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Summary

1. Summary

The quantitative delamination of layered materials is feasible by repulsive osmotic swelling in
water. Thereby nanosheets of structure-inherent thickness are obtained as colloidal stable gels
that can be used as gas barrier pigments in polymer nanocomposite formulations. Based on
synthetic 2:1 layered silicates new insights into the conditions for the onset of osmotic swelling
are gained. Furthermore, the functionalization of the 2:1 layers by isomorphous substitution is

discussed.

The first part of the thesis deals with a partial-ion exchanged intercalation heterostructure that
is capable of osmotic swelling and whose homoionic phases do not swell osmotically. A partial
ion-exchange was conducted with a 2:1 layered silicate ({Nao.s} [Mg2.4Lio.6]°'<Sis>"*"O10F2;
x = 0.6 p.f.u., charges per formula unit Si4O10F2, p.f.u.) that was treated with n-butylammonium
(C4) salts, yielding the Heterostructure "{Na} - [2:1 layer] - {C4} - [2:1 layer]" (array normal
to the stacking direction). In contrast to its homoionic {Na}- and {C4}-phase, this structure is
capable of repulsive osmotic swelling. The mechanism presumably runs in two steps. At first,
the osmotic swelling of the {Na}-interlayer ion forms “sandwich structures” of the type “[2:1
layer] - {C4} - [2:1 layer]”, followed by a disintegration of these aggregates into individual lay-
ers of structure-inherent thickness. For the homoionic {Na}-phase the attractive electrostatic
interactions are too high to permit the onset of repulsive osmotic swelling. This would only be
feasible for x < 0.55 p.f.u.. The homoionic {C4}-phase also does not swell osmotically. In this
respect, it is observed that the {C4}-phase despite its layer charge of 0.6 p.f.u., is characterized
by a lower intracrystalline reactivity than more highly charged, osmotically swellable {C4}-
vermiculites (typically x > 0.65 p.f.u.).

This counter-intuitive swelling behavior of the organo-intercalates is explained in the second
part of the thesis. A systematic combination of organo-cations of different size intercalated in
silicates of different layer charge was examined. The results indicate that the “steric pressure”
of the organo-cations contributes to the onset of osmotic swelling and that this pressure depends
on the layer charge: The intercalated cations have a certain space requirement per charge in the
interlayer space. To achieve the necessary “steric pressure” their space requirement must be
higher than (or equal to) the space that is available per charge within the used layered silicate.
If this requirement is met, a flat lying monolayer of organo-cations is no longer sufficient to
ensure electro neutrality, in particular if some water molecules have already been taken up by

the organo-cation. In addition, excessive swelling of the dried intercalation compound in moist
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air (98% relative humidity) is a necessary criterion for the onset of osmotic swelling. The ex-
cessive swelling is characterized by (i) an increase in d-spacing of Ad = 3.5 A, which corre-
sponds to the hygroscopicity of the intercalation compound and the “steric pressure” by water
uptake and (ii) by exceeding a minimum absolute value of d* = 17.5 A. The last condition
might be a decisive contribution to make the repulsive interactions larger than the attractive
ones. Increasing the d-spacing critically weakens attractive interactions and repulsive osmotic

swelling in water sets in.

Based on these insights, in the third part a bulky ammonium sugar (N-methyl-D-glucammo-
nium) has been identified as a sterically demanding interlayer cation which, for the first time,
enables low charged organo-smectites to delaminate by repulsive osmotic swelling as well as
highly charged organo-vermiculites. More precisely, the osmotic swelling is feasible over a
range of at least 0.3 <x < 0.7 p.f.u.. Noteworthy, all above-mentioned criteria for the onset of
osmotic swelling are met for N-methyl-D-glucammonium intercalation compounds for the
whole range of layer charges. This also applies to charge-heterogeneous systems, which signif-
icantly reduces the demands on charge homogeneity of barrier pigments that shall be delami-

nated utterly.

Furthermore, the 2:1 layer was functionalized by isomorphous substitution to investigate its
electronic conductivity in the fourth part, motivated by a potential application of 2:1 layers in
electronic heterostructures in future works. An iron-rich layered silicate of the composition
{Bao.os} [Fez6sAl0.28]°'<Siz.01Al109>*"010F2 Was synthesized. Based on the analysis of its sin-
gle-crystal structure, the limitations concerning the degree of isomorphous iron substitution are
discussed in comparison to known crystal structures. Its conductivity is of the order of magni-
tude uS/cm (200 °C) and is increased by a factor > 2 upon oxidation of structural iron. By
comparing the conductivities to a ferrous-tainiolite ({Cs} [FezLi]*'<Sis>*"010F,) it is evi-
denced that the electronic conductivity of iron-rich 2:1 layers is rather determined by the degree

of oxidation of iron than by total iron content.

This work was in part performed in collaboration with BYK Chemie GmbH. The present work

is a cumulative thesis, therefore all results are presented in the attached manuscripts.



Zusammenfassung

2. Zusammenfassung

Die quantitative Delaminierung von Schichtverbindungen ist durch repulsive osmotische Quel-
lung in Wasser moglich. Diese Methode liefert Nanoschichten von Struktur-inhérenter Dicke
in kolloidal stabiler Dispersion. Solche Nanoschichten finden als Gasbarriere-Pigmente in Po-
lymernanokompositen Anwendung. Im Rahmen dieser Arbeit ist es auf Basis synthetischer
2:1 Schichtsilicate gelungen, neue Wege zur Herstellung osmotisch quellfahiger Schichtverbin-
dungen zu finden und den Mechanismus des Einsetzens der osmotischen Quellung verstandlich
zu machen. Darlber hinaus wurde eine Untersuchung zur Funktionalisierung der 2:1 Schichten

durch isomorphe Substitution durchgefthrt.

Im ersten Teil der Arbeit wird eine osmotisch quellfdhige Heterostruktur présentiert, deren
Randphasen nicht delaminieren. Durch partiellen lonenaustausch von einem 2:1 Schichtsilicat
der Summenformel {Naoe} [Mg2.4Li06]*'<Sis>*"O10F> (Schichtladung x = 0.6 pro Formelein-
heit Si4O10F2, p.f.u.) mit n-Butylammonium-lonen (C4) wurde eine Interkalations-Heterostruk-
tur der Form ,,{Na} - [2:1 Schicht] - {C4} -[2:1 Schicht]* (Anordnung in Stapelrichtung) er-
halten. Im Gegensatz zu ihren homoionischen Randphasen (reine {Na}- bzw. reine {C4}-Form)
ist diese Struktur osmotisch quellfahig. Die Delaminierung lauft vermutlich in zwei Schritten
ab: der osmotischen Quellung der {Na}-Zwischenschicht in ,,Sandwich-Strukturen* der Form
,»[2:1 Schicht] - {C4} - [2:1 Schicht]* und dem Zerfall dieser Aggregate in einzelne 2:1 Schich-
ten Struktur-inharenter Dicke. Fur die reine homoionische {Na}-Randphase sind die attraktiven
elektrostatischen Wechselwirkungen zu hoch fir repulsive Quellung, dies ware nur fir
X < 0.55 p.f.u. méglich. Die vollstandig lonen-ausgetauschte, homoionische {C4}-Randphase
quillt ebenfalls nicht osmotisch und weist trotz ihrer Schichtladung von 0.6 p.f.u. eine niedri-
gere intrakristalline Reaktivitét bezuglich der Quellung auf als hoher geladene, osmotisch quell-

fahige {C4}-Vermiculite mit typischerweise x > 0.65 p.f.u..

Dieses auf den ersten Blick widerspriichliche Quellverhalten der homoionischen Organo-Inter-
kalate wurde im zweiten Teil der Arbeit erklart. Eine systematische Kombination von Organo-
Kationen unterschiedlicher Gro3e und verschiedenen Schichtladungen wurde untersucht. Dabei
wurde festgestellt, dass der ,,sterische Druck* der Organo-Kationen entscheidend dazu beitréagt,
die osmotische Quellung auszulésen. Dieser ,sterische Druck® héngt wiederum von der
Schichtladung ab: Die interkalierten Kationen besitzen einen gewissen Platzbedarf pro Ladung
im Zwischenschichtraum. Es zeigte sich, dass der Platzbedarf groRer oder gleich der Ladungs-

aquivalentflache des verwendeten Schichtsilicates sein muss. Dies bedeutet, dass eine flachlie-
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gende Monolage der Organo-Kationen nicht mehr ausreichend ist, um Elektroneutralitat zu ge-
waéhrleisten. Dies gilt insbesondere, wenn erste Wassermolekile aufgenommen werden. Dar-
Uber hinaus ist die exzessive Quellung der getrockneten Interkalationsverbindung an feuchter
Luft (98 % Luftfeuchte) ein notwendiges Kriterium fiir das Einsetzen der osmotischen Quel-
lung. Die exzessive Quellung ist durch zwei Merkmale gekennzeichnet: (i) eine Erhéhung des
d-Wertes um Ad = 3.5 A, was der Hygroskopizitat der Interkalationsverbindung und dem ,,ste-
rischen Druck durch Wasseraufnahme entspricht und (ii) durch das Uberschreiten eines kriti-
schen d-Wertes von d* = 17.5 A. Dieses letzte Kriterium kénnte ein entscheidender Beitrag
dazu sein, die attraktiven Wechselwirkungen entscheidend zu schwéchen und repulsive osmo-

tische Quellung in Wasser auszulésen.

Basierend auf diesen Einblicken wurde im dritten Teil mit N-Methyl-D-glucammonium ein
Ammonium-Zucker als sterisch anspruchsvolles Zwischenschichtkation identifiziert, das erst-
mals niedrig geladene Organo-Smectite osmotisch quellen Iasst. Dartiber hinaus ist die osmo-
tische Quellung hiermit in einem Bereich von mindestens 0.3 <x < 0.7 p.f.u. moglich. Hierbei
sind die oben genannten Kriterien flr das Einsetzen der osmotischen Quellung fiir den gesamten
Schichtladungsbereich erfillt, was die Anspriche an die Qualitat von Barriere-Pigmenten be-
zuglich Ladungshomogenitat senkt.

Im vierten Teil wurde die 2:1 Schicht durch isomorphe Substitution funktionalisiert. Die Sub-
stitution von Eisen in die 2:1 Schicht kann deren elektrische Leitfahigkeit erhdhen. Relevant ist
dies im Hinblick auf eine mogliche Verwendung in elektrischen Heterostrukturen. Es wurde
ein Eisen-reiches 2:1 Schichtsilicat der Zusammensetzung {Baoos} [Fe2.68Al0.28]°'<Siz.01
Al1.99>*"010F, synthetisiert. Die Limitierungen beziiglich der isomorphen Substitution (Hohe
des Eisengehaltes) werden auf Basis der Einkristall-Struktur durch Vergleich mit bekannten
Kristallstrukturen diskutiert. Die Leitfahigkeit liegt in der GréRenordnung uS/cm bei 200 °C
und wird durch die Oxidation von strukturellem Eisen um einen Faktor > 2 erhoht. Der Ver-
gleich mit einem Tainiolit der Zusammensetzung {Cs} [Fe2Li]%¢'<Sis>*"O10F zeigt, dass bei
hohen Eisengehalten (> 2 p.f.u.) der Oxidationszustand des Eisens und nicht der Gesamtgehalt

an Eisen die Leitfahigkeit maRgeblich bestimmt.

Die vorliegende Arbeit ist teilweise in Kooperation mit der BYK Chemie GmbH entstanden.
Bei dieser Arbeit handelt es sich um eine kumulative Dissertation, daher werden die Ergebnisse
thematisch sortiert in den angehéngten Manuskripten beschrieben.
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3. Einleitung

3.1. Grundbegriffe zu Schichtverbindungen an ausgewahlten Beispielen

Der Aufbau von Kristallen l&sst sich haufig in Schichten beschreiben. Eine Schichtverbindung
liegt jedoch nur dann vor, wenn die Bindungsverhéltnisse anisotrop sind. Die Modifikationen
von Bornitrid verdeutlichen dies: B-Bornitrid (Zinkblende-Typ) lasst sich als kubisch dichteste
Kugelpackung - also als ABC Schichtfolge dichtgepackter Nitrid-Schichten - beschreiben, in
der jede zweite Tetraederliicke mit Bor besetzt ist.l* Da die Bindungsverhaltnisse hier jedoch
isotrop sind (gleiche Bindungsverhaltnisse und -langen in allen drei Dimensionen), liegt keine
Schichtverbindung vor. a-Bornitrid hingegen weist anisotrope Bindungsverhéaltnisse auf und
ist daher eine Schichtverbindung: Hier betragt die B-N-Bindungslinge in der Schicht 1.4 A,
wahrend der kiirzeste Abstand in Stapelrichtung 3.3 A betragt (B-N-Abstand zwischen gegen-

iiberliegenden planaren, hexagonalen B-N-Waben).[!

Unterschiedliche Strukturtypen und unterschiedliche chemische Zusammensetzungen inner-
halb der Klasse der Schichtverbindungen sorgen fir eine Diversitat, die eine vollstandige Auf-
listung nahezu unmdglich und eine Einteilung notwendig macht. Im Allgemeinen lassen sich
Schichtverbindungen in neutrale, positiv geladene und negativ geladene Schichten einteilen.!
Weitere Mdglichkeiten der Einteilung konnen Unterschiede in der Leitfahigkeit und im Redox-

Verhalten oder im Quellverhalten der Schichtverbindungen sein.[ !

Ladung in der Schicht l&sst sich beispielsweise durch isomorphe Substitution erzeugen: Im Fall
von Talk und Tainiolit werden tiber den Substitutionspfad [Mg?*]% — [Li*]° negativ geladene
Schichten erhalten, deren Ladung durch Zwischenschichtkationen {Z} ausgeglichen wird
(Abb. 1). Liegen reduzierbare oder oxidierbare Atome in der Schicht vor, kann mitunter Ladung
durch Redox-Reaktionen erzeugt werden (Beispiel: das Redox-amphotere Graphit)®" oder
eine bestehende Schichtladung kann durch Redox-Reaktionen variiert werden (Beispiel: eisen-

haltiger Tainiolit, Variation des Fe'/Fe""'-Verhéltnisses).[®!
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Talk Tainiolit
[Mg,]™'<8i,>"0,,(OH), {K} [Mg,Li]"*<Si,>*"0,,(OH),

B
&«

Abb. 1: 2:1 Schichtsilicate: isomorphe Substitution am Beispiel von Talk® und Tainiolit.[*

isomorphe Substitution

okt

[Mg™ 1™ — [Li]

Im Fall von Talk und Tainiolit handelt es sich um 2:1 Schichtsilicate. Diese Art der Schichtver-
bindungen wird in der vorliegenden Arbeit verwendet, da deren Struktur vielfaltige chemische
Zusammensetzungen und Schichtladungen durch isomorphe Substitution realisieren kann und
sich damit besonders fir grundlegende Studien eignet (Kap. 3.4.). Die Struktur der 2:1 Schicht-
silicate ist aus zwei Tetraederschichten aufgebaut, die Uber ihre apikalen Sauerstoffatome mit
einer Oktaederschicht verknupft sind. Die van-der-Waals-Dicke einer einzelnen 2:1 Schicht be-
trégt ca. 9.6 A. Die Zwischenschichtionen liegen im Fall von Tainiolit zwischen gegentiberlie-

genden hexagonalen Kavitaten der Tetraederschichten.

Zwischenschichtkationen kénnen in vielen Féllen durch einen ausreichenden lonenhintergrund
in wassriger Suspension ausgetauscht werden, was vielfaltige Funktionalisierungen ermdglicht
(Kap. 3.5.). Hierbei werden die lonen gemaR ihrem Verteilungsgleichgewicht in den Zwischen-
schichtraum eingelagert (interkaliert).[**] Die Menge der austauschbaren Zwischenschichtionen

wird durch die lonenaustauschkapazitét (gebrauchliche Einheit: mval/100 g) quantifiziert.

Ein wichtiges Charakteristikum geladener Schichtverbindungen, das auch die lonenaustausch-
kapazitat bestimmt, ist deren Ladungsdichte o (gebrauchliche Einheit: Ladungen/nm?). Fiir die
Diskussion von Hydroxonium-interkalierten Schichtverbindungen werden in dieser Arbeit die
Dichte der Ladungen und die Dichte der Schichtoberflachen-OH-Gruppen als ein Wert in der
Ladungsdichte zusammengefasst, wie in der Literatur Ublich (Kap. 3.3.1.). Da insbesondere
organische Zwischenschichtionen einen gewissen Platzbedarf mit sich bringen, wird als MaR
fiir deren Platzbedarf haufig die Ladungsaquivalentflache verwendet,*? die in etwa der Projek-
tionsflache eines interkalierten Kations entspricht. Die Ladungsdichten der Schichtverbindun-
gen werden zur besseren Vergleichbarkeit mit dem Platzbedarf der Zwischenschichtionen hau-
fig ebenfalls in eine Ladungsaquivalentfliche Ac umgerechnet (Kehrwert der Ladungsdichte:
Ac = 1/c, gebrauchliche Einheit: A%/Ladung).


MD
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3.2. Nanoschichten Struktur-inhdrenter Dicke

Eine Nanoschicht Struktur-inh&renter Dicke ist beispielsweise eine einzelne Graphit-Lamelle
(einzelne hexagonale sp?-hybridisierte Kohlenstoffschicht atomarer Dicke, was dann als Gra-
phen bezeichnet wird) oder eine einzelne 2:1 Silicatschicht. Arbeiten zur Herstellung und An-
wendungen solcher Schichten finden sich haufig unter dem Schlagwort nanosheet, das erstmals
von Sasaki 1996 verwendet wurde (erste Nennung in Uber Scifinder zugénglichen Publikatio-
nen).l*3l Das wachsende Interesse an solchen Materialien spiegelt sich in der steigenden Zahl
der jahrlichen Neuerscheinungen zu diesem Thema wieder (Abb. 2, gesamte Anzahl der Pub-
likationen: griin, davon Patente: schwarz). Seit dem Jahr 2003 erscheinen jahrlich mehr und

mehr Patente, da diese Materialien kommerzielles Interesse geweckt haben.

5000+

" nanosheet "
Anzahl Publikationen (Scifinder)

2005 2010 2015
Jahr

Abb. 2: Bibliographische Analyse zu dem Schlagwort nanosheet, Publikationen bei Scifinder (griin: Pub-
likationen gesamt, schwarz: davon Patente; Informationen abgerufen im Januar 2018).

Nanoschichten Struktur-inharenter Dicke weisen andere Eigenschaften als ihr Bulk-Material
auf. Die spezifische Oberflache von Schichtverbindungen ist nur fiir einzelne Nanoschichten
maximal (Graphen: 2600 m?/g, 2:1 Silicatschicht: 700 m?/g) wéhrend die korrespondierenden
Bulk-Materialien, typischerweise bestehend aus Stapeln von > 1000 einzelnen Schichten, Ober-
flachen von << 10 m?/g aufweisen. Die anisotropen Bindungsverhaltnisse in Schichtverbindun-
gen haben zur Folge, dass diese meist ein Aspektverhaltnis a > 1 aufweisen (Verhaltnis von
lateraler Ausdehnung zur Dicke). Das maximale Aspektverhéltnis ist erreicht, wenn Nano-
schichten von Struktur-inharenter Dicke vorliegen und es bei deren Herstellung nicht zum
Bruch von Primér-Partikeln des Bulk-Materials kommt.[**15 Grenzflache und Aspektverhaltnis
von Nanoschichten als Fullstoff in einer Polymermatrix beeinflussen die Eigenschaften solcher

Kompositmaterialien entscheidend (Kap. 3.5.).[t]
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3.2.1. Herstellung

Prinzipiell existieren zwei Ansatze um Nanoschichten Struktur-inharenter Dicke zu erhalten:

e Bottom-up-Methoden
z.B. Epitaktische Dampfabscheidung,*”! Synthese durch Vorlduferverbindungen,™ Mole-
kularstrahl-Epitaxie™®!

e Top-down-Methoden

z.B. Repulsive Quellung von geladenen Schichtverbindungen,™ 20211 mechanisches Sche-

ren (mit nachfolgender Aufreinigung von Aggregaten)[”

Zur wirtschaftlichen Verwendung sind einfach skalierbare Verfahren notwendig, was Bottom-

up-Methoden gegeniiber Top-down-Methoden im Allgemeinen nachteilig erscheinen lasst.[2?]

3.2.2. Delaminierung oder Exfolierung
Top-down-Methoden kénnen beztglich der Vollstdndigkeit der Spaltung in Stapelrichtung
durch die beiden Begriffe Delaminierung und Exfolierung unterschieden werden. Diese wurden

von Lagaly und Gardolinsky?® folgendermaRen definiert:

e Delaminierung ist die Separation der einzelnen Schichten von Struktur-inhérenter Dicke
aus dem Bulk-Material.

e Exfolierung ist die Zerlegung grofler Stapel von Schichten in kleinere Stapel von
Schichten.

Leider wird in der Literatur nicht immer konsequent zwischen Delaminierung und Exfolierung
unterschieden, teilweise werden die beiden Begriffe auch in umgekehrtem Zusammenhang ver-
wendet.[?*l Die urspriingliche Definition von Lagaly und Gardolinski hat dennoch — auch au-
Rerhalb der Schichtsilicat-Forschung — Anklang gefunden.t! Eine weitere Schwierigkeit in der
Evaluierung von Literatur zum Thema nanosheets ergibt sich daraus, dass nicht immer darge-
legt wird, ob tatsachlich quantitative Delaminierung in Nanoschichten Struktur-inharenter Di-

cke vorliegt oder ob es sich um Exfolierung handelt.

Als Leitfaden fiir eine erste Einordnung konnen folgende Uberlegungen fiir den Fall von Top-
down-Methoden dienen: Bei mechanischem Scheren kann nicht von Delaminierung gesprochen
werden, da ohne weitere Aufreinigung Stapel aus mehreren Schichten zurlickbleiben (es han-
delt sich in solchen Fallen um Exfolierung), dartiber hinaus brechen hierbei Primarpartikel, was
das Aspektverhaltnis verringert.l’l Eine schonende Methode, die quantitative Delaminierung
des Bulk-Materials in Nanoschichten Struktur-inharenter Dicke ermdglicht, ist die repulsive

osmotische Quellung, die kolloidal stabile Suspensionen aus Nanoschichten liefert.[*®]

8
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3.3. Quantitative Delaminierung durch repulsive osmotische Quellung

Einige geladene Schichtverbindungen kdnnen ausgehend vom trockenen Zustand bereits an
feuchter Luft durch Hydratation von Zwischenschichtionen zu héheren Schichtabstanden quel-
len.[?5-26] Der Schichtabstand wird hierbei in diskreten Stufen durch Interkalation von einer be-
stimmten Anzahl an Wasserlagen erhoht. Die Anzahl der Wasserlagen in solchen kristallinen
Hydraten kann durch den Wasserdampf-Partialdruck variiert werden. Hydratstufen fir
2:1 Schichtsilicate mit Alkali- und Erdalkalimetall-Zwischenschichtionen sind typischerweise
0 bis 3 Wasserlagen, d =~ 9.7 A (0 Wasserlagen, trocken), 12.3 A (1 Wasserlage), 15.1 A
(2 Wasserlagen), 18.1 A (3 Wasserlagen).l?”2°1 Dieses Quellverhalten wird kristalline Quellung

genannt.

Eine Erh6hung der Wasseraktivitat durch Eintauchen der Schichtverbindung in entsalztes Was-
ser fuhrt unter bestimmten Bedingungen zur weiteren Hydratation der Zwischenschichtionen
durch osmotische Quellung. Diese separiert die einzelnen Schichten repulsiv und bei ausrei-
chender Verdiinnung bis hin zur freien Drehbarkeit der Schichten.! Die quantitative Delami-
nierung durch repulsive osmotische Quellung ist nach Wissens des Autors bislang nur flr
Schichtverbindungen mit negativ geladenen Schichten bewiesen worden, daher werden in die-
sem Kapitel zur ausfuhrlichen Erlauterung dieses Phanomens nur solche Schichtverbindungen
diskutiert. Eine prinzipielle Beschrankung auf negativ geladene Schichten besteht mdglicher-

weise nicht.

3.3.1. Stand der Technik: Bedingungen fiir die osmotische Quellung

Im Gegensatz zu ladungsneutralen Schichtverbindungen, kénnen durch Anderung des Abstan-
des von geladenen Schichten diverse Ubergange zwischen Attraktion (negativer osmotischer
Druck zwischen den Schichten) und Repulsion (positiver osmotischer Druck) durchlaufen wer-
den. Es existieren unterschiedliche Ansétze zur Beschreibung dieser Zustandsanderungen in
Abhangigkeit des Schichtabstandes. Diese Ansétze beruhen beispielsweise auf Monte Carlo
Simulationen des Gesamtdruckes unter Berticksichtigung der elektrostatischen Kopplung von
Gegenionen und Schicht auf Basis der Grenzfalle fiir starke und schwache Kopplung.*® Eine
anschaulichere Simulationen des Gesamtdruckes, der aus Attraktion (elektrostatisch: Ge-
genion-Schicht mit kontinuierlicher Ladungsverteilung in der Schicht) und Repulsion (Entropie
der Gegenionen; AbstoBung durch ausgeschlossenes Volumen; elektrostatisch: Gegenion-Ge-
genion, Schicht-Schicht) resultiert, wird in Ref. [31] gegeben und beriicksichtigt die sich mit

dem Schichtabstand &ndernde Verteilung der Zwischenschichtionen. Hier wird jedoch fur hohe
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Schichtseparationen fir viele relevante Schichtladungen Attraktion vorausgesagt, was osmoti-
sche Quellung unmdglich machen wiirde und die Schwierigkeiten in der theoretischen Be-
schreibung des Ubergangs von kristalliner zu osmotischer Quellung zeigt.

Die Ladungsdichte der Schicht ist von besonderer Bedeutung flr die repulsive osmotische
Quellung, da sie den Betrag der elektrostatischen Attraktion dominiert. So ist fur niedrig gela-
dene 2:1 Schichtsilicate mit einer Ladungsdichte von < 2.3 Ladungen/nm? mit Na* als Zwi-
schenschichtkation osmotische Quellung in Wasser maoglich (z.B. synthetischer {Nao.s}-Smec-
tit {Nao s} [Mgz.5Li05]°K<Sis>*"010F['%) oder bestimmte natiirliche, aufgereinigte {Na}-Smec-
tite?%).[321 Dahingegen verhindern Ladungsdichten > 2.3 Ladungen/nm? die osmotische Quel-
lung von Na* durch zu starke elektrostatische Attraktion (Berechnung der Ladungsdichten fiir
2:1 Schichtsilicate, s. Kap. 3.4.1.).52-%

Die osmotische Quellung von héher geladenen Schichtsilicaten kann durch Zwischenschicht-
kationen hoherer Hydratationsenthalpie bewerkstelligt werden: Li* weist mit 519 kJ/mol eine
héhere Hydratationsenthalpie als Na* (409 kJ/mol) auf®4 und kann héher geladene 2:1 Schicht-
silicate (z.B. einige Vermiculite mit > 2.3 Ladungen/nm?)B% osmotisch quellen lassen.® Hier
ist zuvor ein aufwandiger Kationenaustausch der nicht osmotisch quellfahigen {Mg}-Vermicu-
lite durch Li* notwendig. Dies ist nétig, da osmotische Quellung durch zweiwertige Zwischen-
schichtionen wie Mg?* nicht méglich ist. Diese weisen zwar eine hohe Hydratationsenthalpie
pro Ladung auf, haben aber auch eine groRere Gouy-Chapman-L&nge als einwertige Kationen
(Entfernung bei der die Coulomb-Energie eines lons zu einer geladenen Schicht der thermi-

schen Energie entspricht).

