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1 Summary

1 Summary

The potential of 2D materials in various fields of material science and chemighdeniable.
However, their largescale production poses challenges due to low yield, uncontrollable defects,
and highenergy input irstateof-the-art exfoliationmethods. Balancing high quality and high
yield has always been a tradedff.this thess, | explorean alternative method for producing

2D nanosheets called 1D dissolution (historically known as osmotic swelling), which is a
thermodynamically driven process with numerous benefits. It yeeligh aspect ratio and
defectfree nanosheets with a quantitative yiétdthis thesisl have focused on thexpanding
phenomenonofl@di ssol uti on to or gani cmandaidvingeforces and
using synthetic hectorite as a model system.

First, the importance of steric pressure is demonstrated. It is caused by the interlayer cation and
the right combination of the solvent parameters, which leads to the synergistic effect of 1D
dissolution. In this cas¢he complexation of the interlaydia® by 15crown5 and 18crown

6 caused the 1D dissolution in the number of highly polar solvents like ethylene carbonate,
propylene carbonate, glycerol carbonatemithylformamide and Nmetyacetamide. The
crucial parameters for the solventsrefoundto beahigh dipole moment anahigh dielectric
constant. This highlights the key role of electrostatic interactiotiegeibD dissolution process.
Second, the role o& strong hydrogen bonding network wfaterDMSO mixture for the
delamination of highlycharged clays was investigatddectorite shows a wellefined 1D
dissolution window, where the phenomenon of 1D dissolution is observed and outside of this
compositionswelling is limited only to crystallin&Ve applied the PXRD antfNa solidstate

NMR to study solvation behavior and uncovered the key raleesfolvation environment. The

water and DMSO molecules form molecular assembles, which act as a single solvation unit and
exert a bigger steric pressurethe interlayer space, leading to 1D dission.

Finally, we explored the tramsferring of knowledge, obtained from studying the synthetic
hectorite as a model systetm more relevant and affordable natural analogsmiculites. The

paper reportanimproved delamination protocol based onulse of butyl amine a$e cation

and organic acids dBe counter anion. Organic acids in this case act as a comglagent to

the Mg cations, which are commonly found in natural vermiculites and impede the 1D
dissolution process. After the successful ion exchange, the 1D dissolution is extended to highly
polar organic solventswhich allows the processig of vermiculite nanosheets as a
nanocomposite with PLAone of the most promising biodegradable polymers. The resulting
nanocomposite boosts the barrier performance to the level of commercially available multilayer

metalized films.



2 Zusammenfassung

2 Zusammenfassung

Das Potential von 2Daterialien inverschiedenen Bereichen der Materialwissenschaft und
Chemi e I st unbestreitbar. Di e groCfl a@chige
Ausbeute, unkontrollierbarer Defekte und des hohen Energieaufwands beofStegté\rt-
Exfoliationsmethoden eine Heu s f or der ung dar . Ein Ausgl eich
hoher Ausbeute war schon immer ein Kompromiss. In dieser Arbeit wird eine alternative
Methode zur Herstellung von 2Banosheets namens #®u f | ©sung (hi storisc
osmotisch&uellung untersucht, die ein thermodynamisch gesteuerter Prozess mit zahlreichen

Vorteilen ist. Sie I|liefert Nanosheets mi t
guantitativer Ausbeut e. I n dieser Ar b-ei t w u
Aufl °sungi aacaheokLyaungsmittel und das Verst?@

Krafte unter Verwendung synthetischer Hector
Zun?2chst wird die Bedeutung des sterischen
Zwischenschichtkationud di e ri chti ge Kombination der L©°
zum synergistischen Effekts der #Ou f | ©° sung f¢e¢hrt. I n di esem
Komplexierung des Zwischenschidi” durch 15Krone5 und 18Krone6 die 1D

Aufl °sung i n sitmek Reoilkhei vioarten L°sungsmi
Propylencarbonat, Glycerolcarbonat, -Méthylformamid und MNMethylacetamid. Die

ent scheidenden Parameter f¢r die L°sungsmitt
Dielektrizit?2t sukeostrescht a di¢ ewichtigelD | Rolée  elektrostatischer
Wechselwirkungen im Prozess der-®Bu f | © sung.

Zweitens wurde die Rolle des starken -Wasser
DMSOMi schung f¢r di e Del ami nat i onHectoibzeigtt ar k
ein klar definiehAtfls® Femg,teirnfgem-Ade®&d ABPohgor
beobacht et wi rd, und auCer h &uebungauf kristaline Zus an
Strukturen beschr 2nkNaFWisrnt kKMRmageweddeteum B RD  ur
Solvationsverhalten zu untersuchen und die wichtige Rolle der Solvationsumgebung
aufzudecken. Die Wassaund DMSCGMo | ek ¢l e bi Il den mol ekul are A
einzelne Solvati onsei nheit wirken und ek avd den gr ° Ce

Zwi schenschichtr auAu falussgbreq ,f gvlarst .zur 1D

SchlieClich wurde das Wi ssen, welches durch
Model |l system gewonnen wur de, auf rel evant
Analoge - Vermikulite - angewendet . Di e Arbeit bericht

Delaminierungsprotokoll auf Basis der Verwendung von Butylamin als Kation und organischer
4



2 Zusammenfassung

S2uren als Gegenion. Organi sche S2uren wirke
die Mg*-Kationen , di e I n nat ¢rl i chen Ver mi kuwl i ten
Aufl ®°sungsprozess hindern. Nach d-®issolgionf ol gr e

auf hochpolare organische LZ°s un ghianoschichten ausog
als Nanokompasmit PLA - einem der vielversprechendsten biologisch abbaubaren Polymere
-verarbeitet werden k°nnen. Das resultierende

auf ein Niveau von kommerzi el l erh2al tlichen



3 Introduction

3 Introduction

The properties of materials at the nanoscale can differ significantly from those of bulk materials.
For example, materials that are unreactive in bulk form can become catalytically active at the
nanoscalg thanks to quantum size effects that modulate their electronic structure. Many of
these intriguing properties are rooted in quantum and surface pherfomena

Two-dimensional (2D) materials, in particular, exhibit unique properties due to their extreme
anisotropy. These materials typically consist of stacked nanosheets, known as tactoids, which
can behundreds of nanometers to micrometers wide but only a few nanometers Thiek
anisotropy of individual nanosheets results in a high suttagelume ratid and a pronounced
directional dependence of properties, such as motiuli

Since thegroundbreakingwork of Novoselov and Geim on monolayer graphene almost two
decades ago, there has been a growing interest in 2D materidlandreds of 2D materials

have been isolatl and studied?®, finding applicationsri catalysi$ ?° electronicé', sensor&,
biomedical field%®, and mor&-28. Despite this progress, there is still a lack of an effective and
universal apprazh to delaminate and produce 2D materials @&ithonodisperse thickness on

a large or industrial scale.

The story of delaminated materials goes back much further in scientific history® lapnd
graphene oxid® 3% 3were likely the first 2D materials known to humanity. When certain clay
minerals are immersed in water, they can disperse homogeneously to form a viscous suspension
consisting of nanometehick clay sheets, a phenomenon called "osmotic swetfint®’ that

was thoroughly studied in the 1960s. This historic term suggests that the process is related to
osmotic pressure, but it was later discovered that thealimptiases of repulsive osmotic
delamination have more to do with the dissolution of ionic crystals. Clay tactoids separate into
individual singlelayer nanosheets at distances of hundreds of nanoffetersugh a
spontaneous procé&él, requiring no additional energy input to completely delaminate the
pristine layered material. Osmotic swelling allows for the maximization of yield, obtaining
nanosheets with strictly monolayer thickness and a umms®phase with the liquid crystalline

state of the nanosheets. If only every 2D material could be prepared using a similar approach!
The stateof-the-art processiquid phase exfoliatiott*° relies on higkpower ultrasonification,

to separate nanosheets, but it is a bfoitee method. Instead, this thesis will strictly focus on
purely thermodynamically driven and therefopeistaneous delamination processes that do not
require any input of shear force. Unfortunately, these processes are currently regarded as niche
and are mainly known in the clay science community. Historically, it was referred to as

"osmotic swelling,” butn its initial stepsthe process has nothing to do with osmotic pressure
6



3 Introduction

and instead resemlislehe dissolution of ionic solids. For layered ionic materials, this
dissolution is limited to the stacking direction of the nanosheets, and therefore, lalmeling
dimensional 1D) dissolution is suggested. This thesis will explore the widening of 1D
dissolution to the organic solvents and uncover new strategies for the 1D dissolution triggering.

3.1 Synthetic hectorite as a model system

To get the full understaling and avoid false positive or false negative results it is needed to
start witha well-defined and easy to work with material. Regmtive compounds like Li
MoS;*® or K-graphité’ are not suitable because of itheigh redox activity and enormous
sensitivity to oxygen and water. Natural clays have inhomogeneous charge density and defects
that impede 1D dissolution many casé§>!. For this reasarsynthetic hectorite is chosen as

a model system for studying 1D dissolution.

Synthetic hectorite is the 2:1 smectites of the stoichiometric formula
[Nao 5| ™TMg2.5Li 0.5] °“[Sia] ®'010F>% 52 It consists of two tetrahedral sheets, that sandthieh
octahedral layer. Nanosheets have permanent chargedddatbeisomorphous substitution

of Mg?* to Li* and the negative charge is compensated by the interlayer catthecise of
synthesized materiaNa".

Interlayer cation is relatively mobile and can be exchdfgeother positively charged species.

This changes the interaction energy with the solvent system and can be used to manipulate the
1D dissolution process.

Synthetic hectorite has a high phase purity and charge homogeneity, meaning that 1D
dissolution andthe crystalline swelling process oactnomogeneously through the whole
material and can be tracked using PXRD, NMRSAXS.

Charge homogeneity and phase puatg achieved by the elaborate synthetic procedure
involving melt synthesis and lortfgrm annealing to ensure the superior propertie the
crystal$? Upon immersion of the crystalline powder into @rathe nanosheets separateo
hundreds of nanometers formirggnematic liquid crystalline phase even at very diluted
concentration. This liquid crystallinity is the first indication of 1D dissolution that can be
easily verified under the crogmlarized light due to the characteristic birefringence ef th

nematic phase.

3.2 Mechanism and driving forces

The unique characteristic of 2D materials lies in their anisotropic chemical bonding. In two
dimensions, the bonding is strong and partially covalent. In the third direction, there are weaker,
but still cdhesive, norcovalent interactions that result in stacks of nanoshéegsirge J.

