Bildung der Doppelschichten wurde die
Dispergierbarkeit dieser funktionellen Spezies in Wasser ermoglicht, die thermische
Stabilitat verbessert, sowie die Quantenausbeute erhoht. Ein interessantes Anwendungsfeld
eroffnet sich durch die Ausrichtung der Emittermolekile innerhalb der strukturell
anisotropen Doppelschicht. Dadurch kénnen optisch-anisotrope Systeme realisiert werden,
die eine Effizienzsteigerung in optoelektronischen Anwendungen bei gleichzeitiger
chemischer und thermischer Stabilisierung des Emitters versprechen.

Im letzten Schritt dieser Arbeit wurden Doppelschichten hergestellt, die als
Zwischenschichtkation Ammonium-lonen besitzen. Durch die strukturelle Passung des
Ammoniumkations mit den hexagonalen Kavitdten kollabieren die Zwischenschichten
nach dem Trocknen irreversibel und werden durch die eingeschlossenen Ammoniumionen
miteinander verzahnt. Die dadurch zu erwartende mechanische Verstarkung wurde durch
die Messung des in-plane Moduls mittels der von Kunz et al. entwickelten Wrinkling-
Methode bestétigt.

Ein weiterer Vorteil dieser Ammonium-Doppelschichten besteht in der mdglichen
Spaltung durch Anbasen und gleichzeitigem Austausch mit Kationen, welche eine hohe
Hydratationsenthalpie besitzen (z.B. Lithiumionen). Auf diese Weise wird die
Doppelschicht mittels osmotischer Quellung gespalten. Nach der externen Modifikation
mit einem kationischem Copolymer konnte durch Zugabe von Lithiumhydroxid die
Symmetrie des Silicatplattchens gezielt gebrochen werden. Die so erzeugte
Janusmodifikation wurde mittels selektiver Adsorption von Dendrimeren an die
polymerfreie Silicatoberflache belegt. Die Dendrimeroberflache lie sich dabei sowohl
topographisch als auch hinsichtlich der Adh&sion von der geschitzten
Copolymeroberflache, an die kaum Dendrimere adsorbieren, unterscheiden.

Das innovative Konzept zur Synthese von Januspartikeln lasst sich auf verschiedene
deprotonierbare Doppelschichten und beliebige kationische Modifikatoren Ubertragen. Aus
diesem Grund bietet die Doppelschichtsynthese vielfaltige Anwendungsmdglichkeiten fir
Systeme, in denen sowohl die Grenzflaichenchemie als auch die mechanischen
Eigenschaften zu optimieren sind, z.B. im Bereich von stabilisierten Emulsionen, Coatings

und Polymerblends.



2. Summary

2. Summary

A novel concept for the controlled exfoliation of layered compounds into functional
bilayers is presented within this thesis. The synthesis is based on simple intercalation
reactions. Ordered interstratified structures are formed where a functional interlayer
alternates with an interlayer which is capable of osmotic swelling. Therefore, the latter can
be considered as a predetermined slipping plane for a gentle and controlled exfoliation into
bilayers.

Due to the structural anisotropy of the bilayers platelet texturing is straightforward which
can be used for the self assembly to complex functional systems. Anisotropic coatings,
mechanically reinforced nanofillers for polymer-nanocomposites and the synthesis of
Janus-platelets are given as just a small selection of examples in a much broader range of
potential applications.

In order to realize this concept, a novel synthetic clay was investigated which was made by
melt synthesis followed by a long term annealing procedure. The characterization of this
novel material proofed increased phase purity, high intracrystalline reactivity and superior
layer charge homogeneity. Furthermore the low and homogeneous layer charge enables
osmotic swelling which results for highly diluted suspensions in a complete delamination
into individual layers. Osmotic swellability and charge homogeneity are both essential
ingredients for formation of ordered interstratifications and their controlled exfoliation.
Next the synthesis and mechanism of formation of ordered interstratified structures were
investigated. Two differently sized organic cations were used. It was found that the organic
cations form a close packed organic interlayer structure in the ordered interstratified phase.
Close packing was in both cases achieved by a deviation of the interlayer cation density
from the average host charge density. This variation causes the alternating interlayer
sequence.

The gained knowledge was then applied to investigate the properties of ordered
interstratifications where a functional organic interlayer alternates with osmotically
swellable sodium interlayers. A stilbazolium dye was chosen as a model functional
compound. Upon addition of water to this interstratified material, double stacks are formed
where a dye interlayer is localized between two silicate layers. It turned out that the
encapsulation enables the dispersion of the hydrophobic dye in water, increases the thermal
stability and improves the solid state photoluminescent quantum yield as compared to the

solid dye salt.



2. Summary

Another interesting feature of the functional bilayers results from the preferred orientation
of the encapsulated molecules. Due to the high aspect ratio, polymer based nanocomposite
coatings are perfectly textured and show optical anisotropy. The preferred molecule
orientation in combination with an improved chemical and thermal stability is an important
feature which is expected to increase the performances of optoelectronic applications, for
example in light emitting devices.

Finally bilayers were synthesized where the central interlayer species is ammonium. The
size of the ammonium cation fits well to the size of the hexagonal cavities located at the
silicate surface. As a consequence the interlayer space irreversibly collapse upon drying
and the ammonium cations protrude into the upper and lower hexagonal cavities. An
improved stiffness was verified with a wrinkling procedure which was recently published
by Kunz et al. The ammonium-bilayer showed an increased in-plane modulus compared to
the monolayer.

Another advantage of the ammonium functionality arises from the possibility of bilayer
cleavage. Addition of bases with counterions of high hydration enthalpy, like lithium
hydroxide, completely removes the ammonium from the interlayer, inducing osmotic
swelling. This way the platelet symmetry can be easily broken if bilayers are externally
modified with polycations. After cleaving Janus-platelets are formed which feature two
different clay surfaces. One platelet side is completely modified with the cationic polymer
while the cleaved one is covered with lithium cations.

A novel analytical method was established to proof the Janus-character. In this approach
the distinct adsorption characteristics of cationic dendrimers to the two different surfaces
were utilized. Nearly no dendrimers adsorb to the polymer covered surface, while the
silicate surface is highly attractive for adsorbtion. The topographical and adhesion
properties of the dendrimer covered surface are distinctly different from the dendrimer-free
polymer surface.

The novel and versatile concept can be easily transferred to other types of bilayers made
with protonated organic interlayer cations and arbitrary modificators. Consequently, the
novel Janus-synthesis could be interesting for all applications where interfacial as well as
mechanical properties have to be considered. Possible fields of applications are coatings,

emulsions and polymer blends.
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3. Einleitung

3.1 Herausforderungen an die Materialchemie

Die globale Herausforderung im 21. Jahrhundert besteht im alternativiosen Wechsel von
fossilen Energietragern, wie Ol, Gas und Kohle zu regenerativen Energietragern auf Basis
von Sonnenlicht, Windkraft und Wérme." Diese technische Revolution schlieRt neben der
Gewinnung von regenerativen Energien, deren Speicherung und der gleichzeitigen
Verringerung des Energieverbrauches, auch die Synthese von chemischen Verbindungen
aus nichtfossilen Energietragern und CO, ein.*

Fur diese epochale Aufgabe muss die Festkdrpermaterialforschung mit neuen Materialien
einen entscheidenden Beitrag leisten. Ein zentraler Entwicklungsansatz besteht dabei in der
Manipulation von Materialien und Strukturen auf der Nanoebene.

Ein Beispiel fir das enorme Potential, welches sich durch eine kontrollierte
Nanostrukturierung ertffnet, stellen natiirliche Nano-Kompositmaterialien dar. Strukturen,
die &hnlich wie Perlmutt von der Nano- bis auf die Mesoebene organisiert sind,
ermoglichen einzigartige Materialeigenschaften.”> Auf diese Weise kénnten mechanisch
stabilere und dennoch leichtere Werkstoffe erzeugt werden. Diese neuartigen Werkstoffe
konnten beispielsweise Stahle in Kraftfahrzeugen ersetzen, was das Gewicht reduzieren
und dadurch den Kraftstoffverbrauch senken wirde.

Nanostrukturierung von Materie ist aber auch fir photokatalytische Systeme wichtig.
Dabei steht gegenwartig die Verwendung von Sonnenlicht als Energiequelle und die
Umsetzung von CO; als Kohlenstoffquelle im Vordergrund der
Forschungsanstrengungen.®®

Die Nanostrukturierung der katalytischen Materialien ist ein wichtiger Ansatz zur
Verbesserung der katalytischen Effizienz. Koénnten sich Materialien nach dem
Baukastenprinzip auf der Nanoebene gezielt ,,designen® lassen, so lieen sich ihre
chemischen und physikalischen Eigenschaften fiir die Katalyse leichter optimieren.

Ein solcher ,,Nanobaukasten“ ist theoretisch am einfachsten mittels atomar-definierter
Nanoschichten zu erreichen. Werden z.B. 1nm dinne Silicatschichten in einer
Polymermatrix definiert eingebettet, entstehen texturierte Materialien, in denen bis auf die
Mesoskala anorganische Nanoschichten mit der Polymermatrix alternieren. Diese
Nanokompositsysteme besitzen eine Transparenz und Flexibilitdt von Polymeren, weisen

aber gleichzeitig eine tiberragende Gasbarriere und mechanische Eigenschaften auf.”®
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In ahnlicher Weise konnte ein hierarchischer Aufbau aus atomar-definierten Schichten von
Materialien fir die Katalyse erfolgen, so dass sich im Idealfall die elektronischen
Bandstrukturen und damit die katalytischen Eigenschaften gezielt tunen lassen.®*°

Besonders erfolgsversprechend scheint hierbei die Verwendung von exfolierten
Schichtmaterialien zu sein. Mit Dreier-, Zweier- oder vollstandig delaminierten Schichten
konnte die maligeschneiderte Herstellung neuer Materialien relativ einfach durch gezielte

Anordnung nach dem ,,LEGO-Prinzip* erfolgen (Abbildung 1).°

Graphene

Abbildung 1: Das Konstruktionsprinzip von maRgeschneiderten Schichtmaterialien 1&sst sich mit dem
LEGO-Baukastenprinzip vergleichen. Die einzelnen LEGO-Bausteine entsprechen zweidimensionalen
Schichtmaterialien, die je nach bendtigtem Eigenschaftsprofil gezielt aufgebaut werden.” Reproduced with
permission from Reference 9. Copyright 2013, Nature Publishing Group.

Es handelt sich hierbei um eine Kombination eines Top-down und Bottom-up-Verfahrens,
d.h. der Exfolierung eines Bulk-Kristalls in dinnere zweidimensionale Schichten (Top-
down) und dem Aufbau der synthetischen schichtférmigen Heterostruktur (Bottom-up-
Verfahren).

Der Physiker Andre Konstantin Geim, der den Nobelpreis fir die Erforschung von
Graphen innehat, sieht solche maRgeschneiderten Heterostrukturen in greifbare Néahe
gekommen: ,, Such artificial materials engineered with one-atomic-plane accuracy would

have been science fiction a few years ago but are within the grasp of today’s technology. 9



3. Einleitung

Bisher wurden streng alternierende  Heterostrukturen aus unterschiedlichen
Schichtverbindungen mittels aufwendiger mechanischer Trennverfahren (Scotch-Tape
Methode) hergestellt.’

Fur die groRtechnische Materialsynthese ist dieser Syntheseansatz natirlich nicht
praktikabel. Aus diesem Grund wird gegenwartig intensiv nach Top-down-Verfahren zur
kontrollierten Exfolierung von Schichtmaterialien gesucht, die grof3technisch skalierbar
und 6konomisch attraktiv sind.***?

Uber die Mdglichkeiten zur Exfolierung von Schichtverbindungen und die Vorteile, die

sich dadurch ergeben, soll im Folgenden detailliert eingegangen werden.

3.2 Maldgeschneiderte Materialien durch Exfolierung von

Schichtverbindungen

Das grof3e Potential, welches schichtférmige Heterostrukturen bieten, ist auf die besondere
Eigenschaft von zweidimensionalen Materialien zuriickzufiihren: Bei anorganischen
Schichtmaterialien hdngen die physikalischen Eigenschaften in groBem MaRe von der
Translationssymmetrie entlang der Stapelrichtung ab. Durch die anisotropen
Bindungsverhéltnisse innerhalb einer Schichtverbindung, d.h. starken Bindungen innerhalb
der Schichten (v.a. kovalente und ionische Bindungen) und meist schwachen
Wechselwirkungen zwischen den einzelnen Schichten (van der Waals-Wechselwirkungen
und  Wasserstoffbrickenbindungen), kann die  Ordnung und damit die
Translationssymmetrie relativ leicht beeinflusst werden. Die physikalischen Eigenschaften
der Schichtverbindung werden dadurch stark veréndert.

Ein eindrucksvolles Beispiel flr einen solchen Effekt ist die 30 fache Verringerung der
Warmeleitfahigkeit von WSe,-Schichten gegeniiber eines perfekt geordneten WSe,-
Einkristalls nach Einfilhrung von turbostratischen Fehlordnungen.'® Durch die Stapelfehler
wird die Ausbreitung von kollektiven Gitterschwingungen (Phononen) extrem gestort und
damit der Warmetransport entlang der Stapelrichtung stark verringert.

Durch eine vollstindige Delaminierung in einzelne Schichten wird die
Translationssymmetrie entlang der Stapelrichtung komplett aufgehoben. Durch die damit
einhergehende Verénderung der Bandstruktur unterscheiden sich die elektronischen,
magnetischen und mechanischen Eigenschaften von der Volumenphase erheblich.***’
Beispielsweise zeigen einzelne MoS,-Schichten  Piezoelektrizitat, wahrend die

Volumenphase keinen Piezoeffekt aufweist.™

10



3. Einleitung

Durch eine zunehmende Exfolierung werden auch die mechanischen Eigenschaften
gegenuiber dem Bulkmaterial gedndert. Beispielsweise sind Graphitoxid und Schichtsilicate
(z.B. Hectorit) als mikrometerdicke Taktoide vergleichsweise sprdde. Nach einer
vollstandigen Delaminierung weisen jedoch einzelne Hectorit- und Graphitoxidschichten
eine siegnifikante Zunahme der Flexibilitat auf, wie durch Kkontrollierte
Faltungsexperimente gezeigt werden konnte.®® Neben der Flexibilitat steigt auch die
morphologische Anisotropie der Plattchen, was durch das Aspektverhéltnis, d.h.
Durchmesser (L) dividiert durch die Dicke der Plattchen (h), beschrieben wird
(Abbildung 2).

d(001)§

... Zwischenschicht

] by by | 2:1 Schicht
= &% | eee

Abbildung 2: (Links) Die Verringerung der Taktoidhéhe (h) durch Exfolierung (a) bzw. Delaminierung (b)
erhoht das Aspektverhdltnis wahrend der Bruch der Plattchen (d) dieses verringert. Extrem hohe
Aspektverhéltnisse kdnnen dadurch erreicht werden, dass der Taktoiddurchmesser (L) durch verbesserte
Synthesebedingungen erhoht wird (c) und danach eine vollstandige Delaminierung (b) erfolgt.® (Rechts)
Struktur eines 2:1 Schichtsilicates. Adapted from Reference 20 with permission from The Royal Society of
Chemistry.

Extrem hohe Aspektverhdltnisse konnen durch die Kombination von erhdhtem
Taktoiddurchmesser (Abbildung 2, ¢) und einer vollstandigen Delaminierung in einzelne
Schichten (Abbildung 2, b) generiert werden.®® Durch die Wahl der geeigneten
Synthesebedingungen (z.B. Schmelzsynthese) kdnnen sehr grofle Taktoiddurchmesser
erreicht werden (siche Kapitel 3.5).**?> Die Verwendung solcher plattchenartigen
Fullstoffe mit extrem hohen Aspektverhéltnissen verbessern beispielsweise die
Gasbarriereeigenschaften von Polymernanokompositen bei gleichem Fullstoffanteil
deutlich.”®?

Eine vollstdndige Delaminierung in einzelne Schichten ist jedoch keineswegs trivial. Die
anziehenden Wechselwirkungen (z.B. Coulombanziehung, van-der-Waals-
Wechselwirkungen und Wasserstoffbriickenbindungen) missen durch entsprechende
abstolRend wirkende Kréfte Uberwunden werden. Bei neutralen Schichtverbindungen (z.B.

11
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Graphit, MoS,) ist eine komplette Delaminierung in einzelne Schichten schwierig, da als
energetische  Triebkraft  fir die Expansion nur relativ. schwache
Wasserstoffbriickenbindungen oder n-n-Wechselwirkungen vorliegen. In Lésungsmitteln
weiten die neutralen Schichten daher nicht selbsttétig auf. Selbst nach Intercalation bnétigt
man zur Scherung mechanische Verfahren (Mahlen, Ultraschall, thermische
Schockexpansion). Diese mechanischen Ansdtze flhren allerdings meist in gewissem
Male zu einem Bruch der Plattchen und damit zu einer Abnahme des Aspektverhaltnisses
(Abbildung 2, d).?**

Materialien, die geladene Schichten aufweisen, (z.B. Layered Double Hydroxides (LDH)
und Schichtsilicate) besitzen zur Ladungskompensation ein- oder mehrwertige
Zwischenschichtionen. In Abbildung 2 ist rechts die Struktur eines 2:1-Schichtsilicates
gezeigt. Bei 2:1-Schichtsilicaten wird die negative Schichtladung durch isomorphe
Substitution in der Oktaederschicht (z.B. Hectorit) oder in den Tetraederschichten (z.B.
Saponit) generiert. Gegentber neutralen Verbindungen bietet sich dadurch der Vorteil,
dass die Expansion der Schichten durch die Solvatation, bzw. Hydratation der
Zwischenschichtionen beeinflusst werden kann. Die Hydratationsenthalpie ist unter
bestimmten Bedingungen ausreichend hoch, so dass durch eine Quellung die anziehenden
Wechselwirkungen vollstandig Gberwunden werden.

Fur Schichtsilicate sind die Rahmenbedingungen diesbeziiglich besonders glnstig:
Einwertige Kationen, wie Li* und Na®, weisen im Gegensatz zu Anionen, die in den
Zwischenschichtraumen in LDHs vorliegen, eine relativ hohe Hydratationsenthalpie auf.?
Gleichzeitig sind die anziehenden Wechselwirkungen, welche vor allem durch die Hohe
der Schichtladung bestimmt werden, durch die vergleichsweise niedrige Schichtladung
besonders gering.?® In glinstigsten Fall tritt eine osmotische Quellung ein, d.h. der Abstand
der Schichten wird nur durch das Verhéltnis von Feststoff zu flissigem Medium bestimmt.
Bei hoheren Verdunnungen delaminieren die Schichtpakete spontan zu einzelnen
Schichten.®®*® In Kapitel 5.1 dieser Arbeit wird die Synthese und Charakterisierung eines
quellfahigen Hectorits mit Schichtladung 0.5 beschrieben, mit dem sich nach
Delaminierung Aspektverhéltnisse von fast 20000 realisieren lassen.

Vollstandig delaminierte Einzelschichten kdnnten, ahnlich wie in Abbildung 1 schematisch
gezeigt, zum Aufbau von Strukturen mit mehreren gleichen, oder unterschiedlichen
Schichten nach dem Bottom-up-Prinzip verwendet werden. Eine weitere Moéglichkeit ist
die gezielte Synthese von Doppel- oder Dreischichtstrukturen nach dem Top-down-

Prinzip, auf die im Folgenden n&her eingegangen werden soll.
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3. Einleitung

3.3 Optimierung der Materialeigenschaften durch Kontrolle
der Schichtanzahl

Durch die Kombination von zwei oder mehreren Schichten des gleichen Schichtmaterials
lassen sich Materialeigenschaften erreichen, die vollstandig delaminierte Schichten nicht
bieten.

Werden  beispielweise  schichtférmige  Flllstoffe  fir die  Verwendung in
Polymernanokompositen vollstandig delaminiert, steigt zwar auf der einen Seite das
Aspektverhéltnis und damit die Grenzflache zwischen Fullstoff und Polymer, aber
andererseits nimmt die Biegesteifigkeit der Plattchen stark ab.3* Stehen bei der
Materialoptimierung nicht nur die Barriereeigenschaften, sondern auch die mechanischen
Kenndaten des Polymernanokomposites (z.B. Kerbschlagzéhigkeit) im Vordergrund, sind
steifere Plattchen, die aus mehreren Schichten aufgebaut sind, gegenuber vollstandig
delaminierten Schichten zu bevorzugen.”®***® Das Optimum der gewiinschten
Materialeigenschaft, die von der Grenzflache und Steifigkeit bestimmt wird, hangt deshalb
von der exakten Anzahl der gestapelten Schichten ab.**

Nicht nur die mechanischen, sondern auch die elektronischen Eigenschaften werden durch
die  Schichtanzahl  beeinflusst. ~ Ein  eindrucksvolles  Beispiel ist  die
Hochtemperatursupraleitung von Cupraten (z.B. Yttrium-Barium-Kupferoxid-Supraleitern
YBa,Cu307). In dieser Materialklasse alternieren die fir die Supraleitfahigkeit
verantwortlichen CuO,-Schichten mit isolierenden Schichten. Die Ho6he der kritischen
Supraleitungstemperatur (T.) héngt, bei gleicher Materialzusammensetzung und Dicke der
isolierenden Zwischenschicht, vor allem von der Anzahl der alternierenden CuO,-
Schichten in der Elementarzelle ab. Fir verschiedenen Materialklassen wurde beobachtet,
dass T, stets mit der Anzahl der Schichten steigt und ein Temperaturmaximum erreicht ist,
wenn genau drei alternierende CuO,-Schichten in der Elementarzelle vorliegen.®’

Eine Abhéngigkeit der elektronischen Eigenschaften von der Stapelanzahl ist auch fir
exfolierte, zweidimensionale Leiter und Isolatoren bekannt. Gegeniiber einzelnen
Graphenschichten zeigen beispielsweise Drei- und Zweischichtgraphen durch die
veranderte Bandstruktur vielversprechende Eigenschaften fur zukinftige optoelektronische

341 Interessante  elektronische Effekte wurden ebenfalls  fir

Anwendungen.
Doppelschichten eines natlrlichen Glimmers berichtet, der laut einer kirzlich erschienenen
Studie halbleitende Eigenschaften nach Exfolierung aufwies.*

Aus diesem Grund ist die Entwicklung eines simplen Verfahrens zur direkten Exfolierung

einer Schichtverbindung in definierte Zwei- und Dreischichtstrukturen mittels eines
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okonomischen  Top-down-Ansatzes sehr erstrebenwert. Eine vielversprechende
Synthesemdglichkeit besteht in der Verwendung von geordneten Heterostrukturen, die
durch simple Intercalationsreaktionen hergestellt werden. Auf diesen Ansatz zur Synthese

von Doppelschichtstrukturen soll im Folgenden néher eingegangen werden.

3.4 Synthese alternierender  Schichtstrukturen  mittels

Intercalationsreaktionen

Eine einfache, skalierbare und kostengiinstige Form der Bildung von geordneten
Heterostrukturen stellt die Synthese mittels Intercalationsreaktionen dar. So ist
beispielsweise von Graphitintercalationsverbindungen bekannt, dass sich waéhrend der
Intercalation, alternierende  Strukturen ausbilden konnen, die als geordnete
Wechsellagerungen, bzw. ,,Stages bezeichnet werden.****

Bei diesen geordneten Strukturen kénnen zwei, drei oder sogar vier Graphenschichten mit
intercalierten Schichten alternieren.* Kiirzlich wurde ein Verfahren vorgestellt, bei dem
die intercalierten Schichten einer geordneten Wechsellagerung als Sollbruchstellen fur die
kontrollierte Trennung in Schichten mit definierter Anzahl dienen.*

Die Exfolierung dieser geordnet wechselgelagerten Graphitintercalationsverbindungen
mittels  thermischer Expansion bei 800°C, fiihrt je nach Stage-Typ der
Ausgangsverbindung zur Bildung von Zweischicht- oder Dreischichtgraphen.® Allerdings
besteht bei diesem Syntheseansatz gegenwaértig noch das Problem, dass die synthetisierten
Wechsellagerungen starke Stapelfehlordnungen aufweisen. Hierdurch entstehen Defekte,
welche zu Nebenphasen mit anderer Schichtanzahl fiihren, oder die expandierten Schichten
teilweise ~ zusammenhalten. Aus diesem  Grund muss die  expandierte
Intercalationsverbindung mittels Ultraschall aufgebrochen und dispergiert werden.”® Die
extrem starke mechanische Einwirkung durch die abrupte thermische Expansion als auch
durch die nachfolgende Ultraschallbehandlung fuhrt unweigerlich zu einer Verringerung
des Plattchendurchmessers.

Die Synthese muss daher sowohl hinsichtlich der Qualitéat der geordneten Wechsellagerung
als auch hinsichtlich der Exfolierungsmethode optimiert werden. Am schonendsten kdnnte
die Exfolierung durch eine osmotische Quellung, wie in Kapitel 5.3 beschrieben, erfolgen.
Fur eine verbesserte Synthese von geordneten Wechsellagerungen ist desweiteren ein
tieferes Verstandnis der Bildungsmechanismen erforderlich. Auf diese Weise konnte die
Ausordnung und damit die Ausbeute der angestrebten Schichtstrukturen verbessert werden.
Aus dem Bereich der Graphitintercalationsverbindungen gibt es als Erklarung fir die
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Ursache der Bildung bisher nur recht spekulative Erklarungsansétze. Eine These sieht die
Ursache in der Minimierung von Spannungen im Festkorper.***® Angesichts der hohen
Flexibilitat einzelner Schichten erscheint dieser Erklarungsansatz etwas spekulativ.

Im Bereich der Schichtsilicatforschung ist das Phanomen der Ausbildung von geordneten
Wechsellagerungen ebenfalls schon langer bekannt und wurde bei natlrlichen
Vermiculiten und Hectoriten nach partieller Intercalation beobachtet.** Aufgrund der
symmetrischen Struktur der 2:1-Schichtsilicate und der homogenen Ladungsverteilung
entlang der Stapelrichtung war die Ausbildung einer solch geordneten Struktur
liberraschend und wurde daher intensiv experimentell untersucht.*”*°

Dabei konnte gezeigt werden, dass eine Ursache flr die Ausbildung dieser Strukturen in

der Coulomb-Anziehung besteht, die eine Segregation der Kationen unter Bildung von
minimierten Schichtabstanden bewirkt.*°
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Abbildung 3: Partielle Intercalation von Kalium-lonen (orange) in einen Hectorit mit hydratisierten
Natriumzwischenschichten (blau) flihrt zur Separierung der Kalium-lonen in kollabierte (col)
Kaliumzwischenschichten und hydratisierte (hyd) Natriumzwischenschichten, wobei sich abhéangig vom
relativen Anteil o eine geordnete Wechsellagerung ausbildet: (a) reiner Natriumhectorit (we = 0), (b)
geordnete Wechsellagerung neben urspriinglicher Natriumphase (wnyq> ®ca), (C) geordnet wechselgelagerte
Phase mit gleicher Anzahl an hydratisierten und kollabierten Zwischenschichten (onyg= wcol), (d) weiterer

Austausch (opyg <) fuhrt zu statistischer Wechsellagerung und schlieBlich zu (e) einphasigem
Kaliumhectorit (opyg = 0).*

Bei partieller Intercalation in Schichtsilicaten fiihrt die Coulomb-Anziehung dazu, dass

sich im thermodynamischen Gleichgewicht stets vollstdndig ausgetauschte und
unausgetauschte Schichten ausbilden (Abbildung 3).
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Die Gruppe um Pinnavaia et al. untersuchte in zahlreichen Arbeiten die Bildung von
gemischten anorganisch-organischen Wechsellagerungen nach Einlagerung verschiedener
kationischer amphiphiler Molekiile.*****° Eine Ursache fiir die Ausbildung der geordneten
Wechsellagerung sahen Pinnavaia et al. in der GroRe und dem Platzbedarf der Kopfgruppe
des organischen Kations begrundet, welche nach Meinung der Autoren zur Bildung der
Wechsellagerung benétigt werde.”™*® Pinnavaia et al. gingen in ihrem Modell der Bildung
von geordneten Wechsellagerung aufgrund verschiedener Untersuchungsergebnisse von
einer homogenen Kationenverteilung innerhalb der verschiedenen Zwischenschichten
aus.”® Anzumerken ist, dass in diesen Studien das Schichtsilicat in vollentsalztem Wasser
zundchst delaminiert wurde, so dass fur die Ausbildung der Wechsellagerung ein
Restacking notwendig war. Zusatzlich wurde die Intercalation in reinem Wasser
durchgefuhrt.  Fir  Alkylammonium-lonen ist allerdings aus verschiedenen
Intercalationsstudien bekannt, dass die Selektivitat fur die Intercalation in Wasser mit
zunehmender Kettenlange stark zunimmt.***® Aus diesem Grund konnte es sein, dass die
Bildung der verschiedenen Intercalationsverbindungen, welche von Pinnavaia et al.
untersucht wurden, zum Teil kinetisch kontrolliert war und sich einige der untersuchten
Intercalationsverbindungen nicht im thermodynamischen Gleichgewicht befunden haben
konnten.

Das Modell von Pinnavaia et al. steht vielleicht auch deshalb im Widerspruch zu den
Ergebnissen einer Arbeit von Modller et al., in der eine unterschiedliche
Kationendichteverteilung in den Zwischenschichten als Ursache fiur die Ausbildung von
geordneten Wechsellagerung vermutet wurde.>® Méller et al. konnten eine synthetische,
rectorit-ahnliche Intercalationsverbindung unter Verwendung eines mit Schmelzsynthese
hergestellten ~ Hectorits  herstellen, in  der  Kollabierte,  glimmeréhnliche
Kaliumzwischenschichten mit hydratisierten  Natriumzwischenschichten alternieren
(Abbildung 3).* Mittels verschiedener analytischer Methoden konnte dargelegt werden,
dass in der untersuchten Intercalationsverbindung unterschiedliche Kationendichten in den
kollabierten Kalium- bzw. Natriumzwischenschichten vorlagen.*®

Wenn der Mechanismus flr die Ausordnung der geordneten Wechsellagerung tatsachlich
auf einer Modulation der Zwischenschichtkationendichten zuriickgeht, sollte es sich
hierbei um ein generelles Prinzip handeln, welches auch die Ausbildung von geordneten

Wechsellagerungen von Pinnavaia et al. mit organischen Kationen erklaren kénnte.
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Eine wichtige Voraussetzung fir die Untersuchung dieser These, die in Kapitel 5.2 dieser
Arbeit beschrieben wird, ist die Verwendung von ladungshomogenen Schichtsilicaten auf

die im Folgenden ndher eingegangen werden soll.

3.5 Schmelzsynthese zur Herstellung ladungshomogener

Schichtsilicate

Natlrliche Schichtsilicate, wie beispielsweise Montmorillonite, sind zwar kostenglnstig
und ubiquitar in groflen Vorkommen verfugbar, weisen allerdings eine sehr geringe
PartikelgroRe (typischerweise <200 nm) und eine heterogene Ladungsdichteverteilung
auf.?® Aufgrund dieser Ladungsheterogenitat liegen innerhalb und zwischen den
verschiedenen Schichten unterschiedliche intrakristalline Reaktivitdten vor. Dies konnte
ein Grund sein, warum mit naturlichen Montmorilloniten durch Intercalationsreaktionen
keine geordneten Wechsellagerungen hergestellt werden konnten.

Um eine homogene Ladungsdichte mit homogener intrakristalliner Reaktivitdt zu
erreichen, muss die isomorphe Substitution in der Oktaeder, bzw. Tetraederschicht, welche
die negative Schichtladung herbeifiihrt, absolut statistisch im Sinne einer festen Ldsung
sein. Mit Hilfe von Monte Carlo Simulationen wurde die Ausordnung der
Oktaederkationen in  Abhéngigkeit von der Temperatur fur verschiedene
Zusammensetzungen untersucht.®® Bei niedrigen Temperaturen (< 400 K) beginnen die
Oktaederkationen fiir manche Zusammensetzungen Inseln zu bilden und damit zu
segregieren, so dass lokale Ladungsinhomogenitaten zwischen und innerhalb einzelner
Schichten entstehen. Um eine vollstandig statistische Verteilung der Oktaederkationen zu
erreichen, ist eine Synthesetemperatur von tiber 1000 K notig.®® Dies erklart, warum
hydrothermal gebildete Schichtsilicate, wie synthetischer Laponit und die oben genannten
naturlichen Montmorillonite, die zum Beispiel durch hydrothermale Umkristallisation von
Vulkangestein gebildet werden, starke Ladungsinhomogenitaten aufweisen.?®

Natlrliche Vermiculite werden dagegen aus Glimmern, vor allem aus Biotiten durch
Magnesiumaustausch und Oxidation des strukturellen Eisens gebildet. Biotite entstehen
wiederum in den tieferen Erdschichten bei hohen Temperaturen und Driicken. Dies erklart
die gute Ladungshomogenitidt mancher Vermiculite und die verschiedenen Berichte (iber
das Auftreten geordneter Wechsellagerungen nach partiellem Austausch.*®

In der Gruppe von Breu et al. wurden verschiedene Verfahren der Schmelzsynthese mit
Synthesetemperaturen oberhalb 1000 K entwickelt, bei denen groRe Taktoide mit einer

homogenen  Ladungsdichteverteilung  entstehen.®?*®%*  Dadurch ~ konnen
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ladungshomogene  Schichtsilicate  hergestellt werden, mit denen sich hohe
Aspektverhaltnisse realisieren lassen und die zugleich frei von Ubergangsmetallen sind.

Ubergangsmetalle, wie beispielsweise Eisen, sind bei natiirlichen Schichtsilicaten, wie
Vermiculiten, als akzessorische Verunreinigungen oder strukturell in der Oktaederschicht
vorhanden. Durch die damit einhergehende Farbigkeit des Materials sind natirliche
Schichtsilicate fir technisch anspruchsvolle, optoelektronische Anwendungen nicht
geeignet. Farblose, synthetische Schichtsilicate, wie beispielsweise synthetische Hectorite,
eroffnen  durch  ihre  Reinheit und hohe optische Transparenz  neue
Anwendungsmaoglichkeiten. Diese neuen Einsatzbereiche bestehen in der Verwendung als

7884 oder als struktureller

hochtransparente Fullstoffe zur Erhéhung der Gasbarriere,
Bestandteil funktionaler optischer Materialen.®®

In Kapitel 5.1 und Kapitel 5.6 wird ein osmotisch quellfdhiger synthetischer Hectorit
beschrieben.  Durch  seine  Phasenreinheit, osmotische  Quellfahigkeit  und
Ladungshomogenitat ist dieser fiir die Synthese geordneter Wechsellagerungen ideal
geeignet (Kapitel 5.2). Die Verwendung dieses wechselgelagerten Hectorits fur die
Synthese von Doppelschichten zur Herstellung von optisch anisotropen Systemen wird in

Kapitel 5.3 beschrieben.

3.6 Synthese von Janus-Partikeln mittels geordneter Wechsel-

lagerung

Ein spezieller Fall von Heterostrukturen stellen Janus-Partikel dar. Der Name stammt von
der rémischen Gottheit Janus, der als Gott des Anfangs und des Endes fur die Dualitéat des
Lebens stand. Bildlich wurde diese Dualitdt durch zwei unterschiedliche Gesichter
dargestellt, auf welche die Bezeichnung Janus-Partikel anspielt.?*®” Es handelt sich um
asymmetrische Partikel, bei denen zwei unterschiedliche Oberflachen raumlich getrennt
vorliegen. Durch die rdumliche Trennung zweier Oberflachen mit unterschiedlichen
physikalischen und chemischen Eigenschaften liegen auf dem Janus-Partikel
unterschiedliche Grenzflacheneigenschaften vor, welche eine Selbstorganisation dieser
Partikel zu komplexen Strukturen ermdglichen.®®”* Die Grenzflachenaktivitat hangt dabei
von der Grolie der beiden Oberflachen ab und steigt bei plattchenférmigen Partikeln mit
zunehmendem Aspektverhaltnis.”? Aufgrund der hohen Grenzflachenaktivitat ergeben sich
vielfaltige Anwendungsbereiche fiir Januspartikel, die beispielsweise in der Verwendung
als Emulgatoren, fir funktionale Beschichtungen™ oder im Einsatz als spezifische

Adsorbenzien in der Biosensorik liegen.®®"*"
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Fur die Synthese von Janus-Partikeln wurden in der Forschung verschiedene Ansétze
verfolgt, bei denen gegenwartig vor allem hohe Ausbeuten und die Monodispersitat im
Fokus der Bemiihungen stehen.®® Im einfachsten Fall geht man von anorganischen
Partikeln aus, die bereits aufgrund ihrer Kristallstruktur unterschiedliche Oberflachen
aufweisen. So weisen anorganische Schichtmaterialien, wie z.B. Kaolinite, eine polare
Struktur auf. Dieser intrinsische Janus-Charakter kann durch eine selektive Modifikation
der Oberflaichen zur Synthese anorganisch-organischer Janus-Partikel ausgenutzt
werden.”®"® Allerdings ist man bei diesem Ansatz auf die Verwendung von wenigen
Materialklassen mit intrinsischem Janus-Charakter eingeschrankt.

Es wurden deshalb verschiedene Synthesestrategien entwickelt mit denen der
Symmetriebruch auch von symmetrischen Ausgangsverbindungen erreicht werden kann.
Generell lassen sich diese Syntheseansdtze in Maskierung, Phasenseparation und
Selbstassemblierung unterteilen.

Bei der Maskierung wird eine Oberflache des Partikels durch Anlagerung an eine
Grenzflache (z.B. an Template) geschiitzt, oder eine der Oberflachen durch den Fluss in
einem Kanal (Mikrofluidik) blockiert.®®"*"*8! Nach der Maskierung der Oberflache folgt
eine irreversible Modifikation der freien Seite. Dieser Ansatz wurde beispielsweise flr
Laponit, einem synthetischen Hectorit mit PartikelgréRen im Bereich von 20-30 nm,
verwendet. Zunéchst erfolgt die Anlagerung der Nanoplattchen an Styrollatexpartikel, die
in der Dispersion als Templat fungieren und eine Seite des Laponitplattchens maskieren.
Danach erfolgte die Modifikation der freien Laponitoberflache mit einem kationischen
Polymer  (Poly(2-(trimethylamino)-ethylmethacrylat).”*  Ein Nachteil der
Maskierungsmethode liegt in den hohen Kosten durch die aufwendige Herstellung der
Template begrindet, welche wohldefinierte Blocklangen aufweisen miussen. Auerdem
besteht bei diesem Verfahren die Gefahr, dass es durch die Anlagerung an die
Grenzflachen zu einer Uberlappung der Partikel und damit zu einer unvollstandigen
Modifikation der freien Seite bzw. einer irreversiblen Aggregation der adsorbierten
Plattchen kommt. Gerade bei Verwendung von Schichtverbindungen mit hohen
Aspektverhaltnissen ist die Wahrscheinlichkeit einer Uberlappung an der Grenzfliache
besonders grof3.