Zusammenfassend miissen Alkalimetallion-interkalierte Schichtsilicate eine hohe Hydrata-
tionsenthalpie (Repulsion) aufweisen und/oder eine ausreichend geringe Schichtladung (At-
traktion), um osmotisch quellfahig zu sein. Die osmotisch quellfahigen Zwischenschichtionen
Li* und Na* weisen im Zwischenschichtraum signifikant héhere Hydratationsenthalpien auf als
ihre héheren Homologen (K*, Rb*),B71 die in 2:1 Schichtsilicaten nicht osmotisch quellen und
eine hohere Selektivitat fir die innere Helmholtzschicht aufweisen.

Liegen Schichtverbindungen vor, die aufgrund ihrer hohen Ladungsdichte nicht osmotisch
quellen, kann osmotische Quellung in einigen Féllen durch Interkalation von sterisch an-

spruchsvollen, aber hydrophilen organischen Zwischenschichtkationen hervorgerufen werden.

Beispiele fur solche Zwischenschichtkationen sind TBA (Tetrabutylammonium, 90 A%/La-
dung), DMAE (Dimethylammoniumethanol, 38 A%Ladung), C4 (n-Butylammonium,

10
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37 A?/Ladung), C3 (n-Propylammonium, 31 A%/Ladung) und TMA (Tetramethylammonium,
29 A?/Ladung); Berechnung der Ladungsaquivalentflachen s. Tab. 1, Tabellenunterschrift a.

Werden diese Kationen in die passende Schichtverbindung interkaliert, kann osmotische Quel-
lung hervorgerufen werden. Beispiele fir solche Schichtverbindungen sind o-Zirconiumphos-
phat Zr({H}PO4 (12 A?%/Ladung bzw. 8.3 Ladungen/nm?),i2! |_epidokrokit-artiges Titanat
{Hos} Ti12FeosOs (14 A%/Ladung bzw. 7.1 Ladungen/nm?, Hydroxonium-interkaliertes
{Kos} Ti12Feos0a4),#2 Kaliumhexaniobat {Ks} NbsO17 (14 A% Ladung bzw. 7.1 Ladun-
gen/nm?),125.41 Calciumniobat {H} CaNbsO10 (15 A%/Ladung bzw. 6.7 Ladungen/nm?, Hydro-
xonium-interkaliertes {K} CazNbsO10),“2 1 Vermiculit (z.B. 38 A%/Ladung bzw. 2.6 Ladun-
gen/nm?)es1is oder Birnessit {Ho.13} MnO2 (55 A%/Ladung bzw. 1.8 Ladungen/nm?, Hydroxo-
nium-interkaliertes und oxidiertes {Ko.ss} MnO2);“-41 Berechnung der Ladungsaquivalentfla-
chens. Tab. 1, Tabellenunterschrift b. Anmerkung: die Interkalation der Organo-Kationen wird
im Fall von Hydroxonium-interkalierten Schichtverbindungen durch tertidre Amine als Base
durchgefuhrt, bzw. flir quartare Ammoniumionen durch deren Hydroxidsalze als Base; Schicht-
silicate sind unter sauren Bedingungen (die fur die Hydroxonium-Interkalation notwendig sind)
instabil.[48]

Im Gegensatz zu den kleinen Li*- und Na*-lonen weisen die genannten organischen lonen La-
dungsaquivalentflachen auf, welche die Ladungséaquivalentflachen der Schichtverbindungen
systematisch tberschreiten: bekannte osmotisch quellfahige Kombinationen aus Organo-Kati-
onen und Schichtverbindung (Tab. 1, Zeilen 1 bis 9) sind dadurch gekennzeichnet, dass die
Ladungsaquivalentflache des Organo-Kations grofier (oder im Rahmen der Genauigkeit) gleich
der Ladungsaquivalentflache der Schichtverbindung ist. Flur das eher niedrig geladene
{Ho.13} Mn"""VO, (55 A?/Ladung) ist das sterisch anspruchsvolle TBA (90 A?/Ladung) als os-
motisch quellfahiges Zwischenschichtion bekannt (Tab. 1, Zeile 1). Dahingegen sind fir hther
geladene Schichtverbindungen mehrere auch deutlich kleinere Organo-Kationen bekannt, die
osmotische Quellung hervorrufen. {H} CazNbsO1o (15 A%/Ladung) beispielsweise quillt auch
mit dem deutlich kleineren TMA (29 A%/Ladung) als Zwischenschichtion osmotisch (Tab. 1,
Zeile 9). Dies gibt einen ersten Hinweis auf eine sterische Komponente, die die osmotische
Quellung von Organo-Zwischenschichtionen ermdglicht und darauf, dass die sterische Kom-

ponente auch von der Ladungsaquivalentflache der Schichtverbindung abhangt.

11
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Tab. 1: Einige osmotisch quellfahige Kombinationen von Organo-Kationen (Z-Kationgsm) und Schicht-
verbindungen: Um repulsive osmotische Quellung auszulésen, missen die Z-Kationenosm durch Katio-
nenaustausch in die jeweilige Schichtverbindung interkaliert werden. Die Z-Kationenosm sind TBA (Tet-
rabutylammonium), DMAE (Dimethylammoniumethanol), C4 (n-Butylammonium), C3 (n-Propylammo-
nium) und TMA (Tetramethylammonium). Der Kationenaustausch wird im Fall von Hydroxonium-inter-
kalierten Schichtverbindungen durch die korrespondierenden tertidaren Amine als Base durchgefiihrt, bzw.
fur quartdre Ammoniumionen durch deren Hydroxidsalze als Base.

Ladungsaquivalentflache

Schichtverbindung Z-Kationosm?) Schicht® Austausch®
Z-Kationosm (vor Kationenaustausch) [A?/Ladung] [A?/Ladung o. -OH] [%]

1 {TBA} Birnessitl“6-471 90 55 ~ 808
{Ho.13} MnO;

2 {TBA} Calciumniobat[? 441 90 15 ~ 40042
{H} Ca,Nb3O10

3 {TBA} Lepidokrokit-artiges Titanat[40-4l 90 14 ~ 301
{Ho:s} Ti12FeosOa4

4 {TBA} a-Zirconiumphosphat!®8-3°1 90 12 > 4008
Zr({H}PO,)

5 {DMAE} Calciumniobat[#? 441 38 15 ~ 60042
{H} CazNb301

6 {DMAE} Lepidokrokit-artiges Titanat(*’l 38 14 ~ 40140
{Ho:s} Ti12FeosOa4

7 {C4} Vermiculitel3® 4550 z B, 37 38 < 1000501
{Na,Mg}x=0.64[Mg2.36F€0.48Al0.16]
<Sip.72Al1.28 >*®"O19(OH)2

8 {C3} Kaliumhexaniobat[ 431 31 14 unbekannt
{Ks} NbeO17

9 {TMA} Calciumniobat[#? 441 29 15 ~ 60042
{H} Ca2Nb3z01

12

a) Als Ladungsaquivalentflache wurde die maximale Projektionsflache der Kationen (Berechnung: Che-
micalize.comP) verwendet. Fiir C4 und C3 sind die Ladungsaquivalentflachen bekannt.[*?

b) Berechnet fiir die angegebenen Zusammensetzungen aus den zitierten Strukturdaten. Fir Hydroxo-
nium-interkalierte Schichtverbindungen mussten die Strukturdaten des jeweiligen Rohmaterials ver-
wendet werden. Fiir Vermiculite: 24 A% x, s. Kap. 3.4.1).

c) Anteil der interkalierten Organo-Kationen im Verhaltnis zu der gesamten Anzahl an Ladungen bzw.
OH-Gruppen.
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In Einklang mit der vorangegangenen Auswertung der bekannten Literaturverbindungen wurde
diskutiert, dass eine (bislang undefinierte) MindestgroRe derjenigen Organo-Kationen notwen-
dig ist, die osmotische Quellung fiir ein bestimmtes schichtformiges Titanat erlaubt.*! Dies
héngt maoglicherweise damit zusammen, dass eine gewisse Mindestseparation entgegen der
elektrostatischen Attraktion Uberschritten werden muss, um das Einsetzen der repulsiven os-
motischen Quellung zu erlauben.[** Passend hierzu kénnen einige Vermiculite mit n-Butyl-
und n-Propylammonium als Zwischenschichtkationen osmotisch quellen, jedoch nicht mit den
kleineren Ethyl- und Methylammonium-Kationen.[®?l Die noch gréReren n-Pentyl- und n-He-
xylammonium-Kationen sind hingegen zu hydrophob fur eine osmotische Quellung, was die
schwierige Einstellung der attraktiven und repulsiven Komponenten unterstreicht und die re-

pulsive Quellung von Vermiculiten mit n-Butylammonium ,,schwer zu verstehen* macht.[**l

Die Zusammenhange zwischen der Art des Organo-Kations und der Ladungsdichte und dem

daraus resultierenden Quellverhalten werden im Ergebnisteil dieser Arbeit (Kap. 6.2.) erortert.

Eine weiterer Typ osmotisch quellfahiger Schichtverbindungen sei der Vollstandigkeit wegen
abschlieRend erwahnt: im Fall eines Antimonphosphates ({Ks} ShsP2014, 11 A2/ Ladung, 9 La-
dungen/nm?)®4 konnte durch Hydroxonium-Interkalation ({Hs} SbsP2014) osmotische Quel-
lung erreicht werden.?! Diese Quellung war jedoch nicht vollstandig: ein signifikanter Teil des
Materials wurde durch Sedimentation von dem delaminierten Gel abgetrennt und wurde nicht
weiter untersucht.?!] Eine schliissige Erklarung der repulsiven Quellung dieser sauren Schicht-
verbindung ist daher schwierig. Auf Basis der verfligbaren Daten ist nicht zu beurteilen, wel-
chen Assoziationsgrad die Schichtoberflachen-OH-Gruppen von Hydroxonium-interkalierten

Schichtverbindungen pH-abhangig zeigen.
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3.3.2. Suspensionen osmotisch gequollener Schichtverbindungen

Charakteristisch fur kolloidale Suspensionen von repulsiv osmotisch gequollenen Schichtver-
bindungen ist, dass der Abstand zwischen benachbarten Lamellen durch den VVolumenanteil der
Schichtverbindung in der Suspension festgelegt ist (bei gegebener lonenstarke). Dieses Verhal-
ten wurde an 2:1 Schichtsilicaten™* 2% und an einem aufgereinigten, schichtférmigen Antimon-
phosphat(?! detailliert untersucht. Eine kurze Rekapitulation von Ref. [14] erlautert die Grund-

lagen der Beschreibung von Suspensionen osmotisch gequollener Schichtverbindungen:

Wenn der Volumenanteil ¢ der 2:1 Schichten in wassriger Suspension ¢ > 2.5 % ist, besetzen
die Schichten Gitterpunkte maximaler Separation (sogenannter Wigner-Kristall, Abb. 3). Der

erwartete kristallographische d-Wert betréagt hier folglich:

d = )

S|~

wobei t die Dicke einer einzelnen Silicatschicht ist (9.6 A).1* In diesem Konzentrationsbereich
ist die Galeriehdhe h (h = d —t) kleiner als die Debye-Lange (x), d.h. die repulsiven elektro-
statischen Wechselwirkungen der Schichten werden aufgrund (h < «%) nicht abgeschirmt.[*4l In
diesem Konzentrationsbereich kann die Vollstandigkeit der osmotischen Quellung abgeschétzt
werden: die Bestimmung der Trockenmasse der Suspensionen erlaubt unter der Annahme von
Bulk-Dichten und der Annahme des Vorliegens einer absolut phasenreinen Schichtverbindung
im Feststoffanteil die Berechnung des Volumenbruches. Damit kann tberpriift werden, ob der
erwartete d-Wert und der gemessene d-Wert tibereinstimmen, wie es bei quantitativer Delami-
nierung durch osmotische Quellung der Fall ist (Ubereinstimmung im Rahmen ublicher expe-
rimenteller Abweichungen). Die Abwesenheit von detektierbaren Reflexen von kristallinen
Hydraten (typischerweise 10 bis 25 A) alleine spricht nicht zwangslaufig fir eine quantitative
Delaminierung: rontgenographische Detektionsgrenzen von nicht-delaminierbaren kristallinen

Hydraten variieren von Gerat zu Gerét und hangen von den Messbedingungen ab.
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Abb. 3: Quellverhalten wéssriger Suspensionen von Naos-Smectit ({Naos} [MgzsLios]*<Sis>*"O10F>)

mit einem Durchmesser von 20 um. In Abhé&ngigkeit des Volumenbruches des Smectites werden Bereiche

unterschiedlicher Ordnung der Schichten durchlaufen. Die Graphik wurde im Vorfeld dieser Arbeit haupt-

séchlich von Dr. M. Stéter und Prof. Dr. J. Breu entworfen. Adapted from Reference [14] with permission.

Copyright (2016), American Chemical Society.
Bei weiterer Verdiinnung (¢ < 2.5 %, h > 300 A) ,,schmilzt“ dieser Wigner-Kristall und es wird
ein nematisches Sol (Abb. 3) erhalten.[**l Dieses zeigt zwischen gekreuzten Polarisatoren Dop-
pelbrechung und kann — abhéngig von ¢ — strukturelle Farben zeigen.[?l Aufgrund der Ab-
schirmung des elektrischen Potentials der Schichten (h > x™%) ist die Konzentrationsabhangig-
keit des d-Wertes nun schwacher ausgeprégt (Details: Ref. [20] und Ref. [14]), makroskopische
Phasenseparation tritt jedoch nicht auf.' Die Abschirmung erlaubt eine gewisse Verkippung
der Schichten gegeneinander, was durch die Verbreiterung der Basal-Reflexe und durch die
Ausldschung von Basal-Reflexen héherer Ordnung in der Rontgenkleinwinkelbeugung beo-
bachtet werden kann.l*¥l Die freie Drehbarkeit der Schichten wird zunachst durch die groRe
laterale Ausdehnung der Schichten verhindert. Bei Verdinnungen ¢ < 0.15 % kommt es zu
einer Phasenseparation einer isotropen und einer nematischen Phase. Solche Separationen wur-
den bereits von Langmuir beobachtet!™! und wurden bezugnehmend darauf von Michot im De-
tail untersucht.[?% 561 \ollIstandig isotrope Suspensionen, die auch unter Scherung frei drehbare
Plattchen aufweisen, werden fur Verdiinnungen von ¢ << 0.01 % erhalten im Fall von 20 ym
groRen Plattchen.l** Isotrope Suspensionen und nematische Sole kénnen im elektrischen oder

magnetischen Feld ausgerichtet werden. -5

Suspensionen von osmotisch gequollenen Schichtverbindungen sind typischerweise bis zu lo-
nenstérken der GrélRenordnung 10 bis 100 mmol/L kolloidal stabil, wenn einwertige lonen vor-
liegen.[20-21 801 Dje Gegenwart zweiwertiger Kationen fiihrt bereits bei lonenstarken der Gro-

Renordnung 1 mmol/L zur Koagulation von delaminierten Schichtsilicaten.[6
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3.4. Synthese von 2:1 Schichtsilicaten

Die Ladungsdichte einer Schichtverbindung kann ein Ausschlusskriterium fir das Einsetzen
der osmotischen Quellung sein. Daher ist es fiir grundlegende Untersuchungen essentiell, dass
die Ladungsdichte eingestellt werden kann und Uber das gesamte Probenvolumen méglichst
homogen verteilt ist. Eine Verbindungsklasse, die diese Vorausetzungen erfillt, sind die
2:1 Schichtsilicate, wenn sie unter geeigneten Bedingungen entstanden sind.[®?! In diesem Zu-
sammenhang weist die Schmelzsynthese insbesondere gegentiber der weitverbreiteten Nieder-
temperatur-Hydrothermalsynthese einige Vorteile auf, was in diesem Kapitel rekapituliert
wird.[53-%81 Dje Homogenitat der Ladungsdichteverteilung hangt davon ab, wie homogen die
isomorphen Substitutionen im Kiristall verteilt sind. Hierfiir sind wahrend der Entstehung der
Schichtsilicate Temperaturen > 1000 K notwendig, um feste Lésungen zu erhalten.[®®! Dieser
Umstand wurde ausgenutzt, um Schichtsilicate homogener Ladungsverteilung aus der
Schmelze mit nachfolgendem Tempern zu synthetisieren (alle Syntheseschritte > 1000 K).[*%!
Die GroRe der erhaltenen Schichtsilicat-Kristallite hangt nicht nur von der Homogenitét der
chemischen Zusammensetzung ab, sondern auch vom Betrag der Ladungsdichte. Hochgeladene
Schichtsilicate weisen im Allgemeinen groRere laterale Ausdehnungen auf als niedrig gela-
dene.[®72 Gleichzeitig weisen Schichtsilicate hoher Ladungsdichte einen geringeren Grad an
turbostratischer Fehlordnung auf (Translations- und/oder Rotationsfehlordnung der aufeinan-
derfolgenden Schichten in einem Stapel) als Schichtsilicate niedriger Ladungsdichte.l”®! Dies
ist auf die mit steigender Schichtladung zunehmend eingeschréankten Fehlordnungsmaglichkei-
ten zurtickzufihren, aufgrund von zunehmender Besetzung der hexagonalen Kavitéten mit Zwi-
schenschichtionen.l”®! Dass der Grad der Besetzung der hexagonalen Kavitéiten die Partikel-
groRe beeinflusst, wurde von Meunier unter anderem darauf zurtickgefthrt, dass die Nukleation
gegeniiber dem Kiristallwachstum im Allgemeinen durch Fehlordnung stérker bevorzugt

wird.["2

3.4.1. Isomorphe Substitution

Im Gegensatz zu Lepidokrokit-artigen Titanaten, schichtférmigem Birnessit oder schichtformi-
gen Niobaten (die unter geeigneten Bedingungen ebenfalls osmotisch quellen kénnen, Tab. 1),
lasst die Struktur der 2:1 Schichtsilicate eine beachtliche Zahl an realisierbaren isomorphen
Substitutionen und Ladungsdichten zu.[*> 27 7478 Dyrch isomorphe Substitution in der Oktae-
der- und der Tetraederschicht wird eine permanente negative Ladung erzeugt, die durch Zwi-
schenschichtkationen ausgeglichen wird. Wahrend die Ladungsdichte durch isomorphe Substi-
tution variiert werden kann, betragt die Flache, die pro Formeleinheit O10(OH/F)2 zur Verfi-

gung steht, fir viele isomorphe Substitutionen konstant ca. 24 A21*2 Daher wird fiir
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2:1 Schichtsilicate als Ladungsdichte h&ufig eine Schichtladung in der Form x [Ladungen] pro
Formeleinheit O10(OH/F), angegeben (x p.f.u., per formula unit, Ladungsaquivalentflache:
24 A%/x). Haufige isomorphe Substitutionspfade sind (hier ausgehend von Talk
[Mgs]°K<Sis>*"019(OH/F) dargestellt):

1) [Mg“]Okt—>[Lil]0kt
2) [Mgll]okt_>[Mll]0kt
3) [Mgll]okt_>[Mlll]0kt
4) [Mg"1™ - [
5) <SiIV>tetr_><A|III>tetr.

6) <SjlV>telr 5 <Fplllstetr.

Kombinationen von diesen Substitutionen fihren zu 2:1 Schichtsilicaten unterschiedlicher Zu-

sammensetzung der Schichtladung x:
{Za+}x/a [M3-b-c-d” Mblll Licl Dd]okt<si4_e_flv Ale'” FeflIl>tetrOlO(OH/|:)2

Die in natiirlichen Schichtsilicaten am haufigsten gefundenen Oktaederkationen (M) sind Al'",
Fe'"', Mg", Fe!" und Mn'"."2 Einige Einschrankungen fiir die isomorphen Substitutionen sind:

1) x<2
2) c<1
3) 0<d<l1

4) e +f<2(s. Lowenstein-Regel")

Leider sind lber diese Einschrdnkungen hinaus nicht beliebige Substitutionen synthetisch zu-
ganglich oder in der Natur vorhanden. Ein Uberblick tiber > 6000 natiirlich vorkommende Sub-
stitutionen in Glimmern (x ~ 1, nicht-quellfahig) wird von Tischendorf(®°! gegeben und einige
Arbeiten haben sich mit synthetisch zuganglichen 2:1 Schichtsilicaten beschaftigt.[*> 73 77 81-86]
Probleme kénnen durch Mischungsliicken oder mehrphasige Schmelzen und hohe Viskositaten
bei Schmelzsynthesen entstehen, was viele Herausforderungen auf diesem Gebiet bietet. Einen
Beitrag zur Diskussion zugénglicher Substitutionen stellt Kap. 6.4. dar, wahrend in Kap. 6.1
bis Kap. 6.3. bereits etablierte Substitutionen der Form {Nax} [Mgs-«Lix]*'<Sis>*"O10F ver-

wendet werden.

17



Einleitung

3.5. Anwendungen von Nanoschichten

3.5.1. Polymernanokomposite

Eine prominente Anwendung von impermeablen Nanoschichten mit hohem Aspektverhaltnis
ist die Herstellung von Polymernanokompositen fur Gasbarrieren. Das Prinzip dieser Anwen-
dung kann durch das Cussler-Modell beschrieben werden (Abb. 4, tortuous path).[®’]

Abb. 4: Verlangerter Perkolationspfad (tortuous path) nach dem Cussler-Modell®"1 in Polymernanokom-
positen mit Hochaspektverhéltnis-Materialien als Fillstoff (Blau: Polymermatrix, schwarz: Fullstoff, rot:
schematischer Perkolationspfad eines Permeatmolekiils).

Zur Herstellung solcher Komposite kann beispielsweise eine Suspension aus vollstdndig dela-
minierten Nanoschichten und geldster Polymermatrix als nematisches Sol (Kap. 3.3.2.) aufge-
tragen und getrocknet werden. Der resultierende Barriere-Lack weist eine erhéhte Gasbarriere
gegentiiber der reinen Polymermatrix auf. Hier ist der Idealfall skizziert, in dem keine Phasense-
paration im Kompositmaterial auftritt.

Die Flexibilitat von einzelnen Nanoschichten wurde vorhergesagt(®! und experimentell besta-
tigt’®! und ist im Polymernanokomposit durch die mechanische Entkopplung der Nanoschich-
ten durch die Polymermatrix gegeben. Dies stellt einen Vorteil gegeniiber den weitverbreiteten
Barriere-Materialien SiOx bzw. Al>O3 dar. Diese sind zwar ebenfalls fiir Gase impermeabel,
sind aber auch spréde auf Grund ihrer dreidimensionalen Kristallinitat. Damit werden durch
wiederholte mechanische Verformung solcher SiOx- bzw. AlOz-Filme Briiche moglich, womit
die Gasdiffusion durch die entstehenden Defekte dominiert wird (vgl. Ref. [90] und Ref. [91]).
Die Briiche durch wiederholte mechanische Verformung und die resultierende Permeabilitat
sind moglicherweise der Grund dafir, dass bereits im Jahr 2013 flexible OLED-Displays vor-
gestellt wurden (Consumer Electronics Show), aber bis heute nicht in einer Form in Serie ver-
fugbar sind, in der sie auch der Endkunde verformen kann. Die Anforderungen an die Barriere
sind aufgrund der Empfindlichkeit der OLED gegeniiber Sauerstoff und Wasserdampf sehr
hoch.[®?l Polymernanokomposite auf Schichtsilicat-Basis sind flexibel und verformbar. Einige
weisen Barriere-Eigenschaften auf, die nahe an den Barriere-Anforderungen fur flexible
OLEDs liegen.[*6 %I
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3.5.2. Heterostrukturen

Heterostrukturen aus unterschiedlichen Nanoschichten

Zwei oder mehr chemisch verschiedene Nanoschichten kénnen durch Stapelung zu Hete-
rostrukturen verarbeitet werden. Hierbei besteht die Hoffnung, eine Vielfalt an neuen Materi-
aleigenschaften durch Synergieeffekte bei der Kombination von unterschiedlichen Nanoschich-
ten zu erreichen.[® Fir die atomeffiziente Herstellung solcher Strukturen ist die Kontrolle iiber

die Schichtdicke durch quantitative repulsive Delaminierung notwendig.

Eine Auftragungsmethode, die Kontrolle tber die Anzahl und die Art der Schichten in Stapel-
richtung in mehreren Auftragungsschritten ermdglicht, ist die Langmuir-Blodgett-Technik. Auf
diese Weise wurde durch Kombination von zwei repulsiv delaminierten Nanoschichten (die
beide jeweils paraelektrisch sind) eine ferroelektrische Heterostruktur erhalten
(LaNbO7 {Z*}/ CazNbsO10 {Z1}).[%)

Dariiber hinaus versprechen Heterostrukturen die Miniaturisierung elektrischer Bauteile: Die
Kombination der Nanoschichten Ruo.gs02%% {Zo2'}/ CazNbsO10” {Z*}/ Ruo.es02°?% {Zo2*} ist
metallisch leitfahig / isolierend / metallisch leitfahig und erlaubt die Herstellung von Nano-

Kondensatoren mit Kapazititen von ca. 27.5 uF/cm. [l

Interkalations-Heterostrukturen durch lonenaustausch

Der Zwischenschichtraum von Schichtverbindungen kann durch geeignete Kationen funktio-
nalisiert werden (z.B. Mikroporésitat,®”1 Belegung durch optische Emitter(®8). Durch alternie-
rende Besetzung der Zwischenschichtrdume in Stapelrichtung kénnen geordnete Wechsellage-
rungen ({Kation-A} - [2:1 Schicht] - {Kation-B} - [2:1 Schicht]) erhalten werden.[**1% Dies
entspricht Heterostrukturen in Form von alternierenden Nano-Reaktionsraumen, die durch eine
ca. 1 nm dicke 2:1 Schicht voneinander getrennt sind; dieser Zustand der geordneten Wechsel-
lagerung ist unter geeigneten Synthesebedingungen thermodynamisch gegenuber der statisti-
schen Wechsellagerung bevorzugt.’®l Die thermodynamische Stabilitat resultiert aus einer
Segregation der Kationendichten fir die beiden Kationensorten (die Kationenaustauschkapazi-
tat wird alternierend tiber- und unterschritten).[*° Erforderlich fiir die Synthese ist ein stdchi-
ometrisch kontrollierter, partieller Kationen-Austausch, der an das Verteilungsgleichgewicht
zwischen geldsten und interkalierten lonen angepasst ist (weitere Details: Ref. [101]).

Solche Heterostrukturen kénnen in einer Schicht labil gegentiber osmotischer Quellung in Was-
ser sein, wahrend die andere Schicht stabil gegentiber osmotischer Quellung in Wasser ist und

eine weitere Funktionalisierung aufweist (Beispiel: {Na} - [2:1 Schicht] - {Farbstoff-Ka-
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tion} - [2:1 Schicht]).[*°2 Durch repulsive osmotische Quellung der {Na}-lonen werden dela-
minierte ,,Sandwich“-Strukturen ([2:1 Schicht] - {Farbstoff-Kation} - [2:1 Schicht]) erhalten,
die den hydrophoben Farbstoff in anorganisch-organischen Hybridpigmenten in wassriger Sus-

pension kolloidal stabilisieren.[1%]

In Kap. 6.1. wird eine Heterostruktur ({Na} - [2:1 Schicht] - {C4} - [2:1-Schicht]) mit hoher
Ladungsdichte synthetisiert, die osmotisch quellfahig ist und keine ,,Sandwich*-Strukturen als
Endprodukt liefert, sondern einzelne delaminierte Nanoschichten. Die homoionischen Rand-
phasen (reine {Na}- bzw. {C4}-Form) hingegen kénnen nicht osmotisch quellen. Damit ist dies

ein Beispiel fur Synergieeffekte in Heterostrukturen.
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3.6. Problemstellung

Das wirtschaftliche Interesse an flexiblen und transparenten Barrierelacken (auf Basis von Na-
noschichten Struktur-inhédrenter Dicke) dient in dieser Arbeit als Motivation, um die Bedingun-
gen die das Einsetzen der osmotischen Quellung erlauben ndher zu beleuchten. Daraus sollen
einfache und robuste Methoden zur Herstellung nematischer Sole aus Nanoschichten abgeleitet
werden. In diesem Zusammenhang sind bislang insbesondere Ladungsdichte-libergreifende

Untersuchungen vernachléssigt worden.