Compared to ionic layered solids that are held together by Coulomb attragitjome( >4,
7



3 Introduction

cohesive interactionsnivan der Waals crystals are considerably wéaketowever, this
Coulomb attraction can be reversed to repulsion, which is the fundamental principle behind

osmotic swelling andD dissolution.

Interlayer interaction

L] - " 1 )

weak cohesion strong cohesion
+ + +

® o o

+ + + e & e

2 & @& ® ® @

Van der Waals lonic layered
crystal solid

nanosheets o interlayer cations
+
Figure 1. Types of layered compounds and relative strength of cohesive interactions holding
together the nanosheets in the staRkproduced with permissithh Copyright 2021, Wiley
VCH GmbH.

Layered materials exhibit weak interactions in the stacking direction, allowing for soft,
intracrystalline reactions that are topotactic, meaning that the periodicity in the stacking
direction can be alted while maintaining the 2D structure of the nanosh@etkl€¢ J). In the

case of anionic layers, ion exchange with bulky cations can increassplaeidg and weaken

the cohesive interaction. Similarlyhe solvation of interlayer ions, known asystalline
swelling, can also increase thespiacing and enhance the shear laBlit§

Unlike osmotic swelling, crystalline swelling refers to a distinct phase transition with a defined
stoichiometry. Dependingnothe type of interlayer ion and the activity of the swelling agent,
thesolvent is incorporated into the interlayer space in discrete steps (e.gvwangor three

layer hydrate in hectorite¥) Swelling and dewelling in the crystalline swelling regime
exhibit a hysteresis as expected for a {inster phase transitio If the basal surfaces carry
functional groups, such as silanol groups found in zeolites, molecules can be covalently

attached, leading to an irreversible increase in thpating Table 1).

Table 1.Topotactic intracrystalline reactions (e.g. intercaion: e.g. grafting, iorexchange,

swelling) increase the basal spacing and thus decrease the cohesive energy in the stack.

8



3 Introduction

Type of | Grafting lon-exchange Swelling

reaction Crystalline 1D dissolution

Reversibility | irreversible reversible reversible reversible

Bonding type| covalent lonic interaction, | stepwise quast
non-covalent non-covalent | continuous

non-covalent

Type of | cohesive cohesive cohesive repulsive

interactions

of adjacent

nanosheets

One of the key features of layered crystals is dtvteng anisotropy of chemical bonding,
resulting in weak interactions in the stacking direction. As long as the nanosheets are cohesively
stacked, energy input is required to obtain exfoliated materials throughdawoepprocess.

Liquid phase exfoliationis currently the most established and widely used method for
exfoliating such cohesively stacked layered crystals. This process relies on strong shear forces
applied to suspensiotfswhich can thin down the stacks to individual nanoshets

It should be noted, however, that liquid phase exfoliation cannot achieve delamination, as
defined by Gardolinski and Lag&¥for clay minerals, where exfolian refers to the
decomposition of large aggregates into smaller particles, while delamination refers to the
separation of individual layers of particles.

The diverse range of scientific communities interested in 2D materials has led to various
terminologes being used to describe layered compounds and nanosheetstablish a

common ground and clarify the terminologjye following terms are proposed:

- Tactoid: a stack of layers; since individual layers are stacked with frequent faults or
even in a comptely random way, these stacks of layers lack a strict crystallographic
phase relationship and consequently should not be referred to as crystals, but as tactoids.

- Intercalation: Incorporation of atoms, ions, or molecules into a layered host structure. It
is a topotactic reaction with the 2D structure where the layers remain essentially
unchanged, while the inserted material is present between the layers. Intercalation
commonly involves ion exchange or solvation reactions.

- Interlayer refers to the region beten the two adjacent layers in a tactoid.
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- (Intracrystalline) swelling involves an increase in the basal spacing of a layered
compound to accommodate® or other solvent or gaseous molecules within the
interlayer.

- Exfoliation: slicing of tactoids into thner stacks with multimodal thickness
distributions

- Delamination: exfoliation of layered material to the level of individual, stagter
nanosheets; a state in which translational symmetry along the stacking direction is
completely destroyed.

High-power ultrasonication is the most commonly used method to overcome cohesion forces
required to obtain 2D material§ifst line Table 2 However, this brute force approach
mechanically breaks weak van der Waals bonds and lacks control over the thicknessalstrib

of the resulting materials. Liquid phase exfoliation, on the other hand, generates dispersions of
2D materials consisting of single, double, and multilayer nanosféét&" 62 This method is

also energyntensive, challenging to scéfe and often provides only a modest yield of
nanosheets. Additionally, the excess energy required for exfoliation maytbausEnosheets

to break, resulting in aspect ratios far from the potential maximum determined by the pristine
layered material's inherent diaméferFurthermore, the collapse of cavities produced by
ultrasonicationresults in high local temperatures, potentially producing radicals that may

chemically modify the nanosheets' surfice

Table 2.Comparison of advaages and disadvantages of different exfoliation methods and 1D

dissolution.

Exfoliation method Type of materialg Advantages Disadvartages
accessible

Mechanicef? 636667 | 2 D van der Waal{ Suitable for mos| Low vyield, high
crystals like| 2D materials, energy input, low

graphene, boroj simple equipment aspect ratio, defegts

nitride, black| easy to use and functional
phosphorous, universal groups may be
metal introduced, and
dichalcogenide broad thicknesy
distribution

10



3 Introduction

Hydrothermaf®

Materials that
show crystalline
swelling,

potentially  after|

redox
modification
rendering the
materials  more

shear labile: metg
dichalcogenides,
metal hydroxides

Moderate yield,
narow lateral size

distribution

Defects may bg
introduced, require
special equipment

nonuniversal.

oxides

metal oxides
MXenes

ElectrochemicaP As above, High yield, narrow] 2D materials mus
crystalline thickness be electrically]
swelling is,| distribution. conductive, require
however, high-quality
triggered by redox crystals,  requires
modificetion by electrochemical
an external field] equipment
graphene, blacl
phosphoous,
metal
dichalcogenides,
MXenes, meta
oxides

1D dissolution Silicates, zeoliteg Strictly Limited to ionic
perovskites, acidg monolayers, layered solids

guantitative yield,
thedirect formation

of electrostatically
stabilized liquid
crystalline phase

requires a specal
protocol for every
material, non

universal.

11
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no surfactantg

required

a) All materials referredo here are of layered morphology.

In contrast, a few rare ionlayered materials exhibit osmotic swelling, a thermodynamically
spontaneous process for delamination that has lkemmn for some tim€. Exanples of such
materials include layered transition metal oxides, layered antimony phosphates, graphene
oxide, layered zeolitesr smectites. This process, also known as-tinensional dissolution”

(1D dissolution), is based on repulsive interactions eetwcharged nanosheets and results in
complete delamination with a 100% yield. The resulting suspensions are colloidally stable and
consist solely of individual nanosheets. One of the advantages of this process is that it preserves
the aspect ratio of thetarting material and does not introduce additional defects to the
nanosheet structure. Furthermore, it is a gentle process that does not require high energy input.
A comparison of the common exfoliation methods and 1D dissolution can be fotablén2.

dissolution of salt

b 5
(LT LT '
a . . <-". .
o0e0e 00eVe. g
L d 4 J o O °
00ede 0000
L d 4 J oDe
e & o o O
e O
3D salt PYY )
o0eDe
e
o f
> 4 4—" 7 A R
d . « )
3 v A :
v
7 7 A A 7S
. ; v Y
. A
lonic layered e 4

solid

delamination by 1D dissolution

Figure 2. Schematic of the dissolution of a 3D crystalline salt and the 1D dissolution of a

layered material. Crystalline sadt upon immersion in water it starts to readily dissdiventil

12



3 Introduction

complete dissolution witthe formation ofc. a homogeneous solution of ions. lonic layered
solid d. upon immersion intthe solvent, solvent molecules start to solvate the interlayer ions
e. and upon reaching the critical threshold separation 1D dissolution into a nematic liquid
crystalline suspensiotakes placd. Reproduced with permissigh Copyright 2021, Wiley
VCH GmbH.

The delamination process through osmotic swelling shares similarities widistwdution of

salts Figure 2a). When an ionic crystal, such as sodium chloride, is immersed in water, it
dissolves due to the solvation of the ionic constituents on its surface by water molecules,
resulting in the separation of solvated ions (Figure Zbe strong electrostatic attraction
between positively and negatively charged ions must be overcome by the interaction with the
solvent molecules (Figure 2c). Dissolution is driven in part by thieagry of solvation, and

the entropy increase during ttissolution process may allow for crystals to dissolve even with

an endothermic enthalpy of dissolution. Overall, dissolution is a thermodynamically driven
process (exergonic) in which all enthalpic and entropic contributions involved override the

latticeenergy.

A
5 c
o 5 .0
0 % &
a &
S 3 & -
L~ A&
T = o
&
> - }
i) 2 WL
| -
(7] emmmny |
-t T N
£ :
o TWL :
OB e g
o5 .
w
= >
oc : OWL
""""" { | >
humid air liquid water

water activity

Figure 3. Schematic illustration of the transition of crystalline swelling to delamination via 1D
dissolution as a function of water activitReproduced with permissithh Copyright 2021,
WileyVCH GmbH.
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Repulsive osmotic swelling is a process similar to the dissolution of salts, but it is limited to 1D
due to the anisotropic nature of layered compounds (Figure 2d). For this process to be
spontaneous, the solvent must overcome the adhesive interaction between the interlayer ions
and the charged nanosheets. At low activity, solvent molecules initiallgtedive interlayer

ions in discrete steps (Figure 2e) and increase the separation distance of the naf@sheets.
demonstrate the essential ingredients of 1D dissolution, | will focus on the swelling of 2:1
layered silicates (clay minerals) with water. Tih&ial swelling of clay minerals occurs in
discrete steps referred to as crystalline swelling (Figure 2e and Figlréi@vever, if the

uptake of solvent molecules excedtie limit of crystalline swelling and increases beyond a
critical threshold of separation, the interaction between adjacent nanosheets in the stack changes
from attractive to repulsive, and the nanosheets separate themselves to equal distances (Figure
2f), much larger than what is found in the crystalline swelling regime (Figure 3). For 1D
dissolution to be triggered, the interlayer cations must leave the symmetrical position in the
middle of the interlayer space and segregate into the Helrdlgtrs bé&nging to one of the

two adjacent clay layers formerly circumscribing the interlayer space. This process requires
monovalent interlayer ions and is fostered by the translational entropy contribution of interlayer
species (ions and solvent molecules). Asresult, overlapping diffuse double layers
electrostatically repel adjacent clay layers in the stBigkute 4§8. At this point, the separation

of nanosheets is i/ where h is the thickness of individual nanosheetstamlthe volume

content of clay in the aqueous suspension. This means that all availaklat snolecules are
incorporated between the nanosheets, giving a maximum separation distancenaibatbs

a repulsive interaction. If the separation distance as a function of clay volume fraction follows
the hl relationship for a given clay, this ®und experimental evidence for its complete

delamination by spontaneous 1D dissolution.
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3 Introduction

Figure 4. Histogram of the distributionof Na"( bl ack bars) and water
yellow bars) in the interlayer space of hectoraready swollen beyond the threshold
separation as obtained by molecular dynamic simulgiviT, 300 K). Red bars represent the

plane of basal oxygen atoms of the tetrahedral layers. The five Gdussians are the
deconvoluted peaks of the Nications Reproduced with permissi$h Copyright 2021,
WileyVCH GmbH.

