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1. Summary 

Gas impermeable layered silicates are known to improve the gas barrier properties of 

polymers. In this work, highly filled polymer nanocomposite coatings as well as glass-

like all-inorganic coatings were prepared and then investigated for their properties, es-

pecially with respect to their gas permeabilities. 

In the first two parts of this work, highly filled polymer nanocomposites were prepared 

by polymerization of diacrylates in the interlayer space of synthetic hectorite. Thin wet 

coatings of homogeneous suspensions of delaminated hectorite and monomer were 

prepared and subsequently polymerized. Ideally, the polymerization freezes the struc-

ture of the homogeneous suspension and allows the synthesis of highly ordered, one-

dimensional crystalline nanocomposites (hybrid Bragg stacks). 

In the first part, osmotically swollen Na-hectorite was combined with poly(ethylene gly-

col) diacrylate (PEGDA) of two different molecular weights. Thin (< 5 µm), highly filled 

(75 wt%), water-based, and biocompatible gas barrier coatings could be prepared. X-

ray diffraction (XRD) experiments showed that single-phase materials could not be 

achieved for any of the PEGDA nanocomposites, but the combination of the higher 

molecular weight PEGDA with hectorite was less susceptible to humid air. Accordingly, 

the nanocomposite with higher molecular weight PEGDA exhibited better barrier prop-

erties. The oxygen barrier was improved by a factor of up to 4.23 x 107 compared to 

neat PEGDA without any filler. Overall, it was shown that these water-based gas bar-

rier coatings are an excellent alternative to conventional halogen-containing and poorly 

degradable polymer coatings such as polyvinylidene dichloride. 

As the nanocomposites of the first part showed phase segregation, the second part of 

the work, further focused on the preparation of hybrid Bragg stacks. For synthesizing 

hybrid Bragg stacks, delamination of the hectorite into individual nanosheets in the 

same medium in which the polymer matrix is soluble is essential. In addition, the en-

thalpy gain from the interactions between the hectorite surface and the polymer matrix 

must exceed the entropy loss due to the confinement of the polymer chains in the 

interlayer space. So far, three systems have been discovered to form such Bragg 

stacks. However, the hygroscopic interlayer cation Na+ in these nanocomposites 

caused swelling of the layered structure and thus produced a collapse of the gas bar-
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rier. To potentially shift the onset of swelling to higher humidities, the Na+ was ex-

changed for a more hydrophobic functional organocation. This allowed osmotic delam-

ination of the exchanged hectorite in N-methylformamide (NMF). Mixed with bisphenol 

A glycerolate diacrylate (Bis-GDA), which is soluble in NMF, copolymerization with the 

modifier resulted in one-dimensional crystalline hybrid Bragg stacks. This was demon-

strated by XRD experiments as well as transmission electron microscopy. Thus, a hy-

brid Bragg stack material consisting of a polyanionic layered silicate with a polycationic 

polymer could be prepared by copolymerization. Such combination cannot be achieved 

by mixing these components in solution, where heterocoagulation of a disordered com-

posite would occur. The results of the gas barrier measurements showed a significant 

improvement compared to the unfilled polymer matrix, but the onset of swelling could 

neither be shifted to higher humidities by the hydrophobic organocation nor by the 

strong electrostatic bonding of the polymer matrix to the hectorite layers. 

In the third part of this work, thin nanoglass coatings of hectorite were produced without 

the addition of polymers. The gas impermeable layers with extremely high aspect ratio 

form band-like structures due to overlapping of large areas when they are processed 

from delaminated suspensions by spray coating. For application as a gas barrier coat-

ing, however, the swelling of sodium hectorite with humid air is a problem, as the gas 

barrier breaks down with high humidities. Collapsing the interlayer space and fixing the 

interlayer height to less than 3 Å, which is smaller than the kinetic diameter of oxygen, 

by ion exchange of the hygroscopic Na+ for the flat-lying, more hydrophobic guani-

dinium was expected to block diffusion of permeates along the interlayer space. De-

spite oxygen transmission rates as low as 0.32 cm3 m-2 day-1 atm-1 at harsh conditions 

of 38 °C and 90 % relative humidity the guanidinium hectorite coating failed to block 

oxygen diffusion completely, which was attributed to structural defects revealed by 