Synthetische 2:1 Schichtsilicate der Summenformel {Z3 }xa [Mgs-«Lix]*<'<Sis>*"O10F, bieten
die Mdglichkeit die Ladungsdichte durch isomorphe Substitution gezielt zu variieren. Dies er-
moglicht Ladungsdichte-tbergreifende Untersuchungen bei vergleichbarer chemischer Zusam-
mensetzung. Im Hinblick auf weitere zukiinftige Anwendungen sollen die Méglichkeiten wei-
terer Funktionalisierung der 2:1 Schichten durch isomorphe Substitution mit Ubergangsmetal-

len diskutiert werden.
Das Konzept dieser Arbeit basiert auf den folgenden préparativen Schritten:

e Synthese von 2:1 Schichtsilicaten
o Variation der Schichtladung
e Charakterisierung der 2:1 Schichtsilicate
o Homogenitat der Ladungsdichte, der Reinheit und der lateralen Ausdehnung
e Interkalationsverbindungen und osmotische Quellung
o Synthese einer Heterostruktur durch partiellen Kationenaustausch
o Systematische Kombinationen von Kationen und Ladungsdichten
o Ladungsdichte-libergreifende Delaminierung
e Untersuchung der isomorphen Substitution der 2:1 Schichtsilicatstruktur mit Eisen
o Einkristall-Struktur Analyse

o Bestimmung der Leitfahigkeit
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4. Synopsis

Die vorliegende kumulative Dissertation enthélt vier Manuskripte. Die ersten drei Manuskripte

beschreiben neue Erkenntnisse Uber die repulsive osmotische Quellung und deren verstandnis-

basierte Ladungsdichte-tbergreifende Anwendung. Das letzte Manuskript tragt zur Diskussion

der Funktionalisierung der 2:1 Schicht durch isomorphe Substitution bei (graphische Synopsis

aller Manuskripte: Abb. 5).
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mit demselben Organo-Kation und der elektrischen Leitfahigkeit
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Abb. 5: Graphische Synopsis und Kommentare zum Zusammenhang der Kapitel dieser Arbeit.

Als erstes Teilergebnis wird in Kap. 6.1. das Quellverhalten einer Interkalations-Heterostruktur

besprochen und ein moglicher Mechanismus ihrer osmotischen Quellung diskutiert. Dies wirft

weiterhin Fragen bezlglich der divergenten Quellféhigkeit von Organo-Schichtsilicaten hoher

und niedriger Ladungsdichte auf.

Daran schlieft sich in Kap. 6.2. die systematische Untersuchung der kristallinen und repulsiv

osmotischen Quellfédhigkeit von unterschiedlichen Ladungsdichten in Kombination mit ver-

schiedenen Organo-Zwischenschichtionen an. Hieraus werden Einblicke in notwendige Bedin-

gungen fur die repulsive osmotische Quellung erhalten.
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Diese Erkenntnisse werden in Kap. 6.3. angewendet, um eine robuste Methode zu entwickeln,
die die quantitative Delaminierung durch repulsive osmotische Quellung Ladungsdichte-uber-
greifend erlaubt, was auch fur ladungsheterogene Systeme gilt. Dies senkt die Anforderungen
an das Ausgangsmaterial beziiglich Ladungshomogenitét und suggeriert, dass osmotische Quel-
lung unabhéngig von der Ladungsdichte mdglich sein kénnte, wenn das Zwischenschichtion

entsprechend an die Ladungsdichte angepasst wird.

Im Hinblick auf potentielle Anwendungen wird in Kap. 6.4. ein 2:1 Schichtsilicat untersucht,
das reich an oktaedrischem Eisen ist. Die geometrischen Rahmenbedingungen der isomorphen
Substitution von Eisen werden anhand der Einkristallstruktur diskutiert und der Einfluss dieser

Substitution auf die elektrische Leitfahigkeit wird bestimmt.
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4.1. Quantitative Delaminierung geordneter Heterostrukturen

Uber osmotische Quellung von 2:1 Schichtsilicaten ist bekannt, dass sie von niedrig geladenen
{Na}-Smectiten einer Schichtladung von x<0.55p.f.u. (< 2.3 Ladungen/nm? bzw.
> 43 A?/Ladung) in Wasser realisiert wird,!*? wahrend {Na}-Schichtsilicate hdherer Schichtla-
dung dafir eine zu starke elektrostatische Attraktion aufweisen. Darliber hinaus ist bekannt,
dass hochgeladene {C4}-Vermiculite (typischerweise x > 0.65 p.f.u.) repulsiv quellen, wéh-
rend dies fiir {C4}-Smectite trotz ihrer geringeren Schichtladung nicht moglich ist.?

Fur die Untersuchung des Quellverhaltens einer Interkalations-Heterostruktur aus diesen beiden
lonen (Na® und C4) wurde ein 2:1Schichtsilicat der Summenformel
{Naos} [Mg2.4Li06]%<Sis>*"O10F, (x = 0.6 p.f.u.) als Ausgangsmaterial verwendet, dessen
Schichtladung per Definition zwischen den Smectiten und den Vermiculiten liegt.[®! Pulverdif-
fraktometrie, Kationenaustauschkapazitat, spektroskopische Analyse und die Bestimmung der
Ladungsaquivalentflache Uber Interkalationsreaktionen bestétigen eine hohe Reinheit und das
Vorliegen der angegebenen Zusammensetzung. Die homoionische {Na}-Randphase delami-
niert in Ubereinstimmung mit oben genanntem Literaturbefund aufgrund x > 0.55 p.f.u. nicht,
die kristalline Quellung ist auch in Wasser auf d = 15.1 A limitiert. Ahnliches wird fiir die ho-
moionische {C4}-Randphase beobachtet, hier ist die kristalline Quellung auf d = 14.7 A limi-
tiert.

Die Herstellung einer Heterostruktur durch partiellen Kationen-Austausch mit C4 gelang in
einem Ethanol-Wasser-Gemisch (1:1) und weist die mittlere Zusammensetzung {Nao.33C40.27}
[Mg2.4Li0,6]°<<Sis>*"O10F, auf. Die hohe kristallographische Ordnung dieser Heterostruktur
({Na} - [2:1 Schicht] - {C4} - [2:1 Schicht]) in Stapelrichtung wird durch Pulverdiffrakto-
gramme bestatigt.

Die intrakristalline Reaktivitat dieser Heterostruktur beziiglich Quellung unterscheidet sich sig-
nifikant von der Reaktivitat der homoionischen Randphasen: Die dort beobachtete Limitierung
auf kristalline Quellung gilt hier nicht, vielmehr wurde fur die Heterostruktur quantitative Dela-
minierung durch repulsive osmotische Quellung in einzelne Lamellen nachgewiesen (Réntgen-
kleinwinkelbeugung, Rasterkraftmikroskopie). Dies ist ein Beispiel fur synergistische Effekte
durch Heterostrukturen, da keine der homoionischen Randphasen tber den kristallinen Bereich
hinaus quellfahig ist. Des Weiteren stellt der partielle lonenaustausch eine atomeffiziente Me-

thode zur Delaminierung dar.

Als Mechanismus wird ein zweistufiger Prozess vorgeschlagen (Abb. 6), in dem die {Na}-

Zwischenschichtrdume  zundchst osmotisch zu ,,Sandwich“-Aggregaten der Form
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([2:1 Schicht] - {C4} - [2:1 Schicht]) quellen. Hierfir spricht, dass die Hydrophilie von Na*
groRer als die von C4 ist und dass die Quellung bei hohen Luftfeuchten fir den {C4}-Zwischen-
schichtraum der Heterostruktur auf d = 14.7 A limitiert ist. Dahingegen zeigen Organo-Zwi-
schenschichtraume, wenn sie osmotisch quellfahig sind, immer exzessive kristalline Quellung
(d=175A) bei hohen Luftfeuchten (s. Kap.6.2.). Die ,Sandwich“-Struktur
([2:1 Schicht] - {C4} - [2:1 Schicht]) zerfallt schlieRlich in einzelne Lamellen. Der Grund hier-
fur kann sein, dass Na* aus der diffusen Doppelschicht mit C4 um die verbleibenden Zwischen-

schichtpositionen konkurriert und die ,,Sandwich*-Strukturen quellféhiger macht.
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Abb. 6: Vorgeschlagener Mechanismus fir die Delaminierung der Heterostruktur.

In einem allgemeinen Ansatz, der nicht auf n-Alkylammoniumionen limitiert ist, wird im Fol-
gekapitel untersucht, weshalb - wie auch hier beobachtet - Organo-Schichtsilicate hoher La-
dungsdichte eine hdhere intrakristalline Reaktivitat aufweisen als ihre niedriger geladenen

Aquivalente.
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4.2. Kriterien fiir das Einsetzen der repulsiven osmotischen Quellung

Eine Erklarung fur das Einsetzen der osmotischen Quellung der hochgeladenen {C4}-Vermi-
culite wurde von Lagaly vorgeschlagen.®®l Diese beruht darauf, dass die hohe Ladungsdichte
die n-Butylammoniumkette in eine ,,Paraffin-artige” Orientierung zwingt (schriag zur Oberfla-
chennormalen stehend). Dies sei eine hydrophilere Anordnung als die flachliegende Kette in
niedrig geladenen {C4}-Smectiten. Da auch andere Organo-Kationen als n-Alkylammoniumi-
onen osmotische Quellung hervorrufen kdnnen, wére eine allgemeinere Erklarung wiinschens-

wert. Dazu tragt dieses Kapitel bei.

In dieser Arbeit wurden Kombinationen verschiedener Ladungsdichten mit unterschiedlichen
Zwischenschichtkationen untersucht. Hierzu wurden zwei synthetische 2:1 Schichtsilicate
({Nax} [Mgs«Lix]°K<Sis>*®"010F,) synthetisiert, deren Schichtladung jeweils im Bereich der
Smectite (x = 0.5 p.f.u., 48 A%Ladung) und im Bereich der Vermiculite liegt (x = 0.7 p.f.u.,
34 A?/Ladung). Die hohe Reinheit dieser Silicate und die angegebene Schichtladung wurde
durch Pulverdiffraktometrie, Kationenaustausch und die Bestimmung der Ladungsaquiva-
lentflache Gber Interkalationsreaktionen bestatigt.

Das Quellverhalten der beiden {Na}-Schichtsilicate in Wasser steht im Einklang mit Literatur-
befunden.!** 32 Nur {Na}-Smectit ist osmotisch quellfahig (x = 0.5 p.f.u.), wahrend {Na}-Ver-
miculit auf den kristallinen Quellbereich (d = 15.1 A) beschrénkt ist (x = 0.7 p.f.u., aufgrund
seiner hohen Schichtladung hier als Vermiculit bezeichnet). Dieses Bild kehrt sich nach Inter-
kalation von Organo-Kationen um. Die verwendeten lonen sind n-Butylammonium (C4,
37 A?/Ladung), 2-Ammonium-2-(hydroxymethyl)-1,3-propandiol (TRIS, 37 A%/Ladung), Diet-
hylammoniumethanol (DEAE, 41 A%/Ladung) und 2-(Trimethylammonium)ethylmethacrylat
(TMAEMA, 60 A%/Ladung). Die Organo-Vermiculite (34 A%/Ladung) quellen repulsiv osmo-
tisch, wahrend die Organo-Smectite (48 A?%/Ladung) auch in entsalztem Wasser nur kristalline
Quellung mit Zwischenschichtabstanden von d < 17.5 A (q > 0.36 A1) zeigen (Abb. 7).
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Abb. 7: Rontgenkleinwinkelbeugung der unterschiedlich geladenen Schichtsilicate in wéssriger Suspen-
sion (blau: Smectit mit x = 0.5 p.f.u., schwarz: Vermiculit mit x = 0.7 p.f.u.). Die Zwischenschichtionen
sind Na*, C4, TRIS, DEAE, TMAEMA (von oben nach unten). Osmotische Quellung wird nur fur den
niedrig geladenen {Na}-Smectit und die hochgeladenen Organo-Vermiculite beobachtet (Reflexe bei
q<0.06 A, d>100 A, nahere Diskussion der Volumenbruch-abhangigen d-Werte in Kap. 6.2.).

0

Dieses Verhalten wird auch in der kristallinen Quellung wiedergegeben (Schichtabstand der
trockenen Proben im Vergleich zu Messungen bei 98 % Luftfeuchte, Ad = dogoLuftfeuchte - Ciro-
cken). Auch hier zeigen Organo-Vermiculite systematisch ein starker ausgeprégtes Quellverhal-
ten als Organo-Smectite. Ein Blick auf die Ladungséaquivalentflachen macht deutlich, dass fur
alle Organo-Vermiculite das Verhaltnis der Ladungséaquivalentflachen von Interkalat (A;) und
Silicat (Ac) groRer als 1 ist. AAc = 1 beschreibt den ,,sterischen Druck* der Organo-Vermi-
culite, da unter diesen Umsténden eine Besetzung des Zwischenschichtraumes mit (flach lie-
genden) Monolagen nicht mehr ausreichend ist um Elektroneutralitit zu gewahrleisten, insbe-
sondere wenn erste Wassermolekiile aufgenommen werden. Dies verursacht exzessive Kkristal-
line Quellung der Organo-Vermiculite bei hohen Luftfeuchten. Die exzessive kristalline Quel-
lung ist dadurch gekennzeichnet, dass der d-Wert um Ad = 3.5 A zunimmt. Ad ist ein MaR fiir
die Hygroskopizitat der Interkalationsverbindung sowie den sterischen Druck durch Wasserauf-
nahme. Ein weiteres Kennzeichen ist das Erreichen eines absoluten d-Wertes von d* = 17.5 A

bei 98% Luftfeuchte. Abhangig von der Funktionalisierung des Zwischenschichtions kénnten
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unterschiedlich hohe Separationen d* notwendig werden: fir besonders hydrophile Zwischen-
schichtionen mit einer hohen Dichte an Hydroxylgruppen wie TRIS ist bereits eine geringere
Separation als beispielsweise fir TMAEMA ausreichend, um osmotische Quellung in Wasser
sicherzustellen. Fur die meisten Organo-Smectite hingegen ist Ai/Ac <1 und eine exzessive

kristalline Quellung kann flr keinen der Organo-Smectite beobachtet werden.

Von allen drei notwendigen Kriterien fur das Einsetzen der repulsiven osmotischen Quellung
(AlAc =1, Ad=35A , d* = 17.5A) ist das Letzte — die Uberschreitung eines Mindest-d-
Wertes — ein essentieller Beitrag, um die attraktiven Wechselwirkungen entscheidend zu schwé-

chen.

Diese Ergebnisse erklaren allgemein, weshalb als Delaminierungsmittel bekannte Organo-Ka-
tionen nur hoch geladene Vermiculite osmotisch quellen lassen, wohingegen dieselben Organo-
Kationen keine Smectite delaminieren, trotz deren niedriger Schichtladung. Die hier gewonne-
nen Erkenntnisse werden im nachsten Teil der Arbeit angewendet um eine Ladungsdichte-Uber-

greifende Delaminierung zu erreichen.
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4.3. Ladungsdichte-iibergreifende Delaminierung

Die osmotische Quellung von niedrig geladenen Organo-Smectiten ist bislang nicht bekannt.
Basierend auf den Einblicken in die Bedingungen, die repulsive osmotische Quellung von Or-
gano-Vermiculiten erlauben, wurde in diesem Kapitel ein sterisch anspruchsvoller Ammoni-
umzucker (z.B. N-Methyl-D-glucammonium (Meglumin), 77 A?%/Ladung) als Organo-Kation
identifiziert, das erstmals Ladungsdichte-bergreifend sowohl niedrig geladene Smectite als
auch hochgeladene Vermiculite delaminieren l&sst. Vier synthetische 2:1 Schichtsilicate
({Z% }xa [MQa-xLix] < Sis>*"O10F,) mit x = 0.3, 0.4, 0.5 und 0.7 p.f.u. (entsprechend 79, 59, 48
und 34 A%/Ladung) wurden zur Interkalation mit Meglumin verwendet. Die Reinheit und das
Vorliegen der angegebenen Schichtladungen wurde durch Pulverdiffraktometrie, Kationenaus-
tausch und die Bestimmung der Ladungsaquivalentflache tber Interkalationsreaktionen besta-
tigt.

Das Verhéltnis der Ladungsaquivalentflachen von Interkalat (Meglumin) und Silicat betragt
selbst fir die niedrigste Schichtladung Ai/Ac = 1. Deswegen und aufgrund der hohen Hygro-
skopizitdt von Meglumin weisen alle Schichtladungen exzessive kristalline Quellung
(Ad = 3.5 A, d* = 17.5 A) bei 98 % Luftfeuchte auf. Dieses Verhalten wurde in Kap. 6.2. als
notwendige Bedingung flr das Einsetzen der osmotischen Quellung in Wasser identifiziert und

tatsachlich setzt repulsive osmotische Quellung fiir alle Schichtladungen ein.

Da die osmotische Quellung mit Meglumin fiir einen solch breiten Bereich an Schichtladungen
maoglich ist, ist dies auch fiir Systeme mdglich, die aufgrund von Ladungsheterogenitat nicht
vollstandig osmotisch quellen kdénnen. Dies ist der Fall fir einen nicht-getemperten
{Na}-Smectit der Schichtladung x = 0.5 p.f.u.. Im Gegensatz zu dem getemperten (ladungsho-
mogenen) Material kann dieser nicht vollstandig osmotisch in Wasser quellen. Kationenaus-
tausch mit Meglumin ersetzt daher im Hinblick auf quantitative Delaminierung den aufwandi-
gen Temper-Schritt (6 Wochen im gasdichten Molybdéan-Tiegel bei 1045°C). Hiermit sinken
die Anforderungen an 2:1 Schichtsilicate als Barriere-Fllstoffe fiir Polymernanokomposite be-
trachtlich: der Wert der Ladungsdichte und deren Homogenitat sind keine limitierenden Fakto-
ren mehr beziiglich der vollstdndigen Delaminierung in die benétigten Hochaspektverhéltnis-

Nanoschichten.

Die Resultate aus Kap. 6.2. und Kap. 6.3. suggerieren, dass diese Uberlegungen auch auf an-
dere Schichtverbindungen unabhéngig von ihrer Ladungsdichte tibertragen werden koénnten,
wenn die Organo-Kationen an die betreffende Schichtladung angepasst und erfolgreich inter-

kaliert werden kdnnen.
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4.4. Isomorphe Substitution und elektrische Leitfahigkeit
Im Hinblick auf spatere Anwendungen, beispielsweise in Heterostrukturen, soll die 2:1 Schicht
durch isomorphe Substitution weiter funktionalisiert werden. Das Einbringen von Ubergangs-

metallen verspricht die elektrische Leitfahigkeit in der 2:1 Schicht zu erhéhen.

In diesem Teil der Arbeit wurde daher ein Ferro-Kinoshitalit (nominelle Zusammensetzung:
{Ba} [Fes]'<Si,Al>®"010F2; gefundene Zusammensetzung: {Bao.ss} [Fe2.esAlo.28]%'<Siz01
Al1.99>®"010F,) aus der Schmelze synthetisiert. Dessen Fe''-Gehalt betragt ca. 6 % des gesam-
ten Eisenanteils. Die geometrischen Rahmenbedingungen dieser isomorphen Substitution wer-
den anhand der Einkristallstrukturanalyse durch einen Vergleich mit bereits publizierten Kris-
tallstrukturen diskutiert. Hierzu werden eisenreiche 2:1 Schichtsilicate und ein eisenfreies
2:1 Schichtsilicat mit &hnlicher chemischer Zusammensetzung der Tetraederschicht zum Ver-
gleich herangezogen. Die Diskussion der geometrischen Rahmenbedingungen der isomorphen
Substitution beruht auf der Tatsache, dass ideale unverzerrte Oktaeder- und Tetraederschichten
nicht zusammenpassen (Abb. 8): Fir typische Bindungslangen der 2:1 Schichtsilicate ist die
ideale unverzerrte Tetraederschicht meist grofer als die ideale unverzerrte Oktaederschicht.
Anpassungsmechanismen werden notwendig, da die apikalen Sauerstoffatome der Tetraeder-
schicht auch Teil der Oktaederschicht sind (stellvertretend fur die Oktaederschicht sind dieje-
nigen Dreiecksflachen der Oktaeder gezeigt (schwarz, Abb.8), die an die Tetraederschicht an-
kondensiert sind). Als Mal fur den strukturellen mismatch werden die idealen (a,b)-Ausdeh-
nungen der Tetraederschicht und der Oktaederschicht berechnet (fir die jeweilige chemische

Zusammensetzung anhand der lonenradien) und ins Verhéltnis (a,b): / (a,b)o gesetzt.

Abb. 8: Schematische Darstellung des strukturellen mismatch einer idealen unverzerrten Tetraeder-
schicht, die ihre apikalen Sauerstoffatome mit einer idealen unverzerrten Oktaederschicht teilt. Stellver-
tretend fur die Oktaederschicht sind diejenigen Dreiecksflachen der Oktaeder gezeigt (schwarz), die an
die Tetraederschicht ankondensiert sind und im unverzerrten Zustand meist zu klein wéren.
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Die diskutierten Kiristallstrukturen (1.03 < (a,b):/ (a,b)o < 1.15) suggerieren, dass die Rand-
phase Ferro-Kinoshitalit {Ba} [Fes]°'<Si;Al.>*"010F2 mit (a,b); / (a,b)o= 1.10 zuganglich sein
sollte, was (zumindest durch Schmelzsynthese) nicht der Fall ist. Diese Arbeit schlie3t sich
daher Vorarbeiten an, die geometrische Randbedingungen nicht als hauptséchliches Kriterium
fiir die Zuganglichkeit einer isomorphen Substitution sehen. Dies wird jedoch in einigen Lite-

raturstellen suggeriert.

Die Anpassungsmechanismen der diskutierten Kristallstrukturen (z.B. Abflachung der Oktae-
der zur VergrélRerung von deren lateralen Ausdehnung oder Rotation der Tetraeder um die c*-
Achse gegeneinander um die Tetraederschicht zu verkleinern) wurden anhand der Strukturda-
ten quantifiziert. Die skalaren Betrage fir die jeweiligen Anpassungsmechanismen verhalten
sich der GroRe des Verhaltnisses (a,b): / (a,b)o entsprechend, dies wird im Vergleich mit Struk-

turdaten anderer 2:1 Schichtsilicate deutlich.

Die Leitfahigkeit des synthetisierten Ferro-Kinoshitalites liegt in der GréfRenordnung uS/cm
(200°C, unter No-Atmosphére ) und steigt fur alle Proben um einen Faktor > 2, wenn die Gas-
atmosphire oxidierend wird (Luft). Damit geht eine Zunahme des Fe'!'-Gehaltes auf ca. 13 %
durch Oxidation einher. Ein Vergleich mit einem Ferro-Tainiolit
({Cs} [Fe2Li]<SirAl>"®"010F>) zeigt, dass bei den untersuchten Eisengehalten die Leitfahig-
keit starker von dem Oxidationszustand dominiert wird als von dem Gesamtanteil an struktu-
rellem Eisen. Die Abhangigkeit der Leitfahigkeit von der Oxidationsstufe ist auf die Art des
Ladungstransportes (polaron hopping) zuriickzufiihren, hier wirkt Fe''' als hopping-Zent-

rum.[103]
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ABSTRACT: Because of strong Coulomb interactions, the
delamination of charged layered materials becomes pro-
gressively more difficult with increasing charge density. For
instance, highly charged sodium fluorohectorite
(Nag Mg, 4Li 81,0 0F,, Na-Hec) cannot be delaminated
directly by osmotic swelling in water because its layer charge
exceeds the established limit for osmotic swelling of 0.55 per
formula unit Si,O,(F,. Quite surprisingly, we found that this
hectorite at the border of the smectite and vermiculite group
can, however, be utterly delaminated into 1-nm-thick platelets
with a high aspect ratio (24 000) in a two-step process. The
hectorite is first converted by partial ion exchange into a one-
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dimensionally ordered, interstratified heterostructure with strictly alternating Na* and n-butylammonium (C4) interlayers. This
heterostructure then spontaneously delaminates into uniform single layers upon immersion in water whereas neither of the
homoionic phases (Na-Hec and C4-Hec) swells osmotically. The delamination of more highly charged synthetic layered silicates

is a key step to push the aspect ratio beyond the current limits.

B INTRODUCTION

The utter delamination of bulk layered materials into
nanosheets of unimodal thickness can be regarded as the key
challenge for two-dimensional (2D) materials. The combina-
tion of different nanosheets into heterostructures' ™ and the
formation of ordered nanocomposites” requires sheets of
uniform thickness. This is a challenge for charge-neutral layered
materials such as graphite,”” boron nitride,® black phosphorus,’
and metal dichalcogenides'”'" where delamination mostly
relies on shearing forces. The conversion of such compounds
by redox chemistry into charged layered salts that can be
stabilized in suitable polar aprotic solvents'” was recently
suggested as a smart workaround. Layered titanates, ™"
layered antimonyphosphates,'® and layered silicates'” > are
redox-inert anionic layered materials that have been shown to
spontaneously delaminate by rapid osmotic swelling when
immersed in water. This repulsive delamination represents the
most gentle route,” ~** allowing for separation into nanosheets
that inherit the lateral diameter of the parent material and thus
yield a maximum aspect ratio a (ratio of lateral dimensions and
height). The aspect ratio is of particular importance if the
nanosheets are applied as barrier pigments because the gas

1 . 24-28
permeability of nanocomposites decreases to o,
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The melt synthesis of layered silicates (hectorite,
Nay sMg, sLiy sSi,0,0F,) gave access to nanosheets with mean
a = 18000 via osmotic swelling.21 Flexible, 1.5-pm-thick
polyurethane-based barrier films made with this filler material
allowed for a reduction of the oxygen transmission rate by 6
orders of magnitude.”” For the most challenging packaging of
organic light-emitting diodes, even larger aspect ratios are
required without sacrifying optical transparency.”®

The preferred mechanism for delamination, osmotic swelling,
however, is dependent on the layer charge of the layered silicate
and the charge and hydration enthalpy of interlayer ions. On
one side, osmotic swelling for Na-hectorites is observed only if
the layer charge does not exceed 0.55 per formula unit Si,O,,F,
(pfu.).*® On the other side, the lateral dimension of layered
silicates increases with the layer charge.”' ~** It would therefore
be highly desirable to extend the regime of osmotic swelling to
higher layer charges and thus gain access to even larger aspect
ratios.
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For some highly charged Na-vermiculites (0.6 < x < 0.9)
after cation exchan§e with amino acids**** or n-butylammo-
nium (C4),"*"??°~" macroscopic swelling or gel formation
was reported. Uniform swelling, however, requires a very time-
consuming (typically >1 year) conversion of the pristine,
natural vermiculite into its homoionic Na form. Moreover,
these materials are typically ochre-colored, rendering them
useless for optoelectronic packaging.