Once the nanosheets are separated at the threshold separation of 2D ionic crystals, they remai
parallel to each other and cannot rotate due to their smaller separation compared to their
diameter. This marks the formation of a uniform nematic liquid crystal suspension, which is a
single phase. The transition from the crystalline swollen phasestoeimatic liquid crystal

phase at the onset of 1D dissolution corresponds to a phase transition. The dispasiagl

of the swollen phase corresponds to the molecular dimensions of its interlayer species, whereas
the separation in the nematic liquid stgl phase is determined by the volume fraction of
dispersed clay in a quasontinuous manner.

The vyield of delamination is 100% as it is a thermodynamically driven, spontaneous phase
transition. However, delamination does not always produce an isotwgpension, and only

high aspect ratio blocks allow for the observation of anisotropic liquid crystals. Even at low
volume fractions, birefringent nematic suspensions are expected for fully delaminated 2D

crystals due to the free rotation of nanosheetsgoesstricted by their high aspect ratio.

3.3 How to trigger delamination by 1D dissolution

Typically, materials require the exchange of specific interlayer ions to initiate the transition
from crystalline swelling to 1D dissolution. However, synthetic-iéatorite clay is an
exception since the solvation enthalpy of its interlayer cation is already high enough to exceed
the threshold separation required for repulsive 1D dissolution to 3cddonetheless,
increasing the layer charge from x=Qectorite [Na.sg™*TMg2sLio.5]°[Sis]*®O10F2 €) to

x=0.7 (vermiculitetype [Nao.7™*[Mg2sLio.q°[Sis]*®O10F2) strengthens the Coulombic
interactions between the charged nanosheets and interlayer ions, making it difficult to reach the
threshdd with just the hydration of interlayer cations. In such cases, the threshold separation

can still be achieved with the assistance of bulky interlayer cations that exert steric ptessure
41
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c Sepdarated nanosheets and cations +
isolated solvent moleculs

A G intermolecular
interactions

b Separated nanosheets A G solvation
and cations + solvent

A G cohesion v

e Crystdlline swollen ionic layered crystal

TA G dissolution

a lonic layered crystal + solvent TAS>0

entropic
contribution

A G dissolution l

A \ 4

d Delamination by ID dissolution

Figure 5. Thermodynamic scheme of 1D dissolutotonic layered taatid immersed intthe
solvent,b. The hcrease of free energy upon separation of the nanosledé&noted aghe
energy of cohesiort. The ncrease of free energy upon breaking of the interaction between
solvent molecules denoted ashe energy of intermolecular interactisnd. Decrease of free
energy upon solvation of ionic layered crystal with solvent molecules, leading to crystalline
swollen ionic layered crystad. Decrease of free energy upon 1D dissolut®eproduced with
permissiof®. Copyright 2021, Wiley CH GmbH.

The process of 1D dissolution is complex and involves several simultaneous steps. To simplify
this process, It can be broken down into individual stépsally, unsolved ionic layered
tactoids are dispersed in a solvent (Figure 5a). To separate solvent molecules from charged
nanosheets and interlayer ions (Figure 5c), two endergonic steps are required. First, the
nanosheets and interlayer ions must égasated from each other (cohesion energy) (Figure
5b). Second, intermolecular interactions of solvent molecules must be broken (Figure 5c). The
solvation energy of both interlayer ions and the basal surfaces of hanosheets compensates for
these unfavorablsteps. If the solvation energies are higher than the cohesion energy, the 2D
ionic tactoid spontaneously dissolves in the stacking direction (1D dissolution, Figure 5e).
However, if the solvation energies are lower, we end up with a crystalline swotlerayered

solid tactoid where the interlayer cations are solvated (Figure 5d). The entropy of the 1D
dissolved state is higher than that of the crystalline swollen state dispetiseeioess solvent.
Increasing the temperature can make 1D dissolfdeorablé2 The cohesion energy can also

be reduced by either decreasing the layer charge or by exchanging with bulky ions, as the

leading term of cohesion is electrostatic in nature. The layer charge density of nanosheets is
16
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therefore one ofhe keys to achieving 1D dissolution. As a general rule of thumb, it is more
difficult to delaminate highly charged solids due to stronger electrostatic attraction. For
instance, 1D dissolution in water is possible forddvarged 2:1 layered silicates wé charge
density of < 2.3 charges/rfmand N4 as the interlayer cation (e.g., synthetic hect&iter
certain natural, purified montmorillonités Charge densities > 2.3 chargesfrpmevent 1D

dissolution due to excessive electrostatic attrattion

In 2:1 layered silicates like hectorite or montmorillonite that carry no acidic groups at the basal
surface,thé ayer charge can be | ofiWeffece This bffgctdcdurs Ho f n
when small interlayer cations migrate into empty octahedral sites of thay2r¥. In layered
crystalline silicic acids and in zeolites that carry silanol groups at the basal surfaces, the charge
density can be odified by adjusting the pH of the dispersion, which affects the degree of
protonation of these acidic groups. The same applies to layered metal oxides that carry acidic
groups at the basal surface, such as titanates of lepdatectype or niobates of yared
RuddlesdenPopper type oxidic perovskites’.

As mentioned earlier, the cohesion energy can be effectively mkdugeancreasing the
interlayer distance, particularly through exchange with bulky ions. Here, bulky refers to ions
with lower charge density than the nanosh@els such cases, the interlayer ions compensate

for the charge by pushing the nanosheets apart, thereby increasing the interlayee disth
weakening cohesion (Figure 6@he mmplexation of inorganic interlayer cations can also lead

to a similar expansion of interlayer distance. It should be noted that ion exchange significantly
affects the solvation energy. Bulky ions with low sdélva energy do not favor 1D
dissolutiori®*, Table 3 lists suitable cations that offer sufficient bulkinesshégt solvation

energy and have been successfully used to achieve 1D dissolution, along with their

corresponding charge equivalent areas.
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Figure 6. a. Approaches that help to push layered materials above the threshold separation
and thus trigger 1D dis$ation. b. SAXS curves of llerite suspensiareserecorded at different
pH valuesReproduced with permissith Copyright 2021, Wile}y CH GmbH.

By usingcrystallographic data and structural compositions, | calculated the charge density of
various ionic layered compounds, which is listed in Table 3. However, it is important to note
that some of the cations listed in Table 3 serve as buffer sy8temd if used in combination

with layered compounds that carry acidic groups at the basal surface, the charge density of the
layers will be modified according to the effective pH in the suspension. In our calculations for
Table 3, | have assumed a degoé protonation derived from the structural formula as obtained

at the pH of synthesis. In addition, the pH for quaternary amines may be adjusted by adding a
base.

The organic base used in the intercalation process can significantly impact the swetless p

and influence the morphology and properties of the final nanosheet suspension. For example,
when layered titanates are intercalated wifditnethylamino)ethanol (DMAE), a stable and
reversible 10dold expansion within the interlayer gallery canauhieved (Figure 6157,
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It is worth noting that the charge equivalent areas of the organic ions mentioned systematically
exceed those ohe layered compounds, in contrast to small ions likehd N&. This means

that organic cations capable of triggering 1D dissolution have larger charge equivalent areas
than the charge density of the layered compound. For example, the relativelydoed H 13

nter MV O, (1.8 charge/nA) requires the sterically demanding TBA (1.1 chargé)nim

trigger 1D dissolution.However, for more highly charged layer compounds, several
significantly smaller organic cations are known to trigger 1D dissoluffor instancetd™®"
CaNbsO10 (6.7 charge/nif) undergoes 1D dissolution with the much smaller TMA (3.4
charge/nrf) as the interlayer ion (Table 3).

Table 3:Some 1D dissolved combinations of orgaations (Cation) and layered compounds:

To trigger repulsive osmotic swelling, the cation must be intercalated into the respective
layered compound by cation exchange. The cations are TBA, DMAE;dy(ammonium),

C3 (npropylammonium), and TMA. In the case of hydroxorintercalated layer compounds,

the cation exchange is carried out by the corresponding tertiary amines as the base, or for

guaternary ammonium ions by their hydroxide salts as the base.