Eine Mdoglichkeit wie dieses Problem umgangen werden kann, besteht in der Synthese von
Janus-Partikeln mittels Phasenseparation zweier nichtmischbarer Phasen. Hierbei werden
meist Polymerblends oder Blockterpolymere verwendet, die im Dispersionsmedium

aufgrund unterschiedlicher Polaritaten der Polymereinheiten phasenseparieren.”
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Bei der verfeinerten Synthesemethode, der Selbstassemblierung, wird diese
Phasenseparation verwendet, um exakt definierte Strukturen zu generieren und diese
dauerhaft zu fixieren.®® Walther et al. nutzten ein Triblockcopolymer auf Basis von
Polystyrol (PS), Polymethylmethacrylat (PMMA) und Polybutadien (PB). Der PB-Block
diente hierbei zur Fixierung. Je nach Blocklangen phasenseparieren die PS-b-PB-b-
PMMA-Terpolymere zu unterschiedlichen geordneten Strukturen. So lassen sich auch
lamellare Dreischichtstrukturen, aus geordnet wechselgelagerten Schichten herstellen.
Walther et al. verwendete diese geordnete Wechsellagerung, um nach der Fixierung, d.h.
der Vernetzung des PB-Blocks, stark anisotrope Janusscheibchen zu erzeugen
(Abbildung 3).”

Selbst-

ausordnung 1. Vernetzung

_ “¥¥ua Filmbildung 2. Losen

3. Ultraschall

Abbildung 3. Bildung einer wechselgelagerten Schichtstruktur mittels Selbstassemblierung eines PS-b-PB-
b-PMMA-Terpolymers. Nach der Filmbildung erfolgt die Vernetzung des PB-Blockes (schwarz). Durch
Losen und Ultraschallbehandlung entstehen Janus-Scheiben mit einer PS- (rot) und PMMA-Oberflache
(griin). Veréandert nach Walter et al.®” (Adapted with permission from Ref. 67. Copyright 2007, American
Chemical Society)

Ein Nachteil dieser Methode liegt in der engen Blocklangenverteilung und der benétigten
Polaritatsunterschiede der Polymere begriindet, welche zur exakten Selbstassemblierung in
die alternierende Dreischichtstruktur benoétigt wird. Auch ist die Herstellung durch den
Trocknungsschritt bei der Filmbildung und die benétigte Vernetzung sehr zeitaufwendig.
Das Losen und Spalten der Polymere mittels Ultraschalls fiihrt auBerdem zu einer
Verringerung des Aspektverhaltnisses der Scheibchen, welches die Grenzflachenaktivitét
verringert. FUr eine grof3technische Verwendung erscheint das Verfahren von Walter et al.
aufgrund der aufwendigen Synthese der Terpolymere zu aufwéndig und teuer.

Die Methode veranschaulicht aber anschaulich, dass geordnete Wechsellagerungen als
strukturdirigierende Funktion fur die Synthese von pléattchenformigen Janus-Partikeln
vorteilhaft sind.

In Kapitel 5.4 wird ein neuartiges Syntheseverfahren unter Verwendung von geordneten
Wechsellagerungen in Schichtsilicaten vorgestellt, mit dem sich Janus-Partikel mit hohem
Aspektverhéltnis unter Verwendung von preiswerten und kommerziell verfugbaren,
statistischen Copolymeren ohne einen Trocknungs- und Vernetzungsschritt und mit

beliebigen Funktionalitaten herstellen lassen.
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4.  Synopsis

Die vorliegende Arbeit enthélt sechs Publikationen, in denen ein allgemeines Verfahren
zur Synthese funktionaler schichtférmiger Nanobausteine auf Basis von synthetischen
Schichtsilicaten entwickelt wird. Die Herstellung dieser funktionalen Nanobausteine soll
durch einen industriell skalierbaren und kostengtnstigen Top-down Ansatz erfolgen.

Das in dieser Arbeit entwickelte Verfahren beruht auf der Synthese von geordneten
Wechsellagerungen und deren kontrollierter Exfolierung zu funktionalen Nanobausteinen.
Die Entwicklung dieses neuartigen Verfahrens gliedert sich in vier Schritte.

Zunédchst wird die Synthese eines geeigneten Schichtsilicates vorgestellt. Diese
anorganische Wirtsverbindung weist aufgrund ihrer herausragenden Homogenitat und
Phasenreinheit alle VVoraussetzungen fur die Bildung von geordneten Wechsellagerungen
mit hoher Perfektion auf.

Im zweiten Schritt wird mit dieser Schichtverbindung die Bildung von geordneten
Wechsellagerungen mittels Intercalationsreaktionen untersucht. Aus dem gewonnen
Verstandnis Uber den Bildungsmechanismus dieser alternierenden Strukturen soll eine
allgemeine Vorschrift zur gezielten Synthese von streng alternierenden Zwischenschichten
entwickelt werden.

Auf dieser Basis werden im dritten Schritt geordnete Wechsellagerungen mit funktionalen,
organischen Zwischenschichten und Natriumzwischenschichten hergestellt, wobei letztere
spatere Sollbruchstellen darstellen. Diese Sollbruchstellen werden anschlieBend fir die
kontrollierte Exfolierung zu funktionalen Nanobausteinen verwendet.

Im vierten und letzten Schritt wird die Anwendung dieser Nanobausteine als funktionale
Fullstoffe in Polymernanokompositen und zur gezielten Synthese von Janus-Partikeln

untersucht.
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4.1 Ladungshomogener Natriumhectorit

Fur eine aussagekraftige Untersuchung der Bildung von geordneten Wechsellagerungen
und deren Kkontrollierter Exfolierung zu funktionalen Nanobausteinen wird ein
Schichtsilicat bendtigt, welches in jeder Zwischenschicht die gleiche intrakristalline
Reaktivitdt besitzt. Diese wird vor allem durch die Homogenitat der
Ladungsdichteverteilung bestimmt.

Aus diesem Grund muss die isomorphe Substitution, welche die negative Schichtladung
hervorruft, absolut homogen im Sinne einer festen Lésung sein. Es diirfen weder Inseln mit
hoherer und niedrigerer Ladungsdichte innerhalb einer Oktaederschicht vorliegen, noch
durfen Unterschiede in der Ladungsdichte der Schichten innerhalb eines Taktoids, sowie
zwischen unterschiedlichen Taktoiden bestehen. Die intrakristalline Reaktivitét sollte aber
nicht nur homogen, sondern in wéssrigen Dispersionen auch entsprechend hoch sein, damit
eine kontrollierte Exfolierung der Schichtstapel mittels osmotischer Quellung erfolgen
kann. Die anziehenden Wechselwirkungen (v.a. Coulomb- und Van der Waals-
Wechselwirkungen) sollten deshalb so gering sein, dass die Schichten sich in Wasser durch
die Quellung, d.h. durch abstoRende Wechselwirkungen, voneinander trennen.

In Wasser ist fir diesen Prozess vor allem die Hydratationsenthalpie des jeweiligen
Zwischenschichtkations von entscheidender Bedeutung. VVon natlrlichen Schichtsilicaten,
wie beispielsweise von Montmorilloniten mit einer niedrigen Schichtladung (ca. 0.35 bis
0.5 pro Formeleinheit) ist bekannt, dass bei diesen Schichtladungen die
Hydratationsenthalpie von Lithium und Natrium fir die osmotische Quellung ausreicht.
Trotz dieser interessanten Eigenschaft ist die Verwendung dieser natlrlichen
Schichtsilicate fur diese Studie ungeeignet, da bei naturlichen Montmorilloniten durch die
Genese bei niedriger Temperatur eine stark inhomogene Ladungsdichteverteilung und
damit inhomogene intrakristalline Reaktivitat vorliegt. AufRerdem werden Montmorillonite
meist von akzessorischen Nebenphasen begleitet, die eine vollstandige Delaminierung
unterdriicken. Fir eine angestrebte Verwendung der Nanobausteine fur Gasbarriere- und
Flammschutzanwendungen werden zudem hohe Aspektverhdltnisse bendtigt, welche
Montmorillonite aufgrund der geringen PartikelgréRen im Bereich von 200 nm nicht
bieten. Fir optische Anwendungen der Nanobausteine ist zudem die Farbigkeit der
natiirlichen Schichtsilicate, die durch strukturelle Ubergangsmetalle hervorgerufen wird,
aulerst nachteilig.

Fir die angestrebte, kontrollierte Exfolierung von geordneten Wechsellagerungen kommen

daher nur synthetische Schichtsilicate infrage. Schichtsilicate, welche mittels
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Schmelzsynthese hergestellt werden, lassen aufgrund der hohen Synthesetemperatur
(>1000°K) eine gute Ladungshomogenitat und durch die Mdglichkeit der Wahl der Edukte
eine verbesserte Reinheit erwarten.

Von schmelzsynthetisierten Lithiumhectoriten verschiedener Schichtladungen ist bekannt,
dass diese zwar osmotisch quellen, aber bei der Synthese verschiedene Nebenphasen
gebildet werden, so dass der Lithiumhectorit einer aufwendigen Aufreinigung unterzogen
werden muss. Dagegen sind ahnlich synthetisierte Natriumhectorite mit vergleichbaren
Schichtladungen bis auf einen geringen Protoamphibolgehalt nahezu phasenrein.
Allerdings quollen diese Schichtsilicate mit Natrium in der Zwischenschicht bisher leider
nicht osmotisch. Selbst unter Anwendung von hohen mechanischen Scherkréften konnten
diese Natriumhectorite in Wasser nicht effektiv exfoliert werden.

Durch Langzeittempern wurde nun ein schmelzsynthetisierter Natriumhectorit so weit
aktiviert, dass dieser vollstandig osmotisch delaminiert (Kapitel 5.1 und Kapitel 5.6).
Aufgrund der bei der Schmelzsynthese erhaltenen Taktoidgrof3e werden einzelne Schichten
von extrem hohem Aspektverhiltnis (Median = 20000) gebildet. Mittels
Rontgendiffraktometrie an Pulvern (PXRD) konnte gezeigt werden, dass durch das
Langzeittempern die im ungetemperten Material vorhandene Protoamphibolnebenphase
verschwindet. Die verbesserte Phasenreinheit belegen auch Festkdrper-NMR Messungen:
Ein Peak einer weiteren Phase, die im PXRD nicht identifizierbar ist, verschwindet nach
dem Tempern. Die hohe Reinheit und gute intrakristalline Reaktivitdt wird durch eine
deutlich erhohte Kationenaustauschkapazitat (CEC), die nahezu mit dem theoretischen
Wert Uibereinstimmt, bestatigt.

Eine homogene intrakristalline Reaktivitat deutet sich durch die vollstandige Hydratation
des Hectorits zum Ein- und Zweischichthydrat bei verschiedenen Luftfeuchtigkeiten an.
Die Ursache flr diese homogenene Reaktivitat liegt in der hervorragend homogenen
Ladungsdichteverteilung begriindet, die mittels der Alkylammonium-Methode nach
Lagaly, bei der Alkylammoniumionen mit steigender Kettenldnge intercaliert werden,
bestimmt wurde.

Die sehr gute Phasenreinheit dieses neuen Schichtsilicates, die hohe und homogene
intrakristalline Reaktivitdt sowie die damit verbundene osmotische Quellféhigkeit,
ermdoglicht die gezielte Synthese und Untersuchung von geordneten Wechsellagerungen,

welche die Grundlage fir eine kontrollierte Exfolierung bildet.
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4.2 Bildung geordneter Wechsellagerungen

Alternierende Schichtstrukturen werden gewohnlich mittels Bottom-up Verfahren
beispielsweise nach dem Layer-by-Layer (LBL) Verfahren oder durch Heterokoagulation
hergestellt. Ein deutlich simpleres Verfahren, das zudem besser geordnete Strukturen
liefert, stellt die Bildung von geordneten Wechsellagerungen durch partielle Intercalation
in Schichtsilicate dar.

Die Ursache fir die Bildung dieser geordneten Wechsellagerungen nach partieller
Intercalation von organischen Kationen war bisher unklar. So deuten einige
Intercalationsstudien mit organischen Kationen auf eine homogene Kationenverteilung in
benachbarten Zwischenschichten hin. In einer anderen Intercalationsstudie, in der ein rein
anorganisches System untersucht wurde, konnte dagegen bewiesen werden, dass in der
geordneten  Wechsellagerung unterschiedliche  Kationendichten in  benachbarten
Zwischenschichten vorliegen.

Durch die partielle Intercalation eines kationischen organischen Stilbazoliumfarbstoffes
(N-Hexadecyl-4-(3,4,5-trimethoxystyryl)-pyridinium)  beziehungsweise eines deutlich
Kleineren Pentylammonium-Kations in den ladungshomogenen Natriumhectorit konnte
nun endgultig bewiesen werden, dass eine alternierende Variation der Kationendichte von
benachbarten Zwischenschichten fur die Bildung der geordneten Wechsellagerung
ursachlich ist (Kapitel 5.2).

Die vergleichende Auswertung der Schichtabstande einer komplett ausgetauschten
Stilbazoliumprobe mit einer wechselgelagerten Stilbazoliumzwischenschicht machte
deutlich, dass in der geordneten Wechsellagerung der Schichtabstand der organischen
Zwischenschicht deutlich Kkleiner ist. Die photometrische und elementaranalytische
Bestimmung der eingelagerten Stilbazoliumstoffmenge erlaubte eine vergleichende
Abschatzung der Packungsdichte der beiden unterschiedlichen organischen
Zwischenschichten. Hierbei zeigte sich, dass in der geordneten Wechsellagerung die
Anzahl an Stilbazoliumkationen pro Flache kleiner als in der komplett ausgetauschten
Probe ist, was den geringeren Schichtabstand der wechselgelagerten organischen
Zwischenschicht erklart. Durch den geringeren Schichtabstand der geordneten
Wechsellagerung ist die Packungsdichte der Stilbazoliumkationen im Vergleich zu einer
komplett ausgetauschten Probe, bei der die Verteilung der Stilbazoliumkationen exakt der
negativen Ladungsverteilung des Schichtsilicates entspricht, hoher.

Eine erhohte Packungsdichte wurde ebenfalls fur die organische Zwischenschicht der

geordneten Wechsellagerung mit dem Pentylammonium-Kation festgestellt. Bei diesem
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kleineren Kation bleibt zwar der Schichtabstand unverandert, aber durch eine Zunahme der
Pentylammoniumstoffmenge innerhalb der geordnet wechselgelagerten Zwischenschicht
wird ebenfalls eine hohere Packungsdichte generiert.

Die reduzierte Stilbazoliumkationendichte bzw. erhdhte Pentylammoniumkationendichte
fuhrt in beiden Féllen dazu, dass die negative Schichtladung durch die organischen
Kationen lokal nicht vollstandig ausgeglichen wird. Ergebnisse der Adsorptionsisothermen
sowie Wasserdampfphysisorptionsmessungen lassen den Schluss zu, dass in den
angrenzenden Natriumzwischenschichten die erzeugte Abweichung von der Ladungsdichte
des Schichtsilicates lokal kompensiert wird.

Diese Variation der Kationendichte in den benachbarten organischen und anorganischen
Zwischenschichten erklart die thermodynamisch bevorzuge Ausbildung der streng
alternierenden Struktur.

Weiterhin  konnte fir die Weiterentwicklung der Synthese von geordneten
Wechsellagerungen gezeigt werden, dass die Anpassung der Loslichkeit der organischen
Verbindung und der hydrophilen Natriumkationen im jeweiligen Lésungsmittelsystem
entscheidenden Einfluss hat. Werden zur Intercalation von hydrophoben organischen
Verbindungen stark hydrophile Losungsmittelmischungen verwendet, so ist die
Intercalation kinetisch kontrolliert und es bilden sich keine einphasigen, geordneten
Wechsellagerungen aus. Die Intercalationsbedingungen mussen daher stets so gewdhlt
werden, dass sich die geordnete Wechsellagerung als thermodynamische
Gleichgewichtsphase im gewahlten Losungsmittelsystem mittels De- und Reintercalation
ausbilden kann.

Basierend auf den Erkenntnissen dieser Studie sollte es nun mdglich sein, fur beliebige
funktionale Kationen geeignete Intercalationsbedingungen zur Ausbildung von geordneten

Wechsellagerungen zu schaffen.

4.3 Synthese funktionaler Doppelschichten

Fir viele industrielle Anwendungen ist die Verkapselung von funktionalen Molekdilen von
groler Bedeutung. Durch das Einbringen einer funktionalen Spezies in eine
Wirtsverbindung kann die Loslichkeit sowie die thermische und photochemische Stabilitét
verbessert werden. Eine Verkapselung in strukturell anisotrope Verbindungen, wie z.B.
Schichtsilicate, bringt zusatzlich den Vorteil, dass sich die verkapselte Gastverbindung
innerhalb des rdumlich begrenzten Zwischenschichtraumes in definierter Weise orientieren

wird. Wie durch die Arbeit von Kunz et al. gezeigt wurde, hat diese Ausrichtung bei

30



4. Synopsis

Emittern eine polarisierte Emission zur Folge. Dies kdnnte zur Effizienzsteigerung und
Stabilisierung der Emitter in organischen Leuchtdioden (organic light emitting diode -
OLED) beitragen.

Wie in Kapitel 3.3 beschrieben, ware ein Aufbau von Funktionsmaterialien aus exfolierten
Doppelschichten, in denen die funktionale Spezies nur zwischen zwei einzelnen Schichten
verkapselt ist, aus elektronischen Grinden besonders erstrebenswert. Solche
Doppelschichtstrukturen sollten mittels einer kontrollierten Exfolierung einer geordneten
Wechsellagerung herstellbar sein, wenn Zwischenschichten vorliegen, die osmotisch
quellfahig sind.

Die prinzipielle Machbarkeit wurde in dieser Studie erstmals exemplarisch fur eine
geordnete Wechsellagerung demonstriert, bei der Zwischenschichten eines Stilbazolium-
Farbstoffes mit Natriumzwischenschichten alternieren (siehe Kapitel 4.2). Bei dieser
Synthese wurde die osmotische Quellung der Natriumzwischenschichten durch die
Verwendung einer Ethanol-Wasser Mischung unterdriickt.

Nach Zugabe von Wasser zu dem geordnet wechselgelagerten Hectoritpulver konnte
zundchst eine Gelbildung und bei weiterer Erhohung der Wassermenge die Bildung einer
stabilen, transparenten Dispersion beobachtet werden. Die erfolgreiche Dispergierung des
stark hydrophoben Farbstoffes in Wasser deutet bereits auf eine erfolgreiche Verkapselung
in das Schichtsilicat hin. Mittels SAXS, Rasterkraftmikroskopie (AFM) und
Transmissionselektronenmikroskopie (TEM) konnte die spontane Exfolierung zu
Doppelschichten bewiesen werden.

Die thermogravimetrische Analyse (TGA) der Intercalationsverbindung belegte, dass die
Verkapselung des Farbstoffes zwischen die Schichtsilicatschichten zu einer deutlichen
thermischen Stabilisierung im Vergleich zu dem unverkapselten Farbstoffsalz fuhrt. Auch
in den photophysikalischen Eigenschaften zeigten sich durch die rdumliche Begrenzung
des Emitters deutliche Verbesserungen. So verdoppelte sich die Emissionsquantenausbeute
der Stilbazoliumverbindung durch die Intercalation.

Die interessanten optischen Eigenschaften wurden auch mittels eines Polymer-
Nanokompositfilms auf Basis von Polyvinylalkohol (PVVOH) demonstriert. Durch das hohe
Aspektverhéltnis der Plattchen besitzt der gerakelte PVOH-Nanokompositfilm eine fast
perfekte Textur. Dies duBert sich in einer deutlich verbesserten Gasbarriere gegenuber
Sauerstoff und in anisotropen optischen Eigenschaften. Dieser optische Effekt wird durch
die bevorzugte Ausrichtung der anisotropen Farbstoffmolekile in den Zwischenschichten

hervorgerufen. Auf diese Weise kann mittels der Verkapselung in das Schichtsilicat die
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anisotrope Eigenschaft der funktionalen Molekile von der Nanoebene auf die
makroskopische Ebene tibertragen werden.

Die weiteren besonderen Eigenschaften von Doppelschichten sollen im Folgenden mittels
einer Synthese von mechanisch verstérkten Fullstoffen und durch den Symmetriebruch von

Schichtverbindungen demonstriert werden.

4.4 Mechanisch verstarkte Doppelschichten zur Synthese von

Janus-Plattchen

Die beschriebene Synthese von geordneten Wechsellagerungen (Kapitel 4.2) und deren
Exfolierung zu Doppelschichten (Kapitel 4.3) kann auf weitere Systeme (Ubertragen
werden, so dass die Herstellung von Fullstoffen mit verbesserten mechanischen
Eigenschaften oder die Synthese von Janus-Plattchen ermdglicht werden.

Exemplarisch wurde fur die Synthese der geordneten Wechsellagerung das Ammonium-
Kation als funktionales Zwischenschichtkation und der bereits beschriebene
ladungshomogene Natriumhectorit (Kapitel 4.1) ausgewahlt.

Da Ammonium-lonen eine &hnliche GroRe wie Kalium-lonen aufweisen, dhnelt das
System der Rectorit-dhnlichen Wechsellagerung, die in der Studie von Mdller et al.
untersucht wurde. Aus diesem Grund zeigen sich nach Intercalation von Ammonium-lonen
Eigenschaften (siehe Kapitel 5.4), die auch bei der Intercalation von Kaliumionen
auftreten. So Kkollabierten auch die Ammoniumzwischenschichten beim Trocknen
irreversibel und hydratisieren an Luft nicht mehr. PXRD-Messungen zeigten, dass die
Bildung einer geordneten Wechsellagerung auch nach der Intercalation von Ammonium-
lonen in den Natriumhectorit erfolgt. Mittels SAXS und AFM-Untersuchungen wurde die
erfolgreiche Exfolierung der geordneten Wechsellagerung in  Doppelschichten
nachgewiesen.

Die mechanische Charakterisierung der Ammonium-Doppelschichten erfolgte mittels der
von Kunz et al. entwickelten Wrinkling-Methode. Hierbei wurden die Doppelschichten
zunachst auf ein vorgespanntes Elastomer aus Polydimethylsiloxan (PDMS) abgeschieden.
Nach dem Trocknen wurde das PDMS-Substrat wieder entspannt. Durch den
unterschiedlichen Elastizitdtsmodul von Substrat und Doppelschichten bilden sich
sinusoidale Faltungen, deren Wellenlédnge proportional zum in-plane Elastizitatsmodul der
Plattchen ist.

Fur die Doppelschichten wurde mit dieser Methode ein in-plane Elastizitaitsmodul von
171 £ 16 GPa ermittelt. Dieses Ergebnis ist deutlich hoher als der entsprechende Wert,
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welcher fur ein vollstdndig delaminiertes, d.h. einzelnes Natriumhectorit-Plattchen auf die
gleiche Weise bestimmt wurde (146 + 21 GPa). Die Zunahme des Elastizitdtsmoduls von
15% lasst sich mit der kollabierten Zwischenschichtstruktur der Doppelschichten erkléren.
Im Kollabierten Zustand sind die Ammonium-lonen in den hexagonalen Kavitdten der
oberen und unteren Silicatschicht positioniert. Auf diese Weise werden beide
Silicatschichten miteinander verzahnt, so dass Anderungen der Bindungswinkel der SiOg4-
Tetraeder stark eingeschrankt werden. Die signifikante Versteifung in Kombination mit
einer hohen theoretischen externen Oberflache von ca. 400 m2/g macht die Verwendung
der  Doppelschichten  als  Fallstoff — zur  mechanischen  Versteifung  in
Polymernanokompositen attraktiv.

Ein weiterer Vorteil der Ammonium-Doppelschichten ist der einfache Austausch gegen
osmotisch quellfahige Kationen wie Natrium- und Lithiumionen. Durch leichtes Anbasen
und Austreiben des gebildeten Ammoniaks kann das Gleichgewicht vollstdndig auf die
Seite der Intercalation der angebotenen Kationen verschoben werden. Nach einer Zugabe
von LiOH konnte die Spaltung von Doppelschichten unter Bildung von Einzelschichten
durch SAXS-Messungen belegt werden.

Diese kontrollierte Spaltbarkeit der Doppelschichten kann fir die Synthese von Janus-
Plattchen (siehe Kapitel 3.6) verwendet werden. Daflr wurde zunéchst die Oberflache der
Doppelschichten mit einem geeigneten wasserldslichen Polykation (Polyethylenoxid-co-
polyethylenimin - PEI-EQ) irreversibel modifiziert. Anschliefend wurden die PEI-EO-
modifizierten Doppelschichten durch LiOH-Zugabe gespalten, wodurch Janus-Plattchen
erhalten wurden.

Mittels Neutronenkleinwinkelstreuung (Small angle neutron scattering - SANS) konnte die
Reduzierung der Plattchendicke, die durch eine Spaltung der Doppelschicht zu erwarten
ist, belegt werden. Zum Nachweis des Januscharakters wurde die freie Oberflache mit
einem dendritischem Polykation (Polyamidoamin - PAMAM) modifiziert. Nach
Abscheiden auf einem Mikroporenfilter konnten im AFM zwei unterschiedliche
Plattchenoberflachen nachgewiesen werden: Eine Oberflaiche war vollstandig mit
PAMAM-Dendrimer belegt, wahrend die andere Oberflache durch die Belegung mit dem
PEI-EO-Copolymer nahezu Dendrimer-frei war, was den Januscharakter bestatigt.

Die hier entwickelte Synthese von Plattchen mit Janus-Charakter ist nicht auf Ammonium-
Wechsellagerungen begrenzt. Wie anhand der Strategie zur Synthese von geordneten

Wechsellagerungen (siehe Kapitel 4.2) deutlich wird, ist die Verwendung vieler
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deprotonierbarer Kationen, wie z.B. langkettiger Alkylammonium-lonen denkbar, mit
denen sich die Bildung der geordneten Wechsellagerung sehr gut kontrollieren l&sst.

Das allgemeine Konzept zur Herstellung der spaltbaren Doppelschichten, sowie die
vielfaltigen Mdoglichkeiten der Verwendung von kommerziell verfugbaren und
kostenguinstigen statistischen Polymeren, ertffnen vielfaltige Anwendungsmaoglichkeiten.
Diese konnten vor allem in Bereichen liegen, in denen die Beeinflussung der
Grenzflacheneigenschaften und gleichzeitig eine Verkapselung bzw. mechanische
Verstarkung der Grenzflache wichtig wéren, wie beispielsweise in Lackemulsionen, in

Polymerblends oder Polymerschaumen.

4.5 Kontrollierte Exfolierung von Schichtsilicaten

In einem Ubersichtsartikel wurden die unterschiedlichen Strategien zur kontrollierten
Exfolierung von Schichtverbindungen und die vielféltigen Einsatzmoglichkeiten, die sich
dadurch ergeben, zusammengefasst. Dabei wurden vor allem die Erkenntnisse zur
Exfolierung und Anwendung von synthetischen Hectoriten, die am Lehrstuhl
Anorganische Chemie | in Bayreuth von Herrn Prof. Breu entwickelt wurden,
exemplarisch ausgefihrt.

Nach einem kurzen Uberblick ber die Eigenschaftsanderungen von exfolierten
Schichtverbindungen wurde die Voraussetzung zur effizienten Exfolierung anhand
beispielhafter Schichtverbindungen ausgearbeitet. Die Schwdachung der interlamellaren
Bindungskréfte durch eine Erhéhung des Zwischenschichtabstandes ist als ein zentrales
Konzept zur erfolgreichen Exfolierung aufzufassen.

Fir geladene Schichtverbindungen, die zum Ladungsausgleich Gegenionen im
Zwischenschichtraum aufweisen, konnte prinzipiell der Schichtabstand und damit die
Scherlabilitat, durch Wahl der Zwischenschichtionen beeinflusst werden. Dies setzt
allerdings voraus, dass die intrakristalline Reaktivitat der Intercalationsverbindung
ausreichend hoch ist. Eine hohe intrakristalline Reaktivitat liegt dann vor, wenn eine
geladene Schichtverbindung mit geringer Ladungsdichte mit Zwischenschichtionen mit
hoher Solvatationsenthalpie kombiniert wird.

Diese Voraussetzung trifft insbesondere fir niedrig geladene, synthetische Hectorite zu,
welche aufgrund lhrer hervorragenden Ladungshomogenitat definierte Quellungsstufen,
sowohl an feuchter Luft als auch in Wasser ausbilden. Synthetische Hectorite kénnen aus
diesem Grund als Modellverbindungen betrachtet werden, anhand derer sich allgemeine

Konzepte zur Exfolierung von Schichtverbindungen ableiten lassen.
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In Arbeiten von Moller et al. und Ziadeh et al. konnte gezeigt werden, dass flr eine
effiziente Exfolierung die Kombination von Zwischenschichtkationen, die hohe
Quellungszustdnde generieren (z.B. das Dreischichthydrat des Magnesium-lons) mit
mechanischen Verfahren, bei denen starke unidirektionale Scherkréfte erzeugt werden
(z.B. Microfluidizer®, Ruhrwerkskugelmiihle) ein besonders effizientes Abscheren der
Taktoide ermoglicht. Auf diese Weise kann der nachteilige Bruch der Plattchen, der das
Aspektverhéltnis beim Exfolierungsprozess nicht vergréfRern sondern verringern wirde,
deutlich reduziert werden.

Soll das maximal mdgliche Aspektverhéltnis erreicht, das heil3t das Brechen von Plattchen
beim Exfolierungsprozess mdglichst vollstandig vermieden werden, bietet sich als
besonders sanfte Exfolierungsmethode die osmotische Quellung an. Von niedrig
geladenen,  natlrlichen ~ Smectiten  mit  Natrium- und  Lithiumionen als
Zwischenschichtkationen, sowie synthetischen Lithiumhectoriten und dem getemperten,
ladungshomogenen Natriumhectorit (Kapitel 4.1) ist ein osmotisches Quellverhalten
bereits bekannt. Wie SAXS-Messungen des osmotisch gequollenen Natriumhectorits
zeigen, bilden sich aufgrund der homogenen Ladungsdichteverteilung exakt definierte
Schichtabstande aus, wenn der Quellungszustand innerhalb der Reichweite der
elektrostatischen AbstoBung liegt. Erst wenn der Schichtabstand oberhalb der
elektrostatischen Reichweite (Debye Lange) liegt, beginnen sich die einzelnen Schichten
mit zunehmendem Schichtabstand stérker individuell zu orientieren. Von einer echten
Delaminierung sollte man daher erst beim Schmelzen des Wigner Kristalls, d.h. oberhalb
der Debye Lénge, sprechen. (siehe Kapitel 5.6).

Die entwickelten Konzepte zur kontrollierten Exfolierung von Hectoriten, d.h. die
Verwendung von geordneten Wechsellagerungen (Kapitel 4.2) und deren anschlieRende
Exfolierung (Kapitel 4.3), sowie die Kombination einer mechanischen Exfolierung eines
magnesiumausgetauschten Hectorits mit einem anschlieBenden Kollabieren der
Zwischenschichtrdume (vgl. dazu Kapitel 4.4) durch Austauschreaktionen mit Kationen
niedrigerer Solvatationsenthalpie werden ebenfalls vorgestelit.

AbschlieBend wird der Einfluss der kontrollierten Exfolierung von synthetischen
Hectoriten auf die mechanischen Eigenschaften, auf die Gasbarriere und das
Brandverhalten von Polymer-Nanokompositen erléutert.
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ABSTRACT: Applying a combination of melt synthesis followed by long-term annealing a
fluorchectorite is obtained which is unique with respect to homogeneity, purity, and particle size.
Counterintuitively, the hectorite undergoes a disorder-to-order transition upon swelling to the
level of the bilayer hydrate. Alkylammonium-exchanged samples show at any chain length only a
single basal spacing corroborating a nicely homogeneous layer charge density. Its intracrystalline
reactivity improves greatly upon annealing, making it capable to spontaneously and completely
disintegrate into single clay lamellae of 1 nm thickness. Realizing exceptional aspect ratios of
around 20000 upon delamination, this synthetic clay will offer unprecedented potential as
functional filler in highly transparent nanocomposites with superior gas barrier and mechanical

properties.

B INTRODUCTION

Plenty of polymer nanocomposites contain platy nanofillers like
clays as functional compounds for improvement in gas barrier
activity, fire retardancy, and mechanical properties.' ™ In order
to exploit the full potential of these composite materials, it is
especially important to optimize the performance of the clay
filler, which in turn is mainly determined by its aspect ratio
(ratio of particle size and height), textured orientation,
mechanical properties, and compatibilization with the poly-
meric matrix. While texture and aspect ratio are strongly related
to the filler’s lateral extension, mechanical properties and
interface management are crucially dependent on the
homogeneity of the charge density of the clay layers which
correlates with a uniform intracrystalline reactivity. Applicability
of commercially available, natural swelling clays like montmor-
illonite is severely restricted by both small particle size (<200
nm) and a heterogeneous charge density. Additionally, all
natural clays suffer from accessorial minerals and poor optical
quality due to colored transition metal ions incorporated into
the structure. The latter drawbacks are particularly detrimental
when aiming at flexible, transparent high-barrier films for
optoelectronic packaging. Any globular impurities will act as
defects and increase permeability significantly while the color
reduces transmission.

Over the past decade we have developed melt synthesis
protocols that yield platelets with particularlﬁy large lateral
extensions and homogeneous charge density.”® The intra-
crystalline reactivity was found to vary with charge”'® and the
type of interlayer cation.'' For instance, while Na-hectorite as
obtained by melt synthesis’ requires large shear forces in order
to be exfoliated into thinner platelets,'” Li-hectorite so far was
the only material that spontaneously delaminates into single
lamellae of 1 nm thickness by osmotic swelling when immersed

W ACS Publications 2013 American Chemical Society
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in deionized water.® Since in this gentle anisotropic top down
process the particle diameter is preserved, such a fully
delaminated material exhibits the maximum aspect ratio that
may be obtained with given initial lateral dimension of the
platelets which is determined by the synthesis conditions. While
the Li-hectorite shows huge aspect ratios,® it lacks phase purity
and needs to be purified before being applied as filler in
nanocomposite films.*"?

Clearly, for high-barrier applications suitable for flexible
optoelectronic packaging there still is a need for perfectly phase
pure, transparent clay materials with huge lateral dimensions
that spontaneously delaminate into nanoplatelets with aspect
ratios >10000.

Here we show that, surprisingly, a melt synthesized Na-
fluorohectorite of medium charge density may be greatly
activated in respect to swelling by long-term annealing. While
the pristine material, as mentioned above, cannot be
delaminated even when applying strong shearing forces, e.g.
applying a ball mill, the annealed material spontaneously and
completely delaminates. Since by annealing concomitantly the
lateral extension of the material is increased, hydrous
suspensions of nanoplatelets of huge aspect ratios are obtained.
In this paper, changes in respect to structure, phase, and
chemical composition are revealed and related to rationalizing
the observed unexpected activation.

B RESULTS AND DISCUSSION

Synthesis of Nag s-Hec. Na, ;-fluorohectorite with nominal
composition of [Nays]™[Mg,sLigs]°[Si;]01F, (Nags-
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Hec) was synthesized by melt synthesis in a gastight
molybdenum crucible according to an already published
procedure.” 45 g of the as-synthesized dry Nags-Hec was
milled with a planetary ball mill (Retsch PM 100) for 20 min at
250 rpm using a ZrO, grinding beaker with 15 ZrO, balls. By
milling, the particle (aggregates) size was reduced to less than
250 pym. In order to remove the adsorbed humidity, the
material was first dried overnight at 150 °C in a drying
chamber, then dried under vacuum (107> mbar) at 250 °C for
14 h to remove traces of water, and finally was stored in a
glovebox. 35 g of the milled Nays;-Hec was filled into a
molybdenum crucible and then sealed under high vacuum
(107 mbar) with a molybdenum cap by a high-frequency
furnace. In order to prevent the molybdenum from oxidation
during the annealing procedure, the crucible was enclosed
under vacuum into a quartz glass tube and heated in a chamber
furnace (Thermal Technology) at 1045 °C (heating rate 2 °C/
min). After annealing for 6 weeks the oven was switched off,
and the sample was kept in the oven until the crucible cooled
down to room temperature. Analysis by inductively coupled-
plasma atomic emission spectroscopy (ICP-AES) and wave-
length dispersive X-ray spectroscopy (WDX) (Supporting
Information) confirmed that for the annecaled material the
compositions of both the bulk and individual clay tactoids were
close to the target composition,
[Nag s J™“[Mg, sLiy s]°[Si,]*'0oF, (Nags-Hee, x = 0.5 per
formula unit (pfu)). Since WDX is incapable to determine Li,
the analytical results were converted into the formula by
normalizing to Si = 4 and gave [Nag ;)™ (Mg, 573)Li, ]
[Si,] for the composition of cations. Additionally, Li and Na
contents were determined by ICP-AES, and the Li content was
derived by normaling to the Na content found with WDX. This
way the cation composition was found to be
[Nag 4] ™ [Mgs 57(3)Lig.47]*“[Siy]. The cation exchange capacity
(CEC) was determined to be 126 mequiv/100 g with the
barium method and 125 mequiv/100 g with the [Cu(trien)]*"
method (see Supporting Information for details), which again is
very close to the value expected for the target composition (130
mequiv/100 g). Usually for synthetic clays deviations from
expectations are found to be much larger due to impurities. For
instance, the CEC of the pristine sample is much lower (113
mequiv/100 g determined with the [Cu(trien)]*” method).
Thus, the good agreement is a first indication for a high-purity
material. The small residual difference is most likely due to the
still limited size of the tactoids since in melt synthesis some
sodium cations are consumed to neutralize tangling bonds at
the edges.

Powder X-ray diffraction (PXRD) analysis confirmed a single
phase material (Figure 2) while the pristine material, as
obtained in the initial melt synthesis, by contrast contained
small but detectable amounts of protoamphibole as side phase
(Figure 1).7

Please note that PXRD is rather insensitive to amorphous
materials that only show up in a broad background around
18°—28° 26. 1t is also obvious that by annealing the PXRD
pattern develops additional peaks as compared to the pristine
material. While the pristine material is almost turbostratically
disordered,'" these extra features are already pinpointing to a
less disordered material with fewer stacking faults. The much
improved stacking order becomes even more obvious upon
hydration of the material. At relative humidities (RH) of 0%,
43%, and 93% well-defined hydration states of zero (0 WL),
one (1 WL), and two layer hydrate (2 WL) are obtained. For
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Figure 1. PXRD profiles of the nonannealed, pristine Nays-Hec at
different relative humidities (RH): {a) sample heated at 120 °C,
resulting in a nonhydrated state (0% RH, 0 WL); (b) sample
equilibrated at 43% RH, resulting in a one-layer hydrate (1 WL); {c)
swelling with water (m{water):m(pristine Nays-Hec) = 700:1),
resulting in a two-layer hydrate {2 WL). Detectable reflexes of the
protoamphibole side phase are marked with an asterisk.

all hydration states rational 001 series are observed. No signs for
interstratifications of differently hydrated interlayers within the
same stack were seen, and this unusual uniform intracrystalline
reactivity in turn again indicates a superb homogeneous charge

density.
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Figure 2. PXRD profiles of annealed Nays-Hec at different relative
humidities (RH); (a) sample heated at 120 °C, resulting in a
nonhydrated state (0% RH, 0 WL); (b) sample equilibrated at 43%
RH, resulting in a one-layer hydrate {1 WL); (c) equilibrated at 93%
RH, resulting in a two-layer hydrate (2 WL).