‘We were able to overcome the layer charge limit of 0.55 p.f.u.
for the osmotic swelling of Na-hectorites via a two-step process.
Nay Mg, 4Li 51,0 0F, (Na-Hec) is converted by partial ion
exchange into a one-dimensionally (1D)-ordered, regularly
interstratified heterostructure with strictly alternating Na* and
n-butylammonium (C4) interlayers. This heterostructure
spontaneously delaminates uniformly into single layers upon
immersion in water whereas neither of the homoionic phases
(Na-Hec, C4-Hec) swells osmotically. The delamination of
more highly charged synthetic layered silicates is a key step to
push the aspect ratio beyond current limits.

B EXPERIMENTAL SECTION

Synthesis and Characterization of Na-Hec. A highly charged
Na-fluorohectorite Nag Mg, 4Lig¢Si,010F, (Na-Hec) was prepared by
melt synthesis according to a published procedure,* followed by
annealing (6 weeks, 1050 °C) to improve charge homogeneity.”
These steps were carried out in gastight molybdenum crucibles. Educts
NaF (99.995%, Alfa Aesar), LiF (>99.9%, ChemPur), MgF2 (>99.9%,
ChemPur), MgO (99.95%, Alfa Aesar), and SiO, (Merck, fine granular
quarz, purum) are mixed according to the nominal composition. The
crucible was ramped to 1750 °C (15 °C/min), held at this temperature
for 70 min, and cooled to 1300 °C (55 °C/min) and then to 1050 °C
(10 °C/min). Finally, it was quenched by switching off the power. The
obtained Na-Hec was washed with deionized water until a conductivity
of <10 uS/cm was reached. The cation exchange capacity (CEC) was
measured by the [Cu(trien)] method,**** and the layer charge density
was determined according to Lagaly.*>*

Powder X-ray Diffraction. Powder X-ray diffraction (PXRD)
patterns were recorded on a STOE Stadi P powder diffractometer
using Cu Ka, radiation. To minimize texture, the samples were placed
in a glass capillary. Prior to measurement, samples were heated to 150
°C for 12 h (dry sample) followed by equilibration for 24 h over
saturated K,CO; (43% relative humidity (rh.) sample) or K,SO,
solution (98% rh. sample). After equilibration, the capillaries were
sealed. Textured samples were measured in Bragg—Brentano geometry
on a PANalytical Xpert Pro equipped with an X’Celerator Scientific
RTMS detector (Cu Ko radiation). PXRD patterns at fixed relative
humidities were recorded in a temperature—humidity chamber (Anton
Paar temperature humidity chamber driven by a VTI corp. RH-200
humidity generator) mounted on the PANalytical Xpert Pro.

MAS NMR Measurements. '°F MAS spectra were recorded on a
Bruker Avance III spectrometer (600 MHz) in a 1.3 mm HX MAS
rotor, with the MAS frequency being 62.5 kHz. The spectrum was
obtained using a 90° pulse (1.2 s, four scans). A relaxation time of
900 s was used, and longer relaxation showed no changes in relative
peak intensities, justifying the chosen relaxation time.

Partial lon Exchange of Na-Hec. The partial exchange was
carried out at room temperature in an ethanol/water mixture (1:1).
Typically, 20 mg of Na-Hec was weighed into glass vessels with screw
caps, and aliquots of a 0.05 M aqueous solution of n-butylammonium
formiate were added that correspond to 15 to 150% of the CEC of Na-
Hec. The suspensions were adjusted to a final concentration of 3.5
mmol/L of n-butylammonium formiate and were placed in an
overhead shaker for 24 h. After exchange, samples were washed
three times in ethanol/water and one time in ethanol.

Complete lon Exchange of Na-Hec. Na-Hec (100 mg) was
suspended in 2 mL water and treated five times for 24 h with a 100-
fold excess of the CEC of n-butylammonium formiate (2 M) in order
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to ensure complete ion exchange. The product was washed three times
with water and one time with ethanol.

CHN Analysis. A PerkinElmer 2400 CHN equipped with a
combustion tube filled with tungsten(VI) oxide granules was used at a
combustion temperature of 1050 °C. Samples were dried at 110 °C for
48 h and stored in a glovebox prior to measurement.

Small-Angle X-ray Scattering (SAXS). SAXS data were
measured using a Double Ganesha AIR system (SAXSLAB, Denmark).
The X-ray source of this laboratory-based system is a rotating anode
(copper, MicroMax 007HF, Rigaku Corporation, Japan) providing a
microfocused beam. The data are recorded by a position-sensitive
detector (Pilatus 300 K, Dectris). The measurements on the
suspensions were made in 1 mm glass capillaries and analyzed as
described previously.*” For suspensions that sediment (Na-Hec, C4-
Hec), the position of the capillary was adjusted to ensure the sediment
to be in the SAXS’s beam focus. Control measurements in the
supernatant yield the scattering pattern of water.

Particle Size. The particle size distribution was determined by
static light scattering (SLS) according to ISO 13320 (Retsch LA-950,
Horiba) in a flow cell using a measurement routine called mica in
water (with a refractive index of 1.5 for the solid phase). When
measured in a dilute suspension (0.005 wt %), SLS gives a good
approximation of the radius of gyration, which may be attributed to the
radius of the platelets. Particle size distributions as determined by SLS
correspond well to particle diameters derived from other methods*
such as scanning electron microscopy (SEM, Figure S1).

Atomic Force Microscopy (AFM). AFM was done in tapping
mode using a Dimension 3100 NanoScope IV unit equipped with
OTESPA-R3 (Bruker) silicon tips. Samples were prepared by
dropping a very dilute aqueous dispersion (S mg/L) in Millipore
water onto silicon wafers.

M RESULTS AND DISCUSSION

Synthesis and Characterization of Na-Hec. Powder X-
ray diffraction (PXRD) proves a single-phase material (Figure
1a). As indicated by the appearance of distinct diffraction peaks
in the 20 range of the 02/11 band, for all hydration levels Na4-
Hec shows a very low degree of stacking faults as compared to
NaO'S—Hec.21

The nonhydrated (0 water layer, 0 WL) material shows a
basal spacing (dyy;) of 9.7 A. Upon exposure to moist air,
stepwise hydration to 1 WL (43% r.h., doy; = 12.3 A) and to 2
WL (98% r.h., do; = 15.4 A) is observed. The 001 series is sharp
and rational, indicating a homogeneous intracrystalline
reactivity leading to the same hydration level and therefore
interlayer spaces of uniform height. Indexing of the 2 WL phase
was straightforward (C2/m, a = 5245 A, b = 9.077 A, ¢ =
15217 A, # = 96.591°), and all peaks can be assigned to this
cell.

Mg/Mg/Mg and Mg/Mg/Li moieties surrounding the
structural F nuclei give rise to two clearly separated bands in
the '’F NMR spectra,”” and their ratio can therefore be used to
determine the Mg/Li ratio in the octahedral layer50 to be
[Mg, 40Lige0)°" (Figure S2). The CEC was 152 mval/100 g,
which again is in good agreement with the CEC expected for a
layer charge of 0.6 p.fu. (155 mval/100g). The charge density
was evaluated according to Lagaly.*® Herein, interlayer Na* is
completely exchanged with n-alkylammonium (C,H,,,;NH;",
Figure 1b), for which the equivalent area per charge is known
for a dense packing. For short chains, charge neutrality can be
realized with monolayers as for n-butylammonium (n = 4, dyy; =
13.1 A). A dense packing of this chain length has a charge
density corresponding to a layer charge of 0.65 p.fu.. Increasing
the chain length to n = S broadens and shifts the dy peak to
higher d spacings. This indicates that with this larger equivalent
area charge neutrality can no longer be achieved with only
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Figure 1. (a) PXRD patterns of dried Na-Hec (OWL, red) and Na-Hec
at 43% rh. (1 WL, green) and at 98% r.h. (2 WL, blue), along with a
typical SEM image of Na-Hec. (b) PXRD patterns of textured Na-Hec
completely exchanged with n-alkylammonium ions of different chain
length ranging from n-butylammonium (1 = 4) to n-hexylammonium
(n = 6). By this means, the layer charge was determined according to
Lagaly.

monolayers but some bilayers need to be mixed in. Monolayers
of n = 5 would correspond to a layer charge of 0.56 p.fu.
Consequently, the charge density as determined with the
Lagaly method can be narrowed down to 0.56 < x < 0.65 p.fu.
In summary, the '’F NMR spectra, CEC, and charge density all
agree within experimental errors with a composition of
[Nag 4] ™" [Mg, 40Lig.60]°'Si401oF, indicating that no amor-
phous material is present.

Synthesis of the 1D-Ordered Heterostructure. With
charge homogeneous layered silicates, upon partial ion
exchange, incoming organocations will segregate into distinct
interlayers. Moreover, this will inevitably lead to the formation
of 1D-ordered interstratifications of two strictly alternating
(Reichweite 1°') types of interlayer cations.”” The two types of
interlayers in such heterostructures will, however, have different
charge densities. Therefore, besides the desire to build a 1D
heterostructure, equal probability (w; = w,) of the two types is
obligatory and requires the identification of the required degree
of ion exchange to meet this criterion. Because the partition
equilibrium is dependent on the degree of exchange, the
conditions®” (e.g,, solubility and concentration of incoming
cation, solvent and temperature) for w; = w, have to be
determined empirically in an iterative way. The solubility of n-
butylammonium in ethanol/water (1:1) is high; consequently,
the preference of this cation to be intercalated is low, with
typically 60:40 partitioning (Table S1, Figure S3). For instance,
upon addition of 15% CEC only 9% of Na cations are
exchanged. Nevertheless, even at this low degree of exchange,
the preference for Reichweite 1 becomes obvious by a weak and

44

4818

broad superstructure reflection representing the 1D hetero-
structure. To fix the swelling, all PXRDs were recorded at 43%
rh. (Figure 2a) where the Na interlayers adopt the 1 WL
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Figure 2. (a) PXRD patterns of textured samples at 43% r.h. for Na-
Hec partially exchanged with C4 (1S to 150% of CEC added) and for
the completely exchanged C4-Hec phase. Furthermore, the d spacings
of the homoionic phases (Na- and C4-Hec) are shown by straight
lines. (b) Coefficient of variation (cv) of the 00! series of partially
exchanged phases. The most ordered interstratified phase, OI-Hec, is
obtained upon addition of 74% CEC. (c) PXRD pattern of textured
OI-Hec.
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hydration with d = 12.3 A. With the superstructure reflex being
observed at 25.4 A, the C4 interlayers correspond to a d spacing
of 13.1 A, which is characteristic of nonhydrated n-
butylammonium monolayers (Figure 1b).

With progressive ion exchange, the basal reflections of the
superstructure become more intense, narrower, and more
rational as indicated by the coefficient of variation (cv). The cv
represents the standard deviation of the mean d spacing as
calculated from the dyy series. The smaller the cv, the more
regular the d spacing in a stack, indicating that the 00! series
obeys Bragg’s law and integer (rational) [ values are derived
from diffraction peaks. A larger cv indicates that wrong d
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spacings are built into the stack in a random-type
interstratification.”® The minimum in the cv was found when
n-butylammonium corresponding to 74% of the CEC was
added (cv = 0.14%, Figure 2b,c and Table S2). According to
Bailey, a cv of <0.75% indicates well-ordered regularly
interstratified compounds.®* A cv of 0.14% therefore suggests
that both criteria, Reichweite 1 and wy, = wc,, are met at this
point. The quality of the ordering is, moreover, reflected by
clearly visible higher-order reflections of the basal series (e.g,
0013). This phase will be referred to as OI-Hec. The partition
equilibrium at this point was determined by CHN analysis,
which reveals the composition of OI-Hec to be
[Nag33C4g27]™" (Table S1). This composition would suggest
that the Na interlayers have a higher charge density as
compared to C4 interlayers. It can, however, not be ruled out
that some of the Na* cations were trapped in the C4 interlayers
as previously reported for rectorite-type interstratifications.>®

OI-Hec represents a thermodynamically preferred state.’”
Including additional C4 interlayers beyond wy, = wc, requires
progressive n-butylammonium concentrations because the
partition equilibrium is shifted in favor of the solution phase
(Figure S3). Complete ion exchange (Table S1) requires an n-
butylammonium concentration exceeding 200% CEC. For
homoionic C4-Hec at 43% r.h.,, a basal spacing of dgy; = 14.0 A
is observed, which is significantly higher than the monolayer of
n-butylammonium (13.1 A). Moreover, the basal spacing
changes with the rh. (Figure S4), indicating that homoionic
C4-Hec is also capable of limited swelling.

Osmotic Swelling. When adding increasing amounts of
water to melt-synthesized lower-charged
Nay sMg, sLig sSi,0,0F,, adjacent silicate layers become pro-
gressively separated by water via repulsive osmotic swelling.”®
With small-angle X-ray scattering (SAXS), a basal series is
observed, indicating a uniform separation (>100 A). In line
with the char%e limit suggested for osmotic swelling by Lagaly
(0.55 pfu.),” that for NagsMg,,LiyeSi,010F, (Na-Hec)
swelling in water is limited to 15.1 A, corresponding to the
2WL hydrate. Similarly, the swelling of the other homoionic
compound, C4-Heg, is limited to 14.7 A when being immersed
in water. The very weak extra signals observed for the
homoionic phases represent traces of more highly swollen
interlayers. These materials do not form gels, and both
homoionic phases sediment quickly within less than a minute
if suspended in water (10 wt %, Figure 3). Contrary to the end
members, OI-Hec swells osmotically in water and instantly and
spontaneously forms a gel-like dispersion upon addition of 90
wt % water that is stable over months. As indicated by the
absence of peaks >q = 0.25 A~ (Figure 3), this gel does not
contain any multistacks but all adjacent layers are separated to
the same large distance. Most people would refer to the
delaminated state as an isotropic suspension of freely rotating
individual layers. For such large-diameter platelets as here, this
isotropic state can, however, be realized only at very low solid
contents (e.g, <0.005 wt %), allowing the separation of
adjacent layers to distances larger than their diameter. A
principal problem with attributing delamination to the isotropic
phase is that delamination then is determined not only by the
lack of cohesion of adjacent layers but also by their diameter.
Smaller platelets will be allowed to freely rotate at lower
dilutions as compared to large platelets. We therefore refer to
delaminated materials whenever repulsive osmotic swelling is
observed that separates adjacent layers to distances that can be
controlled by stoichiometry (solid content of gels, Figure 3). At

102 258 A 14.7 A

() [em™]

0.1
alA’]
Figure 3. (Left) Aqueous suspensions of Na-Hec, OI-Hec, and C4-
Hec in water. The homoionic phases will sediment in water within less
than a minute, whereas OI-Hec forms a transparent gel-like dispersion
that is stable over months. (Right) SAXS measurements of aqueous
suspensions in which only the 1D-ordered heterostructure (blue)
reveals osmotic swelling to a d spacing up up to 258 A. A y offset for
the homoionic phases (Na, red; C4, green) has been applied to avoid
overlap.

10 wt %, adjacent silicate layers of OI-Hec are uniformly
separated to a d spacing of 258 A (248 A interlayer volume +
10 A silicate layer). Assuming a density of 1 g cm™ for the
aqueous interlayer volume and 2.7 g cm™ for the silicate layer,
respectively, for a uniformly swollen gel of 10 wt % a separation
of 243 A can be calculated, which is in fair agreement with
observations (details in the Supporting Information). This
would suggest that upon osmotic swelling of the 1D
heterostructure a gel is obtained that is formed by widely
separated singular silicate layers.

Further evidence for the formation of single layers of 1 nm
thickness is provided by AFM measurements. For this, highly
diluted dispersions (0.0005 wt %) were suspended on Si wafers
and dried. Because the height of a silicate layer is about 1
nm,””” all nanosheets of less than 2 nm height can be
attributed to single layers. Observed heights, however, are
expected to be somewhat larger than 1 nm because of the
adsorption of hydrated ions. Only nanosheets of 1.4 nm height
were identified with AFM (Figure 4a,c). At spots with higher
concentrations, bandlike structures are formed upon drying,
again with discrete steps of ~1.4 nm in the height profiles
(Figure 4b,d).

The particle size distribution as determined by SLS is in good
agreement with the lateral dimensions of the silicate layers.”'
For OI-Hec, a number-weighted mean particle size of 24 ym
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Figure 4. Atomic force microscopy of OI-Hec. A single layer (a) and
several layers that have been restacked randomly upon drying are
shown (b), along with their height profiles (c, d).
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was observed (Figure SS). As expected, because of the higher
layer charge, this value is higher (33%) than the mean particle
size of NaysMg, sLiosSi,O0F, (18 pm).

Why Does Ol-Hec Delaminate While the Homoionic
End Members Do Not Swell Osmotically? We have
previously observed that 1D-ordered heterostructures of Na*
interlayers and nonswelling interlayers of NH,™* or hydro-
phobic dyes”” delaminate into double stacks by osmotic
swelling being restricted to the Na* interlayers. Moreover, the
segregation of the two types of interlayer cations will be
accompanied by a differentiation of the charge densities of
interlayers, which may differ by as much as about 20% in the
different interlayer types.””** The onset of osmotic swelling is
determined by a subtle balance of electrostatic interactions
between interlayer cations and silicate layers and among
interlayer cations versus their hydration enthalpy and transla-
tional entropy.”® Consequently, the swelling behavior of
heterostructures is actually expected to be significantly different
from that of the homoionic materials. Although we believe that
the different swelling behavior has thermodynamic origins, the
kinetic hindrance of swelling of homoionic phases cannot be
ruled out experimentally.

We propose double stacks of an n-butylammmonium
interlayer being sandwiched between two silicate layers as a
transient intermediate (Figure S). The hydration enthalpy of
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Figure S. Sketch of the synthesis and swelling behavior of OI-Hec. Na*
(red) is partially exchanged with C4 (green), and obtained OI-Hec
disintegrates into single nanosheets upon immersion in water. The
proposed transient intermediate state of double stacks is shown. Such
swelling behavior is not observed for end members Na-Hec and C4-
Hec.

the Na" interlayers is expected to be higher than that of the C4
interlayers. Once the Na® interlayer cations are released into
the diffuse double layer of the double stacks, they will compete
with n-butylammonium for the remaining interlayer sites,
imparting to them more swelling and eventually leading to
complete delamination into singular silicate layers. The swelling
behavior of C4 interlayers in OI-Hec and C4-Hec in any case
differs significantly from that of corresponding vermiculite
compounds described previously. Completely ion exchanged n-
butylammonium vermiculites spontaneously form gels'®'”*~*!
when immersed in deionized water. Contrary to this, for C4-
Hec swelling is restricted to 14.7 A even when immersed in
water (Figure 3). Along the same lines, at 95% r.h. the n-
butylammonium form of Eucatex vermiculite swells to about 20
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A (Figure S6), a value considerably higher than the 14.7 A
observed for C4-Hec. Counterintuitively and despite its higher
layer charge, it seems that the intracrystalline reactivity of n-
butylammonium vermiculites is higher than that of C4-Hec.

B CONCLUSIONS

Whereas neither homoionic Na-Hec nor C4-Hec end members
show osmotic swelling, the 1D-ordered heterostructure of the
two readily delaminates when immersed in water. We propose a
mechanism involving transient double stacks. This gentle top-
down procedure delivers delaminated nanosheets with a very
high aspect ratio (24 000) without the need to apply any
shearing force. Although the layer charge of Na-Hec nominally
is at the lower range of vermiculites, surprisingly the swelling
behavior of the two is distinctly different. The reason for this
difference will be addressed in future work.
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1. Supporting Data

Scanning Electron Microscopy.

Figure S1. SEM of a Na-Hec agglomerate as obtained from melt synthesis.
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PF-NMR-Spectroscopy.

£ wore [

[MgMgMg]
peak summed
intensities
[MgMgMg] 1.541
A . v i . ‘ " [MgMgLi] 2.277
-170 -180
o/ ppm

Figure S2. (A) shows the °F-NMR of Na-Hec with two separated bands that can be assigned
to [MgMgMg]- and [MgMgL.i]-environments of °F in the octahedral layer.! As no other fluo-
rine sites were detected, the obtained Na-Hec is therefore perfectly trioctahedral. Deconvolution
was performed using Pseudo-Voigt-functions with the same FWHM for Gaussian- and Lo-

rentzian-part. Part (B) of the same figure shows the summed intensities of the two peaks.

Calculations of the composition of the octahedral layer based on these integrals are explained

in the following.
First the site intensities belonging to Mg (Smg) and to Li (Svi) are calculated from the integrals
QF
Smg = 3 Limgmgmg) + 2 " Iimgmgriy = 9-177 @
S =1+ Imgmgriy = 2.277 (2)
The total intensity is obtained by summation:
Stotar = SmgtSp; = 11.454 3

As there are three octahedral positions surrounding each structural F ion which are fully occu-
pied for trioctahedral clay minerals, the stoichiometry of the octahedral layer (O) can be calcu-
lated:

Og = —— Syg = 2.40 4

Stotal

3

O, = - S, = 0.60 ®)

Stotal

Hence the layer charge per formula unit Si4sO10F2 according to the obtained octahedral compo-
sition [Mg2.40Li0.60]°" is 0.60.
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CHN-Analysis and Distribution Equilibrium.

Carbon content was determined by CHN-analysis. The molar mass of the partial exchanged
phase [Nao 6.,C4y]"™" varies with the amount of n-butylammonium intercalated. Carbon content
therefore has to be calculated iteratively. By this means y is varied till the molar mass of
[C4yNao 60-y] ™" [Mg2.4Li0.6] % <Sis>*"O10F is equal to the experimentally determined carbon

content.

Example: Ol-Hect (Addition of 74% CEC) features an experimental carbon content of
3.288 wt% as determined by CHN. y=0.2741 leads to a carbon content of 3.288 wt% which is
in line with the experimentally determined one. Therefore Ol-Hect features a formula of
[Nao33C4027]"™e" [Mg2.4Li06]°SisO10F2. Hence 46 % of interlayer ions are exchanged
(0.2741:0.60=45.7 %). As 75 % of CEC of Na-Hect have been added, 39 % of n-butylammoni-
umions are remaining in solution (100 % - 45.7 % : 75 % = 39.1 %).

Data following this calculation for all partial exchanged products (15 to 200% of CEC) are
given in Table S1 along with the carbon content of C4-Hec. This table is plotted in Figure S3.

Table S1. Distribution equilibrium for partial exchange of Na-Hec with n-butylammonium

(C4) as determined by CHN-analysis.

Addition C4 C-content | Na C4 C4 intercalated C4 remaining in solution
[% of CEC] [Gew.%] [p.f.u] [p.f.u] [% of CEC] [% of addition]
15 0.696 0.54 0.06 9 37

30 1.366 0.49 0.11 19 38

45 1.999 0.44 0.16 27 39

60 2.842 0.36 0.24 39 35

74 3.288 0.33 0.27 46 39

90 3.815 0.28 0.32 53 41

105 4.105 0.26 0.35 58 45

125 5.139 0.16 0.44 73 42

150 6.099 0.08 0.53 88 42

200 6.632 0.03 0.57 96 52

C4-Hec, 6.935 0.00 0.60

complete

exchange (-0.003) (0.603)
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Figure S3. Distribution equilibrium of the partial exchange of Na-Hec with n-butylammonium.

The part of n-butylammonium remaining in solution is plotted over the amount intercalated for

different amounts of CEC added to the neat hectorite.

PXRD of Partial lon-Exchange.

Table S2. 00I-series and coefficient of variation (cv) for different stages of partial exchange in
% of CEC of Na-Hect (at 43 % r.h.).

0ol d(0Ql) for different additions of C4 in % of CEC of Na-Hect

60 % 67 % 70 % 2% 74 % 76 % 90 %
001 25.282 25.000 25.078 25.120 25.392 24.845 24.861
002 12.663 12.616 12.650 12.644 12.745 12.615 12.724
004 6.346 6.336 6.344 6.344 6.367 6.338 6.372
005 5.103 5.098 5.093 5.086 5.105 5.069 5.041
006 4.234 4.230 4.233 4.233 4.243 4.234 4.243
007 3.636 3.641 3.639 3.635 3.642 3.625 3.616
008 3.175 3.174 3.176 3.176 3.183 3.174 3.180
009 2.834 2.832 2.831 2.830 2.835 2.824 2.816
0011 2.317 2.316 2.316 2.316 2.320 2.314 2.308
0012 2.119 2.118 2.119 2.119 2121 2.118 2.119
0013 1.961 1.961 1.961 1.959 1.963 1.958 1.953
0014 1.815 1.816 1.816 1.816 1.819 1.816 1.821
0016 1.588 1.589 1.589 1.590 1.591 1.590 1.594
average
d(0ol)-1 [A] 25.42 25.39 25.40 25.38 25.48 25.32 25.37
cv [%] 0.27 0.55 0.44 0.39 0.14 0.65 0.68
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Humidity-dependent d-spacings.
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Figure S4. Humidity dependent d-spacings of C4-Hect (doo1), Ol-Hect (doo2) and Na-Hect (doo1)
measured in a humidity chamber. For the homoionic phases doo: is shown. In case of Ol-Hec
doo2 is shown that corresponds to the averaged d-spacing of the superstructure. A slight shoul-
der at about 13.6 A (p/po = 0.8) is marked by a triangle. D-spacings at p/po = 0.98 did not deviate

from the d-spacings measured under a drop of ethanol/water (1:1).

Static Light Scattering.
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Figure S5. Particle size distribution as determined by SLS, the number weighting yields an

average diameter of 24 um.
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C4-Vermiculite at 95% relative humidity.

relative intensity [counts]

2 4 6 8 10
267

Figure S6. PXRD of a n-butylammonium exchanged vermiculite (Eucatex) measured in a hu-

midity chamber at 95% relative humidity with a d-spacing of 19.2 A.

Calculations: d-spacing of a Gel.

The d-spacing of a homogeneously swollen gel can be calculated via the volume fraction ¢

using the thickness of a single lamella D:

¢ — MHec/PHec (1)

Myec/PHec+Mwater/Pwater

d= 2

b
¢
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ABSTRACT: Delamination by osmotic swelling of layered materials is generally thought to become increasingly difficult, if
not impossible, with increasing layer charge density because of strong Coulomb-interactions. Nevertheless, for the class of 2:1
layered silicates, very few examples of delaminating organo-vermiculites were reported in literature. We propose a mechanism
for this repulsive osmotic swelling of highly charged vermiculites based on repulsive counter ion translational entropy that dom-
inates the interaction of adjacent layers above a certain threshold separation. Based on this mechanistic insight, we were able to
identify several organic interlayer cations appropriate to delaminate highly charged, vermiculite-type clay minerals. These find-
ings suggest that the osmotic swelling of highly charged organo-clays is a generally applicable phenomenon rather than the odd

exemption.

INTRODUCTION

One major advantage of charged two dimensional mate-
rials like clay minerals,*® lepidocrocite-type titanates*® or
layered antimony phosphates’ over graphite®° is their capa-
bility to delaminate by osmotic swelling. Osmotic swelling
leads to the formation of 2D-nanosheets of structure-inherent
thickness and represents a gentle top-down procedure guar-
anteeing a maximization of aspect ratio.® ' The high aspect
ratio restricts free rotation and consequently suspensions with
a clay content of ~2 wt% represent liquid-crystalline phases
and the various phases have been structurally characterized in
detail 220

The osmotic swelling of low layer charged smectite-type
clays is thought to be driven by the hydration of interlayer
cations like Na* winning over the attractive electrostatic in-
teraction of interlayer cations and silicate layers. This led to
a widely accepted upper limit of the layer charge (x) of
0.55 per formula unit SisO10F; (half a unit cell, p.f.u.) that still
allows delamination.? Higher layer charges cannot be delam-
inated as periodic Coulomb attraction dominates over the hy-
dration of the interlayer cation and limits swelling to the crys-
talline swelling regime. This swelling regime includes one
layer, two layer and three layer hydrates corresponding to d-
spacings of ~12, ~15 and ~18 A, respectively.??’