The darge

Charge | density of
Name/ .
. density | layered _
_ chemical formula Ratid”
Cation [charges/| compoun®

before cation exchange
( %) nny] [charges

Inn?]
birnessitél 82

1| TBA . 1.1 1.8 1.6
Ho.1d"¢" MNnO;

Calciumniobat® 84
2 | TBA ) 1.1 6.7 6.0
Hlnter C&Nb?,Olo

lepidocrite type Titanaté &
3 | TBA . . 1.1 7.1 6.4
Ho.™" Ti1.2Fen.s04

U-Zirconiumphosphaté &7
4 | TBA _ 1.1 8.3 7.5
Zr(Hlnter PO4)

Calciumniobat® 84
5 | DMAE _ 2.6 6.7 25
Hlnter CaZNb3010

lepidocrite type Titanaté
6 | DMAE , _ 2.6 7.1 2.7
Ho.g"®" Ti1FeneOa
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vermiculite®%°
Na,Mgk=0.64"¢"
[Mg2.3d-n.48Al 0.16] °
<Siz.72A1 1.28>*"010(OH),

Caliumhexaniobaté °?
K4 NbgO17

Calciumniobat® 84

9 | TMA _ 34 6.7 1.9
Hlnter CaZNb3010

1 MCM-56>3

0 TBA 1xSi0:0.04xAkL0s:0.093xNa | 1.1 1.4 1.3
0:0.3xHMI:16 HO
ilerite

1 | Meglu _

_ Nag[Siz2064(OH)g] L 320 (pH| 1.5 1.3 1.2

1 | mine

10)

a) The maximum projected area of the cations (calculation: Chemicaliz¥)owas
taken as the charge equivalent area. The charge equivalent areas for CAvane C3
taken fromtheliterature’®

b) Calculated for the given compositions and tjuoted structural 2D dimensions. For
compounds with acidic groupghe degree of protonation was assumed as
represented by the structural formula obtained at the pH of syntisisharge
density ofvermiculitewas calculated by a formula giventimeliterature ~ 224x  j
39.

c) The mtio of charge density dayered compound and countercation used for 1D

dissolution

The recent delamination of Illerite (also known as NaRI3B or athosilicate
(Nag[Siz20e4(OH)g] L 320),) ptovides a great example of how effective pH of the suspension,
charge density, and stericagsure all play a subtle role in triggering 1D dissol§df The

50% deprotonated sodium form of llerite contains acidic@blups that are exposed at the

basal surfaces of the layers, altering the pH and layer charge density. By ion exchange at a
certain pH, the influence of pH on layer charge and resultingisgiglissolution behavior can

be examined. As the pH decreases, silanol groups become increasingly protonated, resulting in
a decrease in the layer charge density. Charge equivalent areas for llerite basal surfaces were

calculated to correlate layer chardensity with pH and swelling/dissolution tendency. The
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calculated charge equivalent areas decrease by 27% from pH 7 to 10, and for delamination by
1D dissolution, the charge equivalent area of the interlayer cation should be larger than that of
the layerednaterial. A bulky cation like megluminium, which remains protonated at higher pH
values and offers strong hydrogen bonding to water as a swelling agent, is suitable for triggering
delamination by 1D dissolution. Meglumtilerite at pH 810 resulted in aematic phase with
separation of adjacent nanosheets >13 nm, while at pH 7, only a crystalline swollen suspension
was obtained. The onset of the phase transition into the nematic liquid crystalline phase as a
function of pH, along with the accompanyingataination and the separation of nanosheets to
large distances, can easily be followed by sraatile Xray scattering (SAXS). Comparing the
behavior of Nahectorite exchanged with different alkali cations also illustrates the solvation
energy of interlayeions, which is concomitantly modified with steric pressire.Ru"” or Cs

(322 kJ/mol and lowet] rather gives crystalline swollen suspensions, while 1D dissolution is

observed with high hydration enthalpy cations likedri N&'.

Table 4.Nanosheet characteristics of layered compounds mentioned iexthe t

Compound Group Basal | Porosity | Source of| Special features
plane | of nanosheet
S nanoshe | charge
ets
Birnessite hydrous acidic | imperme | deprotonat| semiconducting,
Ho.14"®" MnO> manganese able ion redoxactive
dioxide

Calciumniobat®® | Ruddlesden |inert |imperme | isomorpho| semiconducting,

8483, 8483, 8483, 84 Popper able us photocatalytic,
H"e" CaNbsO10 perovkites substitutio | dielectric

n
Lepidocrite  type transition inert | imperme | isomorpho| semiconductig,
Titanate metal oxides able us photocatalytic,
Ho.8™®" Ti1.2Fe0.604 substitutio | ferromagnetic

n
U Layered acid | acidic | imperme | deprotonat| solid-state ion
Zirconiumphosphat able ion conductive
e

Zr(Hinter PO4)
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Na-Hectorite 2:1 clay inert | imperme | isomorpho| insulating, high
[Nag 5] " TMg2.sLio. able us aspect ratio
5]°°[Sis] ®'O10F2 substitutio
n in
octahedral
or
tetrahedral
layer
llerite Na-silicate acidic | micropor | deprotonat| insulating,  weH
Nag[Siz2064(OH)g] ous ion defined
32 KO nanoporosity
Vermiculite 2:1 clay inert | imperme | isomorpho| insulating, high
Na,Mge=0.64"TMg able us temperature
2 36 €0.48Al 0.1 ° substitutio| r esi st ant
<Sip.72Al1.28 n in the| reagent
>0, (OH)2 octahedral
layer
Caliumhexaniobate Ruddlesden | inert |imperme | isomorpho| dielectric,
K 4" NbeO17 Popper able us photocatajtic
perovkites substitutio
n
layered antimony layered acid | acidic | imperme | deprotonat| insulating, ion
phosphates able ion conductive
Hs ™" SkyP,014
MCM-56, layered acidic | micropor | isomorpho| insulating,  weH
1xSi0:0.04xAR0Os | zeolites ous us defined
:0.093xNaO: substitutio | nanoporosity
0.3xHMI:16 HO n in the
tetrahedral
layer
Graphene oxide | Carbonbased| acidic | micropor | deprotonat| insulating, high
CxHyO; ous ion degree of
functionality
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Beidellite 2:1 clay inert | imperme | isomorpho| insulating, high
(Na,Ca.s)o.3Al2(Si, able us temperature
Al) 4010(OH)2 substitutio | resistant
L 4.6 n in

octahedral

or

tetrahedral

layer
Nontronite 2:1 clay inert | imperme | isomorpho| insulating, high
(CaQys,Nap sFet, able us temperature
(Si,Al)4010(OH)2 substitutio | resistant, Fentons
L n@6 n in | reagent

octahedral

or

tetrahedral

layer

By altering the dispersion medium, the solvation energy can be significantly altered. The
dielectric constant, dipole moment, and the ability to create hydrogemigbh#fil° appear to

be the key solvent parameters for initiating 1D dissolution. Initially, only water and aqueous
solvent mixtures wre deemed suitable for 1D dissolution. However, with solvent combination
optimization, the water content can be lowered to as little as 3%iolB6 achieve 1D
dissolution in entirely watefree media, it was necessary to emptbg complexation of
interlayer cations. The use of crown ethers with a highptexnbuilding constant with Na
successfully extended 1D dissolution into organic solvents, such as propylene carbonate,
ethylene carbonate, glycerol carbonate, methyl formamide, and methyl acetamide, for the first
time. The mastery of spontaneous delatnomaby 1D dissolution depends on finding the right
balance between the charge of the layered material, the properties of the interlayer ion

(solvation energy, equivalent area), and the solvent's prop@rties
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4 Synopsis

The present work contains three publications. For further publicatioorgributed to, please

seethelist of publications.
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Figure 7. Graphical synopsis of the thesis highlighting the broadening of 1D dissolution

All the work is based on the expanding on phenomenon of 1D dissolution and understanding
the main driving forces, which allows to transéérthis concept to the organic solvents, the
smectites with the higher surface chamed the more affordable natuxeermiculites(Figure

7).

The publication 660Osmotic Delaminati on: A
Nanosheets Now in Highly Polar and Aprotic
pressure caused by interlayer cation and thiet @g@mbination of the solvent parameters to
provide the synergistic effect. In this cage complexation of the interlayer Nay 15crown

5 and 18crown-6 caused the 1D dissolution in the number of highly polar solvents like ethylene
carbonate, propylen carbonate, glycerol carbonate, -niéthylformamide and N
metyacetamide. The crucial parameters for the solvestsfaund to be high dipole moment

and high dielectric constant. This highlights the key role of electrostatic interactiteslin

dissoluton process.
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T he pub IDelamanationoby repuléive osmotic swelling of synthetichidatorite with
variable charge in binary DMS®@ater mixtureé 6 s thewuduswalsbehavior of the highly
charged hectorites hewaterDMSO mixture. Hectorite slves a welldefined 1D dissolution
window, where the phenomenon of 1D dissolution is observed and outside of this composition
swelling is limited only to crystalline. We applied the PXRD ik solidstate NMR to study
solvation behavior and undercovetbeé key role othesolvation environment. The water and
DMSO molecules form molecular assembles, which act as a single solvation unit and exert a
bigger steric pressuan the interlayer space, leading to 1D dissolution.

The last publication titled Spataneous Delamination of Affordable Natural Vermiculite as a
High Barrier Filler for Biodegradable Food Packaginy expl ores the tran
knowledge, obtained from studying the synthetic hectorite as a model system to more relevant
and affordablenatural analogs vermiculites. The paper reports improved delamination
protocol based on the use of butyl amine as a cation and organic acid®w@ster anion.
Organic acids in this case act as a complexation agent to fi@Migns, which are commanl

found in natural vermiculites and impede the 1D dissolution process. After the successful ion
exchange, the 1D dissolution is extended to the highly polar organic solvents, allowing to
proces®f the vermiculite nanosheets as a nanocomposite with Bhédof the most promising
biodegradable polymers. The resulting nanocomposite boosts the barrier performance to the
level of commercially available multilayer metalized films.

4.1 Osmotic Delamination: A Forceless Alternative for the Production of
Nanosheet Now in Highly Polar and Aprotic Solvents

Traditionally, liquidphase exfoliation is used to produce moapofew-layer nanosheets by
exploiting the anisotropy ithemechanical strength of layered materials to create thinner stacks
using shear forces. Aalternative method, 1D dissolution or osmotic swelling, has long been
known but is rar@nd limited to 1D0onic crystals, where layers carry a charge compensated by
counterions residing between them. However, this method is limited to a handful of ionic
layered compounds. 1D dissolution is a thermodynamically allowed process that does not
require mechanicabfce, allowing for gentle delamination. This method preserves the aspect
ratio inherent in the platelet diameter of the fu@aminated layered starting material.

However, extending 1D dissolution to more attractive but highly reducing 2D compounds like
Li-MoS2 or K-graphite requires two major steps, including using a suspension medium with a
large redox stability window that is inert in redox reactions and sufficient swelling capacity.
Additionally, all handling must be done strictly in an inert atmosphEo tackle the first step,

synthetic clay, sodium fluorohectorite, is used to mimic negatively charged nanosheets held
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together by interlayer cations that can be solvated. These high aspect ratio nanosheets are
already applied as fillers in polymer napnagposites, where they improve mechanical
properties, decrease gas permeability and enhance flame retardancy and thermal conductivity.
Solution blending, where both filler and polymer are dissolved/dispersed in the same solvent,
offers the best control ovéilomogeneity. However, 1D dissolution could only be achieved in
aqueous media, limiting the choice of polymers.
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Figure 8. A Schematic illustratioof the structure of negativetharged uniamellar hectorite
nanosheets. Beft) Birefringentsuspensionf osmotically swollen ©wn Ether (CE}
modified NaHec in NMF andright) crystalline swollen CEnodified NaHec in water. C

shematic illustration of delamination process

By transferring repulsive osmotic delamination ofiNec(Figure 8 A).to (aprotic) waterfree

organic solvents, the range of nanosheets accessible through 1D dissolution can be extended to
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redoxactive intercalation compoun@sgure 8 B) This will allow for a wider range of
polymers for nanocomposite applications, including more Ipftbbic matrices like
biodegradable polyesters. Additionally, this system could work with moisamsitive
precursors and potentially be used as "superionic" battery electrolytes.