The nonhydrated structure (0 water layer = 0 WL) of Na-
Hec shows a d-spacing of 9.6 A with a nearly perfect rational
001 series (coefficient of variation = 0.16%; see Supporting
Information for details). Although the A-shaped 11/02-band at
around 20°28, indicates stacking faults, some peak maxima are
visible and the PXRD pattern of the 0 WL can be indexed with
aunitcell of a =525 A, b=9.08 A, c=9.82 A and f§ = 94.5°.
The d-spacing increases uniformly to 12.4 A (coefficient of
variation = 0.19%) at 43% RH. The PXRD pattern of the 1 WL
can be indexed with a unit cell of a = 524 A, b =9.09 A, ¢ =
1247 A, and f = 96.0°. Finally swelling at a higher relative
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humidity of 93% yields the 2 WL with dyy; = 15.5 A (coeflicient
of variation = 0.21%). As seen before for much higher charged
swelling dlays, eg, [Nag;]™"[Mg,;Lio]*[$i,]0F,° for
the 2 WL phase the number and the intensity of peaks in the
range of the 11/02-band increased significantly. This is related
to a disorder-to-order transition which is mediated by specific
well-defined hydrogen-bonding networks to basal oxygens by
the water molecules involved in octahedral coordination of Na'.
Evidently, the occurrence of this disorder-to-order transition is
not crucially dependent on high charge densities. The PXRD
pattern of the 2 WL can be indexed with the following unit cell:
a=5248 A, b =9.093 A, ¢ =15483 A, and f = 96.67°.
Since PXRD is insensitive to amorphous phases, additionally,
the purity of the material was investigated by solid-state NMR
spectroscopy. Comparing the '"F MAS spectra of the pristine
material and the annealed Najg-Hec (Figure 3), clear

180  -190 -200 -210

& [ppm]

50 -160  -170

Figure 3. '’F-MAS spectra of Nags-Hec (red line) in comparison with
the nonannealed sample (black line).

differences in the environment of the F nuclei become
evident. Two main types of fluorine sites with shifts at about
—172 and —180 ppm were found. This is in good agreement
with shifts reported in the literature for a hectorite of similar
composition at —176.2 and —182.8 ppm, which were assigned
to Mg—Mg—Mg and Mg—Mg—Li environments, respectively.®
In the case of the pristine sample, however, an additional peak
arises at ca. —175 ppm. This signal cannot be attributed to
protoamphibole, which would be expected at about —169 ppm
(Figure S1). Therefore, we propose that the pristine material, in
addition to protoamphibole, contains a second, amorphous
impurity phase. Clearly, this fluorine containing glass disappears
during annealing, most likely by crystallization into Na-
hectorite.

The high purity and homogeneity of this single phase
material also became apparent applying the layer charge density
determination by the alkylammonium method, which is
demonstrated in Figure 4. Upon exchange of the interlayer
Na" ions with alkylammonium ions of increasing chain length
([C,H,,,,NH;]"), the homogeneity of the layer charge can be
casily checked by simply measuring the d-spacing of the
intercalation compound. Because of the high selectivity of the
alkylammonium ions, the interlayer cations are displaced
completely and the negative layer charge is fully neutralized
by alkylammonium ions. Depending on the charge density of
the clay and the chain length of the alkylammonium ions
different interlayer structures are formed. Monolayers (dy, =
13.4—13.6 A) will be realized as long as the charge density of
flat-lying alkylammonium ions are higher than the charge
density of the clay. At a certain critical chain length, these
monolayers will be closely packed and with the next longer
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Figure 4. PXRD pattern of annealed Nags;-Hec exchanged with
alkylammonium cations of different chain length ranging from pentyl
(n = 5) to pentadecylammonium (n = 15).

chain lengths, some bilayers with a basal spacing of typically
17.6 A must be formed to neutralize the charge density of the
clay. As already discussed with respect to hydration,
heterogeneity in the charge density of clay sample will
inevitably result in varying packing densities of the
alkylammonium chains in different scattering domains.
Consequently, the onset of bilayers being incorporated in the
stack will occur at different chain length. This would cause the
observation of more than one basal spacing at a given chain
length as seen with the pristine material.” Contrary to this, for
the annealed Na, ;-Hec the basal spacing shifted gradually with
increasing chain length, and at any chain length only a single
basal spacing was observed, corroborating a nicely homoge-
neous layer charge density.

Please note that the smooth transition from mono- to bilayer
with alkylammonium cations of increasing chain length is an
artifact of interstratification. The X-ray beam averages over
mono- and bilayer basal spacings in a volume weighted manner
and while these basal spacings are fixed, the ratio of mono- and
bilayers is varied to meet charge neutrality. This is because the
strong coulomb interaction between positively charged
interlayers and negatively charged silicate layers strongly favors
minimization of the average basal spacing and therefore drives a
strict segregation into densely packed mono- and bilayers.

The charge density (x) of the clay corresponds directly to the
longest alliylammonium ion (chain length ») that still is capable
to satisfy the charge density of the clay by a monolayer
arrangement and can be calculated with a formula defined by

Lagaly et al:'*™"®
.= 0.5a-b
5.67n + 14 (1

where a and b are the unit cell axes. Given unit cell parameters
of a=5248 A and b = 9.093 A (e.g, for the 2WL state) a layer
charge of x = 0.5 should allow a monolayer arrangement up to a
chain length of n = 5.95. The chain lengths must of course be
an integer, and consequently charge neutrality with n = 6
already requires very few bilayers. And indeed with n = 6 the
basal peak started to shift and the peak width broadens (Figure
4), both signs of beginning interstratification of some bilayers in
the predominantly monolayer stacking.

Assuming the same packing density of mono- and bilayer
arrangement, the critical chain length should be n = 14 (more
precisely 14.36) for the latter. However, uniform bilayer
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arrangement is observed only up to tridecylammonium (n = 13,
corresponding to x < 0.54), while with n = 14, the basal peak
already started to shift and broaden, indicating interstratifica-
tion. Thus, with the Lagaly method, the layer charge can be
narrowed down to ~0.5 < x < 0.54, which within the limits of
the method is in excellent agreement with results from chemical
analysis and determination of CEC.

As previously pointed out, with homogenously charged
synthetic clays an ordered interstratification of bilayer and
monolayers with Reichweite (R) = 1 is found to be the
thermodynamically stable state. With some intermediate chain
length, moreover, the ratio of mono- and bilayer will be close to
1:1, and indeed with nonadecylammonium (n 9) a
superstructure reflection at 31 A was observed (Figure 4).
The plot of basal distance as a function of alkylammonium
chain length (Figure S2) for this synthetic clay is therefore not
linear but shows a plateau at d*y, of the superstructure basal
series of the ordered interstratification where the probability for
a monolayer w, is approximately equal to the probability for the
bilayer w, (w, = w,). Please note that the continuous shift of
the d-spacing going from mono- to bilayer with alkylammo-
nium cations of increasing chain length, which was observed by
Lagaly and Weiss for a natural montmorillonite,'® is due to
random interstratification (R = 0) caused by layer charge
heterogeneity. Thus, the reason underlying interstratifications is
different; for natural montmorillonites it is charge heterogeneity
while for our synthetic clays it is observed for chain lengths
where w; << w, or w; > w,.

In summary, both experimental facts—the observations of
just one basal spacing with any alkylammonium intercalate and
the formation of an ordered interstratification at an
intermediate chain length—corroborate an unprecedented
homogeneous distribution of the layer charge density.

The osmotic swelling behavior of Na,s-Hec was investigated
in more detail by mixing the Nagys-Hec with different amounts
of deionized water. Similar to what has been reported for
synthetic Li-hectorit,® with increasing amounts of water the 00l
peaks are continuously shifted to lower diffraction angle (higher
d-values, Figure S3). The 001 reflection could, however, only be
observed up to a weight ratio of m(water):m(Nays-Hec) = 4:1;
even higher dy, values were out of the measurement range of
our instrument. The dy series for the mixture of 4:1 was
rational (dog;= 115.4 A, dogy = 58.8 A, dyo; = 38.8 A, and dgg, =
28.8 A). Larger basal spacings realized at higher water contents,
could, however, still be calculated using higher order reflections.
This way a linear increase of the dy,-spacing was obtained as a
function of growing amounts of water being added (Figure $).
This linear characteristic resembles swelling of alkylammonium
exchanged clays in organic liquids and organic liquid
mixtures'®>* and osmotic swelling of natural montmorillonites
with sodium as an interlayer cation.”***

Please note that the pristine Nays-Hec shows no osmotic
swelling. Even with a much higher water to pristine Nays-Hec
ratio of 700:1 only swelling to the two-layer hydrate (15.1 A)
was observed (curve c in Figure 1). The linear swelling
characteristic, together with the broadening of the reflexes, as
compared to “air” measurements, indicate that the tactoids of
Na, s-Hec may delaminate in highly diluted dispersions. A proof
for this suggestion could be delivered with AFM. For this, drops
of a highly diluted dispersion (0.02 g/L, m(water):m(Nags-
Hec) = 50 000:1) were deposited and dried on a silicon wafer.
Individual, delaminated platelets with a height of about 1 nm
and a size between 10 and 20 gm can be seen in the AFM
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Figure S. Relation between average d,y and mass ratio of water to
Na, s-Hec.

image, as illustrated in Figure 6. Please note that due to the
ambient conditions during measurement a water layer may exist

b

)

height [nm]

10 15 20

x-position [um]
Figure 6. (a) Topographical AFM image of a typical sample of
annealed Nays-Hec showing the huge lateral extensions. (b) Height
profile showing singular lamellae that are partially stacked above each
other upon drying yielding discrete steps of about 1 nm height.

between substrate and platelets, causing an apparently larger
height. Regardless of this systematic error, since the height of
multilayer stacks increases in discrete steps of about 1 nm, all
platelets with a thickness thinner than 2 nm can be safely
assigned to be monolayers.

Although Figure 6 is a typical representative of many more
images recorded, AFM is not a bulk method. In order to obtain
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more information about the lateral extension of the platelets,
the particle size distribution was measured with static light
scattering {SLS) of an aqueous dispersion. The number
weighted results show a relatively narrow size distribution of
the platelets with a mean particle size of about 18 ym (Figure
$4). The SLS measurements were performed in aqueous
dispersions; the particle size distribution therefore is
representative for the bulk material. Moreover, it has been
shown by Goossens”" that the lateral extensions of clay tactoids
correlate well with the hydrodynamical radius obtained from
SLS. We are, however, aware that the absolute values might be
somewhat in error because of the large size and the floppy
nature of the nanoplatelets. To account for this high anisotropy
of the particles, we therefore cross-checked the value by
determining the chord lengths distribution by focused beam
reflectance measurement (FBRM) {17 ym) and by assessing a
large number of particles of Na,;-Hec powders as seen in SEM
micrographs {Figure S5} giving a mean tactoid size of 18 pm.
Considering a platelet thickness of about 1 nm and a median
lateral extension of the clay particles of 18 gm and assuming
complete delamination by osmotic swelling as indicated by
AFM and PXRD {Figure 3), Na,s-Hec offers a mean aspect
ratio of 18 000Q.

B CONCLUSICNS

Long-term annealing of melt-synthesized Nays-Hec induces
crystallization of an amorphous impurity. We propose that this
impurity acts as binder in the pristine material and limits its
intracrystalline reactivity. As indicated by "F MAS solid-state
NMR a highly phase pure fluorchectorite is obtained by the
additional annealing step. Dispersing this activated Nayg-Hec in
water induces osmotic swelling and finally complete delamina-
tion into 1 nm thick platelets with medium aspect ratios of 18
000 as determined by AFM and particle size distributions.
Moreover, annealing also results in superb charge character-
istics. Both swelling with water and cation exchange with
alkylammonium cations suggest a petfectly uniform intra-
crystalline reactivity cotresponding to a degree of homogeneous
charge density of the clay platelets not seen before. At last,
stacking faults are diminished a great deal by annealing and the
highly ordered material can be used for the synthesis of ordered
microporous pillared or interstratified inorganic/organic hybrid
materials. Most importantly, the combination of high optical
transparency, ultrahigh aspect ratio, and the absence of
impurities renders this clay the perfect filler for high gas barrier
applications and mechanical improvement of nanocomposites
which will be studied in future work.
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1. Experimental Details

Cation exchange capacity

The cation exchange capacity (CEC) of the non-annealed, pristine hectorite and the annealed
material was determined with the [Cu(trien)]*" method.! A control measurement was done by
a threefold exchange of the annealed Nags-Hec with excess of a BaCl, solution (0.1 mol/L)
according to the DIN ISO 11260 standard procedure. The collected washing solutions were

analyzed for Na using a Varian SpectrAA-100 atomic absorption spectrometer.

WDX

The compoesition of the annealed Nays-Hec was determined by wavelength dispersive X-ray
spectroscopy (WDX) on a Joel JXA 8200 spectrometer, with acceleration voltage 15 kV and
15 nA with a beam spot diameter of 1 um. Calibration was done using andradite Ca;Fe,Si301,
as silicon standard, synthetic enstatite Mgy[Si,0¢] as magnesium standard and albite
NaAlSiz0g as sodium standard. After polishing only particles with smooth surfaces were
chosen for the WDX measurement. The counting time was 20 s at every peak position. The
composition was normalized to Siy oo because lithium is not detectable with this method.
ICP-AES

The lithium and sodium content of the bulk material was determined by inductive-coupled-
plasma atomic emission spectroscopy (ICP-AES). Two samples of about 20 mg of dry
synthetic Na, s-Hec were weighed into clean Teflon flasks of 150 mL volume. After addition
of 1.5 mL 30 wt. % HC1 (Merck), 0.5 mL of 85 wt. % H3;PO4 (Merck), 0.5 mL 65 wt. %
HNO; (Merck) and 1 mL of 48 wt. % HBF4 (Merck) the sample was digested in a MLS 1200
Mega microwave digestion apparatus for 6.5 min and heated at 600W (MLS GmbH,
Mikrowellen-Labor-Systeme, Leutkirch, Germany). The closed sample container was cooled
to room temperature and the clear solution was diluted to 100 mL in a volumetric flask and

analyzed.
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Layer charge determination

The layer charge was determined by the alkylammonium method.” The alkylammonium salts
were prepared by acidification of amines ([CoHaNH;]™; n= 5-15) dissolved in ethanol by
adding aqueous formic acid (2 mol/L). The solutions were adjusted to a pH of 8 and filled up
with water to achieve a concentration of 2 mol/LL for the pentyl- and hexylamine, 0.5 mol/L,
for the pentyl- to decylamines and 0.1 mol/L for the corresponding longer chain alkylamines.
90 mg of the anncaled Nags-Hee was exchanged 3 times with 3 ml of the different amines in
small glass vessels closed with screw caps at 60 °C in an overhead shaker. The products
where removed from the solution by centrifugation and washed 6 times with ethanol-water
mixture (1:1), 4 times with pure ethanol and finally dried at 60°C.

Powder X-ray diffraction

Powder X-ray diffraction (PXRD) was measured in transmission geometry on a STOE Stadi P
powder diffractometer equipped with a MYTHENIK detector using Cu Koy radiation (A =
1.54056 A). For investigation of the different hydration states the Nags-Hec powder was filled
into fused silica capillaries (0.7 mm Hilgenberg) and equilibrated for 30 days in a desiccator
at 43% and 93% relative humidity using saturated K2CO3; and KNOj3 solutions, respectively.
To prevent evaporation of water during the PXRD measurement the capillaries were sealed
with high vacuum silicone grease (Merck) immediately after being removing from the
selected water vapor atmosphere. For the non-hydrated (0% RH) sample the capillary was
stored at 120°C overnight and sealed by melting the top of the capillary.

The osmotic swelling experiments were completed in small glass vessels by mixing a
weighted mass of deionized water with a corresponding mass of hectorite powder. After an
equilibration time of 48 hours, the resulting gels were mixed with a spatula, placed between
two mylar foils using a flat sample holder and then were immediately measured on the XRD
within 15 minutes.

Atomic Force Microscopy
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Atomic Force Microscopy was done by using a MFP3D™ Atomic Force Microscope
(Asylum Research, Santa Barbara, California) equipped with silicon cantilevers (silicon tip,
type NSCI15/AIBS, pumash, Tallin, Estonia) with a scan rate of 1 Hz. The samples were
prepared by slowly cvaporation of a few drops of a diluted suspension (0.02 g/L) on a Si-
wafer under ambient conditions.

Particle size distribution

Particle size distribution was recorded by static light scattering (SLS) of aqueous dispersions
using a Retsch Horiba LA-950 SLS instrument. The refractive index of the solid phase was
set to a value of 1.5. A measurement routine called “mica in water” supplicd by the
manufacturer (Horiba) was applied. Micas have similar lateral extensions as the synthetic
hectorites studied here. The routine determines transmission rates and optimizes the
concentration of the suspensions.

For comparison the chord length distribution of an aqueous dispersion was additionally
mvestigated by focused beam reflectance measurement (FBRM) with a Mettler Toledo
LASENTEC FBRM model D600L-HC22-K. Finally, the crystal size of the solid material was
also measured by assessing a large number of hectorite particles as imaged with a LEO 1530
FE-SEM at an operating voltage of 3 kV.

NMR MAS Measurement

The '“F shifts are reported with respect to CFCl;. The 1D-""F MAS NMR spectra were
recorded on a Bruker Avance II spectrometer using triple resonance probes (ZrO,, diameter
2.5 mm) at a MAS frequency of 30 kHz. A direct excitation on the '°F channel with a 90°
pulse length of 2 ps was applied. The recycle delay was 20 s, the number of experiments was

set to 16. For all experiments, no proton decoupling was used.

2. Supporting Data
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Coefficient of variation (CV)

The coefficient of variation was calculated according to Bailey:®

100s
CcV =

X
where s = standard deviation and X = mean of the observed [ * dpg; values. Due to overlap, we

were only able to unambiguously determine the positions of the 00/-series where /e = 7 in
case of zero-layer hydrate, /x = 9 in case of one layer hydrate, and /5 = 10 in case of the

two-layer hydrate.
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The 2WL gives a basal spacing of dyy; = 15.4 A (coefficient of variation = 0.21 %).

Example 2WL:
l d 1*d(001)
| 15.459 15.46
3 5.130 15.39
4 3.848 15.39
5 3.073 15.36
6 2.563 15.38
7 2.195 15.37
8 1.920 15.36
10 1.537 15.37
Mean 15.39
Ccv 0.21%
450 160 470 180 190 200 210
5/ ppm

Figure S1: PEF.MAS spectra of a Naj s-Hec sample containing a much increased volume ratio

of protoamphibole®” sidephase (red line) as compared to the pristine Nag s-Hec sample. The

additional peak at about -169 ppm can be assigned to protoamphibole.
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Figure S2: Plot of d-spacings as function of alkylammonium chain length n ([C,Hz,1NH3] ).
A plateau for the ordered interstratification where the probability of the monolayer w; is

approximately equal to the probability of the bilayer w; (w), = w;) is indicated.

001

rel. Int. [count ]

26 []
Figure S3: PXRD measurement of the osmotic swelling of the Nag s-Hec as function of the

mass ratio Nag s-Hec : water.
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Figure S4. Number weighted particle size distribution as determined by SLS measurement of
a Nags-Hec dispersion in water (solid red line) and corresponding unweighted FBRM
measurement (dotted black line). Both results agree well with the mean tactoid size of Nag s-

Hec powder as seen in SEM micrographs (black square).
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ABSTRACT: One-dimensional crystalline heterostructures of two types of nanoreactors strictly
alternating along the stacking direction are obtained by partial ion exchange into a synthetic clay
mineral distinguished by an outstandingly homogeneous charge density. The driving force for the
formation of these high interface architectures is proven to be founded in densely packed cationic
molecules in the interlayer with a charge density deviating from the charge density of the host
clay mineral. The established mechanism renders the approach generally applicable and will
allow for synthesis of ordered heterostructures of any desired combination of functional
molecules that moreover are separated by exactly 1 nm thick silicate walls. The ordered
heterostructures were furthermore shown to represent the thermodynamic equilibrium
suggesting the mechanism of formation to be robust.

Bl INTRODUCTION regular, one-dimensional crystalline, manner as compared to
materials assembled by LBL or heterocoagulation. Pinnavaia
described the formation of a mixed inorganic—organic layered
material using cationic amphiphiles and explored numerous
potential applications of these materials."" ™'* For instance, in a
proof of principle study the potential of such regular
interstratifications for electrochemical sensing of herbicides
was shown.”"®

While in these initial studies a first synthesis protocol was
established, a general mechanism could not be established.

Materials with alternating functional layered nanostructures
have shown great potential for energy transfer and conversion,
sensoring, and catalysis.' ! Main advantages of such regularly
alternating two-dimensional heterostructures are a huge
interface area allowing for effective energy or electron transfer
which require proximity in nanometer architectures i.e. Foerster
resonance energy transfer (FRET).® Most frequently such
architectures have been manufactured in 2 bottom up process
like layer-by-layer (LBL) assembly.>® For instance, an
alternagng IZeteyrostrl(Jcturg of a neygative[y charged ;emi- .Consequent]y, transﬁ.er to any functional heterostructu.r.es of
conductive layered perovskite and a positively charged layered }nterest was not possible. The ‘strucAture-of 2:1 [a}’eTEd silicates
double hydroxide could be obtained by using the LBL is smmetrlca[ .a]'ong the s:tackmg direction, and it is icrcfore
approach. # However, this LBL method is a time and cost anything but trivial that thl_s SY“““FWY may be bfoken m suc.h 2
intensive procedure and difficult to scale. Alternatively, such }‘egu] A Manner. AAdeeper insight into the orden.ng mechanism
regularly ordered nanostractures may be achieved by self is, however, r‘equuro?d to brgaden the‘synthems protocol to
assembly of oppositely charged layers (heterocoagulation). For arbft'ary functional interstratified “i"“te“als' )
instance, after restacking of a negatively charged layered titanate I']do et al su.ggeritfd 2 mOdd._ with homogencous interlayer
and a positively charged layered double hydroxide a highly cation - occupation. Later Maller et al. showed that .for
effective visible photocatalyst for water splitting could be s‘ynthetlc rectorite-type structures, wher.e nonhydrated, fiea
obtained.! However, both LBL and heterocoagulation methods ]'lkc potassium mterlaycrs- alternate with hydrate'd sodium
require a complete delamination of the two types of layered Fnterlayers, th.e symme.trylés broken by a_modulatlon of the
materials in order to obtain structures with defined periodicity. y‘]terlayer. cation density. Upm_] forman?n of the regular
Suitable delaminated nanostructures may for instance be interstratification, the charge density of the mterla)fers changes
obtained by surfactant-mediated synthesis of nanosheets.” .from homogeneous to re.gu]ar])vf alt(.emating from interlayer t.o
Here we present a robust and scalable alternative route to mter[a.yer n th.e stackmg. rfllrectlon; For these synthetlf
arrive at strictly alternating architectures which are referred to rectorites, the higher seljcc-tmty of K" as comp'are'd to Na
as staging or ordered interstratification in the intercalation was shown to be the dnv.mg force for. the redistribution IOf
community. Ordered interstratifications were first investigated exchangeable interlayer cations. The cation exchange capacity
for different 2:1 clay minerals like hectorites and vermic-

ulites.'”"" Within these regular interstratified materials, two Received: July 30, 2014

distinct nanoreactors are exactly separated by a 1 nm-thick Revised:  August 19, 2014

insulating layer and therefore are arranged in a much more Published: September 2, 2014

WACS Publications  © 2014 American Chemical Seciety 5412 dx.doi.org/10.1021/cm502816a | Chem. Mater. 2014, 26, 54125419
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{CEC) of the collapsed interlayers is higher than the average
CEC, while the CEC of the hydrated interlayers was found to
be correspondingly lower. If this mechanism based on regular
charge density modulations is generally true, the formation of
ordered interstratified materials upon partial cation exchange
with organocations might be related to dense packed intetlayer
structures of organocations that do not satisfy the average
charge density of the silicate layers. Consequently, the local
charge balance will be accomplished by surrounding this layer
by two intetlayers occupied by hydrated Na’.

In the present work the proposed mechanism for the
formation of ordered interstratification will be verified by a
detailed study of the partial cation exchange of a synthetic Na-
fluorohectorite with largely differing organic cations, a
stilbazolium dye (N-Hexadecyl-4-(3,4,5-trimethoxystyryl)}-
pyridinium {dye}, and a simple alkylammonium cation. Based
on the deeper insight gained a generally applicable synthesis
protocol for one-dimensionally ordered functional hetero-
structures is established.

B EXPERIMENTAL SECTION

Synthesis of Na-hec. Sodium-fluorohectorite with the composi-
tion [Nag ™ [Mg, cLin s ]°*[Sis]®*OyoF, (Na-hec) was synthesized by
melt synthesis in a closed molybdenum crudble according to a
published procedme.17 After synthesis the material was annealed for 6
weeks at 1045 °C to improve intracrystalline reactivity, charge
homogeneity, and phase purity as recently described.'®

Synthesis of N-Hexadecyl-4-(3,4,5-trimethoxystyryl)-
pyridinium Bromide (dye). N-Hexadecyl-4-methylpyridinium bro-
mide {6.15 g, 15.45 mmol) and 3,4,5-trimethoxybenzaldehyde {3.03 g,
15.45 mmol) were mixed in ethanol (50 mL,) and piperidine {1 mL)
was added. The reaction mixture was stirred under reflux for 3 h. The
reaction mixture was concentrated in vacuum until a yellow precipitate
appeared, and the precipitated solid was collected, washed with
ethanol, and dried in vacuum. Yield: 446 g (7.73 mmol, 50%); yellow
solid of mp >135 °C {dec.); Vs (ATR)/cm™: 2914, 2847, 1637,
1614, 1578, 1504, 1470, 1460, 1420, 1352, 1335, 1319, 1274, 1262,
1240, 1206, 1175, 1152, 1120, 1002, 982, 844, 718; '"H NMR (300
MHz, DMSQ-d,): 6 0.8—0.9 (3 H, m), 1.1-1.3 (26 H, m), 1.8—2.0 (2
H, m), 3.72 (3 1, 5), 3.86 (6 1, 5), 4.50 (2 11,1, ¥ 7.3 Hz), 7.11 (2 1,
s),7.56 (1 H, d, % 163 Hz), 8.00 (1 H, d,%/ 16.3 Hz), 821 (2 H, d, %
6.9 Hz), 897 (2 H, d,*J 6.9 Hz); “C NMR (75.5 MHz, DMSO-d;): §
13.9, 22.1, 25.4, 284, 28.7, 28.9, 29.0, 30.5, 31.3, 59.7, 60.2, 105.8,
122.5, 123.6, 130.8, 14L1, 1442, 153.0, 153.2; m/z (%) 496 (66)
[M*], 482 (15), 452 (19), 391 (15), 317 (12), 284 (48), 271 (39), 257
(29), 181 {100), 135 (53), 57 {77), 41 (83). Melting points were
determined with a Gallenkamp apparatus and are uncorrected. IR
spectra were recorded on a PerkinElmer One FT-IR spectropho-
tometer. Magnetic resonance (NMR) spectra were recorded under
conditions as indicated on a Bruker Avance 300 spectrometer.
Chemical shifts (&) are given in parts per million downfield from TMS
as internal standard. Mass spectra were recorded using a Varian MAT
311A (EL). Elemental analyses were carried out with a PerkinElmer
2400 CHN elemental analyzer. Technical organic solvents were
distilled prior to use. Reagents and solvents of analytical grade were
purchased from the common sources and were used without further
purification.

Synthesis and Intercalation of Me,DABCO?'. 14-Dimethyl-
1,4-diazoniabicyclo[2.2.2]octane dichloride (Me,DABCO™ CL,) was
synthesized according to a literature procedure.19 Residual Na* of an
ordered interstratified material was exchanged by a stoichiometric
amount of an aqueous Me,DABCO* -solution.

B ANALYTICS

Cation Exchange Capacity. The cation exchange capacity (CEC)
of Na-hec was determined with the [Cu(trien)] method.®® Since the
Na-hec is hygroscopic weighing was generally performed at 43%
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relative humidity (RH, saturated K,COy-solution) in the middle of the
stability range of the monohydrate”'”*” (see Figure §). Since this RH is
also close to typical laboratory conditions, errors due to changes in the
water content during weighing are minimized.

Powder X-ray Diffraction. Powder X-ray diffraction {(PXRD) was
performed in Bragg—Brentano-geometry on a Panalytical XPERT-
PRO diffractometer. Textured samples were prepared by drying a few
drops of the fluorohectorite dispersion on microscope slides (Menzel
Gliser). The glass slides were dried at 110 °C for 12 h and then
equilibrated at 43% RH (saturated K,COg-solution) at room
temperature prior to measurement.

SEM. SEM images were taken with a LEQ 1530 FE-SEM at an
operating voltage of 3 kV.

Intercalation of Dye and Adsorption Isotherms. For
intercalation and determination of the adsorption isotherms of dye
the samples were equilibrated at 80 °C for 24 h using a temperature-
controlled oven equipped with a self-made overhead shaker. The
intercalation was performed in glass vessels with screw caps with varied
amounts of dye dissolved in different ethanol—water volume ratios
(4:1 and 1:1). The amount of solvent was adjusted concomitantly with
the variation of the dye amount in order to keep the dye concentration
constant at 2 mmol/L. For instance, 28.9 mg of Na-hec was immersed
in 1.17 mL of a ethanol—water mixture (4:1) for 12 h at room
temperature using an overhead shaker. After adding 3.94 mL (10.2
pmol) of dye solution (ethanol—water mixture 4:1 with ¢ = 2.594
mmol/L) the dispersion was mixed at 80 °C for 24 h. The solid was
separated by sedimentation followed by centrifugation at 3800 rpm for
5 min. The remaining dye concentration was then determined
photometrically using an Agilent CARY 300 UV-—vis spectropho-
tometer.

Amount of Organic Cations Adsorbed. Dye or pentylammo-
nium exchanged into the Na-hec was quantified by determination of
the carbon content using CHN elemental analysis {Blementar vario el
I11).>* Prior to analysis the samples were thoroughly washed 7-fold
with a water—ethanol mixture {1:1) and 2-fold with pure ethanol in
order to remove the remaining salts. For weighting, all samples were
heated at 110 °C for 2 days and transferred into a glovebox with argon
atmosphere. For complete oxidation of the intercalated dye the
combustion temperature was set to 1150 °C using a combustion tube
filled with tungsten{VI}-oxide-granules.

Water Vapor Sorption Isotherms. Isotherms were measured
with a Belsorp-max (BEL JAPAN INC.) at 25 °C. All samples were
dried prior to measurement at 120 °C under vacuum (0.1 mbar) for 12

Argon Physisorption Measurements. Physisorption measure-
ments of the Me,DABCO?" exchanged ordered interstratified
materials were performed using a Quantachrome Autosorb 1 at a
temperature of 87.35 K with Ar according to the literature."® Prior to
measurement, the samples were dried for 24 h at 100 °C under high
vacuum.

Bl RESULTS AND DISCUSSION

High purity, charge homogeneity, and uniform intracrystalline
reactivity for each Individual interlayer space are essential
ingredients for a quantitative investigation of the ordered
interstratification phenomenon. Therefore, a 2:1 layered
silicate, a sodium fluorchectorite synthesized from melt with
a composition of [Nags]™“[MgysLios]*[8i,]*OF, (Na-
hec}, was used. The permanent negative layer charge x {x =
0.5) of this fluorchectorite is a consequence of an isomorphous
substitution of magnesium with lithium within the octahedral
sheet. Because of the high synthesis temperature followed by
long-term annealing the charge density of Na-hec is
homogeneous both within the layer and all layers in the stack. o

The cation exchange capacity (CEC) of the one-layer
hydrate is 118 mequiv/100 g as determined by the [Cu-
{trien)]** method. This is in good agreement with the value of
121 mequiv/100 g expected from the composition of Na-hec.2

dx.doiorg/10.1021/cm502816a | Chem. Mater. 2014, 26, 5412-5419
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The intracrystalline reactivity of Na-hec is very high. When
dispersed in deionized water it swells osmotically leading
eventually to spontaneous delamination at low solid contents.
Delamination can, however, be suppressed, and the pristine
thickness of the stacks can be preserved during intercalation
reactions when working in solvents of lower dielectric constant.
Different solvent mixtures were tested, and suspensions of Na-
hec in ethanol—water mixtures with higher ethanol content
than V0 Viaer = 114 showed no gel formation even with an
excess of solvent (m(solvent):m(Na-hec) > 100). PXRD
measurement (Figure S1) proved that swelling of Na-hec
dispersed in these solvent mixtures is limited to the two-layer
hydrate (dgo; = 15.3 A). A narrow full width at half-maximum
(fwhm) of 0.04° and a coefficient of variation (CV)™* of 0.03%
corroborates a perfect one-dimensional crystallinity in turn
indicating a uniform intracrystalline reactivity.

As a generic model for a functional organic cation a
stilbazolium dye was chosen, because this class of organic dyes
exhibits a high affinity toward clay minerals>® and features high
extinction coefficients in the visible spectral region.*® The
stilbazolium moiety was further functionalized by an alkyl chain.
This hexadecylammonium chain increases the hydrophobicity
of the N-hexadecyl-4-(3,4,5-trimethoxystyryl)pyridinium cation
(Figure 1, dye) and thus should further improve selectivity.””*®

q -,
o 7 N
/ d Br

\

Figure 1. N-Hexadecyl-4-(3,4,5-trimethoxystyryl)pyridinium cation
(dye) which features a hydrophobic hexadecyl chain and a fluorescent
chromophoric stilbazolium headgroup.

The dye possesses an extinction coefficient of 2 x 10*
L#mol '#*ecm™ (4 = 380 nm) in ethanol—water mixtures.
Thus, even very small amounts of dye remaining in solution can
be accurately detected by UV—vis spectroscopy. Due to the
pronounced differences in basal spacing of hydrated Na*- and
dye-interlayers, the strong Coulomb attraction between positive
interlayer and negative silicate layer strongly favors segregation
of the organic cations into separate, highly hydrophobic
interlayers.””

Upon incremental addition of dye to Na-hec in a mixture of
Vethanot: Vivater = 41, even at a partial cation exchange as low as
9% of the total CEC ordered interstratified domains (d°'(001)
= 34.4 A consisting of alternating Na*-layers (d™*(001) = 12.3
A) and dye layers (d¥® ©'(001) = 22.1 A) were formed (Figure
2).

A complete cation exchange is possible but rec}uires a large
excess and high concentrations (HC) of dye (d¥*"“(001) =
27.2 A). The exact degree of cation exchange was determined
by UV—vis spectroscopy. All values were furthermore cross-
checked by elementary analysis, and the results were found to
be in good agreement (Table S1).

The formation of a perfectly one-dimensionally crystalline
ordered interstratification (OI) requires both a strong tendency
for strictly alternating stacking and equal numbers of the two
distinct interlayer species, in this case hydrated Na'- and dye-
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Figure 2. Evolvement of PXRD patterns with increasing partial
exchange of dye in V_g,,.1: Viarer = 4:1. Reflection positions are marked
(d°'(001) blue line, d¥(001) red line, d¥*"(001) black line).

interlayers (@y, = @4,.). The system has three different modes
to adjust to the stoichiometry as defined by the partial
exchange: 1. Two phases may be formed, unmodified Na-hec
and the OI 2. Statistical interstratification of the majority
component into the OI (e.g, wy, > ®g.) 3. The packing
density of the dye-interlayers may be adjusted to meet @y,
W gyee

%‘he basal series of the one water layer hydrate of Na-hec
with d¥(001) = 12.3 A is clearly visible up to 35% exchange of
the total CEC. This concomitant occurrence of two phases at
Wy, F @y, suggests that mechanism 1 is preferred. Once the
first dye-interlayer is formed it acts as nuclei from which the OI
domains grow. For the sake of completeness it shall be
mentioned that a more detailed analysis of the basal series of OI
suggests a random incorporation of very few ‘wrong basal
spacings into OT at exchange levels where wy, # @, (see the
Supporting Information).

At this point it is unclear whether the formation of the Ol is a
kinetic or thermodynamic phenomenon. A first hint is obtained
from the comparison of PXRD traces of materials made from
solvent mixtures of different polarity. The selectivity of the
organocation for the interlayer is high; nevertheless the
partition equilibrium can be shifted toward the solution by
increasing the hydrophobicity of the solvent. The higher the
solubility of the organocation in the solvent, the more reversible
is the character of the ion exchange. Thus, the exchange
experiment at 40% CEC was repeated in a much more polar
solvent (Vignoi:Viarer = 1:3). At this polarity, the solubility of
dye is very low, and, consequently, the equilibrium is shifted
toward the intercalated state with 99.9% of dye being
intercalated in equilibrium. Shifting the partition equilibrium
toward the intercalated phase then hinders the system to reach
thermodynamic equilibrium and to remedy defects like wrong
stacking sequences caused by fast kinetics. Consequently, at a
dye concentration where only the OI phase is expected actually
three phases were formed concomitantly (OI-domains,
domains with mostly hydrated Na*-interlayers, and dye HC
domains, Figure 3).

Nevertheless, by equilibration at elevated temperatures (80
°C) in more hydrophobic solvents like Vg1 Vicater = 4:1 this
phase-segregated material may be converted within 12 h to its

dx.doi.org/10.1021/cm502816a | Chem. Mater. 2014, 26, 5412-5419
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Figure 3. Evolvement of PXRD of a three phase sample after
intercalation in Vipunor Vaater = 1:3 (red pattern) and subsequent

thermal equilibration in Vg, :Viaer = 4:1 at 80 °C (black pattern) to
produce OL

thermodynamic equilibrium which is a well-ordered OI (Figure
3). In summary, these results suggest that at appropriate levels
of partial cation exchange (%~40%) the OI phase represents
indeed a thermodynamic equilibrium.

B WHY WOULD THE Ol PHASE BE
THERMODYNAMICALLY PREFERRED OVER A
STATISTICAL (RANDOM) INTERSTRATIFICATION?

The occurrence of the best-ordered O with ay, = @y, at levels
of ~40% exchange can only be explained if dye-interlayers
realize densely packed structures that represent a charge density
of the interlayer that is slightly below the charge density of the
host layers. According to Pauling’s rules, in ionic crystals (and
an intercalation compound represents a one-dimensional ionic
crystal) electroneutrality has to be achieved by local charge
compensation. Thus, once nucleation has started with a densely
packing dye-interlayer (Figure 4, middle), a local charge
balance can only be realized by arranging a higher cation
density in both adjacent interlayers. This higher cation density
cannot be realized by dye Ol-interlayers, while hydrated Na*
can easily be redistributed into higher charged interlayers. In
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Figure 4. Scheme explaining the nucleation of an Ol domain by
intercalation of a single densely packed interlayer with lower interlayer
cation densities (<CEC, yellow) into initially homogeneously
distributed hydrated Na-interlayers.
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this way a single exchanged interlayer can act as a nucleus for an
OI domain eventually stretching over the complete stack. The
nucleation rate will depend on the supersaturation of the
organocation which in turn can be influenced by the solvent
polarity. The higher the nucleation rate, the more antiphase
boundaries where two domains meet with the wrong type of
interlayer will be generated. The lower the solubility of dye in a
given solvent mixture, the higher the nucleation rate will be,
and, consequently, the more defects will be included.