Quite counterintuitively, very few examples of osmotic
swelling in highly charged vermiculites were reported. For
instance Na-vermiculites were reported to swell upon addi-
tion of zwitter-ionic aminoacids.?®? Even more surprising
Na-Vermiculites that have been cation exchanged with less
hydrophilic n-butylammonium (C4) swell osmoatically,3-34

58

while C4-smectites do not osmotically swell but form crys-
talline hydrates with a basal spacing of 14.7 A in water.% The
only explanation for the osmotic swelling of C4-vermiculites
has been proposed by Lagaly.*® He claims that the relatively
high charge density of vermiculites forces n-butylammonium
into a paraffinic arrangement and that such inclined orienta-
tions of alkyl-chains tend to be more readily hydrated than a
flat lying alkyl-chain. Therefore, for short chains as in n-
ethylammonium-vermiculites the energetics would rather be
governed by electrostatic attraction preventing osmotic swell-
ing. Chains longer than n-butyl-chains in turn would no
longer be hydrophilic despite a paraffinic orientation but ra-
ther hydrophobic and would therefore also not swell osmoti-
cally.

Clearly, a general concept explaining the swelling behav-
ior of highly charged clay minerals that is not limited to n-
alkylammonium would be highly desirable. This would open
the door for easy delamination of vermiculites, which tend to
have large platelet diameters and where hence delamination
produces nanoplatelets with huge aspect ratio.

We recently proposed that the interaction of adjacent lay-
ers is repulsive above at a certain threshold separation. For
smectites this threshold separation is met for the three water
layer hydrate (~18 A) leading to osmotic swelling when im-
mersing smectites into water.¥” Highly charged Na-vermicu-
lites, however, when immersed in water, only swell to the two
water layer hydrate (~15 A). This layer separation apparently
is below the threshold separation and consequently Na-ver-
miculites do not swell osmatically.



To validate and expand our model for repulsive osmotic
swelling to the class of highly charged vermiculite-type 2:1
layered silicates, we test various hydrophilic organo-cations
capable to overcome the threshold separation by a steric con-
tribution.

EXPERIMENTAL

Synthesis and Characterization of the Clays. A low
charged Na-fluorohectorite NagsMgzsLio5Si4O10F2 (Hec) and
a vermiculite-type, highly charged Na-fluorohectorite
Nao.7sMQg2.25Li0.75S12010F (Verm) with a charge density in the
range of vermiculites were prepared by melt synthesis ac-
cording to a published procedure followed by annealing
(6 weeks, 1045 °C) to improve charge homogeneity and
phase purity.!! These steps were carried out in gas tight mo-
lybdenum crucibles. The educts NaF (99.995%, Alfa Aesar),
LiF (>99.9%, ChemPur), MgF, (>99.9%, ChemPur), MgO
(99.95%, Alfa Aesar) and SiO, (Merck, fine granular quarz,
purum) are mixed according to the nominal composition. The
crucible was ramped to 1750 °C (15 °C/min), held at this tem-
perature for 70 min, cooled to 1300 °C (55 °C/min) and then
to 1050 °C (10 °C/min). Finally, it was quenched by switch-
ing of the power. The cation exchange capacity was deter-
mined according to DIN 1SO 11260 using BaCl, and the layer
charge density was determined according to Lagaly.®%°

Powder X-ray Diffraction. Powder X-ray diffraction
(PXRD) patterns of as-synthesized clays were recorded on a
STOE Stadi P powder diffractometer using Cu Ko, radiation.
The samples were placed in a glass capillary. Prior to meas-
urement samples were equilibrated for one week over satu-
rated K,COs-solution (43 % relative humidity, r.h.) to obtain
the one water layer hydrate. After equilibration, the capillar-
ies were sealed. All other PXRD were measured with textured
samples in Bragg-Brentano geometry on a PANalytical
X’pert Pro equipped with an X’Celerator Scientific RTMS
detector (Cu Ka radiation). PXRD patterns at fixed relative
humidities were recorded in a temperature-humidity chamber
(Anton Paar temperature humidity chamber driven by a VTI
corp. RH-200 humidity generator) mounted on the PANalyt-
ical Xpert Pro. Dry samples were obtained by drying at 110°C
under vacuum for 24 h and PXRDs of the hot samples were
measured within 2 min each after removal from the vacuum
furnace.

Microprobe Analysis. The chemical composition of Hec
and Verm was determined by wavelength dispersive X-ray
spectroscopy on crystals with flat lying surfaces on a carbon
tape using an electron microprobe (Jeol JXA-8200, Bayer-
isches Geoinstitut, Bayreuth). The settings were 15 kV accel-
eration voltage, 15 nA initial beam current, a beam spot di-
ameter of 10 um, 10 s counting time at the peak position and
5 s counting time at each side of the peak.

Inductive-coupled plasma atomic emission spectros-
copy (ICP-OES). The lithium and magnesium content of Hec
and Verm was determined by ICP-OES. Samples of about 20
mg of dry clay were weighed into clean Teflon flasks of 15
mL volume. After addition of 1.5 mL 30 wt. % HCI (Merck),
0.5 mL of 85 wt. % H3PO, (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 solu-
tion was diluted to 100 mL in a volumetric flask and analyzed
on Vista-PRO radial spectrometer.

Preparation of organo-cations. Diethylaminoethanol
(DEAE, >99.5%, Aldrich), 2-Amino-2-(hydroxymethyl)-1,3-
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propanediol (TRIS, >99%, Aldrich), n-Butlyamin (C4,
99.5%, Aldrich) were titrated in Millipore-water to pH =7
with HCI. The solutions were diluted to 1 molL™. 2-(Dime-
thylamino)ethyl methacrylate (DMAEMA, 98%, Aldrich)
was methylated with Methyliodide resulting in TMAEMA-
iodide: DMAEMA (10 g) was dissolved in acetone (1 L) and
methyl iodide was added at a molar ratio of 1.5 compared to
amino groups. The mixture was stirred overnight. The precip-
itate was washed several times with acetone and finally dried
using high vacuum. Completeness of quarternization was ap-
proved by *H-NMR. TMAEMA-iodide was dissolved in Mil-
lipore-water to yield a 1 molL™ solution.

lon-exchange to Organo-Clays. 200 mg of the clays
were suspended in 10 mL of a 1 M solution of the organic salt
(> 25-fold excess of the CEC, delamination is prevented by
the high ionic strength). The procedure was repeated 5 times.
Finally, the obtained organo-clays were washed free of hal-
ide-ions (AgNOs-test) with Millipore-water. Gels were con-
centrated by centrifugation between the washing cycles. The
organo-clays were finally washed one times with acetone and
dried at 60°C. The only exception are TMAEMA-exchanged
clays that were freeze-dried from water, in order to prevent
the polymerization of TMAEMA resulting in polycations,
that render osmotic swelling impossible.

CHN-Analysis. A PerkinElmer 2400 CHN equipped
with a combustion tube filled with tungsten(V1)-oxide-gran-
ules was used at a combustion temperature of 1050 °C. Sam-
ples were dried at 110 °C and vacuum for 24 h and stored in
a glovebox prior to measurement.

Scanning Electron Microscopy and Energy Dispersive
X-ray Spectroscopy (REM-EDX). REM-EDX was meas-
ured on a Zeiss 1530 with a EDX INCA 400 unit (Oxford).
Samples were prepared on a carbon tape and sputtered with
10 nm carbon.

Small angle X-ray scattering (SAXS). SAXS data were
measured using a “Double Ganesha AIR” system
(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 (PILA-
TUS 300K, Dectris). Samples were prepared by adding a de-
fined amount of millipore-water to the dry organo-clay. After
equilibration for one week SAXS-patterns were recorded in
1 mm glass capillaries.

Gravimetric analysis of water content. TRIS-Hec and
DEAE-Hec were dried (110°C, vacuum, 24 h) prior to weigh-
ing. Their water uptake at 98 % r.h. (48 h equilibration in the
atmosphere of saturated K,;SOg4-solution) was determined
gravimetrically.
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RESULTS AND DISCUSSION
Synthesis and Characterization of the Clays.

PXRD patterns of Hec and Verm recorded at 43 % r.h.
(Figure 1) indicate a crystalline swollen phase with one layer
of water molecules in the interlayer space (doo; = 12.5 A).*°
All lines can be indexed in C2/m (No. 12). Least squares re-
finement resulted in the following lattice parameters: Hec
(@a=5.201) A, b=9.10(1) A, c = 12.48(4) A, y = 95.44(4)°)
and Verm (a=5.26(1) A, b=9.07(2) A, c=12.48(4) A,
v = 95.22(4)°).
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Figure 1. A) PXRD patterns of Hec (A) and of Verm (B) at
43% r.h.; the insets show PXRD patterns of dried, textured sam-
ples of the n-alkylammonium intercalates (CnH2n+1NH3*) of Hec
for n = 14 (red) and n = 15 (blue) and of Verm for n = 9 (red) and

n =10 (blue). The straight line (d = 17.6 A) equals the d-spacing
of a bilayer of n-alkylammonium ions in the interlayer space.

The chemical composition was determined by micro-
probe analysis. Microprobe analysis is insensitive to Li.
Therefore, the Mg/Li-ratio was derived from ICP-OES anal-
ysis by assuming a complete occupancy of the tetrahedral po-
sitions (Si =4) and by normalizing stoichiometric coeffi-
cients of the cations to match the 22 negative charges of the
anionic sublattice (OioF;). This way a composition of
Nao,sz(z)Mgz,51(4)Lio,45(z)Si4OloF2 is obtained for Hec (nomi-
nally Nags™"[Mg2sLios]°<Sis>*"010F,) and a composition
of Nao,71(4)Mgz,23(4)Lio,72(4)Si4010F2 is obtained for Verm (nom-
inaIIy Nao_75imer'[Mgz_zsLi0_75]om'<Si4>tetr' Osz). Cation ex-
change capacities (CEC) as determined by the BaCl,-method
are close to the CECs expected according to the nominal com-
position: 129 meqg/100 g for Hec (130 meg/ 100 g nomi-
nally) and 185 meq/100 g for Verm (194 meqg/100 g nomi-
nally). The layer charge density was determined experimen-
tally by the method of Lagaly.3**° For this purpose, interlayer
Na* is exchanged with n-alkylammonium (C,Hzn1NH3*, Fig-
ure 1, insets) for which the charge equivalent area per charge
(of a flat lying molecule) is known for a dense packing of
either flat lying mono- (dos=13.4A) or bilayers
(door = 17.6 A). The onset of the transition of mono- to bi-
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layer- or from bilayer to pseudo-trilayer arrangement with in-
creasing chain length was converted into upper limits of
charge densities (Table S1). As described by Lagaly for some
natural vermiculites with x ~ 0.7 p.f.u., Verm forms bilayers
instead of paraffinic structures with n > 7.3 Therefore for
both, Hec and Verm the charge density could be determined
from the onset of the transition from bilayer (oo, = 17.6 A)
to pseudo-trilayer: Once charge neutrality can no longer be
realized with a densely packed bilayer some pseudo-trilayers
have to be mixed in to maintain charge neutrality. As a con-
sequence of this random interstratification the basal spacing
starts shifting and at the same time its full width of half max-
imum increases.

In case of Hec (Figure 1A, inset) n = 14 is the longest
chain that can saturate the charge of the clay by a bilayer oc-
cupancy (red trace, dooy = 17.6 A). For n = 15 (blue trace) the
d-spacing is clearly shifted. A dense bilayer of n = 14 corre-
sponds to a layer charge of x = 0.51 p.f.u., whereas a dense
bilayer of n=15 corresponds to a layer charge of
x = 0.48 p.f.u.; the layer charge of Hec is consequently in the
range of 0.51 > x > 0.48 p.f.u.. In case of Verm (Figure 1B,
inset) n = 9 is the longest chain that can saturate the charge of
the clay by a bilayer occupancy (red trace, dooy = 17.6 A). For
n =10 (blue trace) the d-spacing is clearly shifted. A dense
bilayer of n=9 corresponds to a layer charge of
x =0.73 p.f.u., whereas a dense bilayer of n = 10 corresponds
to a layer charge of x = 0.67 p.f.u.; the layer charge of Verm
is consequently in the range of 0.73 >x>0.67 p.f.u.. The
layer charge densities as determined by Lagaly agrees well
with what is expected based on the nominal compositions.
Within experimental errors, all analytical data are in line with
the nominal composition suggesting that no amorphous im-
purities are left after long-term annealing of Hec and Verm.

Swelling Behavior of Organo-Clays.

Lagaly stated that “this reaction [the delamination of n-
butylammonium vermiculites] is difficult to understand”.*
He argued that for gel-forming C4-exchanged vermiculites
the arrangement of water molecules around the n-bu-
tylammonium chain might play a role.* In an attempt to val-
idate the universality of osmotic swelling of highly charged
organo-clays, both, Hec and Verm were ion-exchanged with
hydrophilic organic cations (n-butylammonium (C4), 2-Am-
monium-2-(hydroxymethyl)-1,3-propanediol (TRIS), Di-
ethylammoniumethanol (DEAE) and 2-(Trimethylammo-
nium)ethyl methacrylate (TMAEMA)). This organo-cations
vary in charge equivalent areas and therefore differ in steric
demand of a completely ion-exchanged organo-clay. The de-
gree of ion exchange was checked by CHN- and EDX-analy-
sis of residual Na* (Table S2). Exchange was found to be
complete for C4-, TRIS- and DEAE-Hec. In case of
TMAEMA-Hec 92% of Na-ions were exchanged. In case of
C4- and TRIS-Verm exchange is complete according to
CHN-analysis, although minor amounts of Na* are still de-
tected with EDX (~2-3 % CEC). In DEAE- and TMAEMA.-
Verm ~90 % of Na-ions could be exchanged.

The swelling behavior of the Na- and the organo-clays
was monitored by SAXS. Hereby, the samples were sus-
pended in a defined amount of Millipore-water (Figure 2).
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Figure 2. SAXS-patterns of organo-Clays in water of Verm
(black) and Hec (blue). Interlayer ions are (from top to bottom):
Na*, C4, TRIS, DEAE and TMAEMA.

Because of different charge densities organo-Hec and
organo-Verm display different swelling behaviors. As
expected, highly charged Na-Verm is not able to delaminate
in water by respulsive osmotic swelling. Swelling of Na-
Verm is rather limited to crystalline swelling with a d-spacing
of 15.1 A (q = 0.42 A%, two water layer hydrate). In contrast,
as reported before, a gel is obtained by repulsive osmotic
swelling for Na-Hec.%” Because of the large diameter individ-
ual layers cannot rotate freely and the gel formed represents
alamellar liquid crystal. Adjacent silicate layers are separated
to a distance corresponding to the clay/water-ratio: For in-
stance, for the dispersion with a volume fraction of
¢ =8.4vol% adjacent silicate layers are separated to
d =112 A (g =0.056 A%). This is in line with the expected
value of 114 A for this volume fraction based on a lamella
thickness of 9.6 A (dexpectes = 9.6 A/ ¢p; Supporting Infor-
mation). This suggests that by the repulsive nature of the os-
motic swelling all layers are separated to the same distance.
The sample is homogenously swollen and the gel is represent-
ing a mono-phase gel. The Na-clays follow the expectations
inasmuch as the degree of swelling decreases with increasing
layer charge and stronger electrostatic attraction of silicate
layers with interlayer cations.

These expectations are seriously messed up when looking
at the organo-clays: Whereas for the low charged Hec swell-
ing is limited to the crystalline regime (d <25 A, q>0.25 A-
1y for all organo-Verm samples repulsive osmotic swelling is
observed with a typical separation > 100 A (g <0.06 A%).
Please note, that the d-spacing increases linearly with de-
creasing clay content in the concentration regime > 2 vol %
(Where dexpected = 9.6 A/ ¢ is valid), we therefore used con-
centrations of 5 — 10 vol%.

Organo-Verm samples swell osmotically to mono-phase
gels as validated by the d-spacings of 150 A (6.7 vol%, 143 A
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expected for TRIS-Verm), 131 A (6.9 vol%, 139 A expected
for DEAE-Verm), 189 A (5.2 vol%, 185 A expected for
TMAEMA-Verm). Only for C4-Verm a separation of 175 A
is found that is clearly beyond expectations (9.3 vol%, 103 A
expected). At the same time part of the C4-Verm does not
swell beyond d = 19.6 A. This would suggest that this part
adopts a different interlayer structure showing a diverging hy-
dration behavior. As a consequence, the observed layer sepa-
ration in the gel phase is larger than expected because the clay
content in this volume is depleted by the segregation of the
19.6 A-phase. The reason for the heterogeneity in respect to
intracrystalline reactivity for this particular organo-clay is un-
known. However, similar observations were made for natural
C4-Vermiculites previously as well

The striking difference in swelling extent in water ob-
served for organo-Hec- and organo-Verm is to some extent
reflected in the crystalline swelling behavior in humid air
(Figure 3). Unfortunately, a large gap in water activity be-
tween humid air and liquid water (55.5 mol/L) arises for ex-
perimental reasons. At 98 % relative humidity (r.h.) both Na-
Hec and Na-Verm swell to crystalline 2 water layer hydrates
(15.1 A). While Na-Hec and Na-Verm show the same hy-
drated states, the increase in d-spacing upon hydration in hu-
mid air of organo-Verm is systematically higher than of or-
gano-Hec (Figure 3, values for all d-spacings: Table S3). The
maximum d-spacings of all organo-Verm samples signifi-
cantly exceed the d-spacing of the two water layer structure
of Na* and also of their organo-Hec counterparts.

A subtle interplay of hydrophilicity, the charge equivalent
area of interlayer cations (area occupied per charge of a flat
lying molecule, A) and the charge density of the clay controls
the extent of crystalline swelling upon changing the water ac-
tivity from 0 % to 98 % r.h.. The charge densities of the clay
x~0.7 p.fu. (Verm) and x~ 0.5 p.f.u. (Hec) can be con-
verted to charge equivalent areas (Ac) of ~ 34 A%/charge
(Verm) and ~ 48 A%/charge (Hec) that are available in the in-
terlayer space to balance the clay’s charge.®® If the ratio of
Ai/Ac becomes significantly larger than 1 a flat lying mono-
layer arrangement is no longer capable of balancing the clay’s
permanent charge and organo-cations start exerting a steric
pressure that eventually will increase the d-spacing.
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Figure 3. PXRD pattern of (organo-)clays, Hec (A) and Verm
(B). Red traces represent dry samples while the blue traces rep-
resent samples at 98 % r.h..
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The charge equivalent areas of the organo cations were
calculated by chemicalize.org (ChemAxon)* as their maxi-
mum projection areas (35 A2 C4, 37 A2 TRIS, 41 A2 DEAE
and 60 A> TMAEMA). All A, of these organo-cations are sig-
nificantly larger than A, of interlayer [Na(H20)s]* (~12 A%)*
which is found in 2 water layer hydrate. The pronounced dif-
ference in charge equivalent areas of Verm (~34 A?) and Hec
(~48 A?) in collaboration with the packing arrangement of the
specific interlayer cation will influence both, the d-spacing
and the packing density of the interlayer space. Unfortu-
nately, for layered systems, observed d-spacings may shift ei-
ther because the interlayer structure is changing the same way
in each interlayer or because interlayer spaces with a larger
d-spacing are mixed in randomly (interstratified). Moreover,
the hydration enthalpy in a first approximation scales with the
number of interlayer cations p.f.u. and at the same time the
Coulomb attraction in the 1-dimensional crystal increases
with charge density of the clay. The complex interplay of all
these factors renders the degree of swelling unpredictable and
quite counterintuitive behavior is observed:

For instance, while for C4-Hec the d-spacing increases
from dary = 13.3 A to dogoern. = 14.1 A (Ad = 0.8 A), C4-Verm
expands from day = 13.8 A t0 dogwern. = 19.7 A (Ad = 5.9 A).
This much higher increase for C4-Verm despite the much
higher Coulomb attraction is surprising.

More striking is the case of DEAE-Hec (Ad = 0.1 A,
dary = 13.4, degwern. = 13.5 A) where no significant change in
d-spacing is observed while for DEAE-Verm a steep increase
(Ad =6.9 A, ddry =134 A, dgg%r,h, =20.3 A; Table S3) was
found. Moreover, the d-spacing of dry DEAE-Verm corre-
sponds to a monolayer coverage with Aj/Ac ~ 1.2, which sug-
gests that there is no free volume in the interlayer space for
DEAE-Verm available for adsorbing water without increas-
ing the d-spacing. Contrariwise, for TRIS-Hec and DEAE-
Hec A/Ac is 0.77 and 0.85, respectively. Ai/Ac less than 1
would suggest that there is free volume between the organo-
cations in these organo-clays. Indeed, both TRIS-Hec and
DEAE-Hec take up water at 98 % r.h. (2.1 mol and 0.9 mol
water per mol interlayer cation, respectively as determined
gravimetrically). This significant hydration by filling voids in
the interlayer does not show up in a shift in d-spacing. Sur-
prisingly, this type of "void"-hydration does not foster any
further hydration with concomitant increase in d-spacing,
while C4-Hec with a similar ratio (A/Ac=0.72) in turn
swells significantly (Ad = 0.8 A).

In the same line, the extend of swelling for TMAEMA-
Verm (Ad=6.3 A, day=17.4 A, degwern. = 23.7 A) is more
pronounced than for TMAEMA-Hec (Ad = 2.8 A, dgy = 13.7
A, dogwern. = 16.8 A). With this organo-cation for both clays,
Ai/Acis larger than 1 indicating that this cation exerts some
steric pressure and that no voids should exist in the interlayer
arrangement of both organo-clays. Nevertheless, despite the
higher Coulomb attraction swelling of TMAEMA-Verm is
much higher than for TMAEMA-Hec.

Independently of the hydrophilicity of the organo-cation,
it seems that a dense surface coverage or inclined chains
(A/Ac = 1) are a sine qua non criterion for observing a sig-
nificant degree of crystalline swelling of organo-clays. This
is true for TMAEMA-Hec (Ad = 2.8 A) and all organo-Verm
samples (Ad >3.5 A). A/Ac = 1 is, however, only a neces-
sary but not yet a sufficient criterion to guarantee osmotic
swelling into a gel when the clay is immersed into water (Fig-
ure 2). Rather, phenomenologically all organo-clays that
spontaneously delaminate upon addition of water due to re-
pulsive osmotic swelling are characterized by three common
features that are met at the same time: A/Ac is = 1, Ad is
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= 3.5 A and is significantly more pronounced than for the
non-swelling layer charge and furthermore, the maximum d-
spacing achieved at 98 % r.h.isd = 17.5 A (Table S3). A/Ac
relates to the steric pressure generated by the bulkiness of the
interlayer cation. Ad relates somehow to the hydrophilicity of
the interlayer cation and potentially also to the increase in ste-
ric pressure upon hydration of the organo-cation. The maxi-
mum d-spacing observed determines the counter ion transla-
tional entropy. The latter is an essential ingredient for obtain-
ing an increased repulsive interaction between adjacent sili-
cate layers characterized by d-spacings above the threshold
separation d*.

While it appears impossible to predict combinations of in-
terlayer cation and charge density of clay for which d* will
be achieved based on Ai/Acalone, it can be rationalized ap-
plying a simple model, why the osmotic pressure between ad-
jacent silicate layer reverses sign and becomes repulsive,
once a threshold separation d* is achieved (Figure 4): In this
model a discrete distribution of charges is assumed, since the
distance between isomorphously substituted structural ions
that represent the source of charges in the clay layer is in the
range of 5to 10 A. The length at which two elementary
charges interact with thermal energy ksT (Bijerum-length,
l; = —% ) is roundabout 7 A in water, i.e. it is in the

4megekpT

same order of magnitude. Permanent and discrete negative
point charges are located in the middle of the lamellae and
they are balanced by positive point charges in the interlayer
space. In a strongly coupled state, which shall describe the
dry clay and the initial stages of crystalline swelling best, the
clay can be described by a single charge neutral correlation
box (red box in Figure 4). Within this non-boundary condi-
tion box the charges are separated by a distance d/2.

© [ @1l Sd ©
(4] (4] (] (4

Figure 4. Simplified model of a strongly coupled state for a clay
structure. Permanent and discrete negative point charges are lo-
cated in the middle of the silicate layer and are balanced by pos-
itive point charges in the interlayer space. The red box (periodic
boundary conditions neglected) can be described as a charge neu-
tral correlation box with a distance d/2 of the charges.

In this model, the attractive Coulomb energy for a charge
located on a silicate layer is given by the expression

e?

Eel =T 4meged /2 (1)
2
Using the Bijerum-length (I = M:Ek T) it follows:
0¢KB
1
Eg =—kgT ly a2 (2

Repulsive electrostatic interactions (ion-ion or layer-
layer) can be neglected in a strongly coupled state. The coun-
ter ion translational entropy S = kg In(d/2) contributes to the
free energy according to —ST, resulting in a repulsive energy
contribution:

Eg = —ksT In(d/2) 3)



The osmotic pressure is derived according to IT = —Z

sd
leading to be
My = —20k,T I @)
s = oksT = (5)
The total osmotic pressure I1;,;q; = Ig + I, IS
Megrar = 225 (1= 2157) (6)
Miotar ~ (1 -2l i) (7)

At d-spacings d > 2lg (14 A) the system becomes repul-
sive (IT > 0) and consequently d* = 2lg. The crystal chemical
meaning of this approximation is, that upon exceeding the
critical d-spacing d* the system becomes repulsive and repul-
sive osmotic swelling can set in.

The model predicts d* to be insensitive to the layer
charge. The model, however, neglects the Madelung contri-
bution inherent to a periodic 1-dimensional crystal which will
proportionally increase the Coulomb energy that of course is
strongly dependent on the layer charge. Taking this into ac-
count in a qualitative manner would suggest that clays with
lower layer charge have a somewhat lower threshold separa-
tion. This might explain why Na-Hec delaminates in water
contrary to Na-Verm. Neglecting the influence of confined
space on dielectric constants of water and neglecting like
charge repulsions represent some other serious simplifica-
tions. The net electrostatic interaction is, however, expected
to be attractive.®® After all, the model may therefore be re-
garded as a zeroth approximation. Qualitatively, it helps ex-
plaining the repulsive osmotic swelling of organo-vermicu-
lites, while the absolute value of d* may be questionable.

However, interestingly and in line with our discussion, for
layered o-Zr-Phosphate exfoliation by intercalation of tet-
rabutylammonium was reported only in case the monolayer
coverage was exceeded* which basically corresponds to
AJAc = 1. Moreover, it was reported by Sasaki et. al. that
Ethylamine was sufficient to trigger osmotic swelling in lay-
ered Hos[Ti12Feos]Os, While no osmotic swelling was ob-
served with the smaller Methylamine.* Hence it was argued
that a certain separation of adjacent layers to trigger osmotic
swelling might be necessary.*

CONCLUSION AND OUTLOOK

While for Na-smectites an upper limit of the layer charge
for repulsive osmotic swelling is well established, a con-
sistent explanation for the osmotic swelling of n-butylammo-
nium-vermiculites is lacking. It was not even known whether
osmotic swelling of organo-vermiculites is a general phe-
nomenon that can be extended to other organo-cations. We
offer a simple explanation for the onset of osmotic swelling
by means of entropic repulsion at a critical d-spacing d*. Un-
fortunately, a rational choice of interlayer cations that expand
the interlayer space beyond this critical d-spacing remains
difficult. Phenomenologically, bulky organic but hydrophilic
interlayer cations are required. But more precisely, two fur-
ther criterions have to be met at the same time: First, a certain
steric demand of the (hydrated) interlayer cations needs to be
exerted as expressed by Ai/Ac = 1. Second, the hydration
(solvation) enthalpy of the interlayer ions needs to be nega-
tive enough to trigger a degree of swelling sufficient to sepa-
rate the adjacent layers above the threshold value d*.