TEM cross-sections. For water vapor a transmission rate as low as 3.74 g m-2 day-1 

(38 °C/90 % relative humidity) was measured. The significant improved water vapor 

permeability of guanidinium hectorite compared to sodium hectorite indicated that the 

suppressed swelling and the, therefore, small interlayer height successfully impeded 

diffusion of water molecules along the interlayer space. The gas barrier performance 

and their optical properties render these waterborne coatings competitive to vapor-

deposited inorganic gas barrier coatings. 
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2. Zusammenfassung 

Gas impermeable Schichtsilikate sind seit langem dafür bekannt die Gasbarriereeigen-

schaften von Polymeren verbessern zu können. In dieser Arbeit wurden hochgefüllte 

Polymernanokompositbeschichtungen sowie glasähnliche vollständig anorganische 

Beschichtungen hergestellt und anschließend auf ihre Eigenschaften insbesondere ih-

rer Gasbarriere untersucht. 

In den ersten zwei Teilen dieser Arbeit wurden hochgefüllte Polymernanokomposite 

mittels Polymerisation von Diacrylaten im Zwischenschichtraum hergestellt. Die Poly-

merisation von Monomeren zwischen individuellen Schichtsilikatplättchen in dünnen 

Beschichtungen aus homogenen Suspensionen mit delaminiertem Hectorit wurde ver-

wendet, um hochgefüllte Polymernanokomposite herzustellen. Idealerweise friert die 

Polymerisation die Struktur der homogenen Suspension ein und ermöglicht die Syn-

these von hochgeordneten, eindimensional kristallinen Nanokompositen (hybrid Bragg 

stacks). 

Im ersten Teil wurde osmotisch gequollener Na-Hectorit mit Poly(ethylen glycol) diac-

rylat (PEGDA) zweier verschiedener Molekulargewichte kombiniert. Dabei konnten 

dünne (< 5 µm), hochgefüllte (75 wt%), wasserbasierte, biokompatible und gleichzeitig 

abbaubare Gasbarriebeschichtungen hergestellt werden. Röntgenbeugungsexperi-

mente (XRD) zeigten, dass für keines der PEGDA-Nanokomposite einphasige Materi-

alien hergestellt werden konnten, jedoch die Kombination des höher molekularen 

PEGDA mit Hectorit weniger anfällig für Luftfeuchtigkeit war. Entsprechend wies das 

Nanokomposit mit höher molekularem PEGDA die besseren Barriereigenschaften auf. 

Die Sauerstoffbarriere konnte dabei um einen Faktor von bis zu 4.23 x 107 im Vergleich 

zu einer Beschichtung ohne Füllstoff verbessert werden. Insgesamt konnte gezeigt 

werden, dass diese wasserbasierten Gasbarrierebeschichtungen eine exzellente Al-

ternative zu herkömmlichen halogenhaltigen und schwer abbaubaren Polymerbe-

schichtungen wie Polyvinylidendichlorid sind. 

Nachdem die Nanokomposite des ersten Teils Phasensegregation aufzeigten, wurde 

im zweiten Teil dieser Arbeit der Fokus weiter auf die Herstellung von hybriden „Bragg 

Stacks“ gelegt. Für die Synthese von hybriden „Bragg Stacks“ ist die Delaminierung 

des Hectorits in einzelne Schichten im selben Medium, in dem auch die Polymermatrix 
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löslich ist unabdingbar. Zusätzlich muss der Enthalpiegewinn aus den Wechselwirkun-

gen zwischen der Hectoritoberfläche und der Polymermatrix den Entropieverlust durch 

die räumliche Eingeschränktheit der Polymerketten im Zwischenschichtraum überwie-

gen. Bisher konnten drei Systeme entdeckt werden, die solche Bragg stacks bilden. 