Above mentioned approach involves suspending the ionic layered solid appaopriate
solvent with a high dipole moment and dielectric constant, and a high interaction energy with
the interlayer ionic species.

Crown ether complegethe first solvation shell because thfe high selectivity toward Na
cation, which fits perfectly o t h e ¢ r o w(frigueet8 IK)d hissyiéldseneenayet space
more hydrophobic and pronestintercalation of the solvent molecules, hence expanding
interlayer space beyond crystalline swelliiigpe hgh dielectric constant and dipole moment

of the solvent molecules ensure the formatiorthaf electrical double layer to stalzé the
nanosheets in suspension. We have charaetethis process using PXRD and SAXS. This
regime allows for easy processing of the nanosheets. Nematic suspensionsire@atganic
solvents expand the range of polymer matrices for making ordered nanocomposites via solution
blending. In this papemwe have reported 1D dissolution, assisted by crown ethers in highly

polar solvents like cyclic carbonates and amides.
4.2 Delamination by repulsive osmotic swelling of synthetictidgtorite with

variable charge in binary DMS@ater mixtures

Swelling of highly charged silicates, particularly beyond crystalline swelling, is becoming
increasingly challenging, if not impossibue to the strong electrostatic interactions between
counter cations and anionic nanosheets. To trigger osmotic swelling in verrdigodit@:1
layered silicates, a complete cation exchange is required with a bulky and hydrophilic organic
cation or withmonovalent cations of high hydration enthalpy liké. [ These observations
highlight the complexity of the interactions accompanying repulsive osmotic swelling, which
generally goes through two distinct phases: crystalline and osmotic.

However, natural Z: layered silicates (smectites and vermiculites) suffer from compositional
inhomogeneity, making it difficult to interpret observed basal spacing. To overcome this,
synthetic clay minerals synthesized from the melt are preferred as model compounds,
characerized by phase purity, charge homogeneity, and a wide range of layer charges. By
studying the repulsive osmotic swelling of two such synthetic clay minerals, 0.5 Hec
([Nag.g™eTMg2.5Li0.5°°[Sis]®O10F2) and 0.7 Hec([Nao.7™®TMg2.3Lio.7°[Sis]"®'O10F2), we

show that changes in the composition of the dispersion medium can lead to significant

alterations in swellingpehaviour(Figure 9C).
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Figure 9. Swelling behavior of DHec in waterDMSO mixtures. APhoto in crosgolarized

light of the suspension of 0.7 Hec in the region of 40 vol % to 75 vol % of DMSO featuring the
transition from crystalline (40 vol %) to osmotic (50 vol %) (thed-spacing corresponds to
around 2.8 N 0. 1ysuling (75%0 %aswallingbBBrastic chaage ot
spacing when going from crystalline swelling regime | to the nematic liquid crystalline
suspension and back to crystalline swelling regime Il. The blue area indicates thiED&D
composition range in wth osnotic swelling is triggered. @-values and the CV in crystalline
swollen regime | and regime Il as a function of walBISO composition. The areas mark
rational d-values observed for distinct solvates as indicated by CV values <0.7, while the red
area refers to the transition zone where both different swelling states coexist in a random
interstratification as indicated by CV values >0. D Diagram of>Na MASNMR features as

a function of watérDMSO composition. Two crystalline swelling regimesd Il (green and
purple) and the osmotically swelling regime (blue). Filled circles indicate the position of the
isotropic shift, and the star of the respective color indicates the quadrupole coupling constant,

Cq. E. Schematic representation of the $wglbehavior of 0.7 Hec in wateDMSO mixtures

Specifically, we observe repulsive osmotic swelling in a mixture of water and DMSO, while in
both pure water and pure DMSO swelling is restricted to crystalline swelling. The onset of
osmotic swelling is atibuted to changes in the first and second coordination/solvation sphere,
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as indicated by significant changes in tfida MAS-NMR spectrgFigure 9D). We propose a
mechanism of synergistic solvation of the first solvation shell of interlayer cationsh whic
resembles the dominant 1HB cluster present in solvent mixtures of the particular composition
range (Figure 9E). This leads to the thermodynamically favored formation of the second
solvation shell in the interlayer space, which in turn overrules thegsélectrostatic attraction
between anionic nanosheets and interlayer cations.

We report for the first time the repulsive osmotic delamination of the sodium form of the
vermiculitetype synthetic hectorite, which was previously considered impossible dtrerig
electrostatic interactions. This delamination occurs only within a narrow range of 50 to 70 vol%
DMSO in the binary wateDMSO mixturé€Figure 9A and B. We propose that this is fostered

by strong intermolecular interaction between water and DM®(@cules, which, however,
become weaker again with increasing DMSO content, eventually leading to the substitution of
the water molecules in the first solvation shell and a concomitant collapse of osmotic swelling
to ordinary crystalline swellir{@rigure 9E).

Overall, this study provides a fundamental understanding of spontaneous, repulsive osmotic
swelling and opens new avenues for the use of high aspect ratio nanosheets in nanocomposites,

superion conductors, and hybrid orgasimorganic functional struares.

4.3 Spontaneous Delamination of Affordable Natural Vermiculite as a High

Barrier Filler for Biodegradable Food Packaging

Innovative packaging is crucial in preventing food waste, but it poses problems when
considering enaf-life scenarios.According to the United Nations Food and Agricultural
Organisation, global food wastage amounts to 1.3 billion tons, leading to the release of 3.3
billion tonnes of CQ equivalentto greenhouse gases into the atmosphere yearly. While
materials like polyetfiene, poly(vinylidene dichloride) (PVDC), and polyamide prevent food
waste by preserving freshness and preventing contamination, consumers are becoming
increasingly aware of plastic pollution and microplastic contamination.

There is a growing movement teplace traditional plastics with biodegradable alternatives to
promote environmental preservation and human health. However, current coated and
chemically treated paper alternatives are unrecyclable andampostable. Biodegradable
packaging that prodes lightweight, convenient protection with higarformance properties

to reduce food waste is needed. Althoughtimsed and biodegradable packaging is essential,

it must have properties that reduce food waste for the entire system to have a positive

envronmental impact. Consumers are unwilling to pay more for environmentally friendly
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packaging, so practical and leswst solutions are necessary. Multilayer strategies and surface

hydrophobzation strategies can address the challenge of the poor and r@sgceptible

barrier properties of bibased and biodegradable materials.
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Figure 10.Schematic representation of osmotic swelling of natural vermiculites. A. Photo of
thermally expanded natural vermiculite. B. Delamination yield observed by -atep&®n
exchange with butylammonium chloride or citrate as compared to-atepaon exchange first

to Na followed by butylammonium chloride. C. Delamination yield observed by-atepéon
exchange with different inorganic and organic salts of butylamamonD. Schematic of ion
exchange process in presence of carboxylic acid anions E. The proposed process of ion
exchange that leads to enhanced delamination yield. Magnesium cations form complexes with
carboxylic acid anions, increasing the hydrophilicitydareducing the tendency to-emter the

interlayer space. F. SAXS intensity of vermiculite gel, indicating a liquid crystalline order in
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Thin nanocompositedsrier coatings using clay nanoshestsanother approach that provides
improved barrier performance at a lower cost. The use of natural clay is an inexpensive and

sustainable filler that reduces the overall cost of the packaging. However, the most ommon
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4 Synopsis

applied clay minerals, montmorillonjtand Laponite, with an aspect ratio of <150 and 20,
respectively, are insufficient. Synthetic hectorites or natural vermic(ftgsre 10 A) which

have much larger aspect ratios, are more promising.

Osmoticswelling is an effective method for the production of barrier nanosheets, and it is a
thermodynamically allowed process that does not require any mechanical force, unlike
ultrasounddriven liquidphase exfoliation methods. The most attractive optionsiégpolymer
component of a nanocomposite coating are commercially producddgoadable polymers

like polylactic acid (PLA), poly(butylene succinate-butylene adipate) (PBSA), and
poly(butylene adipate terephthalate) (PBAT). Natural vermiculites arneydarty appealing as

a clay component in a nanocomposite barrier system because of their abundant global
production and costffectiveness. Although vermiculites have a higher charge density
compared to montmorillonite, they have the same layer struatut@ higher potential aspect
ratio. However, the dominant divalent interlayer catiorf Mg vermiculites forms a strong and
symmetrical electrostatic interaction with adjacent nanosheets, hindering their swelling. By
exchanging it with bulky organocatisyvermiculite swelling can be facilitat@@igure 10 B to

E).

This article presents a straightforward ion exchange method for repulsive osmotic delamination
of natural vermiculite in Nmethyl formamide (NMF) and its mixturéBigure 10 F to J)The
methodyields a high delamination yield (80%wt) while preserving the nanosheets' high aspect
ratio compared to ultrasonicati@ssisted methods. The resulting nanosheets can be easily
blended with biodegradable polymers such as PLA. Doctor blading of a pollayer/c
suspension yields nanocomposite coatings that improve the gas barrier properties of natural,
fully biodegradable, and highly bgsoscopic wooebased nanocellulose paper substrates by
90.2% and 97.8%, respectively. The Riz&rmiculitecoated nanocellul@ssystem provides a
biodegradable alternative to traditional hgérformance food packaging with oxygen and
water transmission rates of 1.30 tm? day! atm* and 1.74 g m day’, respectively.
Furthermore, the manufacturing process involves only sirapte scalable unit operations,
making it suitable for commercial implementation in the future.

According to our research, the process of modifying vermiculite through delamination and
transfer to organic solvents creates an excellent nanosheet fillenoegbadable food
packaging. This solution addresses two main challenges that have hindered the widespread
adoption of biodegradable polymers: poor barrier properties and high cost. Our calculations
show that the cost of producing 1 kg of delaminated \ariite on a laboratory scale is below

$1, which is more affordable than PBSA or PLA (which cost $3.5 and $2 per kg in 2019,
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respectively). By using a strategy that is already employed by the packaging industry for
commodity polymers, which involves addingert fillers such as carbon black or Cag®
reduce the cost of the final product, we can overcome the challenges of implementing
biodegradable materials. A nanocomposite containing 50% vermiculite by weight is projected
to cost approximately $2 per kgrfPBSA and $1.5 per kg for PLA, making it competitive with
commonly used materials in the packaging industry like polyethylene and polypropylene.
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Dudko, V., Ottermann, K., Rosenfeldt, S., Papastavrou, G., & Breu, J. (2021). Osmotic
Delamination: A Forceless Alternative for the Production of Nanosheets Now in Highly Polar
and Aprotic Solventd.angmuir, 37(1), 461468. doi: 10.1021/acs.langmuir.X3

| have designedand performed the experiments. K.O. and Gassistedwith the AFM
measurementsS.R. assisted with SAX@easurements).B andl wrote the manuscript with

input from other authors.