Unfortunately, we so far failed to identify organo-cations
that do the job for 2:1 layered silicates with a larger range of
charge densities. This would be highly desirable for robust
and utter delamination of natural clays like montmorillonites

Ergebnisse
that are known to suffer from charge heterogeneities. We will
continue our screening in this direction.
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SYNOPSIS TOC. A simple explanation for the onset of osmotic swelling in highly charged organo-

clays is offered. At a critical d-spacing entropic repulsion sets in. This d-spacing is achieved by the
swelling of bulky organic but hydrophilic molecules at a small enough charge equivalent area (high

enough charge density) of the clay.
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Supporting Data
Layer Charge Determination.

Table S1: Layer charges corresponding to dense packings of mono- or bilayers for n-al-
kylammonium chains (CnH2n+1NH3™) of different length n. The layer charge that results in a
dense monolayer or a dense bilayer arrangement is given as follows, assuming a typical a,b area
of 47.6 A%1

chain lenght n monolayer bilayer
[p.f.u.] [p.f.u.]

5 0.56 1.12

6 0.50 0.99

7 0.44 0.89

8 0.40 0.80

9 0.37 0.73

10 0.34 0.67

11 0.31 0.62

12 0.29 0.58
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Organo-Clays: CHN-analysis and EDX.

The completeness of exchange was determined by CHN- and by EDX-analysis for the remain-
ing sodium-content. The carbon content was converted to interlayer cation content. The amount
of organo-cations per gram clay is calculated from the determined wt% of carbon in the organo-

clay; the amount of carbon atoms per molecule (xc) and the molar mass of carbon:

wt% C

CECorgano-clay = x¢-12.011g/mol

CECorgano-clay Was compared to the expected maximum organo-content in mval / 100 g (CECor-
gano-max.) @$ calculated from the amount of exchangeable Na*-ions n per 100 g. The amount n is
given in mval as determined by the BaCl>-method, nxec = 129 mval (per 100 g) and Nverm =
185 mval (per 100 g). Furthermore, the molar masses M of Na and the organic cations are
needed.

n

CECorg ano—max. —

100 g—M(Na)-n + M(organo—cation)n

The completeness of organo-exchange is calculated from the ratio CECorgano-clay / CECorgano-max.
and is listed in Table S2.

The remaining Na-content was independently estimated by EDX and is calculated from the
Na/Si-ratio.

Table S2: Results of the characterization of the obtained organo-clays by CHN-analysis and
EDX.

Hec Verm
Organo-content Na-content Organo-content Na-content
(% of CECorgano-max) (% CEC) (% of CECorgano-max) (% CEC)
C4 101 ~0 100 ~3
TRIS 100 ~0 100 ~2
DEAE 100 ~0 93 ~4
TMAEMA 92 ~8 91 ~12
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Volume Fraction of a Gel and Expected d-spacing.

First of all, the weight-fraction of the clay lamellae in the dry clay sample is calculated as fol-

lows:
Wt%lamellae =100% — Wt%interlayer ions

The weight fraction of the interlayer ions is calculated by the ion content as determined by CHN

for all organo-silicates and by the Ba-CEC for Na-Hec and Na-Verm.

The volume fraction ¢ is calculated using the density of the lamellae (2.7 g cm™) and water
(1.0 g cm™):

¢ _ Wt%iamellae Mclay/Plamellae

Wt%iamellae Mclay/ Plamellae t Mwater/Pwater

The expected d-spacing is calculated using the thickness (t = 9.6 A) of a clay lamella:

d=

S|~

Crystalline Swelling of the Clays: d-spacings.

Table S3: d-spacings® of the clays (dry and 98 % r.h.) and Ad

Hec Verm

dary [A]  dogoern [A]  Ad[A] day [A]  dogoern [A] Ad[A]

Na 9.7 15.1 54 9.7 15.1 54
C4 13.3 141 0.8 13.8 19.7 59
TRIS 13.7 14.0 0.3 14.0 175 3.5
DEAE 134 135 0.1 13.4 20.3 6.9
TMAEMA 14.0 16.8 2.8 17.4 23.7 6.3

a) Where more than one basal spacing was observed, the larger value is listed.

Supporting References
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Layer Charge Robust Delamination of Organo-Clays

Matthias Daab," Natalie J. Eichstaedt,” Andreas Edenharter,t Sabine Rosenfeldt' and Josef Breu®*

fBavarian Polymerinstitute and Department of Chemistry, University of Bayreuth, D-95440 Bayreuth, Germany

ABSTRACT: To date delamination of organo-clays is restricted to highly charged, vermiculite-type layered silicates (e.g n-
butylammonium vermiculites). An extended screening, which was guided by previous findings, now identified organo-cations
that allowed for extending the process to charge densities in the regime of low-charged smectites. Applying protonated amino-
sugars like N-Methyl-D-Glucamine (Meglumine) as an interlayer ion ensures robust delamination of 2:1 layered silicates via
repulsive osmotic swelling in water over a wide range of charge densities spanning from smectites (layer charge x ~ 0.3 charges
per formula unit SisO10F», p.f.u.) to vermiculites (x ~ 0.7 p.f.u.). Key is a combination of sufficiently large charge equivalent area
along with a significant hydrophilicity of Meglumine that leads to swelling above a threshold d-spacing of = 17.5 A in moist air
(98 % r.h.), critically weakening electrostatic attraction. Moreover, Meglumine renders delamination tolerant to charge hetero-

geneities.

INTRODUCTION

For artificial nacre materials' or high-end gas-barri-
ers,*® highly-filled nanocomposites of well oriented
nanosheets perform best. Self-assembly into such tex-
tured films requires strict control of layer thickness. The
same applies to the fabrication of heterostructures.”° For
charged 2-dimensional (2D) materials this kind of con-
trol of delamination is feasible via osmotic swelling.'*13
This type of thermodynamically favoured disintegration
of a 1D-crystalline stack of layers leads to nanosheets of
structure-inherent thickness. Osmotic swelling is re-
ported for 2D-materials of different electronic'**® and
magnetic”2° properties like clay minerals,?*?® lepido-
crocite-type titanates?®2® or layered antimony phos-
phates.?® During osmotic swelling the lateral extension of
the nanosheets is inherited from the lateral dimension of
the parent material. Thus the aspect ratio a (ratio of lat-
eral dimensions to height) of the resulting nanosheets is
maximized, which is particular advantageous for gas bar-
rier applications where permeability is expected to de-
crease by 023 Unfortunately, the viability of osmotic
swelling is highly sensitive to the charge density of the
layered material. For instance, for Na-Hectorite (Naos™
®r-[MgasLios]°<Sis>*"00F,, Na-Hec) superb charge
homogeneity has to be assured by a melt synthesis being
followed by a lengthy high temperature annealing.!? 3
Only then a clay is obtained that spontaneously and ut-
terly delaminates upon immersion into water delivering
high aspect ratio nanosheets. This filler in turn warrants
superior gas barrier properties of nanocomposites.®? Even
slight variations of the charge density will lead to do-
mains with a charge above the established upper limit
(x > 0.55 per formula unit Si;O10F,, p.f.u.)® for osmotic

swelling and these domains might pin the stacks together
by the strong Coulomb interactions.'? Therefore, melt-
synthesized Na-Hectorites that have not been homoge-
nized by annealing do not delaminate completely.3 34
More recently and despite the even stronger Coulomb-
attraction, we could show that more highly charged ver-
miculite-type clays (Na-Verm) can be utterly delami-
nated after ion-exchange with selected bulky and hydro-
philic organo-cations. Besides the organo-cation being
sufficiently hydrophilic, a threshold separation has to be
achieved at which repulsive interactions critically domi-
nate over the Coulomb attraction. To accomplish that
separation, the ratio of charge equivalent area of the in-
terlayer cation (A, area that is occupied by a flat lying
cation) and the charge equivalent area of the clay (Ac,
area per charge as calculated by the charge density)
A/Ac should be =1, to yield a sufficient steric demand
upon hydration. Unfortunately, all organo-cations that
were tested so far only delaminate highly charged ver-
miculites but failed to osmotically delaminate low
charged, smectite-type clays like Na-Hec. Organo-cati-
ons that do the job for a broad range of charge densities
would, however, be highly desirable in the light of charge
heterogeneities observed for natural smectites like mont-
morillonite,®®%” for natural vermiculites, or for non-an-
nealed synthetic Na-Hectorite. Therefore, we extended
and intensified our screening for a charge robust delami-
nation agent. And in this work we introduce two ammo-
nium-sugars that are capable to trigger osmotic swelling
for charge densities ranging from smectite-type clays
(x~0.3 p.f.u) all the way to vermiculite-type clays
(x ~ 0.7 p.f.u.) and that moreover are tolerant to hetero-
geneities in charge density.
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EXPERIMENTAL

Synthesis and Characterization of the Clays. A
highly charged Na-fluorohectorite
Nao7sMQg2.25Li0.75S14010F> with a nominal charge density
in the range of vermiculites (Verm) and a medium
charged Na-fluorohectorite NaosMg2sLio5Si4O10F2 (Hec)
with a nominal charge density in the range of smectites
were prepared by melt synthesis according to a published
procedure followed by annealing (6 weeks, 1045 °C) to
improve charge homogeneity and phase purity.3! For the
as synthesized Hectorite of the nominal composition
NaosMg2sLi05Sis010F the annealing step after melt syn-
thesis was left out and it was washed with Na;EDTA
(0.5 M, 50 mL per 1 g of Hecp) six times at 60 °C for
48 h per washing cycle and was washed till pH = 6.5 af-
terwards using Millipore-water, this procedure was re-
peated one times in order to get rid of soluble sidephases
to yield the sample Hec,i. The synthesis is carried out in
gas tight molybdenum crucibles. The educts NaF
(99.995%, Alfa Aesar), LiF (>99.9%, ChemPur), MgF;
(>99.9%, ChemPur), MgO (99.95%, Alfa Aesar) and
SiO;, (Merck, fine granular quarz, purum) are mixed ac-
cording to the nominal composition. The crucible was
ramped to 1750 °C (15 °C/min), held at this temperature
for 70 min, cooled to 1300 °C (55 °C/min) and then to
1050 °C (10 °C/min). Finally, it was quenched by
switching of the power. Synthesis of charge reduced
clays: 5 g of Hec were exchanged 7 times with 400 mL
of 2 M MgCl,-solution. The resulting Mg-exchanged
Hectorite was washed with water till chloride-test (with
AgNO3) of the supernatant solution was negative. The
suspension was dried at 80°C. The dried powder was
heated at 250°C for 24 h for charge reduction (obtained
sample: LCR1).% 50% of the LCR1 sample were again
exchanged 7 times with 400 mL of 2 M MgCl;-solution.
The resulting Mg-exchanged Hectorite was washed with
water till chloride-test of the supernatant solution was
negative. The suspension was dried at 80°C. The dried
powder was heated at 250°C for 24 h for charge reduc-
tion (obtained sample: LCR2). The cation exchange ca-
pacity was determined according to DIN ISO 11260 us-
ing BaCl; and the layer charge was determined according
to Lagaly.3%40

Powder X-ray Diffraction. Powder X-ray diffrac-
tion (PXRD) patterns of as-synthesized clays were rec-
orded on a STOE Stadi P powder diffractometer using
Cu Koy radiation. The samples were placed in a glass ca-
pillary. Prior to measurement samples were equilibrated
for one week over saturated K,COs-solution (43 % rela-
tive humidity, r.h.) to obtain the one water layer hydrate.
After equilibration, the capillaries were sealed. All other
PXRD were measured with textured samples in Bragg-
Brentano geometry on a PANalytical X’pert Pro
equipped with an X’Celerator Scientific RTMS detector
(Cu Ka radiation). PXRD patterns at fixed relative hu-
midities were recorded in a temperature-humidity cham-
ber (Anton Paar temperature humidity chamber driven
by a VTI corp. RH-200 humidity generator) mounted on
the PANalytical Xpert Pro. Dry samples were obtained
by drying at 110°C under vacuum for 24 h and PXRDs
of the hot samples were measured within 2 min each after
removal from the vacuum furnace.

Microprobe Analysis. The chemical composition of
Hec and Verm was determined by wavelength dispersive
X-ray spectroscopy on single crystals with flat lying sur-
faces on a carbon tape using an electron microprobe (Jeol
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JXA-8200, Bayerisches Geoinstitut, Bayreuth). The set-
tings were 15 kV acceleration voltage, 15 nA initial beam
current, a beam spot diameter of 10 um, 10 s counting
time at the peak position and 5 s counting time at each
side of the peak.

Inductive-coupled plasma atomic emission spec-
troscopy (ICP-OES). The lithium and magnesium con-
tent of Hec and VVerm was determined by ICP-OES. Sam-
ples of about 20 mg of dry clay were weighed into clean
Teflon flasks of 15 mL volume. After addition of 1.5 mL
30 wt. % HCI (Merck), 0.5 mL of 85 wt. % H3PO,
(Merck), 0.5 mL 65 wt. % HNO3; (Merck) and 1 mL of
48 wt. % HBF, (Merck) the sample was digested in a
MLS 1200 Mega microwave digestion apparatus for 6.5
min and heated at 600W (MLS GmbH, Mikrowellen-La-
bor-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 on Vista-PRO radial spectrometer.

Cation-exchange with Meglumine. 200 mg of the
dry, pristine clays were suspended in 50 mL of a 1 M
solution of N-Methyl-D-Glucamine (Meglumine, in its
protonated form, pH = 7, > 125-fold excess of the CEC,
delamination is prevented by the high ionic strength).
The procedure was repeated 5 times. Finally, the ob-
tained organo-clays were washed free of chloride-ions
(AgNOs-test) with Millipore-water. Gels were concen-
trated by centrifugation between the washing cycles. The
organo-clays were finally washed one times with acetone
and dried at 60°C.

CHN-Analysis. A PerkinElmer 2400 CHN equipped
with a combustion tube filled with tungsten(V1)-oxide-
granules was used at a combustion temperature of
1050 °C. Samples were dried at 110 °C and vacuum for
24 h and stored in a glovebox prior to measurement.

Scanning Electron Microscopy and Energy Dis-
persive X-ray Spectroscopy (REM-EDX). REM-EDX
was measured on a Zeiss 1530 with a EDX INCA 400
unit (Oxford). Samples were prepared on a carbon tape
and sputtered with 10 nm carbon.

Small angle X-ray scattering (SAXS). SAXS data
were measured using a “Double Ganesha AIR” system
(SAXSLAB, Denmark). The X-ray source of this labor-
atory-based system is a rotating anode (copper, Micro-
Max 007HF, Rigaku Corporation, Japan) providing a mi-
cro-focused beam. The data are recorded by a position
sensitive detector (PILATUS 300K, Dectris). Samples
were prepared by adding a defined amount of millipore-
water to the dry organo-clay. After equilibration for one
week SAXS-patterns were recorded in 1 mm glass capil-
laries.

Atomic force microscopy (AFM). AFM was done in
tapping mode using a Dimension 3100 NanoScope V-
unit equipped with OTESPA-R3 (Bruker) silicon tips.
Samples were prepared by dropping a very dilute aque-
ous dispersion (5 mg/L) in millipore water onto silicon
wafers.



RESULTS AND DISCUSSION
Synthesis and Characterization of the Clays.

Clays with layer charges in the range
0.75>x>0.3 p.f.u. have been synthesized. Highly
charged Verm (Nao_75imer'[Mgz_z5Li0,25]OCt'<Si4>tetr'oloF2
(x =0.75 p.f.u. nominally) and medium charged Hec
Nao_sinter'[MgzlsLio_s]OCt'<Si4>ten'Olon (X =05 pr nomi-
nally) are directly accessible via melt synthesis. Both
were homogenized post-synthesis by long term-anneal-
ing in a gas tight crucible to prevent loss of volatile flu-
orides at elevated temperatures.®! % Their analysis is re-
capitulated briefly. As reported before, PXRDs (Fig. S1)
indicate a crystalline hydrate for both clays with one
layer of water molecules in the interlayer space at 43 %
relative humidity (r.n.) (doos = 12.5 A).** The patterns
can be indexed in C2/m (No. 12) and the diffractograms
can be completely indexed, least squares refined lattice
parameters for Verm are a =5.26(1) A, b =9.07(2) A,
c=12.48(4) A, y = 95.22(4)° and for Hec a = 5.20(1) A,
b=9.10(1) A, c = 12.48(4) A, y = 95.44(4)°. The chem-
ical composition was determined by microprobe analy-
sis. Microprobe analysis is insensitive to Li. Therefore,
the Mg/Li-ratio was derived from ICP-OES analysis by
assuming a complete occupancy of the tetrahedral posi-
tions (Si = 4) and by normalizing stoichiometric coeffi-
cients of octahedral and interlayer cations to match the
22 negative charges of the anionic sublattice (O1oF2).
This way compositions of
Nao.71(4)M02.28(4)Li0.72(4)Si4O10F 2 and of
NaoAsz(z)M9251(4)'_io,4e(2)Si4OloF2 were obtained for an-
nealed Verm and annealed Hec, respectively. Lower
charged clays that are not directly accessible via melt
synthesis,® were obtained by layer charge reduction
(LCR) of annealed Hec by an anti-Hoffmann-Klemen-
effect: In doing so, Hec is first ion exchanged with Mg?*
followed by annealing at 250°C whereupon octahedral
Li* and interlayer Mg?* exchange sites. With increasing
incorporation of Mg?* into the octahedral layer, concom-
itantly the permanent negative charge of the silicate lay-
ers is reduced.®® These samples were named LCR1 and
LCR2 corresponding to one and two cycles of charge re-
duction. Moreover, a pristine Na-hectorite that has not
been homogenized by annealing was included as a refer-
ence (Hecpi) (Fig. S2). The composition was determined
as Nao,ss(l)‘”‘e’-[Mgz,4g(2)Li0,49(2)]0“<Si4>te"-OloF2. The cat-
ion exchange capacities (CEC) determined by the BaCl,-
method were found to be 185 meq/100 g for Verm,
129 meq/100 g for Hec, 103 meg/100g for LCR1,
75 meq/100 mg for LCR2 and 116 meq/100g for Hecyi.
Owing to side phases without cation exchange capability,
the experimentally determined CEC of HecCpi
(116 meqg/100 g) is significantly lower than of the an-
nealed Hec (129 meqg/100g). The layer charge density
was determined experimentally by the method of
Lagaly®**“° where interlayer ions are exchanged with n-
alkylammonium (CnH2n+1NHs*, Fig. 1). For these or-
gano-cations the equivalent area per charge is known for
a dense packing of either mono- (d = 13.3 A, dotted line)
or bilayers (d=17.6 A, dashed line). The onset of the
transition of mono- to bilayer- or from bilayer to pseudo-
trilayer arrangement with increasing chain length was
converted into upper limits of charge densities (Tab. S1).

For high charged Verm n = 9 represents the longest al-
kylammonium chain that is still capable to balance the
charge density in a bilayer (d = 17.6 A). Slightly increas-
ing the equivalent area to n = 10 some pseudo-trilayers

Ergebnisse
have to be mixed in to warrant charge balance as evi-
denced by a shift of the d-spacing (Fig. 1 A) which indi-
cates 0.67 < x <0.73 p.fu.. Inasimilar way, for the lower
charged clays, the charge densities were derived from the
transition of mono- to bilayers. with limiting chain length
of n =5 (Hec, Fig. 1B),n =8 (LCR1, Fig. 1C)andn = 11
(LCR2, Fig. 1D) corresponding to 0.50 < x < 0.56 p.f.u.,
0.37 < x <0.40 p.fu. and 0.29 <x <0.31 p.f.u. for Hec,
LCR1 and LCR2, respectively (Tab. S1). Interestingly,
for LCR2 with n = 12 two maxima are observed indicat-
ing a certain degree of charge heterogeneity. Apparently,
the charge reduction process does not happen in a per-
fectly homogeneous way. This fact has previously been
documented by a broadening of micropore size distribu-
tions of microporous organically pillared silicates de-
rived from charge reduced hectorites.*? Similarly to
LCR2, for Hecpi (0.50 < x <0.56 p.f.u., Fig. 1E) charge
heterogeneity is reflected by a non-uniform increase in
d-spacing at longer chain length (n = 10) in comparison
to Na-Hec (compare Fig. 1E and 1B). In particular, with
n = 10 for Hecyi d-spacings were observed that are sig-
nificantly shifted to higher values as compared to Hec.
This indicates that Hec,i not only is more heterogeneous
but also at least parts of the sample have a higher layer
charge as compared to Hec. Please note, that this two
phase behaviour of the layer charge density probably is
inherent to the melt synthesis conditions and is therefore
an intrinsic problem that might be solved by a layer
charge robust delamination process: Pseudo-binary alka-
line and earth alkaline silicate system show pronounced
immiscibility regions*®* and the critical temperature
might even increase upon addition of fluoride.3* 44

relative intensity [counts]

26[°]

Fig. 1. Layer charge determination according to Lagaly. In-
terlayer ions are exchanged with n-alkylammonium ions of
different chain length (CnH2n+1NH3") for which the equiva-
lent area per charge is known for a dense packing of either
mono- (d =13.3 A, dotted line) or bilayers (d =17.6 A,
dashed line). A) Verm, B) Hec, C) LCR1, D) LCR2, E)
Hecypri.
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Swelling Behavior of Organo-Clays.

All clays were ion-exchanged with a hydrophilic but
bulky ammonium-sugar (protonated N-Methyl-D-Glu-
camine, referred to as Meglumine). The expected Meglu-
mine contents (in mmol/ 100 g) as calculated from the
Ba-CEC (Tab. S2) are in fair agreement with Meglumine
contents as determined by CHN analysis. Verm, Hec,
LCR1, LCR2 and Hec,y contained 138, 104, 90, 69 and
89 mmol Meglumine / 100 g, (expected: 140, 105, 87, 66
and 97 mmol / 100 g, respectively). The Na-content of
Na-Verm, Na-Hec and Na-Hecpi was below the detec-
tion limit of EDX (Fig. S3). The swelling of Meglumine-
clays in humid air (98 % r.h.) is significant (Fig. 2). The
d-spacings increase from 16.8 A to 24.4 A (Verm), 14.1
to 22.8 A (Hec), 13.7 to 18.7 A (LCR1), 13.4 to 18.2 A
(LCR2) and from 14.0 A to 23.6 A (Hec,). Furthermore,
the significant increase in d-spacing upon swelling of
Ad=7.6A (Verm), 8.7 A (Hec), 5.0 A (LCR1), 48 A
(LCR2) and 9.6 A (Hec,i) may be attributed to the steric
pressure of Meglumine upon hydration: With jmol
A= 77 A? can be estimated for a flat lying Meglumine
cation (van-der-Waals extensions 13.5 A x 5.7 A). Con-
sequently, even in case of low charged
LCR2 (x ~ 0.3 p.f.u., corresponding to
Ac = 79 A% charge) charge balance requires a densely
packed monolayer of meglumine (A//Ac ~ 1). In the dry
state no significant voids are available that could accom-
modate water molecules. Therefore, upon hydration of
the hydrophilic interlayer cation at elevated r.h., expan-
sion of the d-spacing is compulsory. The maximum d-
spacings of Meglumine-clays after water uptake from
humid air are > 17.5 A for all clays of varying charge
density. This d-spacing was suggested to be required for
rendering the interaction of adjacent silicate layers repul-
sive once immersed into liquid water critically weaken-
ing electrostatic attraction.® Meglumine therefore is the
first organo-cation that fulfils all necessary requirements
postulated for allowing repulsive osmotic delamination
of organo-clays. Most importantly, the requirements are
met for a broad range of charge densities ranging from
low-charge smectites all the way to vermiculite-type

charges.
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Fig. 2. PXRD of Meglumine-clays (dry, red trace and at
98 % r.h., blue trace). A) Verm, B) Hec, C) LCR1, D)
LCR2, E) Hecpri.
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And indeed, repulsive osmotic swelling could be con-
firmed for all clays, also for low charged, smectite-type
clays where other organo-cations investigated previously
failed. When immersing Meglumine-clays into water ho-
mogeneous gels are obtained for all layer charges (Fig.
3, left).

Due to the repulsive nature adjacent silicate layers are
separated to the maximum which is defined by the clay
in water-volume fraction (¢, Fig. 3, right). Even at quite
low clay content, the platelets cannot freely rotate be-
cause the typical lateral dimension (> 10 um) are orders
of magnitude larger than the separation of adjacent clay
platelets. This separation can therefore be observed in the
SAXS patterns as a series of 00l reflections with d-spac-
ings of 140 A (Verm, Fig. 3A, left), 132 A (Hec, Fig. 3B,
left), 133 A (LCR1, Fig.3C, left), 158 A (LCR2,
Fig. 3D, left) and 141 A (Hec,s, Fig. 3E, left) at concen-
trations of 5.9 vol% (Verm), 6.7 vol% (Hec), 6.3 vol%
(LCR1), 7.1 vol% (LCR2) and 7.6 vol% (Hecp:i). (For
details of conversion of wt% into vol% see Supporting
Information). At clay contents > 3 vol%, the d-spacing is
indirect proportional to ¢.1%2 Taking into account the
thickness of the silicate layer (t = 9.6 A) the separation
of adjacent layers is given by d =t/ ¢. For the given
vol%, d-values of 163 A (Verm), 143 A (Hec), 152 A
(LCR1), 135 A (LCR2) and 127 A (Hec,:) are expected,
respectively. These values are in fair agreement with ob-
served d-spacings for all clays. This is a first indication
that the gels consist of domains of lamellar liquid crystals
with a homogeneous separation of adjacent silicate lay-
ers.

This is furthermore corroborated by studying the in-
crease of d-spacings of adjacent silicate layers upon in-
creasing the water content (Fig. 3, right). A linear slope
was found as expected according to d =t/ ¢. The exper-
imentally determined slopes are 8.4 A (Verm, Fig. 3A,
right), 8.8 A (Hec, Fig. 3B, right), 8.9 A (LCR1, Fig. 3C,
right), 10.5 A (LCR2, Fig. 3D, right) and 10.7 A (Hecyr,
Fig. 3E, right) which is in good agreement with the ex-
pected value of 9.6 A. Utter osmotic swelling to mono-
phase gels is therefore concluded for all Meglumine-
clays. Meglumine is not unique. Other bulky and hydro-
philic ammonium-sugars like Glucosamine (~ 72 A?,
A/Ac = 0.9 for LCR2) also have the potential of delam-
inating clays with broadly varying layer charge densities
(Fig. S4).

volume fraction ¢
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5 10 15 20 25 30
inverse volume fraction 1/¢

“aia
Fig. 3. Left: SAXS-pattern of Verm (A, 5.9 vol%), Hec (B,
6.7 vol%), LCR1 (C, 6.3 vol%), LCR2 (D, 7.1 vol%) and
Hecpi (E, 7.6 vol%). Right: The slope of d vs. 1/¢ is 8.4 A
(Verm, A),88A (Hec, B),89A (LCR1, C),105A
(LCR2, D) and 10.7 A (Hecgr, E).
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Fig. 4. SAXS-patterns. A) For Na-Hecpri only a crystalline
hydrate (two water layer hydrate, 15 A) is found, while B)
Na-Hec swells osmotically in water (d = 112 A, 8.4 vol%,
expected d-spacing: 114 A).