Allerdings sorgte das hygroskopische Zwischenschichtkation Na+ in diesen Nanokom-

positen für eine Quellung der Schichtstruktur und erzeugte somit einen deutliche Ver-

minderung der Gasbarriere. Um das Einsetzen der Quellung zu höheren Luftfeuchten 

zu verschieben wurde in dieser Arbeit Na+ gegen ein hydrophoberes funktionales Or-

ganokation ausgetauscht. Dies ermöglichte die osmotische Delaminierung des ausge-

tauschten Hectorits in N-Methylformamid (NMF). Gemischt mit dem in NMF löslichen 

Bisphenol A Glycerolat Diacrylat (Bis-GDA) führte eine Copolymerisation mit dem Mo-

difikator zu eindimensional kristallinen hybrid Bragg stacks. Dies konnte mit Hilfe von 

XRD Experimenten sowie Transmissionselektronenmikroskopie nachgewiesen wer-

den. Somit konnte ein hybrides „Bragg Stack“ Material bestehend aus einem polyanio-

nischen Schichtsilikat mit einem polykationischen Polymer mittels Copolymerisation 

hergestellt werden. Solch eine Kombination kann nicht durch Mischen dieser Kompo-

nenten in Lösung erzielt werden, da es sonst zur Heterokoagulation eines ungeordne-

ten Komposits kommt. Die Ergebnisse der Gasbarrieremessungen zeigten zwar eine 

deutliche Verbesserung im Vergleich zur ungefüllten Polymermatrix, allerdings konnte 

der Beginn der Quellung weder durch das hydrophobere Organokation noch durch die 

starke elektrostatische Anbindung der Polymermatrix an die Hectoritschichten zu hö-

heren Luftfeuchten verschoben werden. 

Im dritten Teil dieser Arbeit wurden dünne Nanoglasschichten aus Hectorit ohne den 

Zusatz von Polymeren hergestellt. Die gasundurchlässigen Schichten mit extrem ho-

hem Aspektverhältnis bilden durch Überlappung großer Flächen bandartige Struktu-

ren, wenn sie aus delaminierten Suspensionen mittels Sprühbeschichtung verarbeitet 

werden. Für die Anwendung als Gasbarrierebeschichtung ist jedoch die Quellung des 

Natrium-Hectorits mit feuchter Luft ein Problem, da die Gasbarriere bei hoher Luft-

feuchtigkeit einbricht. Ein Kollabieren des Zwischenschichtraums auf einen Schichtab-

stand kleiner als der kinetische Durchmesser von Sauerstoff durch Ionenaustausch 

des hygroskopischen Na+ gegen das flachliegende, hydrophobere Guanidinium sollte 

die Diffusion von Gasmolekülen entlang des Zwischenschichtraums blockieren. Trotz 

einer Sauerstoffdurchlässigkeit von nur 0.32 cm3 m-2 day-1 atm-1 bei 38 °C und 90 % 

relativer Luftfeuchtigkeit konnte der Guanidinium-Hectorit die Sauerstoffdiffusion nicht 
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vollständig blockieren, was auf strukturelle Defekte, die in TEM Querschnitten erkenn-

bar waren, zurückführen war. Für Wasserdampf wurde eine Transmissionsrate von nur 

3.74 g m-2 day-1 (38 °C/90 % relative Luftfeuchtigkeit) gemessen. Die deutlich verbes-

serte Wasserdampfpermeabilität von Guanidinium-Hectorit im Vergleich zu Natrium-

Hectorit deutet darauf hin, dass die unterbundene Quellung und der dadurch geringe 

Zwischenschichtabstand die Diffusion von Wassermolekülen entlang des Zwischen-

schichtraums erfolgreich beeinträchtigt haben. Die Gasbarriereeigenschaften und ihre 

optischen Eigenschaften machen diese wasserbasierten Beschichtungen konkurrenz-

fähig zu aufgedampften anorganischen Gasbarrieren. 
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3. Introduction 