Dudko, V., Rosenfeldt, S., Siegel, R., Senker, J., Matejdes, M., & Breu, J. (RBeknination
by Repulsive Osmotic Swelling of Synthetic /N&ctorite with Variable Charge in Binary
Dimethyl  Sulfoxidé Water  Mixtures.  Langmuir, 38(35), 107810790. doi:
10.1021/as.langmuir.2c00965

The manuscript was written througihe contributions ofme J.B., and M.M. R.S. and J.S.
assisted with NMR measurements. S.R. assisted with the XRB/AX8 measurements. All

authors havapprovedhe final version of the manuscript.

Dudko, V. , Ti mmi ns, R. L., Khoruzhenko, 0.
(2022). Spontaneous delamination of affordable natural vermiculite as a high barrier filler for
biodegradable food packaging. Matadv., 3(24), 905P9062. doi: 10.1039/D2MA00734G

| and R. T. contributed equally to this work. J. 8.,A.,and R T. conceived and supervised

the research. optimized the vermiculite delamination and performed the transfer to organic
solvents.l and O. K. performed the characterization of the nanosheets. Investigation of
delamination progress by SAXS svdone bymeand S. R. R. T. and M. R. performed foil
fabrication and barrier measuremehi®. T., O. K., and J. B. wrote the manuscript. All authors

discussed the results and commented on the manuscript.
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ABSTRACT: Repulsive osmotic delamination is thermodynami-
cally allowed “dissolution” of two-dimensional (2D) materials and
therefore represents an attractive alternative to liquid-phase
exfoliation to obtain strictly monolayered nanosheets with an
appreciable aspect ratio with quantitative yield. However, osmotic
delamination was so far restricted to aqueous media, severely
limiting the range of accessible 2D materials. Alkali-metal
intercalation compounds of MoS, or graphite are excluded because
they cannot tolerate even traces of water. We now succeeded in
extending osmotic delamination to polar and aprotic organic
solvents. Upon complexation of interlayer cations of synthetic
hectorite clay by crown ethers, either 15-crown-$ or 18-crown-6,
steric pressure is exerted, which helps in reaching the threshold

50nm=L ~ L4 o

O\'gan’\c o B
& e e @ @ 759!,\’.,8'“ 3
e o o u,
e @ @ \'%,
N e . @@

19A< 9. @, @
i

separation required to trigger osmotic delamination based on translational entropy. This way, complete delamination in water-free
solvents like aprotic ethylene and propylene carbonate, N-methylformamide, N-methylacetamide, and glycerol carbonate was

achieved.

B INTRODUCTION

A conventional, well-established method to produce mono- or
few-layer nanosheets is liquid-phase exfoliation,' where the
anisotropy in the mechanical strength of layered materials is
taken advantage of to produce thinner stacks by introducing
large shear forces. Limited to a handful’ of ionic layered
compounds like lepidocrocite-type titanates,” layered antimony
phosph_ates,‘;"‘ graphene oxide,” and layered zeolites,” the long-
known” but rare phenomenon of osmotic swelling” represents
an appealing alternative to achieve delamination into
monolayers with quantitative yield. While for these materials,
delamination is complete and nematic liquid crystalline phases
are spontaneously formed even at low concentrations, for
graphite, delamination was reported’ but with a low 4% yield
of graphene. Osmotic delamination is limited to one-
dimensional (1D) ionic crystals meaning that the layers carry
a charge that is compensated by counterions residing between
the layers. Osmotic swelling is a thermodynamically allowed
process that consequently does not require any mechanical
force. Being repulsive'®'" in nature, it allows for utter and most
gentle delamination (for the definition of delamination versus
exfoliation, see ref 12) In this line, delamination is comparable
to the dissolution of salts; however, it is limited to 1D
dissolution in the sense mentioned above due to layered
compounds’ anisotropic nature. Consequently, osmotic swel-
ling preserves the aspect ratio (diameter/thickness ratio)
inherent in the platelet diameter of the nondelaminated layered
starting material.

© 2021 American Chemical Society
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All of the above examples are not redox-active, can be
handled in air, and delaminate osmoically in water. Extending
the osmotic delamination to more attractive but highly
reducing two-dimensional (2D) compounds like Li-MoS, or
K-graphite will require two major steps. The suspension
medium’s redox stability window needs to be large enough to
be inert in redox reactions while still showing sufficient
swelling capacity. On top of that, all handling has to be done
strictly in an inert atmosphere. To avoid the latter restriction
and allow for easier and faster screening of variables while
allowing a quick check via visual inspection by birefringence,
we here tackle the first step by applying a synthetic clay,
sodium fluorohectorite (Na-Hec,
[Nags]™[Mg, Liys]°[Siy]*'O,oF,) that is synthesized as
large crystals.”* Rotation of these high aspect ratio nanosheets
(20000 nm diameter and 1 nm thickness; Figure 1A) in
suspension is sterically hindered. Even very dilute suspensions
of Na-Hec (<1 vol %), therefore are caught in the nematic
liquid crystalline state (Figure 1C left);'* at higher
concentrations, gels are obtained. In dilute aqueous dis-
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Figure 1. (A) Schematic illustration of the structure of negatively
charged unilamellar hectorite nanosheets. (B) Topographic AFM
image of a unilamellar Na-Hec nanosheet. (C) (left) Birefringent
suspension of osmotically swollen CE-modified Na-Hec in NMF and
(right) crystalline swollen CE-modified Na-Hec in water. (D) Pristine
Na-Hec with negatively charged layers held together by cations. (E)
Crystalline swelling of Na-Hec in organic solvents. (F) Spontaneous
delamination by osmotic swelling of pristine Na-Hec in water. (G)
Na-Hec intercalated with the crown ethers (CEs) forming the [Na@
CE]" complex. (H) CE-modified Na-Hec spontaneously delaminates
by osmotic swelling in organic solvents. (I) CE-modified Na-Hec no
longer osmotically delaminates in water.

persions, as also reported for titanate nanosheets,” like-
charged nanosheets adopt a cofacial arrangement due to strong
electrostatic repulsion and exhibit structural colors. While
being easier to handle, hectorite perfectly mimics Li-MoS, or
K-graphite as negatively charged nanosheets that are held
together by interlayer cations, which can be solvated.

Besides the more fundamental aspect of extending osmotic
delamination into organic media, these high aspect ratio
nanosheets are already applied as fillers in polymer nano-
composites'® where they improve mechanical properties,'”"®
decrease 8as permeability,"** and sxgmﬁcantly enhance flame
retardancy’’ and thermal conductivity.””> In particular for
highly filled nanocomposites, solution blending offers the
best”*** control over homogeneity—even 1D crystalline Bragg
stacks of strictly alternating polymer/filler arrangements may
be obtained.”® Solution blending requires both filler and
polymer to be dissolved/dispersed in the same solvent. Since
osmotic swellmg till now could only be a(.hleved in aqueous
media (water,' binary, % and ternary mixtures”” of water with
organic solvents), this severely restricts the choice of polymers.
Osmotic delamination in water-free media will significantly
widen the range of polymers for nanocomposite applications to
more hydrophobic matrices like biodegradable polyesters.
Besides, with such a system, it would be possible to work with
moisture-sensitive precursors (e.g., isocyanates) and to try
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potentlal ag{plncatmns of nanosheet gels, for instance,
“superionic battery electrolytes.

Here, we describe the successful transfer of repulsive
osmotic delamination of Na-Hec to (aprotic) water-free
organic solvents. This will allow in the future to extend the
range of nanosheets accessible through osmotic swelling to the
redox-active intercalation compounds.

B EXPERIMENTAL SECTION

Synthesis of Sodium Hectorite. Sodium hectorite
([Nags]™[Mg, sLiy5]**[Siy]"O,oF, Na-Hec) was obtained by
melt synthesns followed by long-term annealing according to a
published procedure.”® The material featured a cation exchange
capacity (CEC) of 1.27 mmol/g and a density of 2.73 g/cm’.

Swelling Experiments. Na-Hec was dried at 110 °C under
vacuum for 24 h. Solvents were carefully dried by standard procedures
suggested by Armarego™ before the addition of Na-Hec. Ethylene
carbonate (EC, 99%, Alfa Aesar) and propylene carbonate (PC,
anhydrous, 99.7%, Merck) were purified with molecular sieves (VWR
of sieves, 5 A, dried at 350 °C for 3 h under a stream of argon),
followed by distillation under vacuum. Glycerol carbonate (GC, 90%
aber) was purified with molecular sieves (VWR of sieves, $ A, dried at
350 °C for 3 h under a stream of argon) and was stored over
molecular sieves. This solvent was freshly prepared before use.
Formamide (FA, 99%, Merck), N-methylformamide (NMF, 99%,
Merck), N-methylacetamide (NMA, 99%, Merck), N,N-dimethylfor-
mamide (DMF, 99.8%, anhydrous, Merck), and N,N-dimethylaceta-
mide (DMA, 99.8%, anhydrous, Merck) were purified with molecular
sieves (VWR of sieves, 4 A, dried at 350 °C for 3 h under a stream of
argon), followed by distillation under vacuum.

Typically, 30—60 mg of Na-Hec was added to 1 mL of the solvent
corresponding to 2.5—5 wt % (1—2 vol %) of clay. Then, the crown
ethers were added in amounts corresponding to 200% of CEC
(around 0.15 mmol for 60 mg of Na-Hec).

All samples were equilibrated in an overhead shaker for 5 days at
room temperature except for EC and NMA, which were equilibrated
at 40 °C to prevent solvent solidification.

Small Angle X-Ray Scattering (SAXS). SAXS data were
collected with “Double Ganesha AIR” system (SAXSLAB, Denmark).
In this laboratory-based system, a microfocused X-ray beam is
provided by a rotating copper anode (MicoMax 007HF, Rigaku
Corporation, Japan). A position-sensitive detector (PILATUS 300 K,
Dectris) was used in diﬂ”erent{osmons to cover the range of the
scattering vector g = 0.004—0.6 Before the measurement, the clay
suspensions were filled in 1 mm glass capillaries (Hilgenberg, code
4007610). The circularly averaged data were normalized to the
incident beam, sample thickness, and measurement time.