Hecyi represents a perfect test case for demonstrating
the robustness and tolerance towards charge density var-
iations for repulsive osmotic delamination with Meglu-
mine. Contrary to Na-Hec (d =112 A, 8.4 vol%, ex-
pected d-spacing: 114 A), Na-Hec, does not delaminate
completely when immersed into liquid water despite a
comparable layer charge density (Fig.4). Moreover,
swelling of Na-Hec, is limited to a crystalline hydrate
(two water layer hydrate, 15 A, Fig. 4A), although a
minor fraction (< 5 wt% of total solid content) probably
delaminates upon immersion in water, as indicated by the
formation of a birefringent suspension between crossed
polarizers (Fig. S5). Anyhow, while most of Hec,; forms
a non-birefringent sediment upon immersion in water its
heterogeneity is emphasized by that partial delamination.

Cation exchange with Meglumine, however, allows
quantitative delamination for both these hectorites
(Fig. 3). Quite pleasing, this spares us the lengthy anneal-
ing procedure which so far was required to "activate™ Na-
Hec,i for osmotic swelling.3! All diluted aqueous suspen-
sions of Meglumine-clays show birefringence as ex-
pected for a lyotropic texture between crossed-polarizers
at ~0.25 vol% due to the formation of a nematic sol
(Fig. 5). Upon further dilution (~ 10 vol%) delamina-
tion into single platelets is evidenced by casting the then
isotropic dispersions on a silicon wafer. With AFM only
platelets with a height of ~1 nm were found in good
agreement with the thickness of one silicate layer

(9.6 A).

CONCLUSION AND OUTLOOK

We have previously proposed that osmotic swelling
requires, first, bulky interlayer cations (A/Ac = 1) with,
second, appreciable hygroscopy as expressed by signifi-
cant swelling when going from 0 % to 98 % r.h.
(Ad = 3.5 A). If then at 98 % r.h., third, a threshold sep-
aration (d = 17.5 A) is accomplished, repulsive delami-
nation upon immersion in water sets in as electrostatic
attraction is critically weakened.

Based on the above empirical recipe, we extended our
screening to ammonium-sugars. These are considerably
bulkier than for instance TRIS (Tris(hydroxymethyl)am-
moniummethan, A, = 37 AZ) used before for vermicu-
lites. At the same time their hydrophilicity is high due to
a large number of OH-groups. This way, we were able to
extend osmotic swelling of organo-clays into the regime
of low-charged smectites.
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Delamination of clays by Meglumine not only is ro-

bust in respect to a broad range of charge densities.

Moreover, it proves tolerance to charge heterogeneities.

This is important from a practical point of view since nat-

ural clays like montmorillonite suffer from pronounced
charge density heterogeneity.

The results furthermore suggest, that repulsive os-
motic delamination may be applied generally to charged
two dimensional materials irrespective of their charge
density.
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Fig 5. Upon dilution to ~ 0.25 vol% the aqueous Meglu-
mine-clay suspensions show birefringence between crossed
polarizers due to the formation of a nematic sol (left), in case
isotropic dispersions of 10-4 vol% are dropped on a Si-wafer
and dried, platelets are found by AFM (middle) with the
height of a single-clay layer (right). A) Verm, B) Hec, C)
LCR1, D) LCR2, E) Hecpri.

ASSOCIATED CONTENT

Supporting Information. PXRD of Clay Minerals,
Layer Charge Determination: Charge Density vs. Chain
Length, Meglumine-clays: CHN and EDX, Volume Fraction
of Gels (Calculation), Glucosamine-clays and Birefringence
of Hecpi-suspensions.

AUTHOR INFORMATION

Corresponding Author

*Phone +49 921 55 2531; Fax +49 921 55 2788; e-mail
Josef.Breu@uni-bayreuth.de

Notes
The authors declare no competing financial interest.

75



Ergebnisse
Funding Sources

This work was supported by the Deutsche Forschungsgemein-
schaft (SFB 840) and by BYK Chemie GmbH. M.D. thanks
Fonds der chemischen Industrie for a fellowship.

ACKNOWLEDGEMENTS

Bayerisches Geoinstitut is acknowledged for microprobe analy-
sis and BAYCEER for ICP-OES measurements.

REFERENCES

1 Z. Tang, N. A. Kotov, S. Magonov, and B. Ozturk, Nat.
Mater., 2003, 2, 413-418.

2 J.Wang, Q. Cheng, L. Lin and L. Jiang, ACS Nano, 2014,
8, 2739-2745.

3 H.-B. Yao, Z.-H. Tan, H.-Y. Fang and S.-H. Yu, Angew.
Chem. Int. Ed. 2010, 49, 10127-10131.

4 W.S.Jang, I. Rawson and J. C. Grunlan, Thin Solid Films,
2008, 516, 4819-4825.

5 M. A. Priolo, D. Gamboa and J. C. Grunlan, ACS Appl.
Mater. Interfaces, 2009, 2, 312-320.

6 E.S. Tsurko, P. Feicht, F. Nehm, K. Ament, S. Rosen-
feldt, 1. Pietsch, K. Roschmann, H. Kalo and J. Breu,
Macromolecules, 2017, 50, 4344-4350.

7 K. S. Novoselov, D. Jiang, F. Schedin, T. J. Booth, V. V.
Khotkevich, S. V. Morozov and A. K. Geim, Proc. Nat.
Acad. Sci., 2005, 102, 10451-10453.

8 A.K.Geimand I. V. Grigorieva, Nature, 2013, 499, 419-
425.

9 D.Jariwala, T. J. Marks and M. C. Hersam, Nat. Mater.,
2017, 16, 170-181.

10 B. V. Lotsch, Ann. Rev. Mater. Res., 2015, 45, 85-109.

11 L.J. Michot, I. Bihannic, S. Maddi, S. S. Funari, C. Bara-
vian, P. Levitz and P. Davidson, Proc. Nat. Acad. Sci.,
2006, 103, 16101-16104.

12 S. Rosenfeldt, M. Stéter, M. Schlenk, T. Martin, R. Q. Al-
buquerque, S. Forster and J. Breu. 2016, 32, 10582-10588.

13 R. J. M. Pelleng, J. M. Caillol and A. Delville, J. Phys.
Chem. B, 1997, 101, 8584-8594.

14 N. Sakai, Y. Ebina, K. Takada and T. Sasaki, J. Am.
Chem. Soc., 2004, 126, 5851-5858.

15 T. Sasaki and M. Watanabe, J. Phys. Chem. B, 1997, 101,
10159-10161.

16 S. S. Kim, T. V. Khai, V. Kulish, Y.-H. Kim, H. G. Na,
A. Katoch, M. Osada, P. Wu and H. W. Kim, Chem. Ma-
ter., 2015, 27, 4222-4228.

17 H.Hemmen, N. I. Ringdal, E. N. De Azevedo, M. Engels-
berg, E. L. Hansen, Y. Méheust, J. O. Fossum and K. D.
Knudsen, Langmuir, 2009, 25, 12507-12515.

18 E. Paineau, I. Dozov, I. Bihannic, C. Baravian, M.-E. M.
Krapf, A.-M. Philippe, S. Rouziére, L. J. Michot and P.
Davidson, ACS Appl. Mater. Interfaces, 2012, 4, 4296-
4301.

19 X. Dong, M. Osada, H. Ueda, Y. Ebina, Y. Kotani, K.
Ono, S. Ueda, K. Kobayashi, K. Takada and T. Sasaki,
Chem. Mater., 2009, 21, 4366-4373.

20 M. Osada, Y. Ebina, K. Fukuda, K. Ono, K. Takada, K.
Yamaura, E. Takayama-Muromachi and T. Sasaki, Phys.
Rev. B, 2006, 73, 153301.

21 L. Pauling, Proc. Nat. Acad. Sci., 1930, 16, 123-129.

22 E. Paineau, I. Bihannic, C. Baravian, A. M. Philippe, P.
Davidson, P. Levitz, S. S. Funari, C. Rochas and L. J. Mi-
chot, Langmuir, 2011, 27, 5562-5573.

23 G. Lagaly and S. Ziesmer, Adv. Colloid Interface Sci.,
2003, 100-102, 105-128.

24 N. Miyamoto, H. lijima, H. Ohkubo and Y. Yamauchi,
Chem. Commun., 2010, 46, 4166-4168.

25 T. Nakato and N. Miyamoto, Materials, 2009, 2, 1734.

26 F. Geng, R. Ma, Y. Ebina, Y. Yamauchi, N. Miyamoto
and T. Sasaki, J. Am. Chem. Soc., 2014, 136, 5491-5500.

76

27

28

29

30

31

32

33

34

35

36

37

38

39

40

42

43

44

45

46

47

48

49

T. Maluangnont, K. Matsuba, F. Geng, R. Ma, Y. Yamau-
chi and T. Sasaki, Chem. Mater., 2013, 25, 3137-3146.
T. Sasaki and M. Watanabe, J. Am. Chem. Soc., 1998, 120,
4682-4689.

J. C. Gabriel, F. Camerel, B. J. Lemaire, H. Desvaux, P.
Davidson and P. Batail, Nature, 2001, 413, 504-508.

E. L. Cussler, S. E. Hughes, W. J. Ward 11l and R. Aris, J.
Membrane Sci., 1988, 38, 161-174.

M. Stoter, D. A. Kunz, M. Schmidt, D. Hirsemann, H.
Kalo, B. Putz, J. Senker and J. Breu, Langmuir, 2013, 29,
1280-1285.

D. A. Kunz, J. Schmid, P. Feicht, J. Erath, A. Fery and J.
Breu, ACS Nano, 2013, 7, 4275-4280.

K. Jasmund and G. Lagaly, G., Tonminerale und Tone:
Struktur, Eigenschaften, Anwendungen und Einsatz in In-
dustrie und Umwelt, Steinkopff: Darmstadt, 1993, p. 110.
J. Breu, W. Seidl, A. J. Stoll, K. G. Lange and T. U.
Probst, Chem. Mater., 2001, 13, 4213-4220.

M. Daab, N. J. Eichstaedt, C. Habel, S. Rosenfeldt, H.
Kalo, H. SchieBling, S. Forster and J. Breu, submitted

G. E. Christidis, A. E. Blum and D. D. Eberl, Appl. Clay
Sci., 2006, 34, 125-138.

G. E. Christidis and D. D. Eberl, Clays Clay Miner., 2003,
51, 644-655.

M. M. Herling, H. Kalo, S. Seibt, R. Schobert and J. Breu,
Langmuir, 2012, 28, 14713-14719.

A. R. Mermut and G. Lagaly, Clays Clay Miner., 2001,
49, 393-397.

G. Lagaly, Clays Clay Miner., 1982, 30, 215-222.

H. Kalo, W. Milius and J. Breu, RSC Adv., 2012, 2, 8452-
8459.

C. D. Keenan, M. M. Herling, R. Siegel, N. Petzold, C. R.
Bowers, E. A. Rdssler, J. Breu and J. Senker, Langmuir,
2013, 29, 643-652.

V. McGahay and M. Tomozawa, J. Non-Cryst. Solids,
1989, 109, 27-34.

J. H. Markis, K. Clemens and M. Tomozawa, J. Am.
Chem. Soc., 1981, 64, C-20.

Jmol: an open-source Java viewer for chemical structures
in 3D. http://www.jmol.org

V. Marry and P. Turq, J. Phys. Chem. B, 2003, 107, 1832-
1839.

E. Ferrage, B. Lanson, B. A. Sakharov, N. Geoffroy, E.
Jacquot and V. A. Drits, Am. Mineral., 2007, 92, 1731-
1743.

M. L. Martins, W. P. Gates, L. Michot, E. Ferrage, V.
Marry and H. N. Bordallo, Appl. Clay Sci., 2014, 96, 22-
35.

E. Ferrage, B. Lanson, N. Malikova, A. Plangon, B. A.
Sakharov and V. A. Drits, Chem. Mater., 2005, 17, 3499-
3512.



Ergebnisse
SYNOPSIS TOC. To date delamination of organo-clays is restricted to highly charged, vermiculite-

type layered silicates. In this work ammonium-sugars were proven to be suitable for the delamination
of low and high layer charges and to be robust against heterogeneities in layer charge. The results
furthermore suggest, that repulsive osmotic delamination may be applied generally to charged two

dimensional materials irrespective of their charge density.
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6.3.1. Supporting Information

Layer Charge Robust Delamination of Organo-Clays
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Supporting Information

Content:
1. Supporting Data
e PXRD of Clay Minerals
e Layer Charge Determination: Charge Density vs. Chain Length
e Meglumine-clays: CHN and EDX
e Volume Fraction of Gels (Calculation).
e Glucosamine-clays
e Hecpri: birefringence

2. Supporting References
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1. Supporting Data

PXRD of Clay Minerals.

relative intensity [counts]

10 20 30 40 50
20 ]

Fig. S1: PXRDs of Hec (A) and Verm (B) indicate a crystalline swollen phase with one layer
of water molecules in the interlayer space (doo1 = 12.5 A). The patterns can be indexed in C2/m
(No. 12) and least square refined lattice parameters for Hec (a =5.20(1) A, b=9.10(1) A,
c=12.48(4) A, y=95.44(4)°) and Verm (a=5.26(1)A, b=9.07(2) A, c=12.48@4) A,
v = 95.22(4)°) can be derived without unidexed lines.

relative intensity [counts]

10 20 30 40 50
26 [

Fig. S2: PXRD of as synthesized Hecyri, Proto-amphibol (PDF2-database number 00-013-0409,

the most intense reflexions are marked by ticks) is found as a sidephase.
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Layer Charge Determination.

Tab. S1: Layer charges corresponding to dense packings of mono- or bilayers for n-alkylammo-
nium chains (CnH2n+1NH3") of different length n. The layer charge that results in a dense mon-

olayer or a dense bilayer arrangement is given as follows, assuming a typical a,b area of 47.6

AZ:l

chain lenght n monolayer bilayer
[p.f.ul] [p.f.ul
5 0.56 1.12
6 0.50 0.99
7 0.44 0.89
8 0.40 0.80
9 0.37 0.73
10 0.34 0.67
11 0.31 0.62
12 0.29 0.58
13 0.27 0.54
14 0.25 0.51
15 0.24 0.48

Meglumine-clays: CHN-analysis and EDX.

The completeness of exchange was determined by CHN- and by EDX-analysis for the remain-
ing sodium-content. Interlayer cation content was calculated by carbon content. The amount of
organo-cations per gram clay is calculated from the determined wt% of carbon in the organo-
clay; the amount of carbon atoms per Meglumine-cation (7) and the molar mass of carbon:

wt% C

CECyegiu—clay = 712.011g/mol

CECweglu-clay Was compared to the expected maximum Meglumine-content in mmol / 100 g
(CECweglu-max.) as calculated from the amount of exchangeable Na*-ions n per 100 g. The
amount n is given in mval as determined by the BaCl.-method, nverm = 185 mval (per 100 g),
NHee = 129 mval (per 100 g), nicrr = 103 mval (per 100 g), nicr2 = 75 mval (per 100 g) and
NHec-pri = 116 mval (per 100 g). Furthermore, the molar masses M of the former interlayer ions
of the clays and Meglumine-cations are needed:
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n

CEC _ =
Meglu—-max 100 g — M(former interlayer ions)n + M(Meglumine)n

The completeness of organo-exchange is calculated from the ratio CECwmeglu-clay / CECwmegiu-max
and is listed in Table S2.

Tab. S2: CHN-analysis of Meglumine-clays.

Verm Hec LCR1 LCR2 Hecpi
wt% C 8.769 11.580 7.598 5.809 7.470
CEChweglu-clay [MMo0I/100g] 138 104 90 69 89
CEChweglu-max [Mm01/1009] 140 105 87 66 97
deviation -2% -1% +4% +5% -8%
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Fig. S3. The EDX-measurements of the Na-clays (Verm, Hec and Hecyri) do not show remain-
ing Na (position of Na-K, shown by dashed line) in dried Meglumine-clay (separation of Na-
containing side phases like Protoamphibole was carried out by sedimentation for the case of

delaminated Hecpri prior to sample preparation).
Volume Fraction of Gels.

First of all, the weight-fraction of the clay lamellae in the dry Meglumine-clay sample is calcu-

lated as follows:
Wt%ametiae = 1 — Wt%Meglumine

The weight fraction of Meglumine is determined by CHN-analysis.
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The volume fraction ¢ is calculated using the density of the lamellae (2.7 gcm=) and water
(1.0 gcm®):

d) _ Wt%iamellae Mclay/Plamellae

Wt%iamellae Mclay/ Plamellae t Mwater/Pwater

The expected d-spacing is calculated using the thickness (t = 9.6 A) of a clay lamella:

d=t/¢

Glucosamine-clays.

e
P Q‘W

o 1
q[A]

Fig. S4. SAXS-patterns of Glucosamine-clays: Verm (154 A, 6.1 vol%, expected: 157 A) and
LCR2 (97 A, 9.3 vol%, expected: 103 A).

Hecpri: Birefringence.

sediment

Fig. S5. Suspension of Hecpri between crossed polarizers. The supernatant gel (containing
< 5 wt% of the total solid content) forms a birefringent, lyotropic suspension between crossed

polarizers.

2. Supporting References

(1) Mermut, A. R.; Lagaly, G. Baseline Studies of the Clay Minerals Society Source Clays:
Layer-charge Determination and Characteristics of those Minerals Containing 2:1 Layers.
Clays Clay Miner. 2001, 49, 393-397.
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Abstract. In an attempt to improve the electronic conductivity an
Fe'l-rich brittle mica, a near end-member Ferro-Kinoshitalite
(BaFe;Si,Al,010F,) was synthesized via a melt approach. The struc-
ture is of 1M polytype [a = 5.4013(11) A, b = 9.3659(19) A, ¢ =
9.987(2) A, S =100.52(3)°, C2/m] and the iron content clearly exceeds
natural abundance levels. The crystal structure is discussed with re-
spect to established limits of isomorphous substitution based on geo-
metrical considerations and is compared to other iron-rich micas. It is

evidenced that the limitation of octahedral Fe!' substitution in micas is
not merely governed by the misfit of tetrahedral and octahedral sheets
as indicated in the literature. The electronic conductivity of contacted
single crystals (uS+cm™) is comparable to the conductivity of Ferrous-
Tainiolite and is unfortunately not enhanced by the increased iron con-
tent. It is determined by the valence state of Fe rather than by the total

Fe content.

Introduction

The chemical diversity of layered materials like graphene,!!
metal dichalcogenides,!”! or black phosphorus!® allows for
fabrication of heterostructures, in which the combinations of
different nanosheets result in a variety of novel and interesting
optical and electronical properties.!*! The formation of hetero-
structures from nanosheets requires strict control over their
thickness,! which is a limitation for the large-scale fabrication
of such heterostructures. Delamination by shearing is never
complete and requires separation of produced nanosheets.
Charged layered materials, like micaceous clay minerals, pro-
vide interlayer ions that might trigger osmotic swelling. Os-
motic swelling of micaceous clays represents a thermodynami-
cally favored repulsive delamination and a gentle top down
procedure for the fabrication of single nanosheets of uniform
thickness from the bulk material, which is also possible for

* Prof. Dr. Josef Breu

E-Mail: Josef.Breu@uni-bayreuth.de

[a] Bayerisches Polymer Institut und Lehrstuhl fiir Anorganische
Chemie 1,
Universitidt Bayreuth
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95447 Bayreuth, Germany

[b] Lehrstuhl fiir Funktionsmaterialien
Universitidt Bayreuth
Universitétsstralie 30
95447 Bayreuth, Germany

[c] Lehrstuhl fiir Organische Chemie 1
Universitdt Bayreuth
Universititsstrale 30
95447 Bayreuth, Germany

[d] Physik-Department E15
Technische Universitdt Miinchen
James-Franck-Strafie
85748 Garching, Germany
Supporting information for this article is available on the WWW
under http://dx.doi.org/10.1002/zaac.201700265 or from the au-
thor.

layered double hydroxides.!®! Micaceous clay minerals cannot
only be delaminated into single nanosheets but also the con-
trolled delamination into double stacks consisting of two nano-
sheets is feasible.[”! The electronic conductivity through-plane
of true micas (majority of interlayer ions being monovalent)
can be tuned to some degree by the exfoliation of the bulk
material as the bandgap is dependent on the number of layers
stacked above each other but highly charged true micas cannot
be delaminated in a controlled way.!®! Therefore, improving
the in-plane conductivity of micaceous materials, while main-
taining the ability of osmotic swelling would add a highly
interesting feature to the 2D family. The electronic conductiv-
ity of micas can be improved generally by increasing the tran-
sition metal content and is based on polaron hopping.!”! More-
over, low-valent structural transition metal ions like Fe** may
be oxidized post synthesis. This way the layer charge is re-
duced and the micaceous material becomes swellable.!'"!

For the incorporation of transition metals into the mica
structure, especially for transition metal ions like Fe!' and Mn"!
that are among the largest octahedral ions incorporated into the
octahedral sheet (O-sheet) of micas, structure immanent limits
for the degree of isomorphous substitution exist: The lateral
dimensions of the two tetrahedral sheets (T-sheet) and the
central O-sheet must match since they share a common
O?7/(OH/F") anion plane; the apical oxygen ions of the tetra-
hedrons are also part of the octahedrons (Figure 1). The substi-
tution limits have been related to the misfit of the O- and the
T-sheet of the mica structure.[!0-11]

The limits may be stretched to a certain extent by distortions
in both the O- and the T-sheet to adjust their lateral dimen-
sions. The most prominent adjustment mechanism of the
T-sheet is tetrahedral rotation (angle «).['?! Two adjacent tetra-
hedrons can rotate with respect to each other along the ¢* axis

Z. Anorg. Allg. Chem. 2017, 643, 1661-1667
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Figure 1. (a) Crystal structure (1M polytype, space group C2/m) of
this work’s Ferro-Kinoshitalite (Fe-KS) with a different color code for
cis- (light blue) and frans- (blue) ions in octahedral environment, view
towards (100) plane. (b) Adjacent hexagonal tetrahedral nets sand-
wiching the interlayer ion, view towards (001) plane.

in a counter-rotary fashion. The maximum extension for
T-sheets is obtained for a tetrahedral rotation angle () of 0°.

For further details concerning (other) structural adjustment
mechanisms the reader is referred to the elaborate work of
Bailey,'3 Guggenheim,'"* and Brigatti.'>! where also other
crystal chemical implications affecting these parameters are
discussed.

Rotation angles near 0° for the T-sheet have been deter-
mined for Annite-type micas (idealized end-member:
Kinter[Fell ]oct <Si; Al, >0, F,) and it was concluded that
the size of the O-sheet has to be reduced by a mixed valence
occupancy.!!1b-16]

In this work we focus on the synthesis of an Fe''-rich brittle
mica (A" [Fe!l;]°° <Si,Al,>*"0,(F,) in which the T-sheet
is larger than in Annite due to 50% aluminum content.
Furthermore, its electronic conductivity was determined.

Results and Discussion

A member of the brittle mica family, Ferro-Kinoshitalite
(Fe-KS) of the nominal composition BaFe;Si,Al,O,oF,, was
synthesized in a gas-tight molybdenum crucible from the melt
(1900 °C) in a high-frequency furnace. Molybdenum is a suit-
able crucible material, being redox inert against the ferrous
iron starting material Fe',Si0,. The crucible material at the
same time acts as an O, buffer that fixes the oxygen fugacity
in the stability field of FeO (Figure S1, Supporting Infor-
mation). The powder X-ray diffraction (PXRD) shows pattern
typical for micas (Figure 2a). Only minor amounts of side
phases were identified: BaF, (B, PDF-2 database number:
00-004-0452) and a Ferro-alumosilicate (F, PDF-2 database
number: 00-009-0427). Three weak reflections (*) could not
be assigned. The PXRD pattern can be indexed in C2/m, re-
fined cell parameters [a¢ = 5.43(1) A, b = 933Q)A, ¢ =
9.98(1) A, a = £ =90°, y=100.80(3) °] agree well with single
crystal data.
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Figure 2. (a) PXRD pattern of Fe-KS. Reflections marked B belong
to BaF, (PDF-2 database number: 00-004—0452), F belongs to a Ferro-
alumosilicate (PDF-2 database number: 00—009-0427) whereas the re-
flections marked (*) cannot be assigned. (b) Mdssbauer spectrum mea-
sured at 145 K and (c) at 4.2 K.

The Mossbauer spectrum at 145 K (fit parameters: Table S1,
Supporting Information) shows a broadened Fe' quadrupole
doublet that was fitted by a sharp and a broad Fe'' component
and a very weak shoulder at about 1 mm-s™! assigned to an
Fe™ doublet (Figure 2b). No clear indication of the presence
of tetrahedral Fe™ was found and the overall amount of Fe™!
is determined to be about 6 %. At high velocities no magnetic
splitting at 145 K for Fe™ is observed. Therefore, Fe'™ is most
likely related to Fe-KS.

While for ferro-silicates typically no magnetic splitting is
found at 4.2 K (fit parameters: Table S2, Supporting Infor-
mation), such a magnetic splitting was observed for Annite-
type micas.['”) For the Fe-KS sample, a magnetic hyperfine
splitting is observed at 4.2 K (Figure 2c). The broad pattern
indicates a distribution of magnetic hyperfine fields that was
approximated by three sextets with fields between 42 and 51 T
for the Fe™™! and four octet patterns with fields between 12 and
24 T for the Fe™l. The fact that no Fe!' quadrupole doublet is
observed any more at 4.2 K is a strong indication that all Fe!
is incorporated into the Fe-KS.

Wavelength dispersive electron microprobe analysis
yields a composition of Bagogey ™" [Fe', 357 Fe™y 151
Alp2g(1)]°“<Siz 0149)Al1 99(10)>"“"O1oF,. This formula was
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derived from the atomic ratios by assuming full occupancy of
tetrahedral sites and by normalizing to a total cationic charge
of 22 matching the negative charge of the anionic sublattice
(O¢F, per formula unit, p.f.u.). Additionally, the IR spectrum
of Fe-KS shows the tetrahedral- and octahedral-vibration

Table 1. Crystallographic data and details of the structure determi-

nation of Fe-KS.

Fe-Kinoshitalite

Empirical formula

BaoA963(7)[FezA531(15)
Al 5] <Siz 01Al1.90>010F,

bands (Figure S2, Supporting Information). MW /g-mol™! 598.1

During single crystal structure refinement, interlayer Ba>* a /A 5.4013(11)
and the octahedral Fe!!! positions were freely refined, while ° //2 3'32392(19)
all other occupation factors were fixed according to this for- (Cl= v P 9 @
mula determined by microprobe analysis. This way a composi- g /° 100.52(3)
tion of Bagoga7) ™" [Fes.651(15)Alo25] <Si 01Al; 00>""01F,  Z 2
resulted from the refinement that, within experimental errors, ~Density / grem™ . 4.1
agrees with the formula based on the microprobe analysis. As Zl)menswns /mm* - 0.25>023x0.02

! o s. coefficient p /mm 8.28
observed recently for natural samples of Kinoshitalite!*! and Crystal system monoclinic
a Mg-rich Ferro-Kinoshitalite™" it was not possible to deter-  Space group C2/m (no. 12)
mine the in-plane ordering of Al-Si tetrahedrons that would  Diffractometer STOEIPDST
be expected according to Loewenstein’s rule.26) Most likely, ~Radiation Mo-K,, (0.71073 A)
L . o . . Monochromator Graphite

the ordering indeed exists within a single T-sheet but is not 4 4 203
conserved in the random stacking resulting in the (artificially)  Data collection mode omega scans
higher symmetric space group C2/m that does not allow for  Onin - Omax / © 2.074-25.785
tetrahedral ordering [a = 5.4013(11) A, b = 9.3659(19) A, ¢ =  Index range (hkl) 6,-6; 11/-11; 11/-12
9.987(2) A, a = y = 90°, = 100.52(3)°]. Details of the struc- et ections ﬁfllllé’lfged e
ture refinement are given in Table I; atomic coordinates in  Refiections 1 > 20(7) 495
Table 2; and anisotropic displacement parameters in Table S3 R, 0.0704
(Supporting Information). Absqrption correction Numerica[l1 . o)

The crystal structure of Fe-KS is discussed via selected bond izlfll,l:l‘;’;;ﬂdo;eﬁ“ement ileLXT and SHELXL
lengths (Table 3) and by a comparison of the structural param- R, [ > 26(])] 0.0334
eters (Table 4) to those of other (iron-rich) micas. These micas R, [T > 20(1)] 0.0938
are synthetic Ferro-Tainiolite!'™ (Cs™er[Fe,Li]t<Si,>" R, (all data) 0.0339
0,0F,,  Fe-Tain), a  natural  Ferro-Kinoshitalite!20! ~ WR: (all dat?)f‘ 0.0246
(Bap.47K0.33N30.04mter'[Fez+1.72Mg0.74MH0.08F?3+0.15.Ti'17]0'a' Z};Zf::isdoAp:m (e:A3) ?gﬁ and —0.856
<Sip 44l 56>""01oF,, KS-nat) and a synthetic sodium-brit-  Refined parameters 56

tle mica?!" (Nas 4™ [Mg;]°“<Si, 5Al, ;>0 (F,, Na-BM).