This regular alteration of charge densities of adjacent
interlayers is of course highly sensitive to heterogeneities in
the charge density of the pristine clay mineral. If such charge
density variations in the host layers are in the same order as the
modulations induced by the nucleation of the organocation, the
one-dimensional growth of the OI will be stopped. This might
explain why for natural clay minerals like montmorillonite to
the best of our knowledge only random interstratifications were
reported.”® In order to produce a homogeneous charge density,
isomorphous substitution must be strictly statistical which
requires higher synthesis temperatures.®'

The building mechanism proposes distinctly different Na*
cation densities in pristine Na-hec and OI which in turn should
induce a different hydration behavior of these interlayers as
evidenced by hydration isotherms.'® Different studies of clay
minerals with Na™ as an interlayer cation showed that
increasing layer charge causes decreased swelling capabil-
ity.>** Additionally, at any given hydration state, with an
increasing number of interlayer cations that need to be
accommodated, more noncoordinating water molecules need
to be replaced, and, consequently, the total number of
interlayer water molecules decreases with increasing layer
charge.”

Consequently, if the number of Na" in the hydrated
interlayers of the OI is indeed higher than in the pristine Na-
hec as proposed by the mechanism, the transition to the next
higher hydration should be shifted toward higher RH and the
amount of interlayer water should be reduced.® The latter
needs to be corrected by the number of hydrated interlayers,
which is reduced by 50% in the OI and the water adsorbed in
the dye-interlayers.

The pristine Na-hec showed two sharp hydration steps
(Figure 5).
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Figure 5. Water vapor sorption isotherms of Na-hec (red circle) and
OI (blue triangle).
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During adsorption, the points of inflection for the transition
from a zero- to a one-layer hydrate and from a one-layer
hydrate to a two-layer hydrate were found at 22% RH and 70%
RH, respectively. The completely dye exchanged sample
showed a relatively small continuous water uptake. As expected
for interlayers with differing Na"-concentration, the hydration
isotherm of the OI sample is distinctly different from the
isotherm observed for pristine Na-hec.

While still two well-defined hydration stages are observed,
the hysteresis involved is much broader, the transition steps are
somewhat more sluggish, and the adsorption steps are shifted.
The points of inflection for the transition from a zero- to a one-
layer hydrate and from a one-layer hydrate to a two-layer
hydrate are shifted in the expected direction to 23% RH and
77% RH, respectively. A detailed discussion including
quantification of adsorption capacities is included in the
Suppeorting Information.

While in the previous paragraphs pieces of evidence were
presented that consistently corroborate the reshuffling of
interlayer cations leading to a strict alternation of charge
densities of subsequent interlayers, next the driving force for
this mechanism shall be carved out. Why does the system favor
interlayer structures with reduced dye OI occupation (~40% of
CEC) over a dye HC interlayer structure where the dye
packing matches the charge density of the host?

While the Coulomb attraction between negative clay mineral
host and positive interlayers thrives to minimize the basal
spacing, the lateral van der Waals interactions between adjacent
dye molecules as well as the van der Waals interactions with the
surface oxygens of the clay mineral are another significant
contribution to the total energy of the organic interlayers. Both
these contributions create a very strong bias for the most
densely packed organic interlayers. Thus, if the HC interlayer
structure would indeed be less densely packed as compared to
the OT interlayer structure, a strong driving force to realize the
latter for partial ion exchange would arise.

Please note that dye features a flexible n-hexadecyl chain, and
it is well-known that flexible n-alkylammonium cations are able
to form different interlayer structures depending on the charge
density of the clay mineral and the chain length of the n-
alkylammonium ions.*>¢

At 0% RH d-spacings of 26.4 A, 31.7 A, and 9.6 A were found
for dye HC, O, and pristine Na'-hec, respectively (Figure 6).

Please note that the d°' spacing of 31.7 A consists of two
interlayers of different height and two silicate layers of the same
height (Figure 4 right). The d-spacing of the Na*/siliate layer
stack in the dried state is 9.6 A as shown for pristine Na-hec
(Figure 6). Consequently, the d-spacing of an individual dye/
silicate layer (gallery height of the dye interlayer and the 2:1-
silicate layer) in OI can be assigned to be 22.1 A=31.7 A — 9.6
A. This value is much lower than the measured d-spacing of
264 A for the dye HC sample which was proven to be
completely exchanged by CHN analysis (Table S1). The
difference of 4.3 A already creates a significant electrostatic bias
for OI-type interlayers. Since the number of dye molecules in
OI- and HC-type interlayers is known from cation exchange
experiments, derivation of packing densities is straightforward
(see the Supporting Information for calculation details). For a
single dye cation in OI- and HC-type interlayers a volume of
788 A% and 802 A’ respectively, is occupied. Thus, Ol-type
interlayer structures not only allow for a smaller basal spacing,
but concomitantly the dye cations realize a significantly denser
packing which most likely will correspond to a higher lateral
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Figure 6. PXRD patterns of dye HC (red trace), OI {(blue trace), and
pristine Na-hec (black trace) measured at 0% RH.

van der Waals energy as compared with HC-type interlayers.
This line of argumentation ignores changes in the hydration
enthalpy of the hydrated interlayers due to lower water content
and a possible reduction of overall Coulomb interaction due to
the asymmetric distribution of the cations in the OL
According to Laird and Shang interlayer structures with
different d-spacings should be considered as different solid
phases.”” Consequently, after formation of the OI (Figure 7
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Figure 7. Scheme for a progressing exchange of an OI structure.

left) further dye uptake has to involve necessarily a structural
change from an Ol-type to a HC-type interlayer with
significantly higher d-spacing (Figure 7 middle). For reasons
of local charge balance, the phase transition is expected to be
coupled to a concomitant cation exchange of adjacent hydrated
Na™-interlayers.

The phase transition from OlI-type to HC-type interlayers
will involve an activation barrier which is expected to manifest
itself by a change in selectivity of dye adsorption. This
assumption was verified by the measurement of an adsorption

dx.doi.org/10.1021/cm502816a | Chem. Mater. 2014, 26, 5412-5419
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isotherm of dye in that regime where up to 70% of the total
CEC is occupied by dye.

As expected, at low dye loadings (10%—40% CEC) where
only the OI phase is formed, the part of dye remaining in
solution is nearly constant (Figure 8).
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Figure 8. Adsorption isotherm of dye and Nahec at 80 °C in
Vethanol: Vigater = 4:1.

The partition coefficient changes abruptly as soon as about
40% of the CEC is occupied by dye. The discontinuity
corresponds well with conditions where an OI phase with wy,
= @y, was observed (Figure 2). Since OI- and HC-type
interlayers represent two different phases due to different
structures, such a discontinuity in partition coeflicients is not
surprising but is actually expected for two distinct phases.

The influence of different solvent mixtures on the partition
equilibrium can be utilized to further improve the regularity of
the OL The stoichiometry to ensure wy, = @y, can be better
controlled at conditions where the equilibrium is completely
shifted in favor of the intercalated phase. Hence, first 38% CEC
of dye is applied in Vi, 01 Viyarer = 1:1 where it is quantitatively
intercalated (99.6%). The defects in the regular stacking
produced are then remedied by equilibration in Veganot: Vigater =
4:1, where the differences in partition coefficients between OI-
and HC-type interlayers are more pronounced and the kinetics
for de- and reintercalation are faster. This way a rational series
with a CV as low as 0.11% and a fwhm of 001 of 0.12° is
obtained (Figure 9).

B IS THE ESTABLISHED SYNTHESIS REGIME FOR
ONE-DIMENSIONAL HETEROSTRUCTURES
GENERALLY APPLICABLE?

The proposed mechanism should provide maximum flexibility
and make the approach generally applicable for a wide variety
of functional materials since the OI phase represents a
thermodynamic equilibrium. The regular alteration of interlayer
cation density only requires a dense packing of interlayer
cations in the OI that deviates from the average charge density
corresponding to the CEC.

In the sample discussed so far a clay mineral with a particular
charge density was applied, and an organic cation was identified
that realizes a dense packing with a charge density < CEC. In
order to demonstrate the general validity of the mechanism, an
OI phase was synthesized with a cation that realizes dense
packing > CEC. According to the equivalent areas proposed by
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Figure 9. PXRD pattern of the ordered interstratified sample after
exchanging 38% CEC with dye in V, Viater = 1:1 and annealing in
v, Ve = 4:1 (CV = 0.11%).

ethanol® ¥ water

thanol*

Lagaly et al. in combination with the unit cell parameters of the
Na-hec,'® for pentylammonium (C5) a densely Facked
monolayer is expected with a layer charge x = 0.56.° Since
Na-hec features a slightly lower layer charge (x = 0.5), such a
densely packed monolayer structure would then be expected to
have a positive charge density exceeding the negative charge
density of this host. According to the proposed mechanism, for
this very simple organic cation a perfect OI should be achieved
at a partial exchange of 56% of CEC. The best OI was obtained
in a more polar solvent mixture, V.ot Viarer = 1:1, due to the
largely reduced hydrophobicity of the C5 molecule as
compared with dye. The optimum amount of C35 giving the
most regular OI was identified empirically. Increasing amounts
of C5 (30% to 100% of the CEC) were offered in solution for
cation exchange, and PXRD traces were measured to judge the
regularity of the OI obtained (Figure 10).

With d-spacings for the one-layer hydrate of Na*-interlayers
and densely packed C5 monolayers of 12.3 and 13.3 A,
respectively, the d-spacing of the OI phase is expected at 25.6
A. PXRD showed a superstructure at about 3.5° 26
corresponding to the d®-spacing of 25.6 A which can be
observed even with additions of C5 as low as 30% CEC where
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Figure 10. Evolvement of PXRD patterns with increasing addition of
n-pentylammonium (CS) in Vi Vierer = 1:1. Reflection positions
are marked (d“'(00I) red line, @*(001) blue line, d“*(00I) black line).
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still Na*-domains must be and are present (@, > o). Higher
amounts of C5 form more OI and reduce the remaining Na'-
phase until it completely vanished with addition of 58% CEC
(5. ™ @¢s). At this point of exchange the most regular OI was
obtained (Table S2). CHN analysis gave a C5 content
corresponding to 52% of the CEC {Table $3). Addition of
70% CEC already leads to a small shift of the d?(001) series
toward the d-spacing of the C5 end member, indicating that at
this point of exchange more C5 interlayer phase is formed (e,
< wes). The CHN analysis of this material showed an increased
C5 content (56% of the CEC) as compared to the best OI
sample. The adsorption isotherm obtained for CS reveals again
a discontinuity in the range where the best OIs were found
(Figure $2).

In the previous paragraphs Ols were shown where an organic
interlayer strictly alternates with a sodium interlayer. For many
functional materials, however, two different alternating organic
functionalities would be advantageous. Generally, all Ols can be
further functionalized by cation exchange of the remaining
inorganic cations to obtain two alternating functional nano-
reactors. As a preliminary proof of principle, the remaining Na'-
interlayers of the best OI were selectively replaced by 14-
dimethyl-1,4-diazoniabicyclo[2.2.2]octane  (Me,DABCO™)
(Figure $3). Ar-physisorption measurements proofed micro-
porosity of the obtained OI (Figure $4).

B CONCLUSION

A generally applicable mechanism was established that allows
the synthesis of materials with alternating functional nano-
reactors separated by 1 nm silicate walls. While such
heteroarchitectures most frequently have been manufactured
in a bottom up process like layer-by-layer assembly, this
mechanism is based on thermodynamic equilibrium and yields
micron sized one-dimensional crystals {Figure $5).

The driving force for the formation of the regulary
interstratified architectures is founded in densely packed
intetlayers of functional cationic molecules with a charge
density deviating from the charge density of the host clay
mineral. The material may be further functionalized by cation
exchange of the remaining Inorganic cations. For instance by
pillaring, microporous hybrid interlayers may be obtained
alternating with a photoactive antenna in the adjacent interlayer
allowing for size and shape selective photo(:hemjs’[t’y.g"g’39

This example shows that any combination of two different,
strictly alternating functionalities will be accessible. Moreover,
transfer of the mechanism to other layered materials appears
feasible as long as a homogeneous charge density is warranted.

B ASSOCIATED CONTENT

© Supporting Information

CHN results of the dye OI and C5 OI samples, the swelling of
Na-hec in Vgonei Vieer = 1:1 as well as an SEM image of the
dye OI crystals are provided. Furthermore, a more detailed
PXRD analysis of the d°" 00/-series, short explanations of the
water content calculation and dye density calculations are
included. This material is available free of charge via the
Internet at at http://pubs.acs.org.”
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Figure S1. PXRD profile of Vanol: Vwater = 4:1 Na-hec suspension on a glass slide covered
by a polyethylene foil to prevent evaporation (wet conditions). A d-spacing of 15.3 A with a
FWHM of 0.04° and a very low cv of 0.03% proofs a complete swelling to the two layer

hydrate.
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2. Crosschecking of the intercalated amount of dye by CHN analysis
The dye concentration remaining in solution after equilibrating for 24 hours with Na-hec was
detected by UV-VIS measurcment. The intercalated amount of dye was calculated by
subtracting the detected amount of dye in solution from the total amount of added dye. For
example:
28.9mg of Na-hec (CEC = 118meg/100g) has a total amount of exchangeable
sodium cations of 34.1 umol. Consequently, for the equilibration with 30 % CEC
10.2 umol of dve were added. UV-VIS measurement showed that 1.2 umol of dye
remains in solution. Therefore the intercalated amount is 9.0 umol corresponding to a
total dye intercalation of 26.5 % CEC.
With dye intercalation concomitantly the same amount of sodium cations are released into the
supernatant. With the known formula of Na-hec ([Nao_s]imer[Mgz.sLio_s]OCt[Si4]tetOlOF ») the
chemical composition of the partially exchanged sample can be calculated.
After intercalation of dve with 26.5 % CEC the interlayer composition has changed fto
{Nag 3sedven 132} vielding a chemical composition of
[Nao_36gdyeo_132]’.]11”[Mg2_ sLip 5]0“[81'4]:“0 10F2 and a molar mass (M) of 448.6 g/mol.
The molar mass obviously changes with the degree of exchange. The carbon content of the
exchanged sample can be calculated by using the molecular weight and the carbon content of
dye (C32HsoNOs).
For [Nagsssdyeo 3] ™ [Mgs sLig 5] [Sis]'0 10F 5 the carbon content can be calculated
to be 50.7 g/mol. With the molar mass of the intercalation compound of 448.6 g/imol a
carbon content of 11.3% has to be expected. This value is in good agreement with the
carbon content of 11.3% as obtained by CHN elemental analysis.
Within the experimental errors the compositions as determined by colorimetry and by CHN

analysis are in good agreement (Table S1)
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Table S1. CHN-results after intercalation in a solution of Vemana : Vwater = 4: 1

dye carbon content by

d[!:Z ?;:Ec:;]d int[;rc::allszt;ad interlayer composition mc[):;:nrglz]iss carb::?:z(:tee:t [%] CHN FZ?Iysis
10 8.9 {Nan sssdyen nas} 407 .4 4.2 4.1
20 17.8 {Nag 411dyengas} 428.2 8.0 7.9
30 265 {Nag ssedyen 132} 448.6 1.3 11.5
40 35.0 {Nag spsdyen 175} 469.0 14.3 14.4
50 39.7 {Nap an-dyen 198} 479.9 15.9 16.0
80 41.9 {Naq 29:1dyen ong} 485.1 16.6 17.2
70 44.3 {Nan7sdyen 21} 490.8 17.3 17.9
80 48.8 {Nag zspdyen 4} 501.7 18.7 19.5
90 55.4 {Nag zo3dyen 277} 517.3 20.6 207
100 59.6 {Nag 1g7dyen o} 5296 22.0 229
110 64.5 {Nap 177dyen 323} 539.1 23.0 22.5

excess 100 {dyen s} 622.9 30.8 30.6

3. Detailed analysis of the PXRD basal series of O

According to Mering’s principles, the quality of the ordering in O domains can be judged
mainly by two criteria: The rationality of the basal series as expressed by the coefficient of
variation (cv)! and the full width at half maximum (FWHM) of the basal reflections.”? Any
statistical interstratification will increase both FWHM and cv. The pristine Na-hec has a cv of
0.08% and a narrow FWHM of the 00/-reflection of 0.05°. For lower degrees of exchange
(18% to 30%) both FWHM (> 0.24° for 001) and cv (> 0.6 %) of the Ol domains arc
considerably higher than for the pristine material indicating some degree of random
interstratifications. Most likely a surplus of hydrated Na'-interlayers (wn, > ®gye) will be
incorporated randomly into the OI domains. According to these criteria, the best Ol was found
with 40 % exchange of the total CEC (FWHM of 007 = 0.20°, cv = 0.2%) suggesting that at
this point the probability of the two types of interlayers is close to equal (0nz = ©dye).

FWHM and cv of the OI increased again beyond 40 % exchange, indicating that increasing
numbers of additional dye-interlayers are present (ona < Waye). The broadening of the d”-
reflexion together with a continuous shifting to higher 20 angles can only be explained with a
statistical insertion, most likely, of dye HC-interlayers into the Ol-phase resulting in a random

interstratification.
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4. Calculation of the water content of OI

The adsorption capacitics were taken at the inflection point of the “plateaus™. The inflection
point of the plateau for the pristine Na-hec was found at a relative humidity (RH) of 54.6%.
Since the molecular weight of Ol and pristine Na-hec are obviously quite different, for
comparison the absolute capacities need to be normalized to the number of water molecules
per Na' to allow comparison. The corresponding water uptake at this humidity is 5.61 mmol/g
which gives a value of 2.17 HyO /per formula unit (pfu) (Mw = 386.1 g/mol) and therefore
433 H,O /Na'. However, for OI with an interlayer composition of {Nagsjidyeoise} (37.8%
mtercalated) the point of inflection changes to 50.7% RH. The amount of water at this point is
2.67 mmol/g corresponding to 1.27 H,O /pfu (M, = 475.7 g/mol) or 4.09 H,O /Na-cation.
Please note, that the smaller value for the OI sample is definitely not an artefact of inflection
points occurring at different RHs. The water uptake of Na-hec at the RH of 50.7%
(4.31 H,O / Na") is almost the same as at 54.6% RIIL. Furthermore, the real water content of
the hydrated Na® interlayers might indeed be lower than 4.09 H,O / Na* because any possible

water adsorption of the dye interlayers is ignored in this calculation.
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5 Calculation of the packing density of dye in OI and HC interlayers

The packing density was calculated as the volume (V) occupied by one dye molecule in the
two different dye occupied interlayer structures OI and HC.

The arca available in the ab-plane pfu ([Mga sLios]*[Sia]"O1F2) is (0.5-a-b), for hectorites
with the given composition this is 0.5 (5.248 A < 9.093 A = 23.86 A2)." The d-spacing for
dye-occupied interlayers in OI is 22.1 A. The gallery height is obtained by subtracting the
silicate layer thickness (9.6 A) from this value: 22.1 A-9.6 A =125 A. Therefore the
interlayer volume available pfu for OI interlayer regions is: 23.86 A2 « 12.5 A = 298 A% In
case of HC interlayer structures, the d-spacing was found to be considerably higher (26.4 A)
and therefore the volume available pfu is considerably larger: 23.86 A2 « (26.4 A — 9.6) A
=401 A2,

The number of dye molecules pfu for dye-occupied interlayers in Ol and HC is 0.378 and 0.5
respectively. Consequently, the volume occupied by one dye molecule in Ol and HC
interlayer structures is 788 A® and 802 A, corroborating a significantly higher packing

density of dye in OL.
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6. Calculation of the cv for C5S intercalates

Table 82. dOI(()Ol)—series and calculated cv after intercalation of C5

54% CEC 56% CEC 58% CEC 60% CEC 70% CEC
I d I*d(00) d 1*d(00l) d I+df00]) d 1*d(001) d I*dif00])
1 25652 | 25652 | 25584 | 25584 | 25587 | 25587 | 25.666 | 25.666 | 25.647 | 25.647
2 12746 | 25492 | 12760 | 25519 | 12750 | 25517 | 12764 | 25528 | 12.825 | 25.649
3 - - - - - - - - - -
4 6375 | 25501 | 6379 | 25516 | 6382 | 25520 | 6386 | 25546 | 6403 | 25613
5 5113 | 25565 | 5116 | 25579 | 5.111 25555 | 5100 | 25545 | 5110 | 25549
6 4252 | 25510 | 4252 | 25514 | 4255 | 25520 | 4.257 | 25541 4265 | 25580
7 3.651 25560 | 3.651 25554 | 3650 | 25549 | 3649 | 25543 | 3645 | 25517
8 3188 | 25508 | 3189 | 25510 | 3190 | 25522 | 3192 | 25537 | 3198 | 25582
9 2839 | 25555 | 2840 | 25558 | 2838 | 25543 | 2830 | 25547 | 2836 | 25526
10 2550 | 25502 | 2.551 25515 | 2553 | 25534 | 2553 | 25528 | 2563 | 25635
" 2322 | 25547 | 2323 | 25551 2323 | 25551 2.321 25535 | 2320 | 25520
12 2126 | 25509 | 2126 | 25514 | 2127 | 25520 | 2128 | 25536 | 2131 25,568
13 1966 | 25552 | 1965 | 25539 | 1965 | 25542 | 1965 | 25542 | 1.964 | 25528
14 1822 | 25510 | 1823 | 25516 | 1.823 | 25517 | 1824 | 25532 | 1.827 | 25574
15 - - - - - - - - - -
16 1594 | 25501 1504 | 25500 | 1595 | 25521 1596 | 25532 | 1597 | 25550
17 1503 | 25547 | 1503 | 25.551 1502 | 25539 | 1502 | 25539 | 1.502 | 25532
18 1418 | 25520 | 1418 | 25518 | 1.418 | 25517 | 1418 | 25527 | 1.420 | 25557
19 1344 | 25545 | 1344 | 25541 1344 | 25540 | 1344 | 25544 | 1344 | 25534
20 1276 | 25520 | 1276 | 25511 1276 | 25524 - - - -
Mean 25.533 25.533 25.535 25.545 25.569
cv 0.148 0.096 0.070 0.125 0.174
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7. Determination of the amount of intercalated C3 using CHN analysis
C5 is colourless and therefore, the carbon content of partially exchanged samples can only be
obtained by elemental analysis. The degree of C5 intercalated at different amounts of C5
offered and hence the partition equilibrium needed for the adsorption isotherm (Figure S4)
was determined from the composition of the clay samples. However, during intercalation each
CS5 cation intercalated replaces one sodium cation and consequently the molar mass of the
intercalation compound changes with the degree of C5 uptake. Thus, the chemical
composition must be derived from the carbon content measured in an iterative way. The value
(y) for the C5 content of the general composition [C5yNa0_5_y]imer[Mgszio_j]oa[Si4]tetOloF sand
hence the concomitantly changing molecular weight was varied iteratively to meet the
experimentally determined carbon contents. The part of C5 which remains in solution was
then obtained by subtracting the intercalated amount of C5 from the total added amount of
C5.

For example: CHN analysis gave a carbon content of 3.84 wi% corresponding to a

chemical ~composition of [Nap24C5 zgjimermgg_ sLigs] ™ [Siff" 0> In  this

composition 32% of sodium is exchanged by C35. The added amount of C5 was 38% of

the total CEC. Therefore, 11% of the added dve remains in solution.

The errors of the CHN analysis are much higher as compared to colorimetric analysis used to
determine the adsorption isotherm of dye. In particular at low degrees of cation exchange the
crrors are large and this explains why as an artifact for two samples even negative values for
C5 remaining in solution are calculated. While due to restrictions in analysis the C5
adsorption isotherm is less precisely defined as compared to the dye adsorption isotherm, the
steep change in partition equilibrium between solid phase and solution around 50 % exchange

is in good agreement with PXRID results that suggest the best OI at 52 % exchange.
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Table S3. CHN-results after intercalation of C5 in Vemana @ Vwater = 1:1

C5 added c::g:rr"r:::::rl“ interlayer C5 intercalated r epnal:ir?ifngsin

[ iti 0,

% CEC [%] composition [% CEC] solution [%]
30 2.46 {Nag 3.C5¢ 15} 33 -8
40 3.10 {Nao 25C50.21} 41 3
50 3.29 {Nap 26C5¢ 22} 44 12
54 3.57 {Nap 26C50.24} 48 11
56 3.65 {Nap 26C50.24} 49 13
58 3.84 {Nag 24CS5g 25} 52 11
60 3.90 {Nag 2:CS5q 25} 52 13
70 413 {Nag 22CS5q 28} 56 21
80 4.46 {Nag 20C50 30} 60 25
90 515 {Nag 15C5¢ 35} 70 22
100 5.68 {Nag 11C5p a0} 78 22
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Figure S2. Adsorption isotherm of C5 and Na-hec at room temperature intercalated in

Vethanol: Vwater = 1:1 using results of CHN analysis. The C5 amount remaining in solution was

calculated as the difference of total C5 offered to C5 adsorbed.
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8. Pillaring of Na*-interlayers of OI with Me,DABCO*"

1o. 002002
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Figure S3. PXRD patterns of OI C5 (black trace) showing a d°'(007) of 25.6 A (cv = 0.06%)
and after pillaring into a microporous heterostructure (see inset) by exchanging the remaining
sodium interlayers with Me,DABCO®" (red trace). Upon pillaring the d-spacing increases to

27.6 A (cv = 0.20%).
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Figure S4. Physisorption isotherm (Ar/Ar(l)) of the pillared microporous heterostructure. The

calculated micropore volume (< 10 A) is 0.008 cm?/g and the BET surface is 21 m¥g.
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9. Macroscopic structure of dye OI stacks

Figure SS. SEM image showing intact stacks of the dye OI sample after intercalation of

38% CEC.
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Abstract: A novel approach is presented for the encapsulation
of organic functional molecules between two sheets of 1 nm
thin silicate layers, which like glass are transparent and
chemically stable. An ordered heterostructure with organic
interlavers strictly alternating with osmotically swelling sodium
interlavers can be spontaneously delaminated into double
stacks with the organic interlayers sandwiched between two
silicate lavers. The double stacks show high aspect ratios of
> 1000 (typical lateral extension 5000 nm, thickness 4.5 nm).
This newly developed technique can be used to mask hydro-
phobic functional molecules and render them completely
dispersible in water. The combination of the structural
anisotropy of the silicate layers and « preferred orientation of
molecules confined in the interlaver space allows polymer
ranocomposite films to be cast with @ well-defined orientation
of the encapsulated molecules, thus rendering the optical
properties of the nanocoatings anisotropic.

The industrial application of many functional organic
molecules is often hampered by thermal and/or oxidative
instability. Frequently, their processability may also be
hampered by limited water solubility, while the masking and
targeting of biologically active compounds is sought for many
pharmaceuticals.[!]
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It is well-known in the case of various clathrates that
encapsulation is capable of stabilizing even highly reactive
species, such as of S; ions in ultramarine. Moreover,
intercalation results in the functional species no longer
being in direct contact with the solvent. Instead, the dispers-
ability is determined by the surface properties of the hybrid
material. A large surface potential, for example, allows for
robust electrostatic stabilization of aqueous suspensions,”

A layered host may offer the additional advantage of
pronounced inherent structural anisotropy. Consequently, the
interlayer structure formed by the intercalation of organic
compounds between a sandwich of two layers ensures a well-
defined orientation in the confined space.>* Such a controlled
arrangement of molecules is of key importance for efficient
light absorption in organic solar cells and for spintronics.>¢ In
this regard, Kunz et al. have shown that the intercalation of
[Ru(bpy)s** (bpy =2,2-bipyridine) into a synthetic clay
mineral leads to the polarized emission of light.l")

Recently, we established a general synthetic procedure for
the synthesis of ordered functional heterostructures, where
interlayers with a functional molecular moiety strictly alter-
nate with hydrated inorganic Na*t interlayers[¥ Surprisingly,
we now succeeded in spontaneously delaminating this mate-
rial into double stacks of twe highly transparent, flexible
silicate layers that encapsulate a central organic layer of
oriented functional molecules. Moreover, the large aspect
ratio of these delaminated double stacks inevitably leads to
perfectly textured films upon casting suspensions on flat
substrates, which in turn results in a pseudoepitaxial orienta-
tion of the encapsulated functional moiety.

A melt-synthesized sodium hectorite
([Nags]™ Mg, sLigs]*[8i4]“"OF,; Na-hec) can be synthe-
sized with perfectly homogeneous charge density”) Any
molecular interlayer cation that assembles into densely
packed structures that show a charge density significantly
higher or lower that of the layered silicate host allows for
formation of ordered interstratified heterostructures.®]

For example, intercalation of the fluorescent stilbazolium
dye N-hexadecyl-4-(3,4,5-trimethoxystyryl)-pyridinium (sub-
sequently shortened to dye) into well-characterized Na-hecl”
at a level whereby 38 % of the pristine interlayer cation (Na*)
is exchanged by dye leads to a perfectly ordered interstratified
heterostructure’™ with strictly alternating layers of hydrated
Na* and dye. The formation of the heterostructures is based
on the partition equilibrium between the intercalated dye and
the dye in solution. Although the dye will prefer the
intercalated state and thus must have certain hydrophobicity,
it still needs to show a reasonable solubility. Ethancl/water
ratios of 4:1 were therefore used for the partial ion exchange.

Wiley Online Library
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For other dyes, the solubility needs to be adjusted. In the
mixture used here, the swelling of the Na™ interlavers is
restricted to the two-layer hydrate and no exfoliation is
observed at the stage where the heterostructure is formed.®!
Surprisingly, we now find that immersing the microcrystalline
powder of the ordered interstratified heterostructure into
deionized water results in the material swelling (Figure 1) into

Swelling
—>

ﬁelam\'nation

Figure 1. Delamination of the ordered interstratified heterostructured
powder along swollen sodium interlayers (white) to produce water-
dispersible double stacks with an oriented interlayer of encapsulated
hydrophaobic dye (gray).
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a yellow gel with a high viscosity. A concomitant huge
increase in sample volume (Figure S1) is observed, which
indicates a delamination of the one-dimensional crystals into
thinner nanoplatelets. Stable suspensions are formed at
higher dilution. and a “Schlieren” texture implies a high
stability of the suspension in water (Figure S2). Drying the
diluted suspension on a flat substrate leads to a film that
shows a good wettability for H,O, comparable to the
wettability of the pristine Na-hec. This finding suggests that
the hyvdrophobic dye is not released upon swelling, but is
irreversibly immobilized by intercalation (Figure S3). This is
further supported by the high negative streaming potential of
the double stacks that resembles the potential of the
delaminated unmodified layered silicate, thus suggesting
a similar surface charge.

Apparently, the hydration enthalpy of the Na™ interlayers
is still sufficient to trigger osmotic swelling, where the
distance between individual platelets is determined simply
by the silicate/water ratio. Upon swelling, the hydrophobic
dye remains encapsulated between two 1 nm thick silicate
layers. The diluted suspensions are transparent (Figure S4,
right). The scattering of green laser light and a strong and
homogeneous fluorescence under UV irradiation at 366 nm
demonstrate that the double stacks are highly dispersed with
the fluorescent dye molecules sandwiched between the
silicate layers (Figure S4, left).

www.angewandte.org
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Final proof of the existence of double stacks comes from
small-angle X-ray scattering (SAXS) studies. The SAXS
pattern of the ordered interstratified heterostructured
powder scales in the low ¢ range (g < 0.7 nm ') according to
g, which is typical for bulk 3D objects such as crystals, and
confirms the mesoscopic length scale of the one-dimensional
crystalline stacks (Figure 2d). The scaling of g for the most

I(q)

Figure 2. Experimental SAXS patterns (symbols) for aqueous suspen-
sions of a) 2.5 wt% (square), b) 15 wt% (triangle), c) 20 wt % (hexa-
gon), and d) the pristine ordered interstratified heterostructured
powder (cross). The continuous lines correspond to calculated inten-
sities based on a model of stacked “hamburgers” {see the Supporting
Information for further details). The dotted line represents the position
of the first minimum of the form factor, which is correlated to the
thickness of one “hamburger” (h+ 2/). The scaling of g is indicated by
dashed lines (only shown for the 2.5 wt % suspension and the ordered
interstratified heterostructured powder).

diluted (2.5 wt %) suspension, however, changes to ¢ =, which
is typically observed for platelet-like objects (Figure 2a). The
change in the scaling indicates a huge increase in aspect ratio,
most probably because of delamination into thinner nano-
platelets upon swelling. This is further supported by a con-
tinuous shift of the average distance between double stacks
(d) to lower g values as the water content is increased. The
d spacing increases from 3.2 nm in the dry powder to 24 nm at
20wt% and finally to 30 nm at 15 wt% suspension. The
disappearance of the 00! series for the most diluted 2.5 wt %
suspension indicates a loss of positional correlation in the 2D
SAXS pattern (Figures 85 and S$6). At this stage, the material
is swollen to a degree where the double stacks are separated
far enough (>60nm) to realize an apparently isotropic
orientation of the platelets. It is noteworthy that the intensity
minima of the form factor oscillation at g=1.2 nm ' is the
same for all suspensions of various concentrations. This value
corresponds to a platelet thickness of 3.4 nm, which again
corroborates the delamination into double stacks. The
formation of individual double stacks was further verified
by atomic force microscopy (AFM) of samples obtained from
a highly diluted delaminated suspension. AFM confirms
double stacks with a height of 4.5nm (Figure 3), a value
corresponding to the sum of the heights of two hydrated

Angew. Chem. Int. Ed. 2015, 54, 49634967

73



5. Ergebnisse

5.3 Synthese funktionaler Doppelschichten

10.0 nm
-10.0 nm
0.0 Height 30.0 ym
3
£
£ o 4.5 nm
S
Q
T .2
=3 T T T T T T
0 1 2 3 4 5 6
X-position | pm

Figure 3. AFM image of a diluted aqueous suspension (0.01 mgmL™)
dried on a silicon wafer illustrating the presence of double stacks with
a height of 4.5 nm. The height profile of a platelet (white bar) is
included.

silicate layers with a monolayer of dye encapsulated in
between. The van der Waals thickness of one silicate layer is
0.96 nm.” The thickness of the dye interlayer can be deduced
from a powder X-ray diffractogram (PXRD) recorded on
a film of restacked double stacks dried at 0% relative
humidity (r.h.: Figure S7) to be approximately 1.6 nm
(3.52nm-2x0.96 nm). It is noteworthy that the AFM
measurement is performed under ambient conditions at
approximately 50 % r.h. Consequently. the Na* ions on both
surfaces of the double stack are expected to be octahedrally
coordinated by water (0.54 nm"™ on each side), summing to
a total height of the double stack of 4.6 nm (2x0.96 nm +
1.6 nm + 2 x0.54 nm).

Encapsulation of the hydrophobic dye between two
silicate layers not only allows its dispersion in water but also
significantly influences the solid-state optical properties of
the fluorophore. Compared to the bromide salt of the dye, the
intercalated dye no longer shows the additional absorption
and emission bands at higher wavelengths (Figures S8 and
S9). which are usually attributed to J-type dimers.*) While
such a change in structure might be expected as a consequence
of the confinement between the layers, the increase in the
emission quantum yield is somewhat surprising. The dye
bromide salt shows a photoluminescence quantum yield (QY)
of 3%, while the QY for the crystalline ordered interstratified
heterostructured powder and the delaminated double stacks
increases to 11 % and 7 %, respectively. Comparable improve-
ment of the QY was obtained for a similar stilbazolium
compound after microencapsulation in micelles, where tor-

Angew. Chem. Int. Ed. 2015, 54, 4963-4967
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Ang,

sional motions and nonradiative relaxation from the excited
to the ground state are reduced."! Indeed, the confinement
between the silicate layers might well impose restrictions on
changes in the geometry of the luminescent molecule upon
a transition between these states. These restrictions might be
responsible for the increased QY observed.

When casting films of the delaminated suspension, the
huge aspect ratio of double stacks of > 1000 (typical diameter
5000 nm, thickness 4.5 nm, Figure 3) will inevitably produce
texture, as already indicated by the well-defined 00I series
observed by PXRD (Figure S7). Additionally, 2D SAXS
measurements of the films were performed to judge the
quality of the platelet texture (Figure 4).

In the transmission geometry, only a continuous ring of
the ik band is visible, which is caused by a random, statisti-
cally isotropic orientational distribution of restacked double
stacks within the film plane (Figure 4, top, and Figure S10). In
the parallel geometry, mainly one 00! series running along
a fixed reciprocal direction can be observed, which indicates
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Figure 4. Measured (right) and calculated (left) 2-dimensional SAXS
patterns of a textured film of delaminated and restacked double stacks
in the transmission (top) and parallel geometry (bottom).
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an anisotropic (textured) stacking of the double stacks
orthogonally to the film plane (Figure 4, bottom, and Fig-
ure S10). From the coherence length in the azimuthal
direction and the d spacing, an angle derivation of about 2°
is found, which indicates a nearly perfect texture (see the
Supporting Information for details).

The double stacks can be easily compounded into any
polymer matrices of choice. The external Na' ions might have
to be replaced by appropriate organic cations in the case of
more hydrophobic matrices. As a proofl of principle, we
produced nanocomposite films with 50 wt% inorganic con-
tent by solution-casting delaminated double stacks mixed
with an aqueous solution of polyvinyl alcohol (PVOH). SAXS
patterns confirmed a highly anisotropic structure, thus
corroborating the efficient texturing also in polymer matrices
(Figure S11). TEM and SEM images of a cross-section of the
nanocomposite film illustrate the layered structure and the
presence of double stacks (Figures S12 and S13). The good
texture is also reflected by a significantly improved oxygen
barrier. The transmission rate of the nanocomposite film is
four times lower than the unfilled PVOH film (Table S1),
which indicates that the encapsulated dye will be protected
from oxygen attack. Thermal analysis, moreover, indicates
that the thermal stability of the encapsulated dye is improved
by as much as 100°C compared to the dye bromide salt
(Figure S14). The decomposition temperature of the nano-
composite increases by approximately 30 °C compared to the
neat PYOH matrix (Figure $15).

As indicated by the changes in the UV spectra, and as
recently shown for a bulk layered silicate crystal intercalated
with [Ru(bpy);**"! the surface corrugation of the layered
silicate will orientate molecules when confined between
silicate layers. Consequently, a well-textured film of delami-
nated and restacked double stacks is expected to feature
optical anisotropy with respect to absorption and emission of
linearly polarized light.'?)

x- and y-polarized UV/Vis spectra of the textured film of
delaminated and restacked double stacks and the nano-
composite film are shown in Figure 5 and Figure S17,
respectively. The y-polarized UV/Vis spectra do not change
as the 0 angle increases, thus indicating a statistically isotropic
orientation of the transition moments within the film surface,
as a result of a random orientation within the xy plane.
However, the x-polarized UV/Vis spectra show a linear
reduction of the absorption as the ¢ angle increases, thus
indicating optical anisotropy (see Figure S18 and the Sup-
porting Information for more details) because of a fixed
orientation of the transition moments along the z direction.
Similar results were obtained for the nanocomposite film
(Figure S19).

In conclusion, a general strategy is reported for the
synthesis of nanosized layered hybrid materials where a func-
tional organic cation is encapsulated between two (ransparent
1 nm thin silicate layers. Encapsulation assists dispersion of
hydrophobic organic compounds in water, which bodes well
for their use in medical applications such as photodynamic
therapy and drug delivery. Additionally, the structural
anisotropy of the clay mineral host in combination with the
preferred orientation of the guest facilitates the production of
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Figure 5. Corrected y- (top) and x-polarized (bottom) absorption
spectra of a textured film of delaminated and then restacked double
stacks. Both sets of spectra were obtained at different o angles by
turning the textured film around its y axis in 10° steps (arrow). The
observed x polarization indicates orientation of the dye monolayer.