Complexation of Interlayer Na* by Crown Ethers. For
comparison with suspensions, Na-Hec was modified with crown
ethers in a solvent that did not trigger delamination. Na-Hec powder
was immersed into the solutions of 12-crown-4 (12CE4, 99%,
Merck), 15-crown-5 (15CES, 99%, Merck), and 18-crown-6 (18CE6,
99%, Merck) in 5 mL of methanol (VWR, p.a.) with concentrations
corresponding to a >25-fold excess of the CEC (approximately 1.5
mmol of crown ether). All samples were allowed to intercalate in an
overhead shaker for S days at room temperature. Samples were dried
under vacuum (2 mbar) at 110 °C.

X-Ray Diffraction (XRD). Measurement of XRD patterns of
dispersions was performed in transmission mode on a STOE STADI
P powder diffractometer (Cu Ka, radiation, GE monochromator,
linear position-sensitive detector). Before the measurement, the clay
suspensions were filled in 1 mm glass capillaries (Hilgenberg, code
4007610) and sealed. Crown ether-modified Na-Hec samples were
transferred to 0.5 mm glass capillaries (Hilgenberg, code 4007605)
and sealed. The same samples as for the SAXS measurements were
used to measure the Na-Hec gel XRD pattern.

Atomic Force Microscopy (AFM). The surface topography was
determined by atomic force microscopic measurements. The images
were acquired with a Dimension Icon (Bruker Nano Inc.) in

https://dx.doi.org/10.1021/acs Jangmuir.0c03113
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Figure 2. (A) SAXS pattern of osmotically swollen Na-Hec (1.17 vol %) in pure water. (B) XRD patterns of crystalline swollen, aqueous
suspensions of Na-Hec in a water solution containing 12CE4, 15CES, and 18CE6. The schematic structure indicates the swelling state of the Na-

Hec (B) crystalline and (A) osmotic.

PeakForce tapping mode in air. A ScanAsyst Air cantilever (Bruker
Nano Inc.) with a typical spring constant of 0.4 N/m and a resonant
frequency of 70 kHz was used. The PeakForce amplitude was 60 nm
and the PeakForce frequency was 2 kHz.

The AFM images were processed with NanoScope Analysis 1.80
(Bruker Nano Inc.). The topography was flattened by subtracting the
first-order polynomial background using a threshold to exclude
platelets from flattening. Platelet heights were determined by means
of “step tool” in NanoScope Analysis software. The samples were
prepared by slow evaporation of a few drops of a diluted suspension
(0.02 g/L) on a Si wafer under ambient conditions.

B RESULTS AND DISCUSSION

Swelling in Water in the Presence of Crown Ethers.
Generally, for clay minerals, two swelling regimes exist:
crystalline® and osmotic swelling.*” In the crystalline swelling
regime, the interlayer space is solvated, involving a defined
stoichiometry of solvent molecules and thus a distinct d-
spacing. In this regime, swelling refers to phase transitions
where layer charge, ® water activity,“ temperature and
pressure,h and solvation enthalpy of interlayer cation™
determine the equilibrium. For instance, Na-Hec incorporates
one or two water layers at relative humidities of 43 and 93%,
corresponding to d-spacings of 12.4 and 15.5 A, respectively."”
Upon crystalline swelling, adhesion between adjacent layers is
weakened but remains attractive. Exfoliation thus requires
massive shear input,‘“' Contrary to crystalline swelling, the
separation of adjacent layers in liquid crystalline phases
produced by osmotic swelling is defined solely by the volume
content of clay."* When osmotic swelling is observed, adjacent
layers repel each other, and the suspensions are considered
utterly delaminated. Osmotic swelling is a spontaneous,
thermodynamically allowed process, and consequently, this
route for obtaining nanosheets requires no mechanical
agitation whatsoever. When casting a diluted suspension on a
glass substrate, individual delaminated unilamellar hectorite
nanosheets are observed by atomic force microscopy (Figure
1B).

To expand the interlayer space beyond the specific
threshold, we previously used an ion-exchange reaction.
However, it would be easier if the complexation of the
interlayer cation governed the interlayer space expansion. As
published by others before,*” crown ethers were found to form
stable complexes with interlayer Na* cations,” expanding the
interdayer space of Na-Hec.” (Figure S1). Without the
addition of crown ethers, Na-Hec spontaneously delaminates
in an aqueous suspension (Figures 1F and 2A), separating the
adjacent nanosheets to 58 nm at 1.17 vol %, while in the
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presence of crown ethers, repulsive osmotic delamination is no
longer observed (Figures 1E,C (right) and 2B). Swelling is
instead limited to the crystalline swelling regime with d-
spacings of 18.0, 17.6, and 19.1 A for 12-crown-4 (12CE4), 15-
crown-5 (15CES), and 18-crown-6 (18CE6), respectively. We
hypothesize that crown ethers replace water in the
coordination sphere of Na* rendering it more hydrophobic,40
and thus limiting swelling to crystalline swelling.

As previously suggested,'" the interaction between adjacent
layers becomes repulsive above a certain separation threshold
where the translational entropic contribution of interlayer
species (counter cations and solvent molecules) is outweighing
the electrostatic attraction between the positive counterions
and the negatively charged nanosheet surface. For Na-Hec in
water, solely the hydration enthalpy is sufficient to achieve this
threshold separation,"* while for the crown ether complexes, it
appears to be no longer adequate (Figure 1I).

Osmotic Swelling in Organic Solvents in the
Presence of Crown Ethers. Swelling behavior varies
drastically upon changing the solvent environment. Based on
the similarity of chemical structures, two groups of solvents
were chosen for the investigation of swelling behavior: cyclic
carbonates containing ethylene carbonate (EC), propylene
carbonate (PC), and glycerol carbonate (GC) and amides
containing formamide (FA), N-methylformamide (NMF), N-
methylacetamide (NMA), N,N-dimethylformamide (DMF),
and N,N-dimethylacetamide (DMA). All of these solvents
possess a high dipole moment, and the dielectric constant
varies within each group, while the Hansen H-bond parameter
systematically varies within the cyclic carbonates. The chemical
formulas of the solvents are given in Table 1.

Given the large diameter of Na-Hec of ~ 20 um, the
concentrations were chosen to yield nematic liquid crystalline
phases'® if delamination by osmotic swelling was successful.
The suspensions were first examined visually. Sediment
(Figure 1C right) indicated that swelling was limited to the
crystalline regime, which was further verified by the XRD of
the dispersion. If birefringence under polarized light was
observed (Figure 1C left) and the dispersion’s viscosity was
significantly higher than that of the applied solvent, the sample
was characterized by SAXS.

Because of the 2D shape of dispersed colloids, SAXS curves
scale with ¢ at low and intermediate g values.”' In addition,
the separation distance of alike charged nanosheets adopting a
cofacial arrangement in the nematic phase can be deduced
from the interference peaks observed on the > background.
Finally, if delamination happens not to be complete, a peak at a

https://dx.doi.org/10.1021/acs Jangmuir.0c03113
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high g value will be observed corresponding to the d-spacing of
crystalline swollen Na-Hec, which can also be observed on the
XRD done on the swollen Na-Hec gel in FA with 15CES
(Figure S2).

Opposite to the swelling behavior in water, for pure cyclic
carbonates, swelling of Na-Hec was limited to the crystalline
regime (Figure 3A). Comparing with dry Na-Hec (9.6 A)

monolayers in all three solvents upon addition of 15SCES or
18CE6. As expected for nanosheets, intermediate q values scale
with g2 In addition, the dependence of the nanosheet
separation as d = §/®, where & is the nanosheet thickness and
@ is the volume fraction of the clay, gives the value of the
nanosheet thickness in the range of 0.7—1 nm, which is in
agreement with previous reports,”’” and the thickness of the
single clay sheets based on X-ray diffraction.”® This

PC f PC corroborates complete delamination.
A For the complete amide group, comprising DMF, DMA,
NMF, NMA, and FA, swelling of Na-Hec in pure solvents was
= also limited to the crystalline regime with d-spacings of 21.7,
g 20.9, 17.4, 18.0, and 17.6 A, respectively (Figures S4—S6 and
g - 4A).
2 5 = 18CES|
2 ; \
§ N 15CE5
; Cs e \\“‘:T’\" A B NMF
§ EC
) . ] 8CE6 g "
L3 = —
q? > ol §
e z s
5 10 001 0.1 g NMA 5
2017 q[A") © =
Figure 3. (A) XRD pattern of crystalline swollen Na-Hec in pure 5 [ 4 b "\‘_
solvents (PC, GC, and EC) and in the presence of 12CE4. (B) SAXS TN NG 18CES
curves of osmotically swollen Na-Hec in PC, GC, and EC containing >~ S
15CES or 18CES6. The scaling of g for the low g-range is indicated by il _15CES
a dashed line. The intensities of the 18CE6 sample are shifted to avoid q S
overlap. The schematic structure indicates the swelling state of the 5 10 001 01
Na-Hec (A) crystalline and (B) osmotic. 20[] q[A7)

samples, only moderate increases of the interlayer space by 9.8
and 11.2 A (d-spacing of 18.4 and 20.8 A) were observed for
EC and PC, respectively, while for GC, no increase at all was
observed, suggesting that GC could not access the interlayer
space.

With the addition of 12CE4, the swelling was also at best
limited to crystalline swelling. For GC, neither 12CE4 nor
solvent was intercalated; for PC, only the solvent was
intercalated, while for EC, a d-spacing (26.0 A) larger than
that of dry Na@12CE4-Hec (17.2 A) was observed, indicating
that both crown ether and the solvent were entering the
interlayer space but limited to a certain extent.

Dispersions of Na-Hec in GC, EC, and PC in the presence
of 15CES and 18CE6 showed, however, a significantly
increased viscosity, and no sediment could be spotted.
Moreover, birefringence was observed in cross-polarized light
(Figure 1C left) for translucent suspensions. SAXS patterns
(Figure 3B) suggested repulsive osmotic swelling to mono-
phase gels (Figure 1H) with a uniform separation of adjacent
nanosheets to 55.0 nm (g = 0.011 A™") and 63 nm (q = 0.01
A7) in PC in the presence of 15CES (4 wt % or 1.81 vol %)
and 18CE6 (3.6 wt % or 1.59 vol %), respectively. With GC as
a solvent, the separation was 31 nm (g = 0.0201 A™") for
15CES (6.1 wt % or 3.2 vol %) and 28 nm (g = 0.0222 A™")
for 18CE6 (6.8 wt % or 3.5 vol %). In EC, the separation was
42.1 nm (q = 0.0149 A™") for 15CES (4.9 wt % or 2.4 vol %)
and 40 nm (g = 0.0157 A™") for 18CEG6 (S.1 wt % or 2.5 vol
%).