To quantitatively evaluate the misfit of both sheets and to
obtain a demonstrative parameter for that purpose, the ratio
of lateral (a,b) dimensions of the undistorted T-sheet and the
undistorted O-sheet is calculated, (a,b),/ (a,b),. The (a,b) di-
mensions are calculated from the mean bond length of a poly-
hedron. The tetrahedral bond length <7—O> .1n0n and the oc-
tahedral bond length <M-O/F> . .non that are expected for a
refined composition are calculated via Shannon®?! radii (high-
spin state). The small amount of octahedral vacancies was not
taken into account.!'*! Subsequently, the (a,b) dimensions are

calculated as follows:23! b, = 32<M-O/F> .o and b, =
4\5<M—O/F>ShmmOn and a = b/\@ (for the derivation of the
equations see Figure S3, Supporting Information).

The ratio (a,b), / (a,b), is increasing in the row Fe-Tain,
KS-nat, Fe-KS, and Na-BM (1.03, 1.12, 1.13, and 1.15). As
expected, the tetrahedral rotation angle o increases with
(a,b)./ (a,b), in order to decrease the T-sheet’s lateral exten-
sion (0.14, 3.95, 6.83, and 11.86°, for Fe-Tain, KS-nat,
Fe-KS, and Na-BM, respectively). This is the main adjustment

Table 2. Atomic coordinates of Fe-KS. Cis (c) and trans (t) octahedral sites as well as apical (a) and basal (b) oxygen atoms are distinguished

by subscripts.

Atom Site s.o.f. x/a x/b x/c

Ba 2c 0.963(7) 12 172 12

Fe, 4g 0.892(8) 12 0.33249(9) 0

Al, 4g 0.0933 12 0.33249(9) 0

Fe, 2b 0.897(10) 1 12 0

Al 2b 0.0933 1 12 0

Si 8j 0.5025 0.9255(2) 0.33370(11) 0.28108(13)
Al 8j 0.4975 0.9255(2) 0.33370(11) 0.28108(13)
0ol, 8j 1 0.8682(6) 0.3352(3) 0.1100(4)
02, 4i 1 0.9814(10) 12 0.3437(5)
03, 8j 1 0.6792(6) 0.2672(4) 0.3437(3)

F 4i 1 0.3756(7) 12 0.1118(5)
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Table 3. Selected bond lengths /A of Fe-KS. Cis (c) and trans (t) octa- T has to be “isolated” from the influence of the divalent inter-
hedral sites as well as apical (a) and basal (b) oxygen atoms are distin-  Jayer cation in brittle micas for comparison with true micas and

guished by subscripts. the influence of the misfit of the sheets is therefore strongly
Bond Bond length superimposed by electrostatics.''5! Moreover, the thickness of
Octahedral site the T—§heet tq noF only increases (2.227, 2.270, 2.295., and
MO 2.113(4) 2.307 A for Fe-Tain, KS-nat, Fe-KS, and Na-BM, respectively)
MO 2.089(3) to further reduce its lateral extension with increasing (a,b), /
M~F 2.106(3) (a,b),. Interestingly, the thickness of the T-sheet t4 increases
M-O 2.093(3) from Fe-KS to Na-BM although the mean tetrahedral bond
M-F . 2.1304) length decreases due to the decreasing Al:Si ratio.

Tetrahedral site . R .

7-01, 1.680(4) One adjustment mechanism of the O-sheet is the
T-02, 1.685(2) deviation from the mean bond length <M-O/F> .., of the
T-03, 1.689(4) bond length that is calculated via Shannon radii??!
T-03, 1.688(3) <M-O/F>g.nnon- While for the smallest tetrahedral sheet
Interlayer space (Fe-Tain) <M-O/F> .., is smaller than calculated, it is larger
Ba-Ormu. 3-273(4) han calculated for KS-nat, but only slightly larger i i
Ba-O,;, 2.946(4) than calculated for -nat, but only shightly larger in case o

Fe-KS, where there is no significant difference in frans- and
cis-octahedron size. For Fe-KS the adjustment is mainly
mechanism of the T-sheet, while the tetrahedral flattening an-  achieved via a that is significantly larger in comparison to
gle 1 is a parameter difficult to study in mica crystal chemistry: ~ KS-nat, although (a,b), / (a,b),, is similar for both micas.

Table 4. Structural parameters obtained from single-crystal refinement for synthetic Ferro-Kinoshitalite (Fe-KS, this work), for Ferrous-Tainiol-
itel!% (Cs|Fe,Li]<Si;>0,(F,, Fe-Tain), natural Fe-bearing Kinoshitalite>’! (Bag 47K 33Nag o4l Fe>| 72Mgg 74Mng gsFe**( sTi. 7] <Sis 44Al, 56
>0,F,, KS-nat) and sodium brittle mical?!! (Naj 4[Mg;]<Si, 3Al, ,>0,oF,, Na-BM).

Parameters® Fe-Tain (C2/m) KS-nat (C2/m) Fe-KS (C2/m) Na-BM (C2)
(a,b) / (a,b), ® 1.03 1.12 1.13 1.15

Tetrahedral sheet

<T-0,> /A9 1.649 1.674 1.687 1.679 <Si> and 1.718 <ALSi>
<T-0,-. /A® 1.597 1.665 1.680 1.715 <Si> and 1.679 <ALSi>
<T-0>gammon /A? 1.618 1.665 1.678 1.670

T/°9 112.4 111.3 1117 111.2

al°? 0.14 3.95 6.83 11.86

14 /1A® 2.227 2.270 2.295 2.307
Octahedral sheet

<M-O[F>, /AP 2.098 2.106 2.103 2.074 and 2.102
<M-O/F> s 1AM 2.098 2.120 2.105 2.043
<M—-O/F>an 1A 2.098 2.111 2.104 2.073
<M=O/F> g ammon /AD 2.127 2.102 2.103 2.073

04 1AD 2.282 2216 2.172 2.104

e leg 1.058 1.091 1.106 1.120

web 57.05 58.34 58.92 59.50

Interlayer space

B /A™ 3.900 3.129 3.069 5.247
<A-O> 00 [AD 3.285 3.210 3.273 3.201
<v=0> i, /AD 3.271 3.018 2.946 2.438

a) Definition and calculation of parameters listed, see below. Parameters were recalculated as proposed by Brigatti and Guggenheim!''* from
the original publications as there are older definitions!!?! of some of the parameters. b) (a,b), / (a,b), = ratio of the a,b area for ideal, undistorted
tetrahedral and octahedral sheets. The (a,b) dimensions are calculated from the mean bond length of a polyhedron. The tetrahedral bond length
<T-O>gannon and the octahedral bond length <M-O/F> g .unon that are expected for a refined composition are calculated via Shannon radii,!??!
high-spin state. Using_the bond lengths, the (a,b) dimensions are calculated as follows!?3 by = 3\/§<M—O/F>Slmlmon and b, = 4\/§<M—O/
F> giannon and a = b//3 (derivation of the equations: Figure S3, Supporting Information). No influence of octahedral vacancies (KS-nat and Fe-
KS) on the calculated <M-O/F> gy ..non has been assumed.!'*! Shannon radii (coordination numbers in subscripts) are: 1.35 A basal-O;, 1.38 A
apical-Oy,, 1.30 A Fyy;, 0.26 A Siy,, 0.39 A Al,,, 0.78 A Fe'l,;, 0.76 A Li,;, 0.535 A Al,; 0.72 A Mg,;, 0.83 A Mn,;, 0.645 A Fe™ ;, 0.605 A Ti'V,;.
¢) <T-0p> and <T7-0,> = mean basal and apical cation—oxygen bond length of tetrahedrons, for Na-BM (space group C2) separate values
for the <Si> and the <Al,Si> tetrahedrons are given. d) <7—O>gnnon = Mmean tetrahedral bond length as calculated by Shannonﬁradii,[zzl

high-spin state, according to the refined tetrahedral composition. €) T = mean O,p;ca—T—Opasal angle.!'! f) o = tetrahedral rotation 1/6 Y, 1120° —

1

@2 with @ being the angle between bridging basal oxygen atoms.!'> g) t, = thickness of the tetrahedral sheet.'>l h) <M—O/F> .,
<M-O/F>,, and <M-O/F> .., = mean cation—anion bond length in frans and cis octahedrons and octahedral mean bond length (ratio 2:1 of
cis and trans octahedrons). i) <M-O/F> .unon = mean octahedral bond length as calculated by Shannon radii,'*?! high-spin state, according to
the refined octahedral composition. No influence of octahedral vacancies (KS-nat and Fe-KS) on the calculated <M-O/F> g, ,on Was assumed
(justified in the caption of Figure S3). j) o4 = thickness of the octahedral sheet.!'>! k) e /e, = ratio of the mean length of unshared to shared
octahedral edges.'** 1) ¥ = octahedral flattening angle, arccos (04 / (2<M-O/F>,...).">! m) h = interlayer separation of the basal planes.''”
n) <A-O> ., and <A-O>;, = maximum and minimum bond length of the interlayer ion A with the basal oxygen atoms.
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As expected, the octahedral flattening angle ¥, that in-
creases the lateral extension of the O-sheet, becomes larger
with increasing (a,b), / (a,b), values (57.05, 58.34, 58.92, and
59.50° for Fe-Tain, KS-nat, Fe-KS, and Na-BM, respectively).
Related to ¥ increase, the ratio of the length of unshared to
shared octahedral edges (e /e;), (1.058, 1.091, 1.106, and 1.120
for Fe-Tain, KS-nat, Fe-KS, and Na-BM, respectively) in-
creases, which also reduces the thickness of the octahedral
layer o4 (2.282,2.216, 2.172, and 2.104 A for Fe-Tain, KS-nat,
Fe-KS, and Na-BM, respectively) and this way maximizes the
lateral size of the O-sheet. For Fe-KS no pronounced cis/trans
preference is obvious from the site occupation factors (Table 2)
and the bond lengths (Table 3).

The interlayer separation h is governed by the ionic radius
of the interlayer ion and — in case of Na-BM - of its hydration
state. The hydration of Na-BM leads to a complex interlayer
space that is discussed elsewhere!?!! and cannot be compared
with non-hydrated Fe-Tain, KS-nat, and Fe-KS. In case of Fe-
Tain, h (3.900 A) is significantly larger than in KS-nat
(3.129 A) and Fe-KS (3.069 A) due to the larger ionic radius
of Cs*™. However, with both, decreasing interlayer separation h
and increasing distortion of the hexagonal cavity (tetrahedral
rotation angle o, 0.14°, 3.95°, and 6.83° for Fe-Tain, KS-nat,
and Fe-KS, respectively) the difference in maximum
(<A-0> .0 and minimum (<A-O>_;,) interlayer ion to
basal oxygen separation is increasing (0.014 A, 0.192 A and
0.327 A for Fe-Tain, KS-nat, and Fe-KS, respectively).

With an interlayer separation of 3.069 A the basal oxygen
atoms of Fe-KS are in direct contact (van der Waals radius of
02 according to Batsanov: 1.55 A).127) The repulsion of basal
oxygen atoms is avoided by the distortion of the T-sheet (Fig-
ure 1b) that results in a slightly staggered arrangement of adja-
cent basal oxygen atoms.

To sum up, the increasing misfit (a,b), / (a,b), in the row
Fe-Tain, KS-nat, Fe-KS, and Na-BM (1.03, 1.12, 1.13, and
1.15, respectively) is compensated for by several adjustment
mechanisms. Nevertheless, the end-member Ferro-Kinoshital-
ite (Ba™e"[Fel'3]°°t <Si,Al,>*"0,yF,) could not be synthe-
sized. Since Fe-KS does not show the largest misfit, it would,
however, be expected to be accessible. It therefore appears that
the substitution limit for octahedral Fe'' incorporation (r =
0.78 A) cannot be rationalized by purely geometrical factors
as suggested in the literature for Annite.['!>16] Electronic con-
siderations (e.g. an upper limit of the valence electron concen-
tration in octahedral positions) have not yet been considered.
An elaborate study of >6000 mica structures and their solid
solutions was carried out by Tischendorf'?®! But as natural
micas have a complex chemical composition and are in most
cases mixed valence compounds, predictions on the miscibility

of the cations in true end-members are nevertheless imposs-
ible. The only way out is the synthetic exploration of access-
ible (near) end-members in future studies.

The conductivity of Fe-KS was measured by impedance
spectroscopy and is compared to the conductivity of previously
reported Fe-Tain!'% that is about 30 % lower in iron content.
To rule out the influence of side phases and grain boundaries,
single crystals were picked (Fe-KS1, Fe-KS2, and Fe-Tainl)
and contacted with a Pt-paste on gold electrodes (Figure 3) to
measure the in-plane conductivity. The electronic conductivity
(g, Table 5) was calculated from the size of the crystals and
the DC-resistance obtained by extrapolation of the Nyquist-
plot against zero frequency (Figure S4, Supporting Infor-
mation).

Figure 3. Optical microscopy of a typical crystal contacted with Pt-
Paste on gold electrodes.

The charge transport mechanism in micas is polaron hop-
ping.""% For the conductivity of iron-bearing micas a linear
dependency with the Fe' content was reported (along with a
decrease in conductivity with increasing Fe' and fluoride con-
tent)?”! but also a (linear'®') increase with the total iron content
was found.??) A plateau in conductivity was proposed by Tol-
land with > 1.5 Fe p.f.u.l*!! The large differences in chemical
composition of natural micas, however, hampered clear con-
clusions as to the main factors governing the conductivity of
micas."!

The conductivity of both, as-prepared Fe-KS and as-pre-

pared Fe-Tain is in the order of magnitude of uS:cm™ at

Table 5. Conductivity of different single-crystals of Fe-Tain and Fe-KS at 200 °C. The dimensions and the electronic conductivity (¢) in nitrogen

and air atmosphere of the crystals are shown.

Fe-KS1 Fe-KS2 Fe-Tainl
Size /mm 0.65 X 0.38 X 0.004 0.92 X 0.32 X 0.007 1.02X0.47 X 0.005
o(N,) /uS-cm™! 1.5(1) 4102) 3.52)
o(air) /uS+em™ 3.3(2) 22.2(9) 8.0(4)
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200 °C in a nitrogen atmosphere (Table 5). The conductivities
of the same crystals are enhanced by a factor > 2 upon a
change in redox potential of the atmosphere (in air). The ob-
tained conductivities are about three orders of magnitude
smaller than for a bulk sample of Fe-Tain at the same tempera-
ture, %! which is related to the absence of both, grain bound-
aries and a random orientation of different platelets due to the
use of single crystals in this work. A pronounced effect of the
transition metal content (= 2 Fe p.f.u.) on the specific conduc-
tivity is not observed within experimental errors. This is in line
with Tollands observation that most of the increase in conduc-
tivity happens around 1.5 Fe p.f.u.l*!! The sensitivity of Fe-KS
to the redox potential of the gas atmosphere might be ex-
plained by Fe'"" atoms acting as hopping centers."*°! According
to the Mossbauer spectrum, upon oxidation in air the Fe™ con-
tent increases from 6 % to 13 % (Figure S5, Table S4, Support-
ing Information).

Conclusions
In this work the crystal structure of a melt
synthesized, near end-member Ferro-Kinoshitalite,

Bag o637 [Fea.681015)Alo28]1<Siz 01Al1 99>O10F,,  was  deter-
mined by single-crystal structure solution. The discussion of its
crystal chemistry revealed, that the limitation of isomorphous
substitution for large transition metals in micas cannot solely
be attributed to geometric constraints. Rules established in lit-
erature should not refrain from attempting to synthesize com-
positions that are expected to have interesting physical proper-
ties or applications. The electric conductivity of iron-rich
micas (= 2 Fe p.f.u.) is determined by the valence state of Fe
rather than by the total Fe content.

Experimental Section

Melt Synthesis: Fe-KS was prepared by melt synthesis in a gas tight
molybdenum-crucible. The handling of the crucible is described in de-
tail elsewhere.[3?! The starting materials (4 g in total) BaF, (99.99 %,
Sigma Aldrich), 0-Al,O; (>99.95%, Alfa Aesar), SiO, (Merck, fine
granular quarz, purum) and Fe,SiO, (Fayalite, synthesized as de-
scribed previouslyl!'¢!) were mixed according to the nominal composi-
tion BaFe;SirAl,O,F,. The crucible was sealed gas tight and was
ramped to 1900 °C in a high-frequency furnace under vacuum
(<107° mbar). After 30 min dwell time it was quenched by switching
of the power. The crucible was turned upside down, heated and
quenched for one more time. The cool crucible was broken to obtain
the product. Fe-Tain was prepared as described in earlier work.!'%! The
PXRD of Fe-Tain is shown in Figure S6 (Supporting Information).

Single Crystal: For X-ray data collection, a single crystal
(0.25 mm X 0.23 mm X 0.02 mm) was selected. The intensity data
were collected at 293 K with a STOE IPDS I diffractometer using
graphite-monochromated Mo-K, radiation. A numerical absorption
correction was applied using the program X-RED34 based on a crystal
shape description optimized using equivalent reflections with
X-SHAPE34. The solution and the refinement were carried out using
SHELXT!$! and SHELXL, implemented in Olex2!33! (OlexSys).
The occupancy of Ba and Fe (4h and 2d positions) were freely refined.
All other occupancies were fixed according to microprobe analysis; all
positions could be refined anisotropically.

Further details of the crystal structure investigations may be obtained
from the Fachinformationszentrum Karlsruhe, 76344 Eggenstein-
Leopoldshafen, Germany (Fax: +49-7247-808-666; E-Mail:
crysdata@fiz-karlsruhe.de,  http://www.fiz-karlsruhe.de/request.html
for deposited data) on quoting the depository number CSD-433396.

Powder X-ray Diffraction: The powdered sample, mounted on a zero
background spinner, was measured in Bragg-Brentano geometry with a
PANalytical X’pert Pro equipped with an X’Celerator Scientific RTMS
detector (Cu-K,, radiation) and a secondary beam monochromator to
suppress fluorescence.

Microprobe Analysis: The chemical composition of Fe-KS was deter-
mined by wavelength dispersive X-ray spectroscopy on single crystals
with flat lying surfaces on a carbon grid using an electron microprobe
(Jeol JXA-8200, Bayerisches Geoinstitut, Bayreuth). The settings were
15 kV acceleration voltage, 15 nA initial beam current, a beam spot
diameter of 10 um, 20 s counting time at the peak position and 10 s
counting time at each side of the peak. Calibration was done using
commercial mineral standards: BaSO, (Ba), Fe (Fe), MgAl,O, (Al),
MgSiO; (Si), SiO; (O) and CaF, (F).

FT-IR Spectroscopy: The measurement was recorded with a
PerkinElmer ONE FT-IR spectrometer equipped with an ATR module.

Massbauer Spectroscopy: >’Fe Mossbauer spectra of powdered sam-
ples were measured at ambient temperature, 145 K and 4.2 K with a
source of 3’Co in a rhodium matrix that was kept at the same tempera-
ture as the absorber. For velocity calibration a-Fe was used. The spec-
tra were least-squares fitted with line shapes corresponding to a
Gaussian broadening of Lorentzian lines (Voigt profiles) grouped into
quadrupole doublets and, for the 4.2 K spectrum, with appropriate
superpositions of magnetically split sextets (for Fe'!) and octets (for
Fel).

Impedance Spectroscopy: The crystals were contacted with Pt-paste
on gold electrodes (Figure 3). The impedances were measured at
200 °C in a corundum furnace at frequencies between 10~! and 107 Hz
(Novocontrol Alpha Analyzer, 200 mV).

Supporting Information (see footnote on the first page of this article):
Phase barogram of the iron-molybdenum system, calculations of
(a,b), / (ab),, anisotropic displacement parameters, Nyquist-plots,
Mossbauer spectra of oxidized Fe-KS and PXRD of Fe-Tain.
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Figure S1: Phase barogram showing the temperature dependent oxygen fugacities of the sys-
tems Fe-FeO (black line, squares), FeO-FezO4 (red line, triangles) and Mo-MoO> (orange,
straight line). The Mo-crucible acts as an O-buffer at elevated temperatures during synthesis

and provides an oxygen fugacity in the stability range of FeO.

The oxygen fugacities (log( 02) —A— g With 4 = 258D o4 p — AHR(D) |

ot [K]) were calcu-
bar 2.303'R 2.303'R

lated using thermodynamic data of NIST-JANAF tables.™™ The thermodynamic data at 1300 K
for the reaction xM°*=yM™® +10, are the following: for oxygen
H°-H%(298.15K) = 33 kJ/mol and S° = 253 J/molK and for the crystalline phases:

X Yy AHYD SO AHO g™ SOy AHRr ASr A B
/kd/mol  [J/molK  /kI/mol  /I/molK  /kI/mol  /I/molK
FeO/Fe 2 2 -270 142 39 79 651 127 6.6 34000
FesO4/FeO 2 6 -1095 441 -270 142 602 225 11.8 31500
MoO2/Mo 1 1 -573 153 27 68 633 168 8.8 33100

(*) for the elements Fe and Mo H%-H°(298.15K) is given instead of AsHP.
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Figure S2: FT-IR-spectrum of Fe-KS. Si-O stretching frequencies are found in the range of
1000 cm™*, while bending frequencies are found at about 500 cm™.[2 The substitution with Al
results in additional bands in the range of 900 to 500 cm™ for annite-type micas.l>®! By this
means it is not possible to distinguish the spectral features from all sidephases (see main text,
Figure 1) from those of the Ferro-Kinoshitalite. In comparision to natural micas the OH-bands
are absent because a Fluoro-mica has been synthesized without octahedral OH".

[ :
OOy . ¢ NP
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. é ‘> é 7,7' T
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Figure S3: Octahedral sheet (left) and basal plane of the tetrahedral sheet (right) of the mica
structure. For undistorted sheets the b-dimension contains 3 times the edge length of an ideal
octahedron and 4 times the altitude of an equilateral triangle of basal oxygens. The mean bond

length (<M-O/F>shannon and <T-O>shannon) represents the radius of the circumspheres of the pol-
yhedrons which is used to derive the edge length and the altitude:

Edge length (e) of the circumsphere of an octahedron: e = % = MO/ FT/_SZ"“""""'Z

b-dimension of an ideal octahedral sheet: b, = 3-e = 3v2 - < M-0/F > nannon

Edge length (e) of the circumsphere of a tetrahedron: : e = == = W

&

3

Altitude (h) of an equilateral triangle of basal oxygens: h = >

e = ‘/E * < T-0 >snannon
b-dimension of an ideal tetrahedral sheet: b, = 4 - h = 4v2 - < T-0 > p0nnon

<M-O/F>shannon and <T-O>shannon Were calculated using Shannon! radii (listed in the caption
of Table 4) according to the refined compositions. Octahedral vacancies were not considered.
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Table S1: Mdssbauer spectrum: Fit results for Fe-KS at 145 K. QS are the splittings of the
electric quadrupole doublets, and IS the isomer shifts with respect to metallic iron at room tem-

perature.
Component QS (mm/s) IS (mm/s) Rel. Area (%)
Fe(Il) a 2.36 1.27 75
Fe(Il) b 1.96 1.27 20
Fe(l11) 0.85 0.50 5

Table S2: Mossbauer spectrum: Fit results for Fe-KS at 4.2 K. Fe-QS is the electric quadrupole

interaction eqVz,/2 for the Fe(ll) magnetic hyperfine patterns, or the corresponding quadrupole

shift in the Fe(l1l) magnetic hyperfine patterns. IS is the isomer shift with respect to metallic

iron at room temperatures. B is the magetic hyperfine field.

Component QS (mm/s) IS (mm/s) B (Tesla) Rel. Area (%)
Fe(ll) a -1.93 1.27 23.8 14
Fe(ll) b -2.56 1.27 21.7 28
Fe(ll) ¢ -2.43 1.27 16.7 25
Fe(ll) d -2.43 1.27 11.6 26
Fe(lll) a -0.34 0.63 51.1 2
Fe(ll) b -0.29 0.56 46.5 3
Fe(lll) c -0.04 0.47 42.2 2

Table S3: Anisotropic displacement parameters, in A2,

Un Uz Us3 Uz Uz Uzs

Ba 0.0304(4) 0.298(4) 0.0341(4) 0.00000 0.0064(3) 0.00000
Feue 0.0184(6) 0.0203(7) 0.0244(7) 0.00000 0.0030(4) 0.00000
Al 0.018(4) 0.0203(6) 0.0244(7) 0.00000 0.0030(7) 0.00000
Feuan 0.0239(8) 0.0176(8) 0.0259(9) 0.00000 0.0084(5) 0.00000
Alians 0.024(2) 0.0176(8) 0.0259(8) 0.00000 0.0084(9) 0.00000
Si 0.0189(7) 0.0192(8) 0.0208(8) -0.0004(4)  0.0036(5) -0.0008(4)
Al 0.0189(7) 0.0192(8) 0.0208(8) -0.0004(4) 0.0036(5) -0.0008(4)
OlLapica 0.0256(16)  0.0249(18)  0.0281(17)  -0.0008(10)  0.0049(13)  -0.0020(12)
02%aca 0.0282(16)  0.042(2) 0.0297(17)  -0.0085(14)  0.0060(13)  0.0013(15)
O3haca 0.045(3) 0.026(3) 0.030(2) 0.00000 0.003(2) 0.00000
= 0.032(2) 0.033(2) 0.043(2) 0.00000 0.0072(17)  0.00000
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Figure S4: Nyquist-plot for contacted crystals: Fe-KS1 (top), Fe-KS2 (middle) and Fe-Tain
(bottom). Measurements under nitrogen (triangles, green) and air (circles, blue) are shown. The
extrapolated DC-resistances (fits shown as solid semi circles) are: Fe-KS1 (2.89 GQ nitrogen,
1.29 GQ air), Fe-KS2 (0.992 GQ nitrogen, 0.185 GQ air) and Fe-Tain (1.22 GQ nitrogen,
0.545 GQ air).
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Figure S5: Mdssbauer spectrum measured at room temperature of Fe-KS oxidized at 200°C

for 24 h in air (same conditions as for the impedance spectroscopy measured under air).
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Table S4: Mdéssbauer spectrum: Fit results for Fe-KS oxidized at 200°C for 24 h in air. QS are
the splittings of the electric quadrupole doublets, and IS the isomer shifts with respect to me-

tallic iron at room temperature.

Component QS (mm/s) IS (mm/s) Rel. Area (%)
Fe(Il) a 2.17 1.16 49
Fe(Il) b 1.75 1.20 37
Fe(l11) 0.85 0.38 13

S
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Figure S6: PXRD of Fe-Tain. The same reflections as observed in previous work, marked by

relative intensity [counts]

ticks, were obtained.[!
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