(polymer-based) nanocoatings with anisotropic physical prop-
erties, The concept should be transferable to other charged
swelling inorganic layered materials, such as titanates!" and
niobates"* as long as an absolutely homogeneous charge
density is warranted, which is essential to form ordered
interstratifications.

Keywords: delamination - encapsulation - host compounds -
layered materials - organic-inorganic hybrid composites
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Nanoglas-Verkapselung funktionaler organischer Verbindungen fiir
optisch anisotrope Beschichtungen™*

Matthias Stéter, Bernhard Biersack, Sabine Rosenfeldt, Markus J. Leitl, Hussein Kalo,
Rainer Schobert, Hartmut Yersin, Geoffrey A. Ozin, Stephan Forster und Josef Breu*

Abstract: Funktionale Molekitle lassen sich mit einem neven
Verfahren zwischen zwei I nm diinnen Schichten verkapseln,
die dhnlich wie Glas transparent und chemisch inert sind.
Geordnete Wechsellagerungen von alternierenden organischen
und osmotisch quellfihigen Na™-Zwischenschichten delami-
nieren spontan zu Doppelschichten bestehend aus zwei Sili-
catschichten, welche die organische Zwischenschicht ein-
schlieffen. Die neue Technik ist geeignet, um hydrophobe,
Junktionale Molekiile zu maskieren und volistindig in Wasser
dispergierbar zu machen. Die Doppelschichiten besitzen durch
die laterale Ausdehnung von 5000 mm und die Dicke von
4.5 nm ein Aspektverhilinis von > 1000. Die Kombination aus
strikturimmanenter Anisotropie der Silicatschichten und der
aus dem begrenzten Raum zwischen den Schichten resultie-
renden Vorzugsorientierung eingelagerter Molekiile erlaubt es,
Nanokompositfilme mit einer definierten Ovrientierung der
eingekapselten Molekiile herzustellen, die sich in der Folge
durch anisotrope optische Eigenschaften auszeichnen.

Die industrielle Anwendung funktionaler organischer Ver-
bindungen wird haufig durch thermische und/oder oxidative
Labilitat eingeschriankt. Auch ihre Prozessierbarkeit ist viel-
fach durch eine begrenzte Wasserloslichkeit limitiert. Bei
Arzneimitteln ist oft eine Maskierung von Vorteil, und eine
méglichst gezielte Wirkstofffreisetzung wird angestrebt,[!]
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Durch Verkapselung lassen sich selbst hoch reaktive S, -
Anionen dauerhaft stabilisieren, wie am Beispiel der Ultra-
marine deutlich wird. Bei Einlagerungsverbindungen kommt
auflerdem hinzu, dass sich die funktionale Spezies nicht
linger in direktem Kontakt zum umgebenden Losungsmittel
befindet. Dadurch wird die Dispergierbarkeit einzig und
allein durch die Oberflicheneigenschaften des Hybridmate-
rials bestimmt. Mit einem hohen Oberflichenpotential kann
sogar eine stabile Dispergierung erreicht werden

Schichtformige Wirtverbindungen bieten von Natur aus
den Vorteil einer ausgeprigten strukturimmanenten Aniso-
tropie. Deshalb werden im Zwischenschichtraum eingelager-
te organische Verbindungen durch die umgebenden Schich-
ten ausgerichtet >* Diese kontrollierte Molekiilorientierung
ist z.B. fiir eine effizientere Lichtabsorption in organischen
Solarzellen oder fiir Spintronics wichtig.®® In diesem Zu-
sammenhang wurde kiirzlich von Kunz et al. iiber eine pola-
risierte Lichtemission nach Einlagerung von [Ru(bpy)s]**
(bpy =2,2'-Bipyridin) in ein synthetisches Tonmineral be-
richtet.[”

Vor kurzem haben wir einen Weg zur Synthese von ge-
ordneten, funktionalen Wechsellagerungen vorgestellt, bei
denen organische mit anorganischen Na*-Zwischenschichten
streng alternieren ) Uberraschenderweise ist es uns nun ge-
lungen, diese geordneten Strukturen spontan zu Doppel-
schichten zu delaminieren, bei denen eine zentrale organische
Schicht aus orientierten, fluoreszierenden Molekiilen durch
zwei hochtransparente, flexible Silicatschichten eingekapselt
wird. Durch das hohe Aspektverhiltnis der delaminierten
Doppelschichten lassen sich durch Aufstreichen auf plane
Substrate Filme mit perfekter Textur herstellen, wodurch es
dann zu einer pseudo-epitaxialen Orientierung der funktio-
nalen Einheit kommt.

Wird Natrium-Hectorit  ([Nag 5™ [Mg, sLig <] “[Siy]*-
O F,) (Na-hec) aus der Schmelze synthetisiert, weist er eine
nahezu perfekt homogene Schichtladungsdichte auf ! Wenn
dann im Zwischenschichtraum eingelagerte molekulare Kat-
ionen dichtgepackte Strukturen ausbilden, die eine vom
Schichtsilicat abweichende Ladungsdichte besitzen, kommt
es in der Folge zur Ausbildung geordneter Wechsellagerun-
gen ¥l

Wird beispielsweise die fluoreszierende Stilbazoliumver-
bindung (N-Hexadecyl-4-(3 4,5-trime thoxystyryl}-pyridinium
(in der Folge mit Farbstoff abgekiirzt) in den in vorangegan-
genen Arbeiten eingehend charakterisierten Na-hec™ einge-
lagert, und zwar mit einem Anteil von genau 38 % der ur-
spritnglichen Na*-Ionen, wird eine perfekt geordnete Wech-
sellagerung ausgebildet.” Diese ist aufgebaut aus einer strikt
alternierenden Abfolge von hydratisierten Na*- und Farb-
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stoff-Schichten. Die Bildung dieser eindimensional kristalli-
nen Heterostruktur basiert auf der Einstellung des Vertei-
lungsgleichgewichtes zwischen interkaliertem und in Losung
verbleibendem Anteil an Farbstoff. Einerseits sollte der
Farbstoff den Zwischenschichtraum bevorzugen, wotiir eine
bestimmte Hydrophobie essentiell ist, andererseits ist fiir die
Gleichgewichtseinstellung eine gewisse Laslichkeit notig, Fiir
den gegebenen Farbstoff wurde diese Balance durch den
partiellen Austausch in einer Ethanol-Wasser-Mischung im
Verhiltnis von 4:1 gewihrleistet. Bei anderen Farbstoffen
muss die Loslichkeit entsprechend angepasst werden. In dem
verwendeten Losungsmittelgemisch bleibt die Quellung der
Nat-Zwischenschichten auf das Zweischichthydrat be-
schriinkt, weshalb bei der Synthese der Wechsellagerung
keinerlei Exfolierung beobachtet wurde.® Zu unserer Uber-
raschung haben wir nun entdeckt, dass das mikrokristalline
Pulver in entionisiertem Wasser quillt (Abbildung 1). Unter

Quellung

—

ﬁelaminierung

YYYYYYVVYYY

AAAAAAAAAAAL
AAAAAAALAALS

Abbildung 1. Die Delaminierung von geordnet wechselgelagerten Pul-
vern entlang gequollener Na*-Zwischenschichten (weif?) fiihrt zu was-
serdispergierbaren Doppelschichten mit eingekapselten und orientier-
ten, hydrophoben Farbstoffzwischenschichten (grau).

groBBem Volumenzuwachs wird ein gelbes Gel hoher Visko-
sitiit gebildet (Abbildung S1 in den Hintergrundinformatio-
nen), was auf eine Delaminierung der eindimensionalen
Kristalle in diinnere Nanoplittchen hindeutet. Bei hoheren
Verdiinnungen entstehen stabile Suspensionen, die eine
wSchlierentextur™ aufweisen, was die gute Stabilitit in Wasser
belegt (Abbildung S2). Wird eine verdiinnte Suspension auf
einer flachen Unterlage getrocknet, bildet sich ein Film, der
gegeniiber Wasser eine édhnlich gute Benetzbarkeit zeigt wie
Na-hec (Abbildung 83). Dies deutet darauf hin, dass der hy-
drophobe Farbstoff beim Quellen nicht freigesetzt wird,
sondern durch die Interkalation irreversibel immobilisiert
wurde. Das wird durch die Messung des Stromungspotentials
der verdiinnten Suspension bestitigt. Die Doppelschichten
zeigen ein stark negatives Potential in der Gréfenordnung
des Potentials von vollstindig delaminierten Na-hec, was auf
eine dhnliche Oberflichenladung hindeutet.

www.angewandte.de
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Offensichtlich reicht die Hydratationsenthalpie der Na*-
Zwischenschichten aus, um osmotisches Quellen, bei dem der
Abstand zwischen den Schichten nur vom Verhiltnis
Schichtsilicat/Wasser abhingt, zu gewihrleisten. Wihrend
des Quellens verbleibt der Farbstoff zwischen den 1nm
diinnen Silicatschichten. Die verdiinnten Suspensionen sind
transparent (Abbildung S4, rechts). Die Streuung des griinen
Laserstrahls und eine homogene Fluoreszenz unter UV-Licht
(366 nm) deuten auf eine homogene Dispergierung der ein-
gekapselten Farbstoffmolekiile hin (Abbildung S4, links).

Den endgiiltigen Beweis fiir die Bildung von Doppel-
schichten liefert die Roéntgenkleinwinkelstreuung (SAXS).
Das SAXS-Streubild der geordnet wechselgelagerten Kris-
tallite skaliert im vorderen g-Bereich (¢ < 0.7 nm ") mit ¢ *,
wie es lypischerweise bei volumindsen dreidimensionalen
Objekten, wie Kristallen, beobachtet wird. Dies bestitigt die
mesoskopische Lingenskala der eindimensionalen Kristallite
(Abbildung 2d). Bei der héchstverdiinnten (2.5 Gew.-%)

d(007)=32nm

I({a)

Abbildung 2. Experimentell bestimmte SAXS-Intensititen {Symbole)
von wassrigen Suspensionen mit a) 2.5 Gew.-% (Quadrate), b) 15
Gew.-% {Dreiecke), c) 20 Gew.-% (Sechsecke), sowie d) von geordnet
wechselgelagertem Pulver (Kreuze). Die durchgezogenen Linien bezie-
hen sich auf berechnete Intensititen basierend auf dem ,Hamburger-
Modell* {vgl. Hintergrundinformationen). Die gepunktete Linie kenn-
zeichnet die Position des ersten Formfaktorminimums, welches mit
der Dicke der ,Hamburger* korreliert (h+ 2f). Die Skalierungsgesetze
sind durch gestrichelte Linien fiir die Suspension mit 2.5 Gew.-% und
fiir das geordnet wechselgelagerte Pulver angegeben.

Suspension indert sich die Steigung zu g *, was eher bei
plittchenférmigen Objekten typisch ist (Abbildung2a).
Diese Anderung des Abfallverhaltens deutet auf ein starkes
Ansteigen des Aspektverhiltnisses hin und ist auf eine De-
laminierung unter Bildung diinnerer Plittchen beim Quellen
zuriickzufithren. Dies wird durch die kontinuierliche Ver-
schiebung des durchschnittlichen Abstandes zwischen den
Doppelschichten (d) (kleinere g-Werte) mit zunehmendem
Wassergehalt bestitigt. Der d-Wert von 3.2 nm des geordnet
wechselgelagerten Pulvers steigt bei der Suspension mit 20
Gew.-% auf 24 nm und bei derjenigen mit 15 Gew.-% auf
30 nm an. Das Verschwinden der 00/-Serie im zweidimen-
sionalen SAXS-Streubild bei der hichstverdiinnten Suspen-

Angew. Chem. 2015, 127, 5047 —5051
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sion mit 2.5 Gew.-% deutet auf einen Verlust der Positions-
korrelation hin (Abbildungen S5 und $6). Bei diesem Grad
der Quellung sind die Doppelschichten weit genug (> 60 nm)
entfernt, um eine im SAXS isotrop erscheinende Plittchen-
verteilung zu realisieren. Es fillt auf, dass das erste Form-
faktorminimum bei g=1.2nm™" fiir alle Suspensionen un-
terschiedlicher Konzentration identisch ist. Dieser Wert ent-
spricht einer Plittchendicke von 3.4 nm, was fiir eine Dela-
minierung zu Doppelschichten spricht. Dies wird durch die
Rasterkraftmikroskopie (AFM) einer hochverdiinnten dela-
minierten Suspension bestitigt. Die im AFM gemessene
Héhe der Doppelschichten von 4.5 nm (Abbildung 3) ent-

10.0 nm
-10.0 nm
0.0 Héhe 30.0 ym

3
g 2

= 4.5 nm
o 0
5
T 2

0 1 2 3 4 5 6

X-Position / pm

Abbildung 3. AFM-Aufnahme einer verdiinnten, wissrigen Suspension
0.01 mgmL™") nach Eintrocknen auf einem Silicium-Wafer verdeut-
licht das Vorliegen von Doppelschichten mit einer Héhe von 4.5 nm.
Das Hohenprofil eines Plittchens (weiller Balken) ist darunter angege-
ben.

spricht sehr gut der Summe von zwei hydratisierten Silicat-
schichten mit einer eingekapselten Farbstoffschicht. Die Van-
der-Waals-Dicke einer Silicatschicht betriigt 0.96 nm.”! Die
Dicke der Farbstoffzwischenschicht kann aus dem Pulverdif-
fraktogramm (PXRD) eines Filmes von getrockneten Dop-
pelschichten bei 0% relativer Luftfeuchte (r.h.) entnommen
werden (Abbildung S7) und betrigt ca. 1.6 nm (3.52 nm- 2 x
0.96 nm). Da die AFM-Messung unter Umgebungsbedin-
gungen, d.h. ca. 50 % r.h. durchgefiihrt wurde, sind die Na'-
Kationen auf beiden Seiten oktaedrisch von Wasser koordi-
niert (je 0.54 nm™ auf beiden Seiten), wodurch sich eine zu
erwartende Hohe fiir eine Doppelschicht von 4.6 nm (2 x
0.96 nm + 1.6 nm + 2x0.54 nm) ergibt.

Die Verkapselung zwischen zwei Silicatschichten ermog-
licht nicht nur die Dispergierung des hydrophoben Farbstoffs

Angew. Chem. 2015, 127, 5047 —5051
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in Wasser, sondern beeinflusst auch signifikant die optischen
Eigenschaften des Luminophors im festen Zustand. Der in-
terkalierte Farbstoff zeigt im Vergleich zum Farbstoffbro-
midsalz keine zusitzlichen Absorptions- und Emissionsban-
den (Abbildungen S8 und S$9), welche meist mit der Bildung
von J-Typ-Dimeren erklirt werden® Zwar ist durch die
Einlagerung im Zwischenschichtraum eine Anderung in der
rdumlichen Struktur zu erwarten, aber es iiberrascht, dass dies
mit einer Zunahme der Quantenausbeute (QA) einhergeht:
Die QA steigt gegeniiber dem Farbstoffbromidsalz von 3 %
beim geordnet wechselgelagerten Pulver auf 11% und bei
den delaminierten Doppelschichten auf 7% an. Eine dhnliche
Steigerung der QA wurde nach Mikroverkapselung eines
vergleichbaren Stilbazoliumfarbstoffs in Mizellen beobachtet,
in denen Torsionsbewegungen behindert werden und damit
die strahlungslose Relaxation vom Anregungs- in den
Grundzustand eingeschrinkt wird.""! Auf dhnliche Weise
konnte die Verkapselung des Farbstoffs zwischen den Sili-
catschichten wirken: Eine sterische Einschrinkung von
Strukturdnderungen, die zwischen den unterschiedlichen
Anregungszustinden auftreten, konnte den Anstieg der QA
nach der Verkapselung erkliren.

Wenn von einer Suspension delaminierter Doppelschich-
ten Filme gerakelt werden. fithrt das hohe Aspektverhiltnis
der Doppelschichten von iiber 1000 (Durchmesser ca.
5000 nm, Dicke 4.5 nm, Abbildung 3) unweigerlich zur Tex-
turierung. Dies zeigte bereits die gut ausgeprigte 00/-Serie im
PXRD (Abbildung §7). Um die Qualitédt der Textur zu be-
urteilen, werden zweidimensionale SAXS-Streubilder ver-
wendet (Abbildung 4).

In Transmissionsgeometrie ist nur ein kontinuierlicher
Ring der hk-Bande sichtbar, welcher durch eine zufillige,
statistisch-isotrope raumliche Verteilung der in der Filmebe-
ne parallel iibereinander liegenden Doppelschichten hervor-
gerufen wird (Abbildung 4, oben und Abbildung §10). In
paralleler Geometrie ist hauptsichlich eine einzige 00/-Serie,
die entlang einer bestimmten reziproken Richtung verlduft,
zu erkennen, was die anisotrope (texturierte) Stapelung der
Doppelschichten rechtwinklig zur Filmebene beweist (Ab-
bildung 4, unten und Abbildung $10). Aus der Kohirenzlinge
in azimuthaler Richtung und dem d-Werl ldsst sich eine
Winkelabweichung von etwa 2° abschitzen, was einer prak-
tisch perfekten Texturierung entspricht (Niheres dazu in den
Hintergrundinformationen).

Die Doppelschichten kénnen sehr einfach in jede belie-
bige Polymermatrix eingebracht werden. Fiir stark hydro-
phobe Matrizen miissten die externen Na'-lonen gegen ge-
eignete organische Kationen ausgetauscht werden. Als
Beweis fiir die prinzipielle Machbarkeit wurde ein Nano-
kompositfilm mit 50 Gew.-% anorganischem Feststoffgehalt
mittels Rakeln einer wissriger Suspension von delaminierten
Doppelschichten in Polyvinylalkohol (PVOH) hergestellt. Im
SAXS-Streubild ist eine stark anisotrope Struktur zu erken-
nen, die eine effiziente Texturierung auch in der Polymer-
matrix nahelegt (Abbildung $11). In TEM- und REM-Auf-
nahmen eines Querschnitts des Nanokompositfilms sind eine
schichtférmige Struktur und einzelne Doppelschichten zu
erkennen (Abbildung $12 und $13). Die gute Textur wird
ferner durch eine signifikante Verbesserung der O,-Gasbar-
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Abbildung 4. Gemessene (rechts) und berechnete (links) zweidimen-
sionale SAXS-Streubilder eines texturierten Films von eingetrockneten
Doppelschichten in Transmissions- (oben) und Parallelgeometrie
(unten).

riere belegt: Die O,-Transmissionsrate des Nanokomposit-
films ist um einen Faktor 4 kleiner als die des ungefiillten
PVOH-Films (Tabelle S1). In der thermischen Analyse an
Luft wurde eine Stabilisierung des eingekapselten Farbstoffs
im Vergleich zum Farbstoffbromidsalz von 100 °C festgestellt
(Abbildung S14). Fiir den Nanokompositfilm steigt die Zer-
setzungstemperatur gegeniiber dem PVOH-Film um ca. 30°C
an (Abbildung S15).

Wie bereits in den Verdnderungen des UV/Vis-Spektrums
deutlich wurde — und kirzlich fiir einen Schichtsilicatkristallit
mit [Ru(bpy):]’" gezeigt wurde - fithrt die Oberflichen-
rauhigkeit der Silicatschichten zu einer Ausrichtung der ein-
gelagerten Molekile. Daher ist in gut texturierten Filmen von
getrockneten Doppelschichten eine optische Anisotropie
beziiglich der Absorption und Emission von polarisiertem
Licht zu erwarten.*!!

x- und y-polarisierte UV/Vis-Absorptionsspektren der
texturierten Filme aus getrockneten Doppelschichten und

www.angewandte.de

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

0.40+

0.35+

0.304

0.25+

0.20+

Abs.

0.154

M T T
350 400 450 500 550
A/nm

Abs
o
%]
T

0.104

0.05

0.00 . . ——
350 400 450 500 550
Alnm

Abbildung 5. Korrigierte y- (oben) und x-polarisierte (unten) Absorpti-
onsspektren eines texturierten Filmes aus getrockneten Doppelschich-
ten. Beide Reihen an Spektren wurden fiir unterschiedliche 6-Winkel
durch Drehung des Filmes entlang der y-Achse in 10°-Schritten (Pfeil-
richtung) erhalten. Die bei den x-polarisierten Spektren auftretende An-
derung beweist die Ausrichtung der eingekapselten Farbstoffe.

dem Nanokompositfilm sind in Abbildung 5 und Abbil-
dung S17 gereigt. Die y-polarisierten UV/Vis-Spektren
zeigen keine Anderung mit ansteigendem o-Winkel, was auf
eine statisch-isotrope Orientierung der Ubergangsmomente
innerhalb der Filmebene (xy-Ebene) hindeutet. Bei den x-
polarisierten UV/Vis-Spektren tritt dagegen eine lineare
Verringerung der Absorption mit zunehmendem &-Winkel
auf. Diese optische Anisotropie wird durch eine Ausordnung
der Ubergangsmomente entlang der z-Richtung hervorgeru-
fen (vgl. Abbildung S18 und weitere Hintergrundinforma-
tionen). Ahnliche Ergebnisse wurden fiir den Nanokompo-
sitfilm erhalten (Abbildung S19).

Zusammenfassend lidsst sich festhalten, dass ein allge-
meines Verfahren zur Synthese von schichtférmigen Nano-
hybridmaterialien vorgestellt wurde, bei dem ein funktionales
organisches Kation zwischen zwei transparente, 1 nm diinne
Silicatschichten eingekapselt wird. Die Verkapselung er-
méglicht die Dispergierung von hydrophoben organischen
Verbindungen in wissrigen Medien, was sich als vorteilhaft
fiir medizinische Anwendungen, z.B. in der photodynami-
schen Therapie oder der gezielten Wirkstofffreisetzung her-
ausstellen konnte. Zusitzlich wird durch die strukturimma-
nente Anisotropie des Schichtsilicats und der in Folge defi-
nierten Orientierung des eingelagerten Gastmolekiils die

Angew. Chem. 2015, 127, 5047 -5051
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5. Ergebnisse

Herstellung von polymerbasierten Nanobeschichtungen mit
anisotropen physikalischen Eigenschaften mdglich. Unser
Konzept sollte sich auf andere quellfihige ancrganische
Schichtmaterialien, wie beispielsweise Titanate™ und Nio-
batel" iibertragen lassen, soweit eine zur Bildung der ge-
ordneten Wechsellagerung notwendige, absolut homogene
Ladungsdichte vorliegt.

Stichwérter: Delaminierung -
Organisch-anorganische Nanokomposite -
Schichtférmige Materialien - Verkapselung - Wirtverbindungen
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Supporting Information

1. Experimental Section

2. UV-VIS measurement with polarized light

1. Experimental Section

Materials and methods
Synthesis of Na-hec

Nag s-fluorohectorite with the composition [Na0,5]i“ter[Mg2_5Li0_5]OCt[Si4]tet010F2 (Na-hec) was
synthesized by melt synthesis in a closed molybdenum crucible according to a published
procedure.[l] After synthesis the material was annealed for 6 weeks at 1045°C to improve

intracrystalline reactivity, charge homogeneity and phase purity as recently des cribed.!

Synthesis of N-hexadecyl-4-(3.4,5-trimethoxystyryl)-pyridinium bromide (dye)
N-hexadecyl-4-(3.4,5-trimethoxystyryl)-pyridinium bromide was synthesized according to the
recently published procedure.m

Powder X-ray diffraction (PXRD)

Diftractograms were recorded in Bragg-Brentano-geometry on a Panalytical XPERT-PRO
diffractometer. The textured film of restacked double stacks was prepared by drying a few

drops of the suspension on microscope slides (Menzel Gliser). In order to remove adsorbed

water, the glass slides were dried at 120 °C for 12 h (0 % r.h.).

SAXS

The small angle x-ray scattering (SAXS) samples were prepared at ambient conditions. All
SAXS data were measured using the small-angle x-ray system “Double Ganesha AIR”
(SAXSLAB, Denmark). The X-ray source of this laboratory-based system is a rotating anode
(copper, MicoMax 007HF, Rigaku Corporation, Japan) providing a micro-focused beam. The
data are recorded by a position sensitive detector (PILATUS 300K, Dectris). To cover the
range of scattering vectors between 0.004-2.0 A different detector positions were used. The
measurements of the suspensions were done in 1 mm glass capillaries (Hilgenberg, code
4007610, Germany) at room temperature. As substrate for the films 15 pm thick mica crystals
were used (provided by SAXSLARB, Denmark). The circularly averaged data were normalized
to incident beam, sample thickness and measurement time before subtraction of the solvent.

The data analysis was performed mainly with the software Scatter (version 2.5) which allows

1
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the 2-dimensional modeling of scattering intensities with respect to the layer distance (d), of
mean deviations from the ideal positions (displacement), and of mean sizes of crystal domains
(coherence length in azimuthal and radial direction).w Further calculations were done using

the software SASfit (version 0.94.1) written by J. Kohlbrecher and 1. Bressler
SAXS Modeling

The SAXS intensities were described applying a model of stacked hamburgers. For
computational reasons (restrictions of the software) a platelet diameter of 600 nm was used.
Please note, that there is no difference in SAXS patterns for R > 300 nm. For the calculations
of the SAXS patterns of the suspensions and of the ordered interstratified heterostructured
powder a thickness of 1 =0.8 nm is used for the silicate layer which was experimentally
deduced from the intensity minima of the form factor oscillation of SAXS patterns of the
completely delaminated Na-hec. This value is in good agreement with the platelet thickness
derived by SAXS measurements of delaminated natural montmorillonites.’™ The experimental
platelet thickness of 0.8 nm is slightly higher than the distance between the planes formed by
the basal oxygens of the two tetrahedral sheets (0.66 nm[G]) indicating a contribution to the
scattering by sodium ions in the Helmholtz layer.

To account for a limited hydration of the dye interlayer in aqueous suspension and for some
flexibility of the organic interlayer a small variation of the organic dye interlayer height (h) of
1.8 £ 0.3 nm is applied. For the SAXS pattern of the ordered interstratified heterostructured
powder a faultless stacking of 30 double stacks with a rigid dye gallery height of 1 = 1.4 nn
was applied.

The texture of the films was evaluated using the results of the modeling of the 2-dimensional
data. The angular spread 2¢ is calculated by the coherence length in azimuthal direction (azi)

and the d-spacing according to equitation 1:4

2d
T tan (2¢5) 1

azi
AFM

Atomic Force Microscopy was done by using a MFP3DTM Atomic Force Microscope
(Asylum Research, Santa Barbara, California) equipped with silicon cantilevers (silicon tip,
type NSC15/AIBS, Rmash, Tallinn, Estonia). The samples were prepared by slow evaporation

of a few drops of a diluted suspension (0.01 g/1.} on a silicon wafer under ambient conditions.
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Photoluminescence

For absolute measurements of photoluminescence quantum yields at ambient temperature, a

Hamamatsu Photonics (C9920-02) system was used.

Film preparation

Films for UV-VIS measurements were prepared on piranha treated glass slides by doctor
blading (50.8 um film applicator BYK, Altana Group). All films were dried at 120°C for 12
h. Textured films of delaminated and restacked double stacks were prepared applying a 2 wt%
suspension, while for the nanocomposite film a 2.7 wt% suspension of polyvinyl alcohol
(PVOH) (Mowiol® 20-98, SIGMA-ALDRICH, M,, = 125000 g/mol) and clay in a 1:1 ratio
was used.

Films for the barrier measurements of nanocomposite and PVOH were prepared with the
same suspensions on a PET-foil (100 um) using an automatic film applicator (ZAA 2300 with
ZUA 2000 universal applicator, Zehntner GmbH ) with a gap height of 100 pm and a speed of
18 mm/s. These casted films were stored at ambient conditions for 1 h and than dried at 60 °C

for 24h prior to the barrier measurement.

UV-VIS measurements

UV-VIS spectra of the powder samples were measured with a Varian Cary 300
spectrophotometer equipped with an integrating sphere (Labsphere DRA-CA-301).

UV-VIS measurements of the films with polarised light were performed with an Agilent Cary
5. The coated glass slides were mounted on a goniometer (Brewster film holder, Harrick).
Polarized spectra were obtained using a Glan-Taylor polarizer (PGT-S1V, Harrick) before
and a depolarizer (DPS-R4V, Harrick) behind the sample (Figure S16).

Streaming potential
The streaming potential was measured with a particle charge analyzer (Stabisizer®, Particle

Metrix GmbH).

Gas barrier properties

The oxygen transmission rate of the PET supported nanocomposite and PVOH film (100 um)
was determined with a Mocon OX-TRAN® Model 2/21 permeation testing instrument at
50% RII at 23°C.

Scanning electron microscopy (SEM)

SEM images were taken with a LEO 1530 FE-SEM at an operating voltage of 3 kV.
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Transmission electron microscopy (TEM)

TEM images were taken with a LEO 922 A EF-TEM at an operating voltage of 200 kV.

Thermal gravimetric analysis (TGA)
TGA was performed with a NETZSCH STA 449 C using synthetic air and a heating rate of 5

K/min.

Figure S1. 55 mg dried ordered interstratified heterostructured powder (left) and 55 mg of freeze dried gel
(right).

Figure S2. 0.3 wt% suspension in water. The “Schlieren” texture upon shearing illustrates good dispersibility in
water and implies liquid crystalline behavior. While at this dilution the material is swollen to a degree where the
double stacks are separated far enough (> 60 nm) to realize an apparently isotropic platelet orientation, the
lamellar flow generated for instance by simple stirring triggers scattering in the visible region even for such
highly diluted suspensions. This observation implies that the double stacks are in a lyotropic liquid crystalline
state and not yet capable of free rotation. The lateral extension of the platelets is much larger than the distance

between them hampering free rotation.
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T

Figure S3. When drying the diluted suspension of double stacks on a flat substrate a film is obtained that shows
a good wettability for H,O, very much comparable to the wettability of the pristine Na-hec, indicating a strongly

hydrophilic film surface due to the presence of sodium cations at the platelet surface.

Figure S4. Diluted aqueous suspension (0.04 mg/ml) under UV irradiation of A =366 nm (left) and under
daylight (right). Well dispersed double stacks are visualized by the Tyndall-effect using a green light laser

pointer (right).
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Figure S5. Representative 2-dimensional SAXS pattern of a 20 wt% suspension (left). The pattern illustrates the
presence of oriented domains of double stacks with positional correlation. Calculated 2-dimensional SAXS
pattern (right) based on the model of interacting “hamburgers” with a distance of d = 23.5 nm and a crystalline
domain size of 700 nm in radial and 100 nm in azimuthal direction with deviations of 2 nm. For computational
reasons only one crystal with a tilt of 57° was calculated. The rest of the oriented domains were considered as

isotropic background (/.. = 004).
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Figure S6. Representative 2-dimensional SAXS pattern of a 2.5 wt% delaminated suspension of double stacks
(left). The isotropic pattern illustrates an apparently isotropic orientation of double stacks. Calculated (right) 2-

dimensional SAXS pattern based on non-correlated double stacks.
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Figure S7. PXRD patterns of a film of restacked double stacks dried at 0% r.h. shows a superstructure at about
2.5° 20 with a narrow full width of half maximum of 0.2° and a low coefficient of variation!” of 0.4%. Both

values indicate a high ordering of alternating sodium and dye interlayers upon restacking the double stacks.

88



5.3 Synthese funktionaler Doppelschichten 5. Ergebnisse

normalized Abs.

T T T T T T T T
500 600 700

Alnm

1 1 - VI
300 400 800

Figure S8. UV-VIS absorption spectra of the bromide salt of dye (black broken line), of the ordered
interstratified heterostructured powder (red dotted line), and of a freeze dried delaminated suspension of double
stacks (red solid line). An UV-VIS spectrum of an ethanolic solution of the bromide salt (10™ M) is shown for
comparison (blue solid line).
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Figure S§9. Emission spectra obtained after irradiation at 350 nm of the bromide salt of dye (black broken line),

of the ordered interstratified heterostructured powder (red dotted line) and of a freeze dried delaminated

suspension of double stacks (red solid ling).
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Figure S10. Comparison of the 2-dimensional-SAXS pattern of a measured textured film of delaminated and

restacked double stacks (left) with the calculated pattern (right). The continuous ring of the /k-band observed in

transmission geometry (top) is calculated as a Bragg peak with a spacing of 0.5 nm and a displacement of 0.05

nm. The 00! series observed in parallel geometry (bottom) is calculated using double stacks with a diameter of

600 nm and a distance of d = 4 nm with a deviation of 0.05 nm. The radial instrumental resolution was 400 nm

with an azimuthal angular resolution of ~ 20
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Figure S11. 2-dimensional-SAXS pattern measured in parallel geometry (top left) and in transmission geometry
(top right) of a solution casted nanocomposite film. Zooms of the textured film of delaminated and restacked

double stacks (bottom left) and the nanocomposite film (bottom right) are shown for comparison.

Table S1 oxygen transmission rate (OTR) measured at 50% RH

Film inorganic content | film thickness OTR
[wt%] [pm] [cc*m'l*day'l]

nanocomposite 50 =1 0.48

PVOH 0 =1 2.11
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Figure S12. SEM image of a freeze fractured nanocomposite film illustrating the texture and the parallel
arrangement of double stacks.

Figure S13. TEM images of a cross section of the nanocomposite film. Fracture occurs at the interface between
textured double stacks and PVOH matrix during microtome sample preparation. Individual double stacks of
about 3.5 nm separated by polymer can be identified.
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Figure S14. TGA results using synthetic air of the dye bromide salt (red line) and the ordered interstratified
heterostructured powder (black line). For the intercalated dye the onset temperature for the dye decomposition is

about 100°C higher.
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Figure S15. TGA results using synthetic air of a casted PVOH film (red line) and the nanocomposite film (black

line). For the nanocomposite the onset temperature for the PVOH decomposition is appr. 30°C higher.
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2. UV-VIS measurement with polarized light

¢ 5
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Figure $16. Set up for UV-VIS measurement with x- and y-polarized light. The textured coating (yellow) is

facing towards the incident polarized beam.

The textured film of delaminated and restacked double stacks and the nanocomposite film
were rotated around its y-axis in a range of & = 0°-50° (Figure S16). A depolarizer is used to
minimize variations in beam intensity caused by the intrinsic polarization of the
spectrophotometer.[g] UV-VIS spectra were baseline-corrected with spectra obtained for
textured films of delaminated and restacked double stacks and nanocomposite films not
loaded with dye. As described in the literature,™ factors for correcting the spectra for varying
path lengths as a function of 3-angle were determined by measuring an isotropic sample (dye
bromide (¢ = 10™ M) dissolved in a 1:1-water-cthanol mixture) in a 1 mm quartz cuvette.

These factors were then applied to correct the y- and x-polarized absorption spectra.

12
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Figure S17. Corrected y- (top) and corrected x-polarized (bottom) absorption spectra of the nanocomposite film.

Both sets of spectra were obtained at different 6-angles by turning the film around its y-axis in 10° steps (arrow)

A plot of the dichroic ratio (Dyy), defined as the ratio of the absorption of x- (Ay) and y-
polarized light (Ay) as a function of sin? & yields a linear relationship for both the textured
film of delaminated and restacked double stacks and the nanocomposite film (Figure S18 and
Figure S19, respectively).
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Figure S18. Linear relationship for the textured film of delaminated and restacked double stacks between D,y

measured at the absorption maximum of 378 nm and the sin? of twisting angle 6.
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Figure S19. Linear relationship for the nanocomposite film between D, measured at the absorption maximum

of 370 nm and the sin? of twisting angle d.
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Figure S20. Angle y between the transition moment (ﬁ ) and the normal of the film surface.

14

96



5.3 Synthese funktionaler Doppelschichten 5. Ergebnisse

The angle y between the transition moment (1‘-_4” ) and the normal of the film surface (Figure

S20) was calculated from the slope of the linear regression of Figure S18 and Figure S19

according to equation 18

Ay 2-3sin®P
Dyy = o 1+ prmen sin?d  [1]

v 1s calculated to be 60° for both the textured film of delaminated and restacked double stacks
and the nanocomposite film, suggesting that the orientation of dye achieved by the preferred
orientation is equally good.
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Darstellung des Eigenanteils:

Die ldee zur Verwendung von geordneten Wechsellagerungen in Schichtsilicaten zur
Janus-Modifikationen wurde von Herrn Prof. Josef Breu und Michael Moller
vorgeschlagen. Das hier vorgestellte Konzept zur kontrollierten Spaltung von modifizierten
Doppelschichten wurde von mir entwickelt. Die Synthese der Doppelschichten sowie die
verschiedenen Modifikationen wurden von mir entwickelt und durchgefihrt. Die SAXS-
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und SANS Messungen und Simulationen wurden in der Physikalischen Chemie I,
Universitdt Bayreuth von Dr. Sabine Rosenfeldt und Herrn Prof. Stephan Forster
angefertigt. Das Konzept der Verwendung eines AFM-Tracers wurde von Herrn Prof.
Georg Papastavrou und Sebastian Gaodrich (Physikalischen Chemie [1, Universitét
Bayreuth) entwickelt. Patrick Feicht fertigte die Wrinkling-Experimente zur Bestimmung
der mechanischen Eigenschaften an. Dr. Hussein Kalo fiihrte erste Experimente zur
Dispersionsstabilisierung von Hectoriten mit PEI-EO durch.

Verfasst wurde diese Publikation hauptsachlich von Prof. Dr. Josef Breu und mir. Mein

Eigenanteil betragt ca. 65 %.
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Abstract: Ordered heterostructures of layered materials where
interlayers with different reactivities strictly alternate in stacks
offer predetermined slippage planes that provide a precise
route for the preparation of bilayer materials. We use this route
for the synthesis of a novel type of reinforced layered silicate
bilayer that is 15 % stiffer than the corresponding monolayer.
Furthermore, we will demonstrate that triggering cleavage of
bilayers by osmotic swelling gives access to a generic toolbox
for an asymmetrical modification of the two vis-da-vis standing
basal planes of monolayers. Only two simple steps applying
arbitrary commercial polycations are needed to obtain such
Janus-type monolayers. The generic synthesis route will be
applicable to many other layered compounds capable of
osmotic swelling, rendering this approach interesting for
a variety of materials and applications.

Ex[o[iation of layered compounds into two-dimensional
nanosheets allows the tuning of phononic,!" electronic,”*™
ferroic,” electrochemical,”’ and mechanical properties.*”!
Modulation of these properties is strongly related to the
destruction or limitation of translational symmetry and is thus
dependent on accurate control over the number of layers in
the stacks."""? Mono-, bi-, tri-, and multilayers must con-
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sequently be regarded as distinct phases. For example, bilayer
phases of graphene and mica have been shown to have
interesting electronic band structures.® >4l

Various techniques ranging from epitaxial growth to
mechanical exfoliation, potentially assisted by surface-active
compounds or by rendering the starting material more shear
labile by intercalation reactions, have been shown to yield
two-dimensional (2D) materials. Established techniques,
however, tend to produce broad distributions in the number
of layers.®!+1¢]

Crystalline heterostructures with 1D-ordered structures
along the stacking direction (also referred to as ordered or
regularly interstratified compounds) are the thermodynamic
equilibrium for many layered compounds intercalated with
two different interlayer species that segregate into distinct
interlayer spaces.'”'”) We recently established a general
synthesis for such crystalline heterostructures composed of
synthetic layered silicates (Figure 1a).['")

Herein, we prepare ordered heterostructures of layered
silicates where interlayers with different reactivities strictly
alternate in stacks. Such heterostructures offer predetermined
slippage planes that provide a precise, scalable, and quanti-
tative preparation route for desired bilayer materials.**'! The

.
H
SS=——=1" Exfoliation

TYYvyyYy
AAAAAAA

Figure 1. Selective swelling of a crystalline heterostructure (a) with
NH,' interlayers (yellow) and hydrated Na" interlayers (blue) induces
highly selective exfoliation into bilayers (b). After external modification
with a polycation A (red; c), modified bilayers can be cleaved under
basic conditions using, for example, LiOH (d) while the symmetry is
simultaneously broken at this stage. The platelets can be further
modified (green) to form Janus-type platelets (e) with differently
functionalized surfaces.
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novel bilayers are significantly stiffer than monolayers, are at
the same time easily cleavable and can be directly converted
into Janus®™? platelets.