No peaks were observed at high q values or low 20 values on
the XRD pattern of the swollen gel (Figures S3 and 3B),
suggesting complete delamination of Na-Hec down to
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Figure 4. (A) XRD patterns of crystalline swollen Na-Hec in pure
solvents (black curve) (NMF and NMA) and in the presence of
12CE4 (red curve). (B) SAXS curves of osmotically swollen Na-Hec
in NMF and NMA containing 15CES or 18CE6. The scaling of g for
the low g-range is indicated by a dashed line. The intensities of the
18CE6 sample are shifted to avoid overlap. The schematic structure
indicates the swelling state of the Na-Hec (A) crystalline and (B)
osmotic.

For DMA, DMF, and FA, the limitation to crystalline
swelling was not lifted upon the addition of any of the three
crown ethers (Figures S4—S6), neither could swelling be
pushed beyond the crystalline regime upon addition of 12CE4
in NMA and NMF with no changes of d-spacings observed
(Figure 4A) compared to the samples suspended in the pure
solvent.

Dispersion of Na-Hec in NMF and NMA in the presence of
15CES and 18CE6, however, triggered osmotic swelling
(Figure 4B) similar to what was observed for the cyclic
carbonates. In NMF, the separation was 43.7 nm (g = 0.0144
A™") for 15CES (4 wt % or 1.47 vol %) and 47.2 nm (g =
0.0133 A~") for 18CE6 (3.5 wt % or 1.28 vol %). In NMA, the
separation was 45.2 nm (g = 0.0139 A™") for 15CES (3.8 wt %
or 1.39 vol %) and 39.5 nm (g = 0.0159 A™") for 18CE6 (4.6
wt % or 1.68 vol %).

As with cyclic carbonates, no peaks were observed at high g
values or low 20 values on the XRD pattern of the swollen gel
(Figure S7), suggesting complete delamination of Na-Hec in
both these two solvents upon addition of 1SCES or 18CE6. As
expected for nanosheets, intermediate g values scale with g%

Why are 15CE5 and 18CE6 Game Changers? The
crown ethers drastically change the swelling behavior, altering

https://dx.doi.org/10.1021/acs Jangmuir.0c03113
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Table 1. Dipole Moment, Relative Permittivity, a Product of Dipole Moment and Dielectric Constant, and H-Bond Donor

Parameter of the Used Solvents

46-48

Dipole Relative D*g | Hansen H bond Chemical Formula

moment permittivity [& parameter

[D] ],(at 20°C) [MPa'?2])4
Propylene 357 o
carbonate | 5.36% 66.6" 5.1 OJLO
(PC) \_&
Glycerol 563 o R
carbonate | 5.05%7 111.54 17.4 oJJ\ 0
(GC) \_<0H
Ethylene 435
carbonate | 4.81%7 90.5 (40°C)* 4.1 o 0
(EC)
Formamide e 2

3.73% 110.0% 19 )k
(FA) H NH>
Methyl 723 8
Formamide | 3.83% 189.0% 15.9 " )J\ . _CHs
(NMF) H

769 o

Methyl /[K _CHs
acetamide | 4.3 179.0% 13 HsG ﬂ
(NMA)
Dimethyl 146 e}
formamide | 3.82% 38.3% 113 H)k N ol
(DMF) Chs
Dimethyl 144 0
acetamide | 3.7% 38.9% 9.4 H3C)J\ N/CH3
(DMA) CHs

it from the crystalline swelling to the osmotic swelling, leading
to delamination down to monolayers. Upon coordination of
the interlayer Na* by crown ethers, two factors are changed,
which are decisive for the swelling energetics. First, the

solvation enthalpies of naked Na" and the crown ether
complexes’’ are quite different. While the naked cation is
electrophilic (Figure 1D), the complex cation surface is
nucleophilic (Figure 1G).** The solvation enthalpy of crown
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ethers is generally higher for organic solvents than water,
suggesting that the interlayer becomes more hydrophobic upon
complexation. Second, the area occupied by the interlayer
cation increases. For instance, the area’ occupied by the
sodium-15-crown-5 complex [Na@135CES]* amounts to 80 A2,
much larger than the equivalent area of Na-Hec (48 A® per
charge''). Consequently, the disc-shaped [Na@1SCES]* or
[Na@18CE6]" cannot arrange in a flat orientation in the
interlayer space but instead has to be inclined to achieve a
packing density sufficient for charge balance. Accordingly, the
complexation of interlayer Na* by the larger crown ethers will
generate steric pressure that will assist the solvation enthalpy in
expanding the interlayer space beyond the threshold, which is
required for rendering the interaction between adjacent layers
in the stack repulsive by translational entropy (Figure 1I). The
decisive role of such steric assistance was previously
demonstrated for highly charged vermiculites where osmotic
delamination in water could be tri§§ered by ion exchange with
bulky, hydrophilic organocations.'”"" Note, crown ethers form
complexes with a handful of ions including Li*, NHj, K7, etc,,
making it possible to use them with numerous intercalation
compounds of various 2D materials."* The complexation of
interlayer sodium with 12CE4 and formation of 2 to 1 complex
with sodium do not lead to delamination. We assume that the
2 to 1 complex hinders the interaction of the solvent with
sodium, which is still partially accessible in the case of 1 to 1
complexes of 18CE6 and 15CES, which might have a decisive
impact on the energetics of delamination.

In the course of osmotic delamination, solvent properties
will have an impact in several ways: while still being in the
attractive crystalline swelling regime, the solvation enthalpy
should be crucial and will be dominated by the dipolar
interaction with the interlayer cation and the nanosheet
surface, which in turn is related to solvation enetgy"’ and the
solvent—solvent interaction in the second solvation shell.
Additionally, polar solvent molecules will screen the charge
and thus weaken the electrostatic interaction between the
interlayer cation and the nanosheet surface. Obviously, the
dipole moment and the dielectric constant should, therefore,
be highly relevant solvent parameters. Indeed, we previously
found that the dipole moment is strongly correlated with the
phenomenon of osmotic swelling in ternary mixtures of water
and two organic solvents.”’ In crown ether-induced swelling,
the strong correlation with the dipole moment holds too
(Table 1) but is not decisive on its own. Solvents like
tetrahydrofuran (THF), acetone, ethanol, methanol, and many
others were tested, and they did not trigger osmotic swelling in
the presence of crown ethers.

For the amide group, the dielectric constant increases in the
order DMF = DMA < FA < NMF < NMA, and the dielectric
constant was found to correlate with osmotic swelling. Only
the two solvents with the highest dielectric constant are
capable of triggering osmotic swelling. Norrish already put
forward the connection of dipole moment/solvation energy
and the dielectric constant with osmotic swelling,w suggesting
that the swelling potential is proportional to U £/v?, where U is
the solvation energy, ¢ is the dielectric constant of the
interlayer solvent, and v is the charge of the interlayer cation.
We propose instead to use the product of the dipole moment
and the dielectric constant to predict whether a specific solvent
will trigger osmotic swelling. This product has a high value for
all successful solvents. FA is, however, an outlier based on that
criterion, as it should induce osmotic swelling while it could
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not be observed experimentally. Nevertheless, this criterion
was successfully applied to identify and include NMF and
NMA into the study, two solvents that indeed triggered
osmotic swelling. Please note that the colloidal suspension of
nanosheets is stable in humid air atmosphere.

Contrary to graphene oxide,” hydrogen bonding does not
seem to play a significant role, since within the cyclic carbonate
group, the Hansen hydrogen bonding parameter varies over a
wide range, while the solvents showed similar swelling
behavior. Additionally, the fact that two out of five solvents
capable of osmotically delaminating Na-Hec in the presence of
crown ethers are aprotic indicates that hydrogen bonding is
not crucial for osmotic swelling and delamination.

B CONCLUSIONS

Gentle and utter delamination down to monolayers by
thermodynamically allowed osmotic swelling clearly is not
restricted to aqueous media but can be extended to water-free
and aprotic solvents. This is the first and probably most crucial
methodological step toward extending osmotic delamination to
more technically interesting materials like graphite and MoS,
intercalation compounds. To sum up the approach, whenever
the ionic layered solid is suspended in appropriate solvent
media (it should possess high dipole moment and high
dielectric constant and have high interaction energy with the
interlayer ionic species) and the interlayer space is expanded to
the specific threshold, the crystalline swelling is switched to the
osmotic delamination regime, yielding quantitative delamina-
tion. In this regime, the nanosheets could be processed with
great ease.

Furthermore, the nematic suspensions in water-free organic
solvents will allow for an extended range of polymer matrices
possible for fabricating ordered nanocomposites via solution
blending. This will give access to composites of uniformly
dispersed nanosheets within hydrophobic polymer systems,
including isocyanate-based polyurethanes. In addition, since
cyclic carbonates, which are popular solvents in the battery
technology field, are among the successful candidates,
inorganic gel electrolytes may be probed as superionic
conductors.
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Additional Data

Na-Hec intercalated with crown ethers
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Figure S1. XRD patterns of crown-ether intercalated Na-Hec containing 12CE4, 15CES,

18CE6. D-spacing of 17.2 A, 17.8 A, 18.3 A, respectively.

Na-Hec gel swollen in FA with 15CES5 featuring partial delamination

Relative Intensity [counts]

0 2 2 4 0 &
20[]

Figure S2. XRD pattern of Na-Hec gel swollen in FA with 15CES featuring not fully delam-
inated domains as indicated by the peak at 4.91° 26 (marked by an asterix) corresponding to
the 001 reflection of the crystalline swollen phase. The most intense broad peak originates

from the solvent.
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Osmotically swollen crown-ether modified Na-Hec gel in PC, GC and EC featuring full de-
lamination down to monolayers
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Figure S3. XRD patterns of crown-ether modified Na-Hec gel containing 15CES (red curve),
18CEG6 (black curve) in PC, GC and EC. The absence of a low angle peak indicates fully
delaminated nanosheets while the clearly observable 060 band at 61.2° 28 peak indicates
nanosheets concentrations being sufficiently high to observe a signal. The intense broad peak

originates from the solvent.
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