Synthetic sodium fluorohectorite
(Na 5™ [Mg, sLiys]*(Sis)'“'O,F,) with typical lateral dimen-
sions in the range of several micrometers (median ca.
20 pm)®¥ is partially ion-exchanged with ammonium cations
(NH,") to yield a crystalline heterostructure (Supporting
Information, Figure S1).

When NH," and Na' are chosen as the segregated
interlayer cation pair, alternating NH," interlayers are
formed, which do not hydrate, while adjacent Na* interlayers
readily hydrate (Supporting Information, Figures S1 and S2).

In an intercalation compound of charged host layers,
interlayer cations of different size will always be forced to
segregate into different interlayers with densely packed
structures since this allows for minimizing the average d-
spacing and therefore maximizing the Coulomb energy. The
cation density in a particular type of interlayer does not
necessarily have to match the charge density of the layered
silicate host if a local charge balance is assured by adjusting
the second type of interlayer accordingly."”*” In our case, the
NH," interlayers are significantly above while the Na’
interlayers are below the charge density of the host layers
(Supporting Information, Figure S1). As evidenced by equi-
libration experiments, the formation of ordered heterostruc-
tures is thermodynamically favored.!'**"]

In deionized water, Na® interlayers swell osmotically,
which means that at the early swelling states all available
water is drawn into the Na® interlayers. In the obtained
Wigner crystal phase, the distance between the NH, "-bridged
bilayers corresponds to the silicate to water ratio (Supporting
Information, Figure S3). By adding increasing amounts of
water, the separation steadily increases (Figure 2) to the point
where the bilayers gain rotational freedom and the layer
separation is consequently no longer determined by the
volume ratio of silicate layer to water.

Osmotic swelling is the most gentle exfoliation method,
and therefore the large platelet diameters are preserved.!
Thus, by simply suspending these crystalline heterostructures
in water, bilayers with extremely high aspect ratios up to 8000
are produced with unprecedented precision (Figure 1b;
Supporting Information, Figures S4, S9, $10).

Quantitative and selective bilayer formation is proven by
small angle X-ray scattering (SAXS) studies of the highly
swollen heterostructured sample (Figure 2, gray trace).

The SAXS pattern scales in the low g range as ¢ 2, which
is typically observed for platelet shaped scattering objects. At
a solid content of 4wt %, for instance, the bilayers of the
exfoliated heterostructure are uniformly separated to 59 nm.
The first form factor minimum appears around g =0.26 A~!,
followed by a second minimum around ¢ =0.76 A~'. We use
a very simplified SAXS model of discs with homogeneous
electron density to fit the experimental data (see the
Supporting Information for further details), rendering the
minima somewhat shallow.

The best fit for the SAXS trace is obtained with a bilayer
thickness of 2.1 nm. This value corresponds to the sum of two
silicate layers of 0.85 nm and an interlayer height of 0.4 nm.
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Figure 2. SAXS results of swollen gel samples (4 wt%): pristine bilayer
sample (gray ) and a sample after cleaving with LIOH (black 0). The
intensities of the cleaved sample are shifted by a factor of 10000 to
avoid overlap. The corresponding solid lines are fits with a model of
bilayer discs and single discs (see schemes and Supporting Informa-
tion for further details). The dotted lines mark the position of the first
minima of the form factors for bilayers (gray) and after cleavage to
monolayers by the addition of LIOH (black). The scaling of q for the
low g-range is indicated by a dashed line.

Bilayer formation is further confirmed by atomic force
microscopy (AFM) of a sample obtained by drying a highly
diluted, isotropic sol where platelets with a thickness of
2.6 nm are detected (Supporting Information, Figure S4).

Shih et al.’! were the first to propose a route for the
synthesis of bi- and trilayers of graphene starting with ionic
stage-two and stage-three ICl or IBr intercalates of graphene.
These graphite intercalates are popped by shock expansion,
but they are unable to swell in solvents. Consequently, they
lack an appropriate route for subsequent gentle and highly
selective exfoliation. Moreover, the transformation of bilay-
ers into Janus platelets, as described below, requires a second
quantitative cleavage of bilayers via osmotic swelling.

Our novel silicate bilayers can easily be converted into
monolayers by using bases to deprotonate the NH," cations;
these cations hold the silicate layers together. Treating the
suspension of bilayers with LiOH initially exchanges NH,'
with Li*. Then, the bilayers are quantitatively cleaved by
osmotic swelling of the resulting Li" interlayers into singular
silicate layers (Figure 2, black trace). In the SAXS pattern,
the first form factor minimum of the single layer sample shifts
from g =0.26 A", as observed for the bilayer, to g =0.73 A~
(Figure 2). The best fit for the SAXS trace is obtained with
a single layer thickness of 0.85 nm.

Owing to the collapse of the NH," interlayer, the structure
of the bilayer is comparable to the bonding situation in
potassium-rich micas: the NH," cations inside the collapsed
interlayer space will protrude on both sides into the hexag-
onal cavities of the Kagome-like silicate surface, cross-linking
the two silicate layers encompassing this single interlayer
space in the bilayer (Figure 3¢). The bilayer may be regarded
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Figure 3. Determination of the in-plane bending moduli: Typical AFM
topographical images of wrinkled a) monolayers and b) bilayers on
PDMS substrates. The corresponding height profiles (black bars) are
shown below. The resulting wavelength and in-plane modulus are
obtained by Fourier transformation. c) The structure of a reinforced
bilayer-sandwich. NH, " cations (gray 0) protrude into the upper and
lower hexagonal cavities of the silicate surface (additional details are
shown in the Supporting Information, Figures S6, S7).

as a nanosandwich structure; therefore, it is expected to be
stiffer than a single lamella.***”) When comparing the in-
plane moduli of a single layer and a bilayer, the latter is
indeed found to be 15% stiffer (Figure 3). The in-plane
moduli of a single layer and a bilayer were determined by
a supported metrology using a simple wrinkling technique in
which the observed wavelength is directly related to the in-
plane modulus of the platelet (see Figure S6 and Figure S7
and the more detailed explanation in the Supporting Infor-
mation)."?) The in-plane modulus of a single lamellae is
found to be 146 +21 GPa, which is in good agreement with
previous results.”” The average in-plane modulus of the
bilayer, however, is significantly higher and was determined
to be 171 + 16 GPa. Interestingly, the value of the bilayer is
already in the range of the in-plane moduli of bulk mica
(178.5+ 1.5 GPa) as determined by conventional meth-
Ods_[lb.l&l‘)]

The base lability of the NH," interlayer allows for the
quantitative conversion of bilayers into Janus-type nano-
platelets. The importance and prospective applications of
Janus particles was first noted by de Gennes.™ Distinct
chemical and physical properties of the basal surfaces of Janus
platelets offer directionality, allowing complex self-assem-
bly.?! Many approaches to synthesize inorganic-organic
Janus particles were developed.” I Typically the symmetry
of inorganic particles is broken by immobilization of the
particles at the surface of templates or interfaces followed by
selective modification of one hemisphere of the particle.**]

When starting with the bilayers described herein, break-
ing symmetry is beautifully simple (Figure 1d). Janus charac-
ter can be directly realized by selectively coating the two
surfaces of the monolayers with different polymers: Com-
mercial polyethyleneimine-ethyleneoxide (PEI-EO) and the
dendritic poly(amidoamine) of generation G10 yield mor-
phologically different monolayers that can be distinguished
clearly by AFM imaging. Such Janus platelets are made by
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first coating both surfaces of the bilayer by PEI-EO. Then, the
bilayers are cleaved, and the produced Li‘-decorated (Fig-
ure 1d) surfaces are “stained” with PAMAM G10 (Fig-
ure 1e), which does not adsorb to the PEI-EO-terminated
surfaces. The irreversible exchangel” of the Na* cations and
the uniform coating of both surfaces of the bilayers with PEI-
EO (Figure 1c¢) was probed by small-angle neutron scattering
(SANS: Supporting Information, Figure S8). The overall
thickness of the modified bilayer increases to 5.8 nm upon
cation exchange with PEI-EO. As expected, after cleavage,
SANS indicates a Janus platelet thickness of 3 nm (Fig-
ure 1d), which corresponds to a 1 nm-thick silicate layer
coated on one side with an approximately 2 nm-thick mono-
layer of PEI-PEO (see the Supporting Information).

As already mentioned, the Li‘-decorated surface is
subsequently exchanged by PAMAM G10, which is known
to bind quasi-irreversibly to negatively charged surfaces.**]
The adsorption process follows the random sequential
adsorption (RSA) model and leads to a fractional surface
coverage.™ For sufficiently large dendrimers (> GS5), single
dendrimers can be readily resolved by AFM. Moreover,
PAMAM G10 has a very narrow My distribution, which
results in nearly identical heights and diameters of the
adsorbed dendrimers. Hence, the surface morphology is
easily distinguishable from the smooth PEI-EO covered
surface (Figure 4a).

AFM samples were prepared by aspiration onto micro-
pore filters (Figure 4a), which produces some degree of
aggregation of individual platelets but suppresses any pre-
ferred orientation of the Janus platelets. The extremely high
aspect ratios always force the platelets into orientations
parallel to the substrate (Figure 4b and c), but the distinct
surfaces are randomly exposed up or down.

The AFM signal corresponding to the adhesion shows two
distinct types of surface morphologies for individual platelets:
one with very high dendrimer coverage and one with
negligible dendrimer coverage (Figure 4d and e). This differ-
ence in adhesion corresponds to the two different surface
types of the Janus platelets: PAMAM or PEI-EO. The
coverage of the platelets with very high dendrimer content
(Figure 4¢) resembles the level of dendrimer coverage of the
bilayers that were modified with PAMAM for comparison
(Supporting Information, Figure S9). As expected, dendrimer
adsorption to the negatively charged silicate layers follows the
RSA model.* The presence of two distinct surfaces in terms
of dendrimer coverage unequivocally confirms the selective
modification of the platelets in an asymmetric manner and
thus the preparation of Janus-type platelets.

In conclusion, a novel approach for a quantitative, cost-
effective, and robust fabrication of mechanically reinforced
bilayers via osmotic exfoliation of ordered heterostructures is
established. The synthesis route for bilayers will be generally
applicable to other layered compounds capable of osmotic
swelling, such as layered titanates, niobates, or perov-
skites.l**l By cleaving bilayers with appropriate reagents,
in this case bases, the symmetry is broken in the simplest way,
giving access to a general method for the synthesis of
asymmetrically modified Janus nanoplatelets with tuneable
functionalities.
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Figure 4. a) The Janus modification of the nanoplatelets. PEI-EO-
modified bilayers were cleaved, and new Li'-decorated surfaces are
subsequently modified with dendrimers, which serve as tracers for
AFM imaging. The Janus platelets are immobilized onto a micropore
filter by vacuum filtration. The AFM images of the topography (b, c)
and adhesion (d, e) of the Janus platelets show different surface
morphologies and adhesion properties. In particular, the adhesion
signals unequivocally enable the identification of distinct surfaces with
negligible and high dendrimer coverage, respectively. The Janus
platelets are randomly oriented. Consequently, digital magnification (d,
e) demonstrates that dendrimers are present only on such platelets,
exposing this surface type to the AFM. More high-resolution images
can be found in the Supporting Information, Figures S9-S11.
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Supporting Information

Methods

Synthesis of the layered silicate:

Sodium fluorohectorite, denoted as Na-hectorite (Nags " [Mg2sLio5]*'<Sis>010F>) in the
following, was obtained by melt synthesis in a closed molybdenum crucible according to a
published procedure.™™ The raw material was annealed for 6 weeks at 1045 °C to improve
intracrystalline reactivity, charge homogeneity and phase purity, as recently described.™
Synthesis of bilayers

First, 1.5 g of Na-hectorite was immersed in 200 ml of a water-ethanol mixture (33 vol%
ethanol) for 12 h at room temperature in an overhead shaker. Then, 61.53 mg (65% CEC)
of NH,CI (Grissing GmbH, Germany) dissolved in 200 ml of a water-ethanol mixture (33
vol% ethanol) was added dropwise to the stirred suspension. The suspension was mixed in
a glass vessel with a screw cap at room temperature for 48 h. The solid was washed five
times with a water-ethanol mixture (33 vol%) by centrifugation at 8000 rpm for 10 min.

During washing and centrifugation, an iridescent gel is formed. After centrifugation at
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3000 rpm for 5 min, the iridescent gel was decanted and washed three times with deionized
water by centrifugation at 20000 rpm for 10 min and stored in a glass vessel.

Modification of bilayers with polymers

A 5 g/L solution of PEI-EO (PEI-EO 20, obtained from BASF) in water at pH = 5 was
added to 10 mg of exfoliated Na-hectorite in 10 ml of water while monitoring the
streaming potential (StabiSizer®, Particle Metrix GmbH). After the addition of 0.0175 g of
PEI-EO, a streaming potential of zero was reached for 10 mg of Na-hectorite. The ratio of
0.822 g PEI-EO/1 g bilayer was applied in the following to prepare PEI-EO-modified
bilayers. These suspensions were concentrated by centrifugation at 8000 rpm and were
washed 5 times with water. Modification of the bilayers with polyamido amine (PAMAM)
generation G10 dendrimers (purchased from Dendritech Inc.) was carried out with 13 ml of
the bilayer suspension (¢ = 2.37 mg/L at pH = 5) by adding 2.5 ml of the aqueous
PAMAM G10 solution (¢ =5 ppm PAMAM G10 in 5 mM/L NaCl solution at pH = 5.5).
Cleaving of bilayers

Cleaving was performed at pH 9 using an aqueous solution of LiOH (Merck) as the base.
The suspension was heated at 60 °C for 12 h while degassing with argon to quantitatively
release ammonia. The cleaved bilayers were concentrated by centrifugation at 8000 rpm
and were washed three times with water (pH = 5).

Modification of Li* Janus platelets with PAMAM G10 dendrimers

First, 13 ml of the bilayer suspension (¢ = 2.37 mg/L at pH = 5) was added to 1.25 ml of an
aqueous dendrimer solution (c =5 ppm PAMAM G10 from Dendritech, Inc. dissolved in a
5 mmol/L NaCl solution at pH = 5.5). The suspension was mixed at room temperature for
20 min using an overhead shaker (IKA Trayster digital). Janus-modified platelets were
then immobilized onto a millipore filter (Isopore membrane filter, type RTTP; pore size =
1.2 um; Merck Millipore) by applying vacuum to a miniature Buchner funnel. The filter

disks were washed immediately by rinsing twice with 10 ml of water (pH = 5) while still
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applying vacuum to remove the excess non-immobilized PAMAM dendrimers before
drying the filter disks. After drying at ambient conditions, the filter disks where examined
by AFM.

Small angle X-ray scattering (SAXS)

Suspensions of 4 wt% were concentrated by centrifugation at 10000 rpm for 1 h.
Suspensions of 15 wt% were achieved by adding water to the freeze dried and at 120°C
heated powder. Samples were equilibrated in the closed vessels for 4 days prior to
measurement. All SAXS data were measured using the small-angle X-ray system “Double
Ganesha AIR” (SAXSLAB, Denmark). The X-ray source of this laboratory-based system
is a rotating anode (copper, MicroMax 007HF, Rigaku Corporation, Japan) providing a
micro-focused beam. The data are recorded by a position sensitive detector (PILATUS
300K, Dectris). To cover the range of scattering vectors between 0.004-2.0 A, different
detector positions were used. The measurements of the suspensions were done in 1-mm
glass capillaries (Hilgenberg, code 4007610, Germany) at room temperature. The
circularly averaged data were normalized to the incident beam, sample thickness and
measurement time before subtraction of the solvent. Calculations were done using the
software SASfit (version 0.94.1) written by J. Kohlbrecher and I. Bressler and the software
Scatter written by S. Férster.™!

Small angle neutron scattering (SANS)

SANS experiments were performed in D,O (99%, Sigma Aldrich) in 1-mm-pathway
cuvettes (QS-110, Hellma Analytics) at the instrument D11 at the Institut Laue-Langevin
(ILL, Grenoble, France). To cover the range of scattering vectors between 0.0009-0.67 A,
different detector positions were used. All data were converted to an absolute scale using
the standard software provided by ILL. The 1D data are corrected to contributions of the
solvent and the cuvette.

Wide angle X-ray diffraction (XRD)
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Diffractograms were recorded in Bragg-Brentano-geometry on a Panalytical XPERT-PRO.
The textured film of restacked bilayers was prepared by drying a few drops of the
suspension on microscope slides (Menzel-Gléaser, Thermo Scientific). The glass slides
were dried at 120 °C for 12 h and rehydrated at 43% r.h. for 24 h (in a desiccator with
saturated K,COs-solution).

Preparation of wrinkled platelets on polydimethylsiloxane (PDMS) substrates
Wrinkling metrology was performed according to a recently published procedure,!*®
outlined here only briefly: the PDMS precursor (Dow Corning Sylgard 184) was mixed in
a 10:1 mass ratio of oligomeric base to curing agent, degassed and poured into (60 x 10 x
2) mm® polytetrafluoroethylene moulds. After pre-hardening for 20 h at room temperature,
all samples were post-treated for 2 h at 150 °C. The PDMS substrates were hydrophilized
by immersing them in 10 vol% aqueous HCI solutions for 16 h, thoroughly washing with
deionized water, and finally drying. Tensile tests were carried out on an Instron 5565
universal tester with pneumatic clamps and a 100-N load cell (clamping distance 30 mm,
strain rate 200 mm min™, see ISO 37:2005). Young’s moduli were calculated from the
initial slope and averaged over 16 different samples. The PDMS substrates were uniaxially
stretched to a strain of 33% along their length in a custom made apparatus. In the stretched
stage, a droplet of the nanoplatelet suspension was added to the centre and dried gently.
Finally, the stress was released and the sample was investigated by AFM.

Atomic force microscopy (AFM)

All AFM measurements were performed on instruments with large sample stages. The
topographic imaging of the bilayers was carried out on a Dimension 3100 with a
Nanoscope IV controller (Bruker), while the imaging of the wrinkled platelets was carried
out on an ICON with a Nanoscope V controller. The surface topographies were acquired in
tapping mode using aluminium-coated cantilevers (OTESPA-R3, Bruker). Image

processing and analysis was conducted with NanoScope Analysis v1.40. AFM
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measurements of the PAMAM dendrimer-modified Janus-type single platelets were
acquired in PeakForce mode using a Dimension ICON Microscope (Bruker). Aluminium-
coated silicon nitride cantilevers (SCANASYST-AIR, Bruker) were used for these
measurements. Image processing and data analysis were performed with NanoScope

Analysis v1.50.
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Figure S1. Powder X-ray diffraction (XRD) traces of the 1D ordered, crystalline
heterostructure (red). To produce a perfect order with Reichweite 1 and equal weight of
Na*- and NH,4"-interlayers!® 62% of the interlayer cations need to be NH,". The reason is
that the NH,4 -interlayers possess a higher density of interlayer cations as observed
previously for synthetic rectorites.” When releasing the NH," by treatment with excess
LiOH (black line) the superstructure is lost. Both samples were equilibrated in an
atmosphere with 43% relative humidity. The pattern of the ordered heterostructure shows a
superstructure at around 4°26, corresponding to a d-spacing of 2.3 nm. The rational 00I-
series proofs the formation of a perfectly ordered heterostructure of strictly alternating
hydrated Na*- and collapsed NH, -interlayers. After addition of LiOH (black line) the
superstructure has vanished and a d-spacing of 1.2 nm, which is a typical value for a one-
water layer hydrate™®® is observed.
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Figure S2. XRD traces of homoionic Na*- and NH, -hectorite, black and red trace,
respectively. Both samples were equilibrated in an atmosphere with 43% relative humidity.
The d-spacing for the sodium hectorite sample is 12.3 A (black trace) which is a typical
value for the one water-layer hydrate.’>® For the NH,"-exchanged sample a d-spacing of
10.1 A which corresponds to d-spacings in micas and indicates non-swellable, collapsed
NH,*-interlayers.™
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Figure S3. SAXS results of swollen gel samples at a high sold content of 15 wt%: pristine
bilayer sample (red squares) and a sample after cleaving with LiOH (black circles). The
corresponding solid lines are fits with a model of bilayer discs and single discs,
respectively. The asterisk (*) marks the position of the hk-Band of the TOT layered silicate
structure, which cannot be fitted applying a homogeneous disc model.
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Figure S4. Representative, topographical AFM image of a suspension of bilayers
(10 mg/L) dried on a silicon wafer. A height profile (red bar) shows a platelet thickness of
2.6 nm.

SAXS Modeling

The SAXS intensities were described applying a model of stacked hamburgers.*® For
technical reasons a platelet radius of R = 1000 nm was used in the model. Please note, that
there is no difference in SAXS patterns for R > 1000 nm. For the calculations of the SAXS
patterns of the single platelets a thickness of I = 0.85 nm is used, which is in good
agreement with the platelet thickness derived by other SAXS measurements of
delaminated natural montmorillonites.'Y) The experimental monolayer thickness of
0.85 nm s slightly higher than the distance between the planes formed by the basal
oxygens of the two tetrahedral sheets (0.66 nm!*#). This indicates a contribution to the
scattering by sodium ions in the Helmholtz layer. For the calculation of the bilayer pattern
the platelet thickness of 0.85 nm for the upper and lower layer and a interlayer height (h) of

0.4 nm is applied. The separation distance (d-spacing) between the single platelets /
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hamburgers which is the cause for the oscillations at low q are also included in the
modeling (I = 8).

Please note, that modeling of the layered silicate platelets as homogeneous discs with
homogeneous electron density, is very simplified. At high g-values the real 2:1 tetrahedral-
octahedral-tetrahedral (T-O-T) atomistic structure of the layered silicate becomes evident
in the experimentally observed scatting. This is further corroborated by the appearance of
the hk-band originating from the two-dimensional layer structure. The simplifications of
the model and the limited experimental resolution of the SAXS instrument at high g-values
may lead to the observed deviation between experimental and theoretical data.

When comparing bilayer samples and monolayer samples at very high solid content of 15
wit% (Wigner crystal regime), the bilayer sample swells to a higher d-spacing (doo1 = 22.4
nm) as compared to the monolayer sample (dooz = 15.7 nm) corresponding to layer
separations of about 20 nm and 15 nm, respectively (Figure S3). Since the number of
independent bilayers is half of the number of monolayers, in a first approximation the
separation of bilayers would be expected to show twice the monolayer separation. The
observed separation is, however, modified by a limited water uptake of NH4 -interlayers

by crystalline swelling.
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Wrinkling technique for determination of the in-plane modulus of nano-objects

The wrinkling technique is based on the planar compression of a thin and stiff nano-object
on a thicker but softer substrate like poly(dimethylsiloxane) (PDMS)."%! A suspension of
platelets (1 mg/L) is deposited onto a prestretched (33%) PDMS substrate. After drying,
the strain is released and a topographical AFM image is measured.

The in-plane modulus of the nano-platelet E, can be calculated from the characteristic
wrinkling wavelength A, the platelet thickness h, and the Young’s modulus Es of the

substrate:

3

P= 3}?1(1;5232) (Zih>

vp and v refer to Poisson’s ratios of nano-platelet and substrate and are 0.5 and 0.3 for
substrate and layer silicate, respectively.”! Eq was measured by applying a standard tensile
test and was found to be 2.9 £0.2 MPa.

It is important to accurately determine the platelet thickness h of the platelets. The
dependence of the in-plane modulus on the platelet thickness is illustrated in Figure S5.
Determination of the platelet thicknesses using SAXS form factor modeling is not accurate
enough due to simplifications within the modeling (e.g. assumption of homogeneous
electron density). Measured values of platelet thickness by AFM are often erroneous due to
systematical errors like inclusion of adsorbed water layers. We therefore determined the
platelet thickness by XRD measurement of unhydrated Na’- and NH4-samples. In
consensus with previous publications, the platelet thicknesses h of 0.96 nm? and of
1.97 nm (0.96 nm + 1.01 nm = 1.97 nm, Figure S2) are applied for monolayer and bilayer,

respectively.
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Figure S5. The dependence of the in-plane modulus on the platelet thickness is illustrated.
The black solid line corresponds to a wavelength of 143 nm as observed for the monolayer,
while the red solid line corresponds to the bilayer where a wavelength of 313 nm was
determined. The dotted lines mark the platelet thickness measured by XRD of 0.96 nm and
1.97 nm for the monolayer and bilayer, respectively.
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Figure S6. Monolayers: Normalized intensity profiles of 2D-fourier transformations (right)
along kx at different positions (left) of the wrinkling pattern in different 2 um x 2 um
sections of monolayers. The values were integrated over a range of —5 to +5 ky values to
consider also wrinkles that are slightly tilted away from 90°. The wrinkling wavelength of
e.g. 142 nm corresponds to an in-plane modulus of 138 GPa. Averaging 70 sectors of four
platelets gives a wavelength of 145 + 7 nm, corresponding to an in-plane modulus of
146 £+ 21 GPa.
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Figure S7. Bilayer: Normalized intensity profiles of 2D-fourier transformations (right)
along kx at different positions (left) of the wrinkling pattern in different 5 pm x 5 pum
sections of bilayers. The values were integrated over a range of —5 to +5 ky values to
consider also wrinkles that are slightly tilted away from 90°. The wrinkling wavelength of
e.g. 313 nm corresponds, considering the bilayer thickness of 1.97 nm, to an in-plane
modulus of 171 GPa. Averaging all 35 sectors on three platelets gives a wavelength of
313 + 10 nm, corresponding to an in-plane modulus of 171 GPa + 16 GPa.
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Figure S8 SAXS- and SANS-pattern of PEI-EO modified bilayers in D,O before (a, ¢) and
after cleaving (b, d). To assist comparison, 1D SANS data are normalized to the SAXS
data. On the left radial averaged data (a, b) of SAXS (red squares), SANS (blue circles)
and theoretical intensities (bold lines) are shown. The thin lines indicate a g scaling
behavior. The schemes on the right (e, f) depict corresponding SAXS- (red border) and
SANS (blue border) contrasts. In the middle 2D SANS raw data (c right side, d right side)
are shown, taken at a sample to detector distance of 8 m. Modeling for PEI-EO modified
bilayers (c, left side) (3.3 wt%; description by hamburger model: D =2000 nm,
h=21nm, h+21=58nm, d=280nm; contrast ratio of |/ h was set to 0.064 for SAXS
and 2.88 for SANS). Modeling for cleaved Janus platelets (d, left side) (description by disc
model with D =2000 nm; SANS 2.9 wt%, thickness h=3.0nm, d=102 nm; SAXS:
3 wt%, h =1.05 nm, d = 88 nm).
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SANS and SAXS measurement of the PEI-EO modified platelets
Cleaving of PEI-EO modified bilayers was followed by SAXS and SANS in D,O (Figure

S8). Even though both methods are sensitive to the scattering of the PEI-EO modification,
the SAXS intensity is more dominated by the strong electron contrast of the layered silicate
(Figure S8, red line and Table S1). Due to the better scattering contrast of the PEI-EO
modification and the solvent (D,O) SANS is more sensitive to the modification (Table S1).
Clear differences between SAXS and SANS become evident in the high g-range.

A sharp first form factor minimum as observed for unmodified bilayers (Figure 2) is not
detected in SAXS. This effect is most probably due to variations in the density or thickness
of the PEI-EO coating. The complete individualization of platelets by osmotic swelling is
proven by the large separation distances d observed. The PEI-EO modified bilayers and the
cleaved Janus platelet both exhibit a preferred orientation in the 1 mm pathway cuvette as
indicated by the anisotropic 2D SANS scattering patterns (Figure S8, ¢ and d). The
scattering intensities of the PEI-EO modified bilayers (Figure S8, a and c) can be described
using the simple model of separated hamburgers. The averaged overall thickness of the
modified bilayer was found to be 5.8 nm from the fit of the SANS data.

As expected, cleaving bilayers into Janus-platelets results in a significant change of the
form factor and the minimum in the SANS pattern shifts to higher g-values (Figure S8, b
and d), indicating a reduced platelet thickness. The modeling of a Janus particle is,
however, very challenging. We used a very simplified approach based on the different
SAXS and SANS contrasts and the description of the particles as homogeneous discs. The
SAXS patterns can be approximated by a disc with a thickness h = 1.05 nm and the SANS

intensity with h = 3.0 nm.
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Table S1: SAXS and SANS bulk contrasts in D,O. In suspension, the contrast will be

further lowered by incorporation of D,0O into the PEI-EO layer.

sample composition ?S/T;:]t%i [Sf(\)?é%:zc]mtrast [Sl,?)l_zl?&c_:zc])ntrast
Na-hectorite Nag s[Mg2.sLio5]Si4sO10F2 | 2.8 23.781 4.379

EO C,H,0 1.13 10.487 0.639

PEI C,HsN 1.03 9.769 0.569

H.O H.O 0.997 9.441 -0.559

D,O D,O 1.107 9.429 6.375

Height Sensor

200.0 nm

Adhesion

-200.0 mV

| 800.0 mV

el 200.0 mV

Figure S9. Bilayer sample with both external surfaces modified with polyamido amine
dendrimers (PAMAM G10): In the AFM images a, b (height sensor) and c, d (adhesion
channel) different platelets with a surface homogeneously patterned with dendrimer are
visible. Corresponding topographical- as well as adhesion-data zoom-ins illustrate a
homogeneous dendrimer-coverage on all platelets (dots) (b, d). The fractional surface
coverage results from the RSA-like adsorption.
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500.0 mV

800.0 mV

v

Height Sensor 200.0 nm AdhesionA

200.0 nm

Figure S10. Pristine bilayer sample on a micropore-filter. In the AFM image a, b (height
sensor) and ¢, d (adhesion channel) a smooth surface without any dendrimer traces is
shown. Corresponding topographical as well as adhesion-data zoom-ins illustrate the

dendrimer-free surface (b, d).
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800.0 mV

Adhesion 200.0 nm

800.0 mV

800.0 mV

Height Sensor B Adhesion

Figure S11. Janus-modification: In the AFM images a, b, ¢ (height sensor) and d, e, f
(adhesion channel) two different platelet surfaces can be clearly distinguished. The
adhesion-data of the overview image e clearly show a contrast variation between a
dendrimer covered platelet (top) and a PEI-EO covered platelet (bottom). Corresponding
topographical- as well as adhesion-data zoom-ins visualize the dendrimer-free (c, f) and

dendrimer-covered (a, d) platelet surface.
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Abstract

The large hydration enthalpy of inorganic interlayer cations sandwiched be-
tween moderately negatively charged silicate layers endows to smectites (e.g.,
hectorite) remarkably rich intracrystalline reactivity compared with most
other layered materials. Moreover, they are transparent and inert in most po-
tential suspension media. Upon suspension in water, smectites readily swell.
For homogeneous, melt-synthesized smecttes, the degree of swelling can be
tuned by choice of interlayer cation and charge density of the layer. Because
swelling renders the clay stacks more shear labile, the efficiency of exfolia-
tion by applying shearing forces can in turn be adjusted. Certain smectites
even spontaneously delaminate into clay platelets of uniform thickness of 1
nm by progressive osmotic swelling. Osmotic swelling can also be applied
to produce well-defined double stacks when one starts with ordered, in-
terstratified heterostructures. Nanocomposites made with high-aspect-ratio
fillers obtained this way show superior mechanical, flame retardancy, and
permeability properties.
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Exfoliation: slicing of
tactoids into thinner
stacks

Delamination:
exfoliation of a layered
material to the level of
individual layers, a
stare in which
translational symmetry
along the stacking

direction is destroyed

Mica: ageneral term
for platy phyllosilicates
of 2:1 layersand a
layer charge of
approximately —1.0
pet formula unit

Tactoid: a stack of
layers; becaunse
individual layers are
stacked with frequent
faults or even in a
completely random
way, stacks of layers
lack strict
crystallographic
coherence and
consequently should
not be referred to as

crystals
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1. INTRODUCTION

Cooperativity ties the physical properties of solid materials strongly to (translational) symmetry.
Inlayered materials, bonding is by definition profoundly anisotropic. As a consequence, the trans-
lational symmetry is prone to be disturbed by planar defects, interstratification, and exfoliation
{1-3). Delaminating the material into single or ultrathin layers destroys translational symmetry
along the stacking direction (4). As the translational symmetry {s modulated, for instance, the
phononic (5}, electronic (6), ferroic (7), electrochemical, and mechanical (8, 9) properties change
dramatically. For example, a dense but random ({turbostratic) stacking of two-dimensionally crys-
talline WS, sheets shows unprecedentedly ultralow thermal conductivity {5). Graphene is a two-
dimensional topological insulator in which a weak spin-orbital coupling produces a small band gap
at the Dirac points (10). In contrast to the bulk material, single-atomic layer MaoS; is piezoelectric
(7). Subnanometer-thick layers of delaminated graphene oxide or 2:1-layered silicates show high
tensile strength while being extremely flexible with regard to wrinkling (9, 11-14).

Besides these physical effects, exfoliation increases the total surface and the aspect ratio of a
layered material. In this line, multilayer stacks of titanium carbide (a member of the MXene family
of materials) were recently shown to have excellent volumetric capacity at extremely high charging
rates (15). When micaceousfillers are incorporated into polymer matrices, the specific surface area
is converted into a specific interface area. The improvement of properties like bulk modulus {16)
and permeability (17, 18) crucially depend, in a highly nonlinear manner, on the aspect ratio.
The aspect ratio may be increased either by synthesizing tactoids with larger lateral extension
or by making them thinner (exfoliation). At a given lateral dimension for increasing the aspect
ratio, an economical, anisotropic, top-down process is needed that imparts high shearing forces
preferentially along the plane of the tactoid, allowing for selective exfoliation while minimizing
platelet breakage (Figure 1).

Aspect ratio, platelet stiffness, the specific interface area, the absolute number of platelets per
weight, and the distance between platelets at a given filler content are, however, highly correlated.
In some cases, a complete delamination to individual layers may even be disadvantageous. For
instance, for nanocomposites a higher interface area may be favorable, whereas the decreased

1052—

Interlayer

Clay stack
(tactoid)

2:1 layer

Bl ol el il il ol
10°2 107 100 10 10? 103
L{pm}

Figure 1

(#) The reduction of the mctoid height () by exfoliadon/delamination (i} increases the aspectrado (),
whereas fracture {7 ) decreases «. Enlargement of the tactoid diameter L achieved by advancing synthesis
conditions (i ) followed by complete delamination (iv) gives access to ultrahigh aspect ratios. The dashed
lines mark decadal isopleths of e. () The swructure of a 2:1-layered silicate. The basal spacing (dgo1) is the
sum of interlayer height and silicate layer thickness and represents the periodicity along the stacking
direction. Adapred with permission from Reference 19.
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Table 1 Selection of layered materials mentioned in the text

Insulating:
Conductive Cationic Anionic
Li, Cq Layered double
hydroxides Smectites (e.g., hectorite
Cp "X~ -aHX (HX = H;50y4, and montmorillonite)
HNO3)

Charged Li,MoSz, Li, TiS Graphite oxide

K4INbsO17 Vermiculite

Mica

Graphite Kaolinite
Neutral MoS;, TiS; Tale

MXenes

stiffness of the tactoids may be detrimental for mechanical reinforcement. Consequently, the
aptimum may be achieved for a multistack of a certain tactoid thickness. Controlling the degree
of exfoliation is therefore highly desirable and requires fine-tuning the subtle balance of shearing
forces provided by the different processes and the shearing lability of the material. We review
potential solutions to this challenge, with a special focus on synthetic clay minerals as well-defined

and well-characterized model compounds.

2. TUNING THE STACKING INTERACTION

The likelihood of tactoid breakage is related to the tensile strength and is determined by (partially)
cavalent, in-plane bonding. Adjacentlayers in the tactoid are held together by comparatively weak
forces like van der Waals, hydrogen bonding, and Coulomb attracton. As a consequence of this
anisotropic bonding, many layered compounds can accommodate various ions or molecules into
the interlayer space between adjacent layers. This intracrystalline reactivity is a unique character-
istic of layered compounds. Guest species are, however, intercalated only if the intracrystalline
reaction is thermadynamically favored. For neutral layers (Table 1), the strongest possible driving
force for intercalation is thus hydrogen bonding to functional groups at the basal surfaces of the
layers. For instance, for kaolinite, many intercalation compounds of strongly hydrogen-bonding
neutral molecules are known (20-26). In rare cases, intercalation may not be strictly topotactic,
as the guest may eventually replace the pristine functional group at the basal surface (a hydraxyl
group in the case of kaolinite) and may become grafted to the basal plane, changing the composi-
tion of the layer (27). For talc, which lacks functional groups at the basal surface and offers only
van der Waals interactions for potential guest molecules, no intercalation compounds are known
due to lack of a strong driving force.

For conducting layered hosts {Table 1), intercalation can be forced upon by (electrojchemistry.
By removing C,7t504>". #H;804 or adding Li,Cs electrons (28-31), the layers in graphite
become atleast formally charged, and concomitantly counterions must be introduced between the
layers to assure charge neutrality. Similarly, dichalcogenides can easily be lithiated {e.g., Li, TiS;)

Tale: group name for
platy phyllosilicates of

. . e 2:1 layers and a layer
may, in turn, be strong reducing or oxidizing agents. Consequently, some of the compounds charge of ~0 per

{32). If harsh conditions must be applied to drive the redox reactions, the Intercalation compounds

praduced, however, inherit the redox potentials/electromotive forces needed in the reaction and
readily deintercalate when suspended in noninert solvents like water (33). Li,MoS;, for instance,  formula unit
has a strongly negative redox potential and deintercalates almaost completely when immersed in

water (34, 35).
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Vermiculite:

group name for platy
swelling phyllosilicates
of 2:1 layersand a
layer charge of
approximately —0.9 to
—0.6 per formula unit
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Table 2 Comparison of charge densities and hydration enthalpies of smectites and layered double

hydroxides
Smectites Layered double hydroxides

Equivalent areas {A? charge™!) 119-40 40-24

for 0.2 < x = 0.6 for 03 < x < 033

H*: 1,090 Br: 347

Lit:519 Cl=: 381
Hydration enthalpy (k] mol=1)? Nat: 400 NO;:314

Kt:322 S04%:1,059

Mglt: 1,921 COy2-: 1,314

"Data from Smith (53).

Tf such charged intercalation compounds (Table 1} are, however, stable in the suspension
medium, the salvation enthalpy of the interlayer ions represents a strong driving force for further
intercalatdon. This addidonal incorporation of neutral solvent molecules is referred to as swelling.
The expansion of the interlayer space must again be thermodynamically feasible, meaning that
the solvation enthalpy must be high enough to overcome the electrostatic attraction between the
interlayer space and the charged layers. Highly charged layers like K4Nb; Oy da not swell unless
most of the K* is exchanged for protons (H,Ks_,NbsO47) with a very large hydration enthalpy
(Table 2) (36). Similarly, mica (e.g., biotite [K]™* [Mg,Fe]3°*[Si; Al]**015(OH,F)z) is unable to
swell due to the combination of high charge density and comparatively low hydration enthalpy of
K+, whereas a brittle mica with Nat in the interlayer ([Na;] " [Mg;]°*t[Si; Al ] *{(OH, F);) readily
swells with water (37).

TIn any case, increasing interlayer space weakens attractive forces between individual layers and
renders the tactoids more shear labile and thus more prone to exfoliation when shear forces are
applied, e.g., by ball milling. Moreaver, the neutral solvent molecules may be instantly deinter-
calated by thermal shock. The concomitant rapid volume expansion pops the tactoids (38, 39).
Fapanded vermiculite and expanded graphite are made this way from hydrated vermiculite and
C,.2180.7~- aH, 80y, respectively. The rapid expansion, however, triggers not only exfoliation
but also a good deal of platelet breakage, and thermal shock is thus not the best approach to
maximize aspect ratio.

An important, but frequently overlooked, aspect of charged layered systems is that Coulomb
attraction strongly favors segregation of counterions: If counterions of different sizes are offered
to neutralize the charged layers, they tend to segregate into different interlayer spaces because this
behavior minimizes the average basal spacing and thus maximizes the Coulomb interaction for
the mixed system. Similarly, in equilibrium at intermediate charge densities, staging is thermody-
namically favored for graphite intercalation (31). In staged intercalation compounds, the overall
stoichiometry is assured by the ratio of ion-containing interlayers and pristine graphene-like in-
terlayers. The two types of interlayers are furthermore stacked in an ordered fashion, leading
to a superstructure along the stacking direction that can easily be detected by X-ray diffraction.
Alternating structures with two, three, or even four graphene layers followed by one lithium layer
are known (40).

Staging is frequently encountered with conducting layers, probably because the charge densi-
tes of individual layers can easily be adjusted by simply reshuffling electrons. In contrast, examples
of ordered interstratifications are very rare with insulating layered materials because charge
densities in this class cannot be adjusted easily as intercalation proceeds. Only a limited number
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of rectorite-type clay materials with Reichwerte 1! have been described (41, 42) and are discussed
in detail below. These staged or ordered interstratified structures have the potential to allow for
delamination of the material into multistacks with a well-defined number of layers (43, 44;.

Not only are insulating layered materials, like swelling clay minerals {(smectites), stable over a
wide range of electrochemical potentials and thus in most suspension media, but they also tend to
be more transparent than low-band-gap materials, which is advantageous, for instance, in optical
applications.

The intracrystalline reactivity of insulating charged layered materials is closely related to the
charge density and the solvation enthalpy of the interlayer ions. The swelling of smectites with wa-
ter, for instance, can easily be adjusted by cation exchange (hydration enthalpy) and by contralling
the composition (layer charge).

The negative layer charge of smectites, vermiculites, and micas is, however, generated by an
isomorphous substitution of structural ions in the octahedral sheet (e.g., Mg®t with Lit} and/or
the tetrahedral sheet (e.g., $i*t with AI**). The general formula is

[MUer/u]imﬂ [MI, Mfﬂ ’ Mﬂm](éfy)z,gou [Si4szlz]tEtO1()(OH,F)2 )

Toproduce ahomogeneous intracrystalline reactivity, a homogeneous charge density is necessary,
and thus isomorphous substitution must be strictly statistical. The materials must represent true
salid solutions. Monte Carlo simulations of the order-disorder behavior of cations inthe octahedral
sheets of various such 2:1 silicate layers have, however, suggested that, for most compaositions, the
octahedral cations segregate into domains within a layer. The layers then inevitably exhibit charge
heterogeneities when made at low temperatures (45). Moreover, within a tactoid, charge density
also varies between adjacent layers (46). Although the degree of segregation is highly dependent
on the nature of the cation, temperatures exceeding 1,000 K are often necessary to achieve a
statistical solid solution with a homogeneous charge density. At lower genesis temperatures, the
different cations begin to cluster, resulting in domains of higher and lower charge density. Genesis
ofnatural clay minerals like montmorillonite typically takes place at low to moderate temperatures
(<400 K), and thus the charge density of these abundant natural materials varies spatially between
different layers as well as within domains in a single layer.

Swelling is, in turn, a good indicator of charge heterogeneities. The degree of swelling in
water in a first approximation reflects the balance of the solvation enthalpy of interlayer cations
or anions and attractive forces between the hydrated ions and the charged surface (van der Waals,
hydrogen, and Coulomb interactions). Increasing layer charge increases attractive forces between
the layers and tends to retard swelling in, e.g., water and organic solvents like ethylene glycal
{46-48). For charge-homogenecous samples, the hydration enthalpy obtained at a certain relative
humidity (RH) is high enough to swell the layer by incorporating one, two, or three water layers.
Because the charge density is homogeneous, the number of cations in the interlayer space is
uniform, and hence the reactivity towards hydration of all interlayers in the tactoid is the same.
With increasing RH, all interlayer space then transforms at the same time into the next hydration
state, and sharp, steplike transitions between hydration states should be observed. In natural clays
with charge heterogeneity, however, rather randomly interstratified domains are formed in which
different hydration states of one, two, or three water layers are concurrently present for any
given RH (48). Because the basal spacing varies randomly within the coherence length of the
X-ray beam, a weighted average of the 4 spacings is observed, which is of limited analytical value
(49).

!"This notation for superstructures is preferred in the clay community.
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Rectorite: aregular
interstratification of
mica and smectite in a
1:1 ratio

Smectite: a group
name for platy
swelling phyllosilicates
of 2:1 layers and a
layer charge of
approximately —0.6
—0.2 per formula unit

Montmorillonite:
dioctahedral clay
mineral of the smectite
group with mainly
isomorphous
octahedral substitution
of Mgt with mivalent
catons such as APt or
Feit
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Hectorite:
trioctahedral clay

mineral of the smectite

group with mainly

octahedral substitution

of Mt with Lit
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Clays made from the melt at synthesis temperatures exceeding 1,000 K show homogeneous
charge density. Consequently, as expected, swelling in water produces sharp transitions between
the different hydration steps (50). Moreover, partial ion exchange with cations of different sizes
(42) or different hydration enthalpies (41) forms ordered interstratifications of Reichweite I similar
to staging in graphite.

The intracrystalline reactivity of smectites is, for two reasons, much higher than the reactivity
of so-called cationic clays like layered double hydroxides (LDHs). For LDHs, positively charged
layers are generated by the isomorphous substitution of octahedral cations (e.g., Mg? ) with cations
of higher ionic charge (e.g., A’ *). The general formula is

N M THOHDN(A™ )y y L O

LDHs typically show values for x of 0.2 < # < 0.33, giving a charge density of one positive charge
per 24-40 A’ (equivalent area). This value is significantly higher than typical charge densities of
smectites with equivalent areas of 119-40 A2, Moreover, in LDHs the positive charge is com-
pensated for by anions, which tend to have significantly lower hydration enthalpies than do the
isovalent cationic counterparts {(Table 2). As for smectites, the degree of swelling of LDHs in
water depends on {#) the type of anion that determines both hydrogen bonding to the hydroxyl
groups residing at the basal plane and the hydration enthalpy and (#) the composition of the hy-
droxyl layers defining the charge density (51). The interactions between adjacent layers in the
tactoids may be further modulated by hydrogen bonding between intercalated water molecules
(52).

The higher charge density of LD Hs, possibly supported by hydrogen bonding of interlayer
species to hydroxyl groups at the basal surfaces, in combination with lower hydration enthalpies
of interlayer anions renders LIXHs less shear labile compared with smectites. Delamination of
LDHs was nevertheless reported to be possible in formamide, probably because hydrogen bonds
are weakened in this suspension medium (54}

In contrast to LDHs, 2:1-layered silicates with charge densities in the regime of smectites can
easily be exfoliated in water by applying shear forces (55). Different methods for shearing may
be used and are discussed below in detail. Furthermore, spontaneous delamination of tactoids
in water into single, 1-nm-thick 2:1 layers is reported for comhinations of low to moderate
charge densides (120-50 A? charge™!) and monovalent cations of high hydration enthalpy like
Lit and Nat (4, 19, 56). The swelling of smectites in water is therefore discussed next in maore
detail.

3.SWELLING OF SMECTTTES IN WATER AND I'TS IMPLICATIONS
FOR EXFOLIATION

As discussed above, the tendencies of interlayer cations to solvate cause clay minerals to expand the
interlayer space and to accommodate water molecules. Two swelling regimes can be identified.
At low water concentration, a series of discrete hydration steps s realized. This swelling regime
is referred to as crystalline swelling. Under certain circumstances, crystalline swelling may be
followed by osmotic swelling, in which continuum electrostatic forces govern the interactons
between adjacent layers. Osmotic swelling was first observed for graphite oxide as early as 1932
(57) and was shortly thereafter confirmed for montmorillonite (58).

The swelling phenomenon of natural clay minerals is always masked by charge density hetero-
geneities inherent in the material. Thus, henceforth we focus on synthetic hectorites synthesized
from the melt at temperatures well above 1,000 K.
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Figure 2

{#) Water vapor sorption isotherm of a melt-synthesized Nag s-hectorite (x = 0.5) as a function of the relative humidity (p/po).
Modified from Reference 42. Copyright 2014, American Chemical Society. (¢,c) The corresponding hydrated structures of () one-layer
and (¢) ewo-layer hydrate. Only the upper and lower tetrahedral sheets are shown. Adapted with permission from Reference 64.

3.1. Crystalline Swelling

2:1-layered silicates form hydrated crystalline structures in humid air, in water of higher ionic
strength, and in water/organic solvent mixtures. If synthetic hectorites are exposed to humid
air, one, two or three water layers are incorporated into the interlayer space, depending on the
RH and on the type of interlayer cation (59, 60). In contrast to the case for natural clays—
in which, due to charge heterogeneity, interstratified domains of different hydration states are
concomitantly present and hydration curves are more sluggish (48)—for synthetic hectorite, there
are sharp transitions between the crystalline hydration states (Figure 24), indicating a uniform
intracrystalline reactivity.

On the basis of various simulation studies, the hysteresis observed between different hydration
states suggests that the transition between hydration steps must be regarded to be phase changes
that are controlled by thermodynamics (61, 62). The molecular origin of the observed energy
barrier between different hydration states is the breaking and formation of hydrogen bonds with
the clay surface (63).

With slightly higher layer charge, these hydrogen bonds become strong enough to ensure a
well-defined phase relationship of adjacent silicate layers. For the one- and two-layer hydrate of
[Nag 7)™ [Mg; 3 Lig 7]°°[Sia]**O10F;, the hydrated interlayer cations bridge the interlayer space
by hydrogen bonding, thus reinforcing an ordered stacking of the layers, and crystals instead of
tactoids are obtained {Figure 28,¢). The crystals not only are three-dimensionally ordered but
are large enough to allow for a reliable single-crystal structure refinement for hydrated smectite

phases {64).

3.2. 'T'uning Shear Lability by lon Exchange

At a given charge density (here [Nag s]™ [Mgs 5 Lip s]°%[814] " Oy, F» is defined as Nag s-hec, where
hec means hectorite), which implies a certain strength of the Coulomb interactions along the
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Figure 3

(#) Hydradon states of hectorites as obtained from X-ray diffracdon measurements as a function of selected
interlayer cations. The dyor values for moist samples (pfue rcfes) and samples air dried at 40% relatdve
humidity {red triangies) are plotted versus the enthalpy of hydration per valence of the interlayer cations.
Observed dgot values correspond to various states of hydradon, with 0, 1, 2, or 3 intercalated water layers
(WL). (#) Evolution of full width at half-maximum (FWHM) values of the dygy reflecdons for two-layer
hydrate of Nag s-hec (lack squares) and three-layer hydrate of Mgg s-hee (red dozs) with the number of
applied shearing cycles. Hee denotes hectorite. Reproduced with permission from Reference 65. Copyright
2010, American Chemical Society.

stacking direction, the shear lability of tactoids can be tuned by simple ion exchange {65). Because
the hydration enthalpy per charge can be varied over a wide range with the choice of interlayer
cation (Table 2 and Figure 34a), it is possible to switch between the different phases in the
crystalline swelling regime at a given RH by the proper choice of interlayer cation. At 40% RH
(Figure 3#), Ky 5-hec does not intercalate any water, Nay s-hec adopts the one-layer hydrate state,
and Mgos-hec hydrates to the level of the two-layer hydrate. Tncreasing the water activity by
immersing the compounds into water increases the degree of hydration: Kqs-hec still does not
intercalate any water, Nag s-hec adopts the two-layer hydrate, and Mgy s-hec adopts the three-layer
hydrate.

The structure of the three-layer hydrate is unknown. Simulations of this hydration state propose
three types of water molecules (66). Similar to the known one- and two-layer hydrates, the first
type of interlayer water is part of the first hydration shell of the cation and is located in the
middle of the interlayer plane. The second type forms two water planes with hydrogen bonds
to the two basal surfaces of the 2:1 silicate layers enclosing the interlayer space. The third water
type fills interstitials. The additional layer of water in the interlayer space represents an efficient
lubricant and renders the three-layer hydrate most shear labile. Increasing basal spacing reduces
the attractive Coulomb and van der Waals interactions between the positively charged interlayer
space and the negatively charged silicate layer significantly by a factor of 1/4 and 1/4° for Coulomb
and van der Waals interactions, respectively (65). Consequently, the Mgg s-hecshould be exfoliated
more efficiently by mechanical agitation than is, for instance, Nag s-hec.

3.3. Mechanical Exfoliation

The main goal of the physical treatment is the mechanical shearing of tactoids into thinner stacks
(exfoliation) while avoiding breakage of the tactoids; such breakage would inevitably reduce the
aspect ratio of the clay (Figure 1). Consequently, milling systems that operate with unidirectional

Stiiter o Rosenfeidt « Breu

131



5. Ergebnisse 5.5 Kontrollierte Exfolierung von Schichtsilicaten

shearing forces are preferred. Microfluidizer and stirred media mills are therefore the preferred
Instruments because these technigues provide the highest shearing forces. In the literature, ultra-
sound is most frequently used to disperse and/or exfoliate marerials, In our experience, however,
ultrasonictreatment preferentially breaks the dlay platelets. This breakage may be related to recent
wark on so-called graphene drams. Graphene can be used as a mechanical resonator in the same
way that a musician uses a diumhead. Microwave-frequency light “plays™ these graphene drums
{67). Sirmilarly, ultrasound may excite undulations perpendicular to platelets acting as nanomerm-
branes that eventually lead to breakage.

When one applies the same shearing load, as expressed by the number of shearing cveles, for
the three-layer hydrate of Mg s-hec (doy = 18.7 D the full width at half-maximmom (FWHM}
of the dug; reflections increases significantly faster than in the case of the less-hydrated two-layer
hydrate of Nags-hec {dogy = 15.1 A) {Figure 38) (65). The FWHAM values can be related to
the tactold height, and thinmer stacks have higher corresponding FWHM values, suggesting that

extoliation is more efficient for the more shear-labile Mg 5-hec (68}, For the sake of completeness,
we mention that the FWHM is not defined solely by the size of the coherently scattering domains
but is also influenced by other factors Hike strain or random Interswatifications. Consequently,
reliable absolute stack heights cannot be derived from FWIHRA, but samples within a series can
safely bie compared. More reliable tactoid heights of clay tactaids can be obtained, for instance,
by atomic force microscopy (AFM) (69).

The microfluidizer njects the layered siticate suspension with high pressure into a reaction
chamber equipped with a micrometer-diameter channel that {s split into a V-shaped shearing
geometry. The channel diameter, unfortunately, limits the maxdmum lateral diameter of tacteids
that can be processed. As expected, the more highly swollen Mg s-hecis more shear Iahile than the
less-expanded Nag s-hece, The results, morcover, suggest that, by the choice of interlaver cation

ani the number of shearing cycles, exfaliation can be tuned to a certain degree to deliver tctaids
of a certain preferred thickness.

Ball milling, also known as stirred media milling, is an alternative method for the generaton
of high unidirectional shear stresses (70-72). This method sllows the processing of unlimited
lateral particle sizes and allows for high solid contents. A bread range of process parameters that
influence shearing performance can be varied (553, For instance, according to the stress model,
which describes the physical process in stitred media mills, the solid content {mp) of 8 dispersion
is inversely proportional to the specific encrgy (Fy) applied (Equation 13 73, 71

p=20

e,
Because the cnergy input AF during the milling process is kept constant, the specific energy (Fo
decreases with increasing solid content (#,).

Figure 4 shows the influence of the milling time and solid content onaspect ratios of Mg, «-hec,
The obrained aspect ratio is smaller {for low sclid contents and decreases {or longer milling times
due to platelet breakage. Static light-scattering (SL8) measurements of the ball-milled samples
showed that a reduction of £ reduces platelet breaking (55). Consequently, the maxdmum aspect
ratio was achieved using the highest processable clay content of 30 wi% with a milling time of
90 min. This aspect ratio was ten times higher than the aspect ratio of the pristine hectorite.
As with microfluidizing, ball milling proves to he an efficient method to control the exfoliation
rate and to gain ceriain control over the platelet thickness of a shear-labile layered commpound.
A variation in platelet thicknesses and layer sizes dur to platelet breaking is, however, expected
whenever mechandcal forees are used {69).
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Evolution of estimated aspect rados («) with milling dme for dispersions of different Mgp s-hectorite
contents. The pristine hecrorite showed an average & of ~50. Reproduced with permission from Reference

55,

3.4. Osmotic Swelling

Even when one combines the most versatile shearing techniques with the most shear-labile hydrate
phase, the brutal mechanical impact on the platelets leads to some degree of breakage. The aspect
ratio of the materials can still be improved but never achieves the maximum value that is encoded
in the lateral extension of the pristine material. The preferred method of choice in delamination
therefore builds on unsalicited disintegration of the stacks. Certain smectites are a rare example of
such spontaneous delaminadon through progressive osmotic swelling. Osmotic swelling represents
the most gentle, cheap, and scalable route to obtain perfectly delaminated clay platelets of uniform
thickness of | nm.

Diverse studies with differentmethods such as AFM, transmission electron microscopy (TEM),
small-angle X-ray scattering (SAXS), and light scattering provided proof of complete delamination
into individual layers for various low-charge layered silicates with Li™ and Na™ as interlayer cations
(4,19, 56,73, 74). Whereas both of these two smallest alkali cations and all divalent cations readily
solvate to form outer-sphere complexes in the interlayer space, divalent cations with progressive
swelling at any time stay in contact with both adjacent silicate layers and pin them together,
hampering osmotic swelling (73, 75-77). Li" and Na™, however, predominantly stay in close
contact with only one of the two silicate layers surrounding the particular interlayer space. The
interlayer cations side with one silicate layer, whereby a diffuse double-layer setup evalves and the
silicate layers formerly encompassing an interlayer space start to repel each other electrostatically
(58).

The repulsion continues all the way to a separatdon correlating with the Debye length
(7220 nm at the charge density of Nags-hec), whereby the interaction between the individual
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(#) Measured one-dimensional SAXS pattern of a gel sample of long-term annealed Nag s-hectorite (17-wt% Nag s-hectorite). The
rational 00/ series illustrates a homogeneous swelling of the sample (S. Rosenfeldt, M. Stoter, T. Weif}, S. Forster & J. Breu,
unpublished results). () AFM topographical image of a typical wrinkled delaminated nanoplatelet of Nag s -hectorite on a stress-released
polydimethylsiloxane substrate. Panel & reproduced from Reference 9 with permission. Copyright 2013, American Chemical Society.

silicate layers becomes nil and the material may therefore be regarded to be completely delam-
inated. Reductions of the negative surface potentials and compression of the diffuse double layer
have been observed in organic solvents and in electrolytes like sodium chloride, and ultimately
such conditions hamper osmotic swelling (3).

Melt-synthesized [Nag s Jmer [Mg, sLig s][Si4]"* Oy F; does not spontanecously delaminate in
water (50, 78). Surprisingly, and for reasons not yet fully understood, it may, however, be activated
by long-term (6-weck) annealing at 1,040°C. When various amounts of water are added to this an-
nealed Nag s-hec, it swells osmotically, and gel formation is observed (74). Below the Debye length,
the separation driven by the electrostatic repulsion is adjusted to meet the given water/clay ratio.
For 17-wt% hectorite, the homogeneous intracrystalline reactivity assures a perfectly rational 00/
series with a 4 spacing of 147 A, as indicated by SAXS (Figure 5a).

AFM images of samples of higher dilutions illustrate that the Nag s-hee tactoids completely
delaminated into 1-nm-thick nanoplatelets. Consequently, when the platelet diameter as obtained
by SLS was considered, median aspect ratios of more than 18,000 were obtained for this material.

Furthermore, these platelets are highly flexible, as shown by a novel wrinkling technique. A
polydimethylsiloxane (PIDDMS) substrate was uniaxially stretched, and a suspension of hectorite
was placed onto the PDMS surface. After gentle drying and stress release, wrinkled nanoplatelets
were obtained (Figure 55).

Two-dimensional Fourier transformation of the wrinkled surface gives a sharp peak, indicating
a uniform in-plane modulus within the whole platelet area. Obviously, no structural defects like
holes are generated during osmotic delamination due to its gentle nature. This case is in contrast
to that of delaminated graphite oxide, for which, due to harsh oxidation during synthesis, holes
are generated, which may be detrimental to mechanical reinforcement in nanocomposites or for
gas barrier applications (79). For Nag s-hec, the wrinkling experiment, however, corroborates that
hectorite nanoplatelets are defect free, have uniform stiffness, and have structural homogeneity.
From the Fourier transformation, a mean in-plane modulus of 142 £ 17 GPa was calculated. This
value is 20% lower than the in-plane modulus of mica. Connecting more silicate layers to a mica
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sandwich via interlayer cations protruding into surface corrugations of the silicate layers makes the
stack more stiff than a singular layer. The high optical transparency and the high aspect ratio, as
well as the absence of impurities, render this delaminated clay the perfect filler for high-gas-barrier
applications.

4. HOW TO IMPROVE LATERAL EXTENSION

After complete delamination has been accomplished, the aspect ratio can be further improved
only if one succeeds in increasing the lateral diameters of the pristine tactoids. Although the platy
hahbitus of layered compounds reflects the anisotropic bonding situation, the absolute extension
along the two principal directions is determined by nucleation and growth rates and hence by the
factors controlling relative supersaturation. If the layer structure is composed of different subunits,
as are 2:1-layered silicates, in which two tetrahedral sheets are condensed to a central octahedral
sheet (Figure 18), strain buildup due to subunit misfit also comes into play. In this case, the
particular composition and local variations thereof may be crucial factors limiting the maximum
tactoid size.

"The solubility of silicates in hydrous fluids is generally low. Synthesisin water starting with pre-
cursors like tetracthoxysilane therefore tends to produce high supersaturations and consequently
high nucleation rates, and the clay tactoids obtained generally have diameters in the nano range.
Nonuniform distribution of isomorphous substitution may additionally contribute to local strain
and in this way further limit tactoid growth. Rising temperature improves the situation, but even
hydrothermal synthesis still yvields nanosized (<100-nm) materials (80). Commercially available
synthetic hectorites (e.g., Laponite from BYK), for instance, come in typical diameters of <30 nm
(81). These materials are excellent rheological additives because of the high ratio of edge area to
basal plane area and are used in cosmetics and paint colors. For applications as filler or barrier
materials, however, Laponite has an insufficient aspect ratio.

In contrast to hydrothermal synthesis, careful optimization of melt synthesis yields much larger
tactoid sizes in the range of several micrometers (50, 82, 83). Furthermore, by varying the compo-
sition, the misfit between the subunits may be minimized to further increase the lateral diameter.
The composition can, of course, be varied only within the particular charge density limits that
still allow for osmotic swelling. These limits are particularly high for Lit as the interlayer cation
because of its high hydraton enthalpy.

A systematic variation in the compaosition of Li-hec ([Li, ™ [Mg; ,11,]°%[514]°°04F;) made
by melt synthesis shows that platelet sizes increase with increasing Li content, and median values of
upto $0 pm can be obtained (Figure 6) {19). The composition cannot be varied independently of
layer charge, and the improved cohesion along the stacking direction may also assistin minimizing
strain and may push the limits of lateral tactoid growth. With Lit, even the highest charged
compound still delaminates spontaneously, and [-nm-thick platelets with diameters of more than

10 pm could be abserved in AFM (19).

5. ORDERED INTERSTRATIFICATIONS AND THEIR DELAMINATION
INTO DEFINED MULTISTACKS

As mentioned ahove, the Coulomb attraction in charged layered compounds strongly favors
the segregation of counterions. To the best of our knowledge, layered silicates are the only
member in the group of insulating charged layered compounds for which rectorite-type, ordered
{(Reichwerte 1), interstratified superstructures have been found. Ordered interstratifications of
different inorganic cations were observed for synthetic hectorites and natural vermiculites,
both of which are characterized by a homogeneous intracrystalline reactivity based on charge
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Figure 6

Particle size distributions, as analyzed by SLS, of Li-hec synthesized with different compositions and layer
charges (x) {colored Jines). Hee denotes heetorite. Reproduced with permission from Reference 19.

homogeneity. Regularly ordered inorganic-organic intercalation compounds were synthesized
with different cationic amphiphiles, and numerous potential applications of these materials were
explored (42, 84-39).

If counterions of different solvation enthalpy are offered to neutralize the charged layers, inter-
stratifications can be made of interlayers that osmotically swell and that therefore are shear-labile
and nonswelling shear-stiff interlayers. If these two types of interlayers are stacked in an ordered
superstructure fashion, these tailored ordered interstratifications have the potential to allow for
delamination of the material into multistacks with a well-defined number of layers (44). Any kind
of mechanical exfoliation will fail to produce defined platelet thicknesses; instead, a distribution of
multistacks is obtained. The only defined thickness that can be obtained is the single layer, which
nevertheless requires complete delamination that can be achieved only by spontaneous osmotic
swelling. Because multistacks have their own set of defined chemical and physical properties, con-
tralled synthesis of multistacks is, however, highly desirable. Moreover, when one is attempting to
restack a delaminated material into a one-dimensionally ordered array, all platelets must have the
same thickness to obtain a perfectly textured self-supporting film. Ordered mixed-layer materials
of two different strictly alternating interlayers (Refchweite I) closely resemble the natural mineral
rectorite, which also shaws a regularly interstratified sequence of nonhydrated K* and hydrated
Nat interlayers. In the older literature, it was generally accepted that the regular alteration of
hydrated and nonhydrated interlayers in rectorite coincided with alternating, pronouncedly dif-
ferent densities of interlayer catons (90). These regular charge density variations of smectite-type
and mica-type interlayer cation densities are, in turn, thought to be the consequence of an or-
dered stacking of polar 2:1 silicate layers. Fach layer in the stack is identical and contains an
aluminum-rich and an aluminum-poor tetrahedral sheet. The up-down alternation of these polar
layersresults in two distinctinterlayer spaces. The smectite-like interlayer space is adjacentto low-
charge tetrahedral sheets, and the mica-like one is adjacent to high-charge tetrahedral sheets (91).

To cross-check this hypothesis, we reinvestigated the mechanism of formation of ordered
interstratifications by using well-characterized and strictly charge-homogeneous Nag s-hec. This
particular layered silicate clearly has symmetric, nonpolar layers because the origin of the charge
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is in the octahedral sheet and no substitution is possible in tetrahedral sheets. The periodicity
along the stacking direction is one silicate layer, and no trace of a superstructure exists in the
starting material. Nevertheless, with the synthetic Nag s-hec, perfect superstructures that cannot
be explained with existing ideas can be obtained. A rational 00/ series with low coefficient of
variation and narrow FWHM of the reflections is observed (42). Consequently, another simpler
and more rapid mechanism has to be established that breaks symmetry along the stacking direction
and that differentiates between two distinct interlayer spaces in an ordered fashion. This deeper
understanding of the mechanism paves the way to a generally applicable and scalable route to such
ordered interstratified materials.

When Nag s-hec is partially ion exchanged with organic cations that expand the interlayer
space, the Coulomb attraction forces the organic cations, e.g., a stilbazolium dye [N-hexadecyl-
4-(3,4,5-trimethoxystyryl)-pyridinium], to segregate into densely packed organic interlayers. If
the packing density of the organic interlayer is optimal at a loading that mismatches the charge
density of the silicate layer, this first exchanged organic interlayer acts as a nucleus for an ordered
interstratified domain. The twossilicate layers encompassing this first organic interlayerstill require
local charge balance. Consequently, inorganic cations have to be reshuffled into the interlayers
below and above the organic nucleus to accomplish the local charge balance. Consequently, the
symmetry is broken, and the charge densities in the interlayers start to become strictly alternating
(Figure 7a, middle). Aside from strict alternation, to achieve perfectly ordered stacking, the
probability () of the two types of interlayers has to be equal (Figure 74, right). In the example here,
the charge density of the organic interlayers and the charge density of the inorganic interlayers
are below and above the charge density of the host lattice, respectively. Consequently, 40% of
the total cation exchange capacity is satisfied by the organic cation and 60% by hydrated Na*.
With other combinations, however, these percentages are reversed, underscoring the general
nature of the mechanism (42). Through application, during exchange, of a solvent that assures
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heterostructured powder along swollen Na™ interlayers (blue), producing water-dispersible double stacks with an oriented layer of
encapsulated hydrophobic functional organic (yellow). Modified from Reference 44. Copyright 2015, Wiley.
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sufficient solubility of both the organic and inorganic cations, equilibration can be achieved, and
antiphase domain boundaries can be remedied. Equilibration experiments proved the ordered
interstratification to be the thermodynamically stable phase.

Of course, the alternating variation of interlayer charge density can be forced upon the system
only if the charge density of the host lattice is perfectly homogeneous. For this reason, to the best of
our knowledge, ordered interstratifications have never been reported for natural montmorillonites.

The symmetry along the stacking direction can be broken not only by the packing restrictions
on the organic interlayer cations imposed by the interlayer space, but also by interlayer cations
of profoundly different selectivities for the interlayer space. When partially exchanging Nag s-hec
with Kt, the two types of interlayer cations segregate because of their largely different hydration
enthalpies (41}. Moreover, the higher selectivity of the Kt for the interlayer space induces fluc-
tuations of the interlayer cation densities to the limit, at which interlayers that carry an excess of
charge density compared with the host lattice and that are predominantly K accupied start to
collapse. The collapsed high-charge interlayers again act as a nucleus for an ordered interstratified
material (41).

These interstratified structures still contain an osmotically swelling Na™ interlayer. Thus, they
can spontaneously be delaminated into double stacks of two highly transparent, flexible silicate
layers that encapsulate a central organic layer of oriented functional molecules (Figure 78).

For many industrial applications, functional organic molecules have to be protected against
thermal, biological, and/or oxidative degradation processes (92, 93). The encapsulation into an
inorganic host achieved in such double stacks protects the sandwiched functional molecule from
coming into direct contact with the outer gaseous or liquid phase. Furthermore, encapsulation
improves the processability of the organic functional species due to increased water solubility
(suspensibility) and/or the opportunity for masking and targeting biologically active pharmaceu-
tical compounds (94-96). The structural anisotropy of the layered host additionally assures a
well-defined orientation of the intercalated, functional molecule in the confined interlayer space
(97-99), which is of key importance for the efficiency of light absorption in organic solar cells, for
spintronics, and for polarized emission of light (100-102). Self-supporting films or composite films
casted from suspensions of double stacks encapsulating the fluorescent stilbazolium dye proved
that the high aspect ratio promotes the formation of perfectly textured films that show polarized
adsorption due to the quasi-epitaxial orientation of the encapsulated functional molecule (44).

6. APPLICATION OF HIGH-ASPECT-RATIO SYNTHETIC
HECTORITES IN NANOCOMPOSITES

6.1. Mechanical Reinforcement

The specific interface area and the aspect ratio are crucial parameters for the reinforcement of
commodity polymers by compounding them with micaceous nanofillers like clays. Therefore,
processing parameters that maximize exfoliation are usually chosen, thereby increasing hoth
aspect ratio and specific interface area (103). However, it is usually overlooked that exfoliation
concomitantly also diminishes the stffness of multistacks and that the number of independent
particles per weight increases dramatically, whereas the average interparticle distance conse-
quently decreases. In this context, fine-tuning the intracrystalline reactivity opens new pathways
to improve not only the bulk madulus of the nanocomposites but also, most importantly for
technical use, the fracture toughness.

As discussed above in the context of Nag s-hec, the subtle balance between layer charge and
hydration enthalpy of different interlayer cations allows for controlled transformation between

www.gnnnglreviews.org o Tungble Exfolietion of Synthetic Clays 143

138



5.5 Kontrollierte Exfolierung von Schichtsilicaten

5. Ergebnisse

T4

Conventional route:
intercalation of organic

Py

modifiers
M: Na+*
dyepz 151 A
MH exchange
+ swelling
;iht% MH: MgZ+
ik do: 18.7 A
Y
\" ,‘ ¥ FAVANATATAYAVAVATATAN
] -
Organoclay 1 Bxfoliation step Shear labile

A

l Mt exchange — H,Q

SOARSIAARSIT
IS S Ny
FARLATATARLFANATATAY

1 Shear stiff

Madification of external
surface of M-hec

Figure 8

Production of shear-stff, mica-like nanoplatelets and the selective modificadon of their external basal planes.
M, ME, and ML indicate interlayer cations with different hydration states: ML = 0 water layers (WL), M =
2 WL, and M = 3 WL. Modified from Reference 65. Copyright 2010, American Chemical Society.

a highly hydrated state and a nonhydrated state by simple cation exchange (65). This transition
between hydration states cannot be observed for natural montmorillonite due to hoth the
heterogeneity of charge density and the lower average layer charge. The highly hydrated and
18.6 Ay,
allows for efficient mechanical exfoliation, increasing the aspect ratio. Subsequent cation exchange
with Kt yields a collapsed, nonswallen, shear-stift (104, 105}, mica-like nanofiller {dy1 = 9.9 13;)
(Figure B). This nanofiller combines the best of two worlds: the stiffness of a mica sandwich
and an aspect ratio significantly higher than what can be obtained with natural montmorillonite.

therefore shear-labile state, in which Mg”* cations occupy the interlayer space (dyg; =

The pristine Kt nanomica obtained at this stage still carries hydrated inorganic Kt on the outer
basal surface. To transfer the filler into a hydrophobic polymer matrix, its surface tension has to
be lowered. A palycationic macroinitiator is employed for modification of the nanomica (106).
This polymeric modifier cannot intercalate between the silicate layers, and cation exchange is
restricted to the outer basal surfaces. This type of organophilization to O-hec minimizes the
amount of modifier needed while preserving the stiffness of the mica-like nanofiller (107).
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O-hec-filled nanocomposites offer significantly improved elastic modulus {(4-30%) without re-
ducing strength (108). Most notably, fracture toughness may be increased by 63 % atafiller content
as low as 0.80 vol% for solution-blended O-hec nanocompasites. In contrast to the case of O-hec
for a well-dispersed montmorillonite nanocompasite, the tensile strength is significantly reduced.
Dhue to insufficient interfacial strength, the stress concentration promotes partial debonding at a
certain stress level, eventually leading to void formation. Premature failure is then induced by the
grawth of these voids and by the eventual coalescence of adjacent micro voids into macro voids,
an event that strongly depends on the interparticle distance. Increasing the number of particles
by disaggregation or exfoliation thus fosters void growth at relatively low applied stress and is
therefore responsible for premature failure. In this context, the interparticle distance at any given
filler content also depends on the platelet diameter. As the lateral extension of montmorillonite
nanoplatelets is one order of magnitude smaller than that of O-hec, the number of platelets per
volume is at least two orders of magnitude higher. Consequently, no premature failure was ob-
served for the comparatively few huge O-hec platelets, and the strength was not reduced for this
nanocomposite at any filler content (108).

6.2. GGas Barrier

There is a huge industrial demand for flexible, transparent barrier packaging for a myriad of ap-
plications ranging from food packaging to encapsulation of optoelectronic devices like flexible
organic solar cells and flexible organic light-emitting diodes (OLEDs) {109}, Amorphous poly-
mer matrices are flexible and transparent but are far too permeable. For most applications, the
permeability for both water vapor and oxygen must be reduced, and by several orders of magni-
tude. For instance, for OLED packaging, the permeability must be reduced by at least six orders
of magnitude {110). Because a barrier needs to be assured for both a hydrophilic permeant and
a hydrophobic permeant, the permeability cannot be reduced by adjusting the solubility of the
unlike permeants in the polymer matrix. Rather, permeability must be reduced by a nonselective
reduction of the diffusion. In this regard, the incorporation of platy-impermeable fillers into the
nanocomposite forces the permeant to go around the impermeable platelet, generating a tortuous
path for diffusion, and as such efficiently reduces permeability. The relative reductions achievable
in theory depend nonlinearly on aspect ratio and filler content (17, 18). Thus, tortuous path theory
therefore clearly suggests that for this particular application, the aspect ratio must be maximized.

Consequently, spontancous and complete delamination by osmotic swelling of tactoids with
lateral diameters as obtained by optimizing melt synthesis and composition delivers the platelets
of choice for this nanocomposite application. Comparing the permeability of self-supporting films
of various commercially available synthetic and natural layered silicates with the permeability of
melt-synthesized Li-hec proved the superiority of the latter (111). Filling the gaps between clay
platelets with a polymer matrix further reduced the permeability (112). The best barrier properties
were observed for osmotically delaminated, melt-synthesized Nag s-hec (& = 25,000} incorporated
into a commercial two-component polyurethane film. For this film, oxygen transmission rates as
low as 3.7 x 1073 em® m™ day™* bar~! were found for 1.5-um-thick films. The absolute values
correspond to a reduction of the permeability by =6 orders of magnitude compared with the
permeability of the neat matrix (113).

6.3. Flame Retardancy Applications

With the promotion of polymer materials, solid-fuel capacity in our daily environment has steadily
increased over the last few decades. Consequently, flame retardancy requirements have been
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tightened. At the same time, due to environmental and health reasons, various very efficient halo-
genated molecular flame retardants, like polybrominated diphenyl ether, need to be replaced by
more environmentally friendly and nontoxic compounds {114). Possible alternatives are inorganic
materials like aluminum trihydroxide (ATH) and magnesium dihydroxide (MDTH). However, very
high loadings of ATH and MDH (40-70 wt%) are required to obtain the same flame retardant
activity and, of course, are detrimental to the mechanical propertes of these polymers (115, 116).
Layered compounds have shown great potential as alternative synergistic flame retardants. Sig-
nificant reductions of the peak of heat release rate (PHRR), which is one of the most meaningful
indicators of flame retardancy performance, were obtained at relatively low filler loadings of less
than § wt% (117, 118). A study using a surface-modified LDH in polystyrene (PS) illustrated that,
for the reduction of the PHRR, the aspect ratio of the layered structure is more important than the
total specific surface area of the filler (115). Similar results were obtained in a study that compared
the flame retardancy of two layered silicates of different aspect ratios, a natural montmorillonite
{or = 50) and melt-synthesized Li-hec (o = 1,000), dispersed in PS. The PS sample combined
with as little as 3-wt% Li-hec showed intumescent-like behavior and a reduction of PHRR of
57%, which is much higher than the reduction of PHRR of 38% obtained with the same amount
of a natural montmorillonite (119). To what extent different parameters such as specific interface
area and aspect ratio have a role in reducing the permeability of gaseous pyrolysis products
and in potentially improving the fracture toughness of the char produced during burning is not
clear. Dispersion quality, however, is an important factor in the flame retardancy performance of
clay-based nanocomposites. A solution-blended PS sample with 3-wt% shear-stiff nanomica (¢ =

350) showed a much higher reduction of PHRR {47 %) than did the corresponding melt-blended
nanocomposite (which had areduction of PHRR of 28%) (120). TEM images indicated {120) that
this higher reduction can be attributed to the hetter dispersion achieved by solution blending.
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ABSTRACT: Delamination is a key step to obtain individual layers from inorganic layered
materials needed for fundamental studies and applications. For layered van-der-Waals
materials like graphene the adhesion forces are small allowing for mechanical exfoliation,
whereas for ionic layered materials like layered silicates the energy to separate adjacent
layers is considerably higher. Quite counter intuitively, we show for a synthetic layered
silicate (Nags-hecorite) that a scalable and quantitative delamination by simple hydration
is possible for high and homogeneous charge density, even for aspect ratios as large as
20000. A general requirement is the separation of adjacent layers by solvation to a
distance where layer interactions become repulsive (Gouy-Chapman length). Further
hydration up to 34 nm leads to the formation of a highly ordered lamellar liquid crystalline
phase (Wigner crystal). Up to 8 higher-order reflections indicate excellent positional order
of individual layers. The Wigner crystal melts when the interlayer separation reaches the
Debye length, where electrostatic interactions between adjacent layers are screened. The
layers become weakly charge-correlated. This is indicated by fulfilling the classical
Hansen-Verlet and Lindeman criteria for melting. We provide insight into the requirements

for layer separation and controlling the layer distances for a broad range of materials and

148



5.6 Neue Einblicke in die Delaminierung von Schichtverbindungen 5. Ergebnisse

outline an important pathway for the integration of layers into devices for advanced

applications.
Introduction

Two-dimensional (2D) materials have an atomic organization where the bond strengths
along two dimensions are much stronger compared to the third dimension (1). The crystal
structures typically consist of thin layers of atoms with strong directional bonding within
the layers and much weaker interactions between the layers. If the layers are neutral, they
form van-der-Waals solids with only weak layer interaction. Prominent examples for these
materials are graphene and transition metal dichalcogenides such as MoS,, WS, or WSe,.
For charged layers such as in layered silicates the layer interactions are much stronger.
Exfoliated or delaminated nanosheets of 2D-materials have unusual phononic (2),
electronic (3, 4), ferroic (5), electrochemical (6), and mechanical properties (7, 8) which
are used in phononics, photovoltaics, semiconductors and electrodes. Those properties
are strongly tied to the limitation or annihilation of translational symmetry along the
stacking direction. When individual monolayers are homogeneously dispersed in a matrix,
the related composite materials have a maximized, huge surface-to-volume ratio, and for
large aspect ratios (ratio of diameter to layer thickness) these materials process a very
small percolation threshold to provide electrical and thermal conductivity, mechanical
strength, and large tortuous paths for diffusion barriers. Therefore, control over the layer
thickness and interlayer distance is essential. For van-der-Waals solids the weak
interlayer interaction energies (4 — 7 kJ/mol) may be overcome by mechanical forces
(mechanical exfoliation). A simple and prominent case being the exfoliation of graphene
layers using “Scotch tape” (9). The “Scotch tape” method is, however, limited to
fundamental research in small scale. Various other techniques ranging from epitaxial
growth to mechanical exfoliation, potentially assisted by surface active compounds or by
rendering the starting material more shear labile by intercalation reactions, have been
shown to yield 2D materials. Established techniques, however, tend to produce broad
distributions of layers (5, 10-12) because separation by mechanical exfoliation is

incomplete and, moreover, usually comes along with some breakage of the layers.

The same conclusions are valid for the exfoliation of ionic layers, where the exfoliation
process is even more difficult due to the stronger attractive interactions between the
layers, which are of the order of 100 kJ/mol and larger. Separation procedures almost
exclusively rely on mechanical exfoliation with the aid of intercalation of large ions,
molecules or surface active compounds, albeit with generally poor and incomplete
exfoliation. Even in case of high shear rates, the aspect ratio is not pushed to its intrinsic

maximum defined by the pristine lateral extension of the inorganic stacks. Contrary,

149



5. Ergebnisse 5.6 Neue Einblicke in die Delaminierung von Schichtverbindungen

infinite osmotic swelling represents a gentler, cheap and scalable route to utterly slicing

down layered material into singular layers.

The principle of osmotic swelling goes back to the swelling of graphite oxide (1932) (13)
and montmorillonite (14). Here we report a systematic study of the exfoliation of a
synthetic 2D layered silicate via osmotic swelling. The study provides direct insight into
the conditions for ionic layer separation and outlines the lyotropic phase behavior at
extreme aspect ratios of layered material of over more than 4 orders of magnitude in

concentration from the dry powder to highly dilute solutions.
Results and Discussions

Osmotic delamination is known to require a well-defined homoionic layered material with
high and very homogeneous charge density. Natural layered silicates suffer from
pronounced charge density modulations at all length scales (15). Even synthetic layered
silicates when synthesized at temperatures below 1000 K will show a non-uniform
intracrystalline reactivity. As a consequence, part of the stacks do not show osmotic
swelling at all, or the separation between adjacent layers varies randomly and a weighted
average of the d-spacings is observed which is of limited analytical value (16). Moreover,
all the above mentioned materials need to be ion-exchanged and/or purified in some way
prior to swelling experiments. For instance, for montmorillonite a selective dissolution of
amorphous auxiliary minerals like iron oxihydroxids is applied, where concomitantly ion
exchange occurs and homoionic Na-montmorillonite is obtained (17). Following
purification, the ionic strength needs to be reduced and finally the suspensions need to be
re-concentrated physically, e.g. by sedimentation or centrifugation, to solid contents where
liquid crystalline phases (LC) phases are observed. There is of course a risk that for
kinetic reasons during the concentration equilibrium structures might not be readily
achieved (18). Here we use a synthetic hectorite with a composition in the unit cell of
[Nao.o6] ™ [Mgs.14Li0.04]°“[Sis] O20F 4 (two formula units per unit cell and therefore abbreviated
as Nags-hecorite) that has been synthesized from the melt at temperatures well above
1000 K (19). The material does not require any purification and shows a homogeneous
intracrystalline reactivity. With this material at hand, swelling can be studied starting with a
1D crystalline dry powder all the way into the LC regime and beyond simply by adding

increasing amounts of water.
Regime I: Crystalline Swelling (attractive)

The first steps of layer separation occur via discrete hydration steps as indicated by the

adsorption isotherm (Fig. 1a) of synthetic Nag s-hectorite (19).
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Figure 1. (a) Water vapor sorption isotherm of Nag s-hectorite and corresponding hydrated
structures of 0-, 1-, 2-WL hydrates. (b) histogram of the Z-distribution of Na" (black bars)
and oxygens ("O,,", yellow bars) of water molecules in the interlayer space of the hectorite
obtained during 1 ns of MD simulation (NVT, 300 K). Red bars represent the plane of
basal oxygens of the tetrahedral layers. The five blue gaussians are the deconvoluted
peaks of the black bars.

The transitions from non-hydrated (0-WL) to the first water layer (1-WL) and the second

water layer (2-WL) occur at threshold partial pressures of p/p,=0.22 and

p/ p, =0.64, respectively. The observed hysteresis indicates that the phase transitions

are first-order, which is also suggested by MD-simulations (26-28). All structures consist
of equidistant layers with long-range 1D ordering within a stack which is referred to as
tactoid. Adjacent layers are stacked in an uncorrelated mode (turbostratic stacking). For
more highly charged layered silicates in some rare cases three-dimensionally ordered
phases can be obtained making crystal structure solutions of 1-WL and 2-WL hydrates
available (20, 21).

In the 1-WL state an inner sphere Na-hydrate complex is observed where Na® is in direct
contact with basal oxygen atoms on one side and is coordinated by three water molecules
on the other side. In the 2-WL state an outer sphere hexaaquo-Na‘-complex occupies the
middle of the interlayer space with symmetrical hydrogen bonding to both adjacent basal
oxygen planes (20).

For the more highly charged synthetic hectorite, the 3-WL structure is not accessible
within the studied humidity range. It has been observed for natural montmorillonites of
lower charge density, where the hexaaquo-Na‘-complexes were found to predominantly
stay in close contact with only one of the silicate layer surfaces (22). To verify this
configuration for the synthetic Na*-hectorite, we performed MD-simulations of the 3-WL

structure. Details of the calculations are given in the Supporting Information. We found
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that 30% of the Na'-cations were coordinated to the basal oxygens and formed an inner-
sphere complex, similar as in the 1-WL structure. 64% formed hexaaquo-Na'-cations
located at distances of 0.24 A away from the surface, similar as in the 2-WL structure.
Additionally, 6% formed a hexaaquo-Na‘-complex in the center of the interlayer space.
Upon increasing hydration (0-WL -> 1-WL > 2-WL -> 3-WL) we observe a structural
evolution from surface associated non-hydrated, partially and fully hydrated counterions to
surface detached counterions. In the 3-WL phase the surface separated counterions start
localizing in the midplane between the two surfaces. This resembles the build-up of the
classical counterion double layer structure (Grahame model) with a sequence of three
layers: (a) The first layer is the inner Helmholtz plane, where the counter ions are located
at the charged surface, (b) followed by an outer Helmholtz plane with surface-separated,
fully hydrated ions, and (c) a diffusive double layer with non-localized ions at the midplane
(where the electric field vanishes). A full development of the diffuse double layer would

eventually lead to electrostatic repulsion (22, 23) driving the separation of adjacent layers.
Transition I: Crystalline to Osmotic Swelling

To obtain insight into the conditions for separation of charged layers as a first
approximation the relevant interaction energies and length scales may be estimated
applying simple physical models:

e2

a) For ion-ion interactions an important length scale is the Bijerrum length |, =m
, Which is the distance at which Coulomb interactions between ions are equal to the
thermal energy kBT . € is the elementary charge, ¢, the vacuum permittivity, and &
the dielectric constant. Taking water (¢ =78) at T =298.15 K (25°C), the Bijerrum

length is equal to |z =0.71 nm.

b) For ion-surface interactions the relevant length scale is the Gouy-Chapman length

1 : . .
lee = , the distance of an ion to a charged surface where electrostatic surface-
o
B

S

ion interactions are equal to the thermal energy. o, is the surface charge density (in
units of 1/m?). For a charge density of 1 charge per nm? (0.96 charges per 2(axb) =
0.95 nm), as in the present system, the Gouy-Chapman length is equal | . =0.22

nm.
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c) As a measure of the degree of electrostatic coupling of the ions to the surface, one

defines a coupling parameter = =—2 where in case of =>>1 the counterions are
GC
strongly coupled to the surface. For the present case we have = =3.2 such that the

surface-coupling of counterions is significant.

& kg T

1/2
2N 2 j and is the length scale beyond
Ae CI

d) The Debye length is given by I, :[

which electrostatic interactions are screened. If no specific measures are taken to

remove impurities from aqueous solutions, one has a typical ion concentration of

¢, =10™* mol/l which corresponds to a Debye length of |, =30 nm.

These electrostatic length scales will be related to the layer surface separation h to

distinguish different regimes with characteristic properties.

The onset of repulsion of adjacent silicate layers is related to the trade-off between short-
range attractive electrostatic interactions, hydration forces, and counterion translational

entropy. For small h in the order of the Gouy-Chapman length (h =1, ,Regime 1) we
have a competition between attractive surface-counterion interactions with an energy

F, =—hk;T /1. and a repulsive entropic contribution due to the translational entropy of

the counterions, given by F; =Kk;T Inh, which is increasing with increasing layer surface

separation h. Both contributions result in an osmotic pressure between the surfaces given

oF 2l
by HZGSaz%CO‘SkBT( ;C —1}. For layer surface separation h>2l.. =044 nm

according to this simple model, repulsive interactions are expected.

For layered silicates, the initial separation during crystalline swelling is driven by the

strong hydration forces, which for Na* involve an energy of 406 kJ/mol.

With the layer thickness of 0.96 nm as determined by the interlayer distance of non-
hydrated Nays-hectorite (19), the 2-WL structure would already be expected to be in the
repulsive regime (h~1.55—0.96nm = 0.59nm). Experimentally, 2-WL is, however, found
to be still stabilized at a discrete hydration state by attractive interactions. Lateral ion
correlations, van der Waals interactions and hydrogen bonding are, however, neglected.
Within the given assumptions a value of 0.59 is therefore not yet significantly larger than
the threshold of 0.44 calculated. For the 3-WL structure, h ~1.83—0.96nm =0.87nm, the
repulsive regime is finally entered. The interactions applied in the MD simulation are more

realistic and correctly indicated the transition to the repulsive regime with the 3-WL
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structure. While the absolute threshold values might not be correct, the calculation
suggest that layer charge variations may easily lead to a situation where domains with
repulsive and attractive interactions might coexist within a layer. Even when relatively
small, the latter will prevent the separation of adjacent layers by osmotic swelling. This

problem will become increasingly severe with increasing lateral diameter of the tactoids.
Regime Il: Osmotic Swelling in the Gouy-Chapman Regime

After the attractive short-range surface-ion interactions have been overcome by hydration
such that h>>2l.., repulsive interactions between the layers dominate. Further addition
of water will then lead to a continuous further separation of the layers. This regime is
characterized by the length scales h>>1..,h <<l . This regime is referred to as Gouy-

Chapman regime. Here the osmotic pressure between adjacent layers separated by a

1

distance h is given by I~ 2IB h_2 and thus becomes independent of the surface charge
B

density. The osmotic pressure is dominated by electrostatics and therefore quite long-

ranged and inversely proportional to h™.

As suggested by this model, with addition of water the layers separate to d > 1.83 nm and
the silicate/water mixture forms transparent gels. Gel formation has been noticed as early
as in the 1930s and at that time was related to the “house-of-cards” model, a connected
network of edge-basal plane interactions of layers (23). An alternative interpretation of the
gel phase has been proposed by Langmuir in 1938 who described it as a lamellar
lyotropic phase (24). This has been later confirmed by Michot and Miyamoto (2006) for a
series of layered silicates including nontronite, montmorillointe (25-27), beidellite (28),
laponite (18), fluorotetrasilicic mica (29) and fluorohectorite (29, 30). Lamellar lyotropic
phases were also found by Gabriel et al. in 2001 for a solid acid, HzSbhsP,0.4 (31), and by
Geng et. al. for Hog[Tiy.2Feqg]O40H,0 (32).

The pristine sample in the dried state represents a statistically isotropic microcrystalline
sample with mean diameters of 18 um and tactoids hights of typically 1.5 pm (Fig. S1).
The uniquely homogeneous intracrystalline reactivity of the synthetic Na,s-hectorite, now
allowed a systematic investigation of osmotic swelling by small-angle X-ray scattering
(SAXS, Fig. 2 a,b and Figs. S3). Consistent with the observation of Langmuir, Michot and
Miyamoto, 2D-scattering patterns of the bulk samples show a series of concentric,
equidistant diffraction rings which are characteristic for lamellar lyotropic structures. The
scattering patterns are highly anisotropic due to shear-alignment of the highly swollen
tactoids during filling of the gels in the X-ray capillary. A high scattering intensity is found

at the equator indicating that the layers align parallel to the surface of the vertically
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mounted capillary. A quantitative analysis applying model calculations reveal orientational

order parameters as high as S =0.8 (see table S1, Supporting Information).

qy/ nm-"!

Regime II: d X @

10° 102 10"
q/A ¢

Figure 2: (a) 2D-SAXS pattern at volume fraction ¢ = 0.059. On the right side,
experimental data are plotted, on the left side modelled patterns are shown. (b) The one-
dimensional (1D) SAXS intensity show a shift of the 001 reflection to higher d-spacings
with decreasing concentration and the concentration independent position of the hk-band
(asterisk) at high g. (a. $ = 0.090 (red pentagons); b: ¢ = 0.035 (blue hexagons); c: ¢ =
0.024 (magenta crosses), d: ¢ = 0.010 (green squares) and e: ¢ = 0.0016 (black
triangles). Calculated scattering curves and the g2-scaling law of layers are given by solid
lines. (c) Structure factor of swollen lyotropic phases at different volume fractions. a)
¢ = 0.003; b) $ =0.007; c) ¢ =0.010, d) ¢ =0.017, e) ¢ = 0.024, f) ¢ = 0.030; g) ¢ = 0.035;
h) ¢ =0.059; I) $ =0.090. The dashed line at S(q) = 2.85 marks the Hansen-Verlet rule
where melting is expected. (d) Scaling relation d-spacing as a function of volume fraction.
The solid line corresponds to a 1D-swelling law following the equation d = D/¢, which fits
both crystalline swelling and Wigner crystal regime. The gradient in the nematic sol
regime (dashed line) follows a distinct scaling (d ~ ¢ ).

In Fig. 2b the azimuthally averaged data are given. For higher concentrations we observe
a rational series (1:2:3:...) of 00l-reflections indicating the formation of a lyotropic lamellar

phase. Up to 8 higher order reflections underline the excellent positional order of adjacent
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individual layers. Upon dilution the peak positions shift to lower g-values, indicating

increasing separation of the silicate layers due to progressing swelling. The interlayer
distance reaches values up to 170 nm for ¢ = 0.002. The observed q‘2 -scaling of the

scattering intensity over nearly the whole scattering curve confirms the presence of thin
layers with very large lateral dimensions. For the higher concentrations, where the signal-
to-noise ratio is higher, it is possible to determine the first minimum of the form factor

oscillations at high q (Fig. 2b), which allows to derive the thickness of the layers to

d o= 0.85nm. Please note, that the monolayer thickness derived from shallow minimum of

SAXS form factor modeling is slightly smaller than the monolayer thickness of 0.96 nm
obtained from the interlayer distance of non-hydrated Nags-hectorite (19). The deviation
can be explained by the assumption of homogeneous electron density over the platelet
thickness in the SAXS modeling.

The solid lines are quantitative fits to the measured scattering intensities using a model of
stacked layers where the scattered intensity is given by
1(q) =b?pP(q,d,, D,)[L+ A(q)(Z(q.d, D)-1)G(q, 5)], where b is the scattering contrast
between the silicate layers and the solution, , the number density of the layers, P(q) the

form factor, which depends on the scattering vector q, the layer thickness d,, and the

lateral layer dimension D,. Z(q) is the lattice factor determining interlayer distance (or
lamellar long period) d as well as the peak width, which is related to the lateral size D of
the ordered domains. G(q) is the Debye-Waller factor, which depends on the mean
deviation ¢ of the layers from their ideal lattice point. The term
S(g) = [1+ﬂ(q)(Z(q, d, D)—1)G(q, 5)] is the structure factor, which will be discussed in a
separate section. The measured scattering intensities could be well fitted to this
expression, keeping the layer thickness d, =0.85 nm and the lateral layer dimension
D, =18 um constant. The data are summarized in Table S1 in the Supporting
Information.

The A-shaped 11/02-band (asterisk in Fig. 2b) is observed for all dilutions at the same g-
values (q ~ 1.4 A™"), indicating that the (hk)-plane structure of the silicate layers are not

influenced by the swelling in the 00l direction of the tactoids. The lamellar distance is

plotted as a function of volume fraction in Fig. 2d. For high volume fractions ¢ > 0.025 we

observe a linear dependence following d =d,/¢ typical for lamellar systems (25)

corroborating monolayers uniformly separated by water. As a result of strong repulsive

interactions the layers localize on a highly ordered lattice, thereby maximizing their
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separation. This phase phenomenologically resembles a Wigner crystal, which is known
to occur for electrons in plasmas, when their repulsive interactions become much larger

than their kinetic energy such that they couple and are positionally strongly correlated.

The Wigner-like phase can be considered as a homogeneous single gel phase with no

voids between the microcrystalline domains of highly swollen tactoids.
Transition Il: Melting of Wigner Crystal (Delamination)

The scaling relation given in Fig. 2d shows a kink at ¢ = 0.025. Below this volume fraction

a weaker concentration dependence of the layer distance, d ~¢5’°'66, is obtained

indicating the transition to a more disordered regime. At the same concentration the shear
orientation seen in 2D SAXS pattern relaxes (Fig. S3). Further the relative lattice
derivations from the lattice points 6 reaches values over 10% (cf. table S1). According to
the Lindeman-criterium (33) lattice melting is expected for relative displacements larger
than 10%. In good agreement with all the other criteria the structure factor (Fig. 2c)

confirms the melting transition, fulfilling the Hansen-Verlet criterion according to which the
melting transition corresponds to a value of S(Q) =2.85. Larger values correspond to
ordered solid, smaller values to a molten solid. This value is crossed at a volume fraction
of ¢ =0.025. This shows that ford ~ |, the Wigner lattice melts due to the screening of

the long-range electrostatic interaction.
Regime lll: Osmotic Swelling in the Screened Regime

When the interlayer distance becomes larger than the Debye-length |1, =30 nm, a new
regime characterized by h>>1,.,h>>1; is reached. Here, electrostatic interactions are

screened beyond length scales of |, and the osmotic pressure is given by

- 8kBT e_d I

~ 2
ﬂiBID

IT with a strongly screened repulsive interaction. The weakening of

electrostatic repulsion at transition Il leads to reduced correlations of adjacent layers and

melting of the Wigner crystal. As a consequence, in regime Il a weaker concentration

dependence of the interlayer distance, namely d ~ ¢ %%

(Fig. 2d) is observed. For self-
assembled systems of conventional molecular surfactant or block-copolymer micelles, a
change in the exponential of the equation d ~ ¢’ﬂ signals a transition between different
topologies: =1, f=1/2,and S =1/3 for lamellar, cylindrical (rod like), and spherical
topologies, respectively. An isotropic phase with freely rotating layers would be signalled

by £ =1/3. Avalue of #=2/3would be characteristic of a bicontinuous phase (34, 35).
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As such topological changes cannot occur for insoluble silicate layers at this point the

physical reason behind the [ =0.66 dependency is unclear. Michot et al. observed for

size classified nontronite also a discontinuity of the scaling from ¢ to a variety of different
slops, depending on the size fraction (26). The observed slopes were therefore described

by a mixture of freely rotating small platelets scaling with ¢**

and a lyotropic lamellar
phase of larger platelets scaling with ¢*. Although Nays-hectorite is also polydisperse, the
smallest diameters seen in static laser scattering are still in the micron range (19). Hence
the ¢ can only be observed for d > micron range and freely rotating layers therefore can

be ruled out at d-spacings where the discontinuity (d* = 34 nm) is observed.

Please note, that we do not observe a macroscopic phase separation in regime Il at
concentrations 0.025 < ¢ < 0.0015. Thus, the change in the exponent may be a result
from entering a microphase segregation, where an ordered lamellar phase of silicate
layers (phase A) is in equilibrium with a dilute microphase of higher water content (phase
B). In phase B separated, but not freely rotating, layers may have a folded and undulated
conformation reducing the effective lateral extension, thereby gaining conformational
entropy. Similar behavior is reported for amphiphilic lamellar systems, where lamellae
unbind and separate from a lamellar stack, yet then fold and close to form vesicles, such
that there is a concentrated ordered lamellar phase in equilibrium with a dilute vesicular

phase.

Alternatively, for entropic reasons the layers might use the degrees of freedom gained
beyond 34 nm separation to translate laterally beyond the former crystal edges of the
tactoid and by this increase the effective diameter. These changes will both reduce the
packing efficiency of the microdomains which might result in formation of water filled voids
in-between individual tactoids. Less obvious could be a potential contribution from a
metamorphosis of the tactoid morphology accompanying swelling. While expanding the
interlayer space the morphology of the tactoid is gradually converted from a platelet to a
wormlike rod (morphology conversion is illustrated by a swelling movie provided as
supporting information). The pristine tactoids typically have an aspect ratio of 12 (Fig. S4).
The aspect ratio is actually inverted to 0.2 at a separation of the individual silicate layers
of about 60 nm (¢ =0.01). At these late stages of osmotic swelling the electrostatic
repulsion between basal planes is increasingly screened, and repulsion between the
edges might then become the dominating interparticle force. Moreover, with the inversion
of the aspect ratio, the relative contribution of basal surfaces and edge surfaces of the
tactoids is changed drastically. Initially with platy morphology, edge-edge-contacts are

statistically very unlikely. At later stages, edge-edge-contacts between the rods could be
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0.66

dominating. The observed slope of ¢~ might therefore be the result of mixing rod

swelling and plate swelling.

Regime lll is characterized by increasing widths and decreasing intensities of the Bragg
peaks, indicating a reduction of the coherence length in the ordered domains, and loss of
higher order reflections, corresponding to larger deviations from the lattice points. For very
dilute solutions eventually the peaks would be at very low g-values, out of the range of our
SAXS-setup, with a gmin corresponding to d ~ 170 nm and ¢ > 0.0023.

At ¢ = 0.0015, the suspension is still viscous with no macroscopic phase separation as
indicated by optical inspection with polarized light. Experimentally, we observed no visible
phase separation even over a period of several months. It may nevertheless be that at
much longer periods (> 1 year) and despite very slow kinetics segregation might occur
(36). Below this volume fraction the two microphases start to macroscopically phase
separate by gravitation as shown in Fig. 3 and Fig. S5. Interestingly, for suspensions with
0.0008 < ¢ < 0.0004 (Fig. 3b-d) after two days phase separation results in a layered
superstructure with periodicities of several millimeters. At some point, tactoids with smaller
lateral diameters will start to rotate freely and it is most likely these volumes that
segregate to the top. Of course, this supernatant volume increases with progressing
dilution (Fig. 3b-f).

Fig. 3: Macroscopic phase separation of Nags-hectorite suspensions observed between
crossed polarizer and analyzer. (a)¢$=0.0015; (b)¢$=0.0008; (c)¢ =0.0005;
(d) ¢ =0.0004; (e) ¢ = 0.0003; (f) = 0.0002.

Eventually, upon sufficient dilution a single dilute phase will be reached if the layer

d
separation is of the order of the lateral dimension of the layers, e.g. if ¢ ~ D_O Due to the
0

high median aspect ratio of 18000, this concentration is calculated to be ¢~ 0.000056.

Indeed, a suspension close to this concentration (¢ = 0.00009) appears to be a single
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phase. It is shear-birefringent because there is still shear-induced alignment of the layers

(Fig. S6). The birefringence disappears after cessation of shear.
Conclusions:

In conclusion we show that the delamination of charged layers requires that the layer
separation exceeds the Gouy-Chapman length (h > 2l ) such that interactions between
adjacent layers become repulsive, leading to an osmotic swelling. In the electrostatically
attractive regime (h~1..) layer separation occurs by discrete hydration steps. During

initial steps of osmotic swelling the classical double layer structure consisting of an inner
and outer Helmholtz plane followed by a diffuse double layer is established. Upon further
hydration there is a regime of strong osmotic-repulsion (Gouy-Chapman regime), where
the layers form a highly ordered one-dimensional Wigner crystal. When the interlayer
distances reaches the Debye-length, a new regime with screened osmotic repulsion is
entered, accompanied by a melting of the Wigner crystal and formation of a first
microscopically phase separated system. Macroscopic phase separation by gravitation
does not set in until much lower concentrations (¢ < 0.0015). At very low concentrations
(®<~0.0001) finally a homogeneous dilute phase is reached. The aspect of high charge
density, charge homogeneity and the structure and property of the lamellar phases are
both relevant fundamentally, as well as for applications e.g. as fillers in nanocomposite

films used as gas barrier.
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Materials and Methods

Synthesis and sample preparation

inter oct

Nay s-hectorite with the composition [Nagee] [Ms.14Li0.04]" [Sig]O20F4 was synthesized by
melt synthesis in a closed molybdenum crucible according to the published procedure
(37). After synthesis the material was annealed for 6 weeks at 1045°C to improve
intracrystalline reactivity, charge homogeneity and phase purity as recently described
(19). Nags-hectorite gels were prepared in closed glass vessels by addition of deionized
water (Millipore) to Nags-hectorite in its one water layer hydrated form (stored at 43%
relative humidity adjusted using a saturated aqueous K,COs-solution). The suspensions

were equilibrated for 48 hours at ambient conditions.

Small-Angle X-Ray Scattering (SAXS)

All small-angle X-ray scattering (SAXS) data reported here were measured using the
small-angle X-ray system “Double Ganesha AIR” (SAXSLAB, Denmark). The X-ray
source of this laboratory-based system is a rotating anode (copper, MicoMax 007HF,
Rigaku Corporation, Japan) providing a micro-focused beam. The data are recorded by a
position sensitive detector (PILATUS 300K, Dectris). To cover the range of scattering
vectors between 0.004-2.0 A different detector positions were used. The measurements
were done in 1 mm glass capillaries (Hilgenberg, code 4007610, Germany) at room
temperature. The circularly averaged data were normalized to incident beam, sample
thickness and measurement time before subtraction of the solvent. The data analysis was
performed with the software Scatter (version 2.5) (38).

Wide angle powder x-ray diffraction (PXRD)

X-ray diffraction pattern of the Nays-hectorite powder was obtained in transmission mode
on a Stoe Stadi P power diffractometer (Cu K, radiation, Ge monochromator, linear
positron sensitive detector). In order to fix the environmental conditions like relative
humidity and texture effects, the measurements were performed in sealed Lindemann

glass capillaries.

Water Vapor Sorption Isotherm

The isotherm was measured with a Belsorp-max (BEL JAPAN INC.) at 25 °C. Nags-
hectorite powder was dried prior to measurement at 120 °C under vacuum (0.1 mbar) for
12 h.

Computational Details

A supercell of fluorohectorite with a = 41.9456 A, b = 54.522 A, ¢ = 18.4240 A, aa =y =
90°, and B = 96.42° (1872 atoms) and stoichiometry Na-Sig-Mgs-O,0-F4 was first generated
using the Acceryls program, the two SiO, hexagonal cavities in direct contact with the

interlamellar space being kept eclipsed. Water molecules were included using the
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Packmol program (39). The number of water molecules (n) was first optimized by doing
several Molecular Dynamics (MD) simulations with the NPT ensemble at 300 K and 1 atm
and varying n, from where n = 729 was found, corresponding to a dspacing Of 18.29 A. Then,
simulations with the NVT canonical ensemble and Nosé—Hoover thermostat at 300 K were
done using n = 729 and that value of dspacing fixed to investigate the distribution of Na ions
and water molecules in the interlamellar space, as well as the Radial Distribution Function
(RDF) involving the Na---Na and Na---OH, (Na-O,) pairs. For the NVT ensemble the
lamellae were frozen. The simulations were done with the LAMMPS program (40) with the
CLAYFF force field (41). The van der Waals parameters for Fluorine were taken from Ref
(42). The SPC/E water model (43) was used in all simulations and the bond distances and
bond angles of all water molecules were constrained to the original SPC/E values using
the SHAKE algorithm. Periodic boundary conditions along X, Y and Z were used in all
simulations. Inner and outer cutoffs of 9 and 11 A, respectively, were adopted for the van
der Waals interactions and 9 A for the electrostatic ones. The latter were also computed
using the Particle-Mesh-Ewald method. Equations of motion were integrated using the
velocity-Verlet method and a timestep of 1 fs was used. After equilibrating the system,
typically with 200 ps (= 2x10° MD steps), a production phase of 1 ns was used to calculate
the Z-distribution of Na and O,, atoms in the inter-lamellar space, and RDF functions. An
isomorphous distribution of Mg and Li* cations was assumed in the octahedral layer and
consequently, the Mg charge was set to meet the total layer charge. The following
charges (in electron charge units) were then used for the clay atoms: +1.83 (Mg), +1 (Na),
-1 (F), +2.09 (Si), -1.235 (O). The parametrization of CLAYFF, which has originally
included Li" in the octahedral layer, has slightly different values: +1.35 (Mg), +1 (Na), -1
(F), +2.09 (Si), -1.06 (O). The charges were optimized to reduce the peak of the RDF
calculated for the Na---Na pair at R < 4.0 A, since previous experimental results (20)
suggest that two Na* atoms coordinated to the same water molecule and therefore less
than 4 A apart from each other are not often observed. Trajectories were visualized with
the VMD program (44).
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Supporting Data

1. One water layer (1 WL) state of Nags-Hectorite
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Figure S1. 2D SAXS pattern of the 1 WL-powder shows statistically oriented tactoids.

2. MD-simulations

Figure S2, left shows one snhapshot of the hydrated hectorite obtained by MD simulation
(NVT, 300K) that highlights the Na" distribution (blue spheres) in the interlayer space. A
more detailed distribution of Na* and oxygen of water molecules (O,) in the interlayer
space was obtained by averaging the positions of those atoms during 1 ns of MD
simulation, as shown in the histogram (Figure 1b in the manuscript). The H,O/Na" ratio of
15.2 used in the simulations corresponded to a d-spacing of 18.29 A. Most interlayer
cations are octahedrally coordinated by water molecules at distances of 2.4 A (Figure S2,
right). More than half of the water molecules are non-coordinated, since each Na* can be
complexed by a maximum of 6 water molecules.

The formation of three layers of H,O is readily identified from the histogram (Figure 1b,
yellow bars) and Na* cations (Figure 1b, black bars) are positioned between those layers.
The two main populations calculated for Na* are = 1.45 A apart from the central water

layer and =1.6 A apart from the two outer water layers. These values are in fair
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agreement with the experimental value of 1.32-1.37 A obtained for a higher charged
hectorite with 2 water layers (2-WL) reported in the literature (20).

1.1

Na---Ow
eeeee Na---Na
Fit

==--- Deconv.

peaks

1.0

0.9
D.B—-
0.7—-
0.6—-

0.5
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0.3

0.2

011 J

Figure S2. Left: MD Snapshot (NVT, 300 K) of the hydrated hectorite highlighting the Na*
distribution (blue spheres). Si, O and H atoms are yellow, red and white, respectively.
Right: Radial Distribution Functions (RDF) for the Na---Na (red dots) and Na---Ow (blue
line) pairs calculated by averaging the atomic positions during 1 ns of MD simulation. The
Na---Na signal was deconvoluted into the gray gaussians, which add up to give the black
line. The Na---Ow average distance (blue line) has a maximum at 2.4 A which is expected
for octahedrally coordinated Na*. The maximum probability of finding the Na---Na pair lies
at 6.25 A (red dots). 3.5 % of the Na---Na pairs are on average 3.75 A apart, which
indicates they would be complexed to one or two oxygens from shared water molecules.
However, the deconvoluted peaks reveal that most Na---Na pairs are separated by 6.0 A,

which nicely agrees with experimental results (20).

The Na" distribution (Figure 1b, black bars) was deconvoluted into five gaussians (blue
dashed lines) in order to quantify the amount of Na* in closer contact with the basal
planes. The majority (= 64%) of the Na* form outer sphere hexaquo-complexes which are
found in direct contact to the basal oxygens of the tetrahedral layers encompassing the
interlayer space with a projected O,-Na-distance of ~ 4 A. This type of interlayer cations
reassembles what has been found in the single crystal refinement of the 2-WL structure
(20). A considerably smaller number of Na* (= 30%) form an inner-sphere complex with a
projected O,-Na-distance of ~ 2 A where the cation is coordinated by basal oxygens and
interlayer water molecules resembling the situation in 1-WL (20). We attribute the
occurrence of these inner-sphere complexes to the higher charge density of the synthetic

hectorite as compared to montmorillonite. The increased charge density will shift the
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subtle balance between hydration enthalpy of interlayer cations and Coulomb attraction to
the silicate layers.

In total four maxima are of course observed for the two types of Na-complexes in contact
with either the top or the bottom basal plane. A smaller fraction of Na*-hexaquocomplexes
(= 6 %), however, resides at the center of the interlayer space at the same Z-coordinate
as the central water layer giving rise to a diffuse double layer situation (Figure 1b).

3. Calculation of the volume fraction

(mhec_minterlayer water)/Phec

The volume fraction ¢ was obtained via ¢ =
¢ (,b (mhec_minterlayer water) | (mwater"'minterlayer water)
Phec ' Pwater

where Ppe. = 2.8 g/cm3 is the bulk density, mye. the mass of the 1 WL Nagys-hectorite,

respectively. The mass of interlayer water (Minerayer water) COrresponds to the water content
of the 1 WL Nags-hectorite
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4. 2D-scattering patterns
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Figure S3. 2D-SAXS-patterns of Nay s-hectorite suspensions at different concentrations.
On the right side of the patterns, experimental data are plotted, on the left side modeled
patterns are shown that were obtained applying the parameters of the tactoid lattice
parameters given in Table 1

The insets in the left halves of the scattering patterns in Figure S2 show the calculated
scattering patterns, which are in very good agreement with the measured scattering
patterns (right halves). The narrow orientational distribution of individual layers in the
tactoids give rise to arc-shaped Bragg-reflections that can be described by a model

orientational distribution functions (Maier-Saupe or Gaussian) that allows one to compute

2q— .
the orientational order parameter S which is defined by s = (36052—“1), where a is the

angle between the local director and the disc axis. A value of S=0 is expected for
randomly orientated phases and S =1 for perfect aligned layers. We observed values
between S = 0.8 for a concentrated sample (¢ = 0.090) and S = 0.3 for a highly diluted
sample (¢ = 0.003) (Table S1). Even the latter is still in the range typically observed for LC

phases.
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Table S1. Parameters of the tactoid lattice of 1D-SAXS data of Nag s-hectorite-gels.

Regime Il - Wigner Crystal Regime Il

volume fraction ¢ 0.090 | 0.059 | 0.035 | 0.024 | 0.017 | 0.010 | 0.007 | 0.003 | 0.002
Unit cell d [nm] 10.2 14.7 23.3 34.0 42.0 58.0 74.0 120.0 | 170.0

displacement & [nm] 0.6 1.1 2.0 2.8 5.0 7.0 10.0 16.0 28
_ relative 6% | 8% | 9% | 9% | 15% | 12% | 14% | 22% | 17%

displacement
structure factor S(q) 6.2 6.7 4.7 2.8 2.3 1.8 1.6 1.1 -
order parameter S 0.8 0.7 0.6 - 0.4 0.3 - 0.3 -
5. Change of the tactoid morphology upon swelling
_18um
— 18um

Aspect ratio

0.01

N

Figure S4. Evaluation of the aspect ratio (tactoid diameter divided by tactoid height). The

insets show microscope images of swollen tactoids which are observed between crossed

polarizers.
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6. lllustration of an isotropic phase

Isotropic

e ] nEMtic

—

Figure S5. Nags-hectorit dispersion (¢ = 0.0002) between crossed polarizer (left) and
under daylight (right). The scattering of the green laser pointer (right) illustrates the
presence of an isotropic phase.

7. Shear induced birefringence of an isotropic phase

Figure S6: Nags-hectorite suspension (¢ = 0.00009) observed between crossed polarizer

and analyzer (a) at rest (b) stirred.
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