3.1. Challenges in the application of layered silicates as gas barrier 

Two-dimensional (2D) layered materials have a long history. The discovery of gra-

phene by Greim and Novoselov lead to an enormous research development in 2D 

layered materials.1, 2 Since then many different 2D materials, like transition metal 

dichalcogenides or layered double hydroxides, have been developed and investigated, 

showing their potential for all kinds of applications.3 However, 2D layered silicates were 

already in the focus of research since the development of nanocomposites in the 

Toyota Research labs by incorporation of layered silicates into a polymer matrix in the 

early 1990s.4-6 For these nanocomposites, incorporation of the clay is known to en-

hance the material properties. Already low amounts of filler can result in improved me-

chanical properties,6-8 thermal properties,9, 10 flame retardancy,11, 12 electrical proper-

ties, and gas barrier properties.13 An important factor regarding the improvement of the 

properties is the interface between the layered silicate and the polymer.14 Therefore, 

the quality of dispersion of the filler in the polymer matrix is crucial.14 As for many ap-

plications, like gas barriers, the aspect ratio of the filler is highly important. A gentle 

separation into individual nanosheets before the preparation of the nanocomposite 

gives the most promising fillers. For synthetic hectorite, one-dimensional (1D) dissolu-

tion results in homogeneously swollen, liquid crystalline dispersions of individual 

nanosheets with extremely high aspect ratio.15 Low-tech applications like food pack-

aging need transmission rates (TR) from 10-1 to 105 for oxygen and 10-1 to 104 for water 

vapor.16 Therefore, commodity polymers like polyethylene (PE), polystyrene (PS), pol-

yvinyl chloride (PVC), or polyvinylidene dichloride (PVDC) are used for such packaging 

applications. For some sensitive goods, metalized polymer foils are used. The problem 

with these packaging solutions is their poor recyclability and degradability. Nanocom-

posites of layered silicates and degradable polymers can offer a more eco-friendly so-

lution for such packaging applications. Further, the use of water-soluble polymers and 

layered silicates can decrease the use of environmentally concerning organic solvents 

during the processing of the packaging materials. Due to the delamination of the lay-

ered silicate solution-based processing allows for simple application of nanocompo-

sites with high filler content. This is more important for high-tech applications like the 

encapsulation of organic light-emitting diodes (OLEDs) as ultra-high gas barriers (TR 
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< 10-6) can only be achieved by high filler contents and large aspect ratios of the lay-

ered material. Additionally, high filler contents can lead to 1D crystalline structures, 

also called hybrid Bragg stacks, where one or two polymer chains are in severe con-

finement between two silicate lamellas. Such materials allow for direction dependant 

characterization of elastic moduli by Brillouin light scattering and show further unique 

properties like highly anisotropic heat transport or strongly increased Tg.17-19 The gas 

barrier properties can be improved even further than the “tortuous path” theory by 

Cussler is predicting.20 So far only three combinations of synthetic hectorite and poly-

mers are known to form these 1D nanostructures.17, 19, 21 Therefore, new ideas and 

innovative approaches have to be explored. A promising approach is the polymeriza-

tion of monomers between individual clay nanosheets in delaminated suspensions. 

This process could allow freezing in the structure of the homogenous mixtures to pro-

duce new hybrid Bragg stack materials. Recently, the delamination of synthetic hec-

torite could be extended to different organic solvents.22 As polymer nanocomposites 

with clay show a certain humidity threshold at which swelling is triggered, the use of 

organic solvents opens up the idea of polymerization between the individual clay 

nanosheets to more hydrophobic monomers that could enable a significant shift in the 

water sensitivity. High-end gas barriers often use an alternative approach to the “tortu-

ous path” by using thin vapor-deposited inorganic layers of Al2O3 or SiOx that block 

gas diffusion due to the dense packing of the inorganic layers.23 These inorganic bar-

riers, however, are brittle to some extent, and mechanical stress may cause pinholes 

and defects that deteriorate the barrier performance.24 As the layered silicate is the 

impermeable component in those nanocomposites, gas barriers purely consisting of 

the layered silicate without any polymer as a binder could be an alternative by combin-

ing the two approaches. To block the diffusion of permeates along the interlayer space 

the space between the clay sheets needs to be minimized and fixed to an interlayer 

height smaller than the kinetic diameter of the permeates by ion exchange. In the past, 

there were several approaches to creating flexible gas barriers from binder-free lay-

ered silicates. But the insufficient delamination and low aspect ratios of the material 

resulted in limited success of the barrier performance. High aspect ratio synthetic hec-

torite that delaminates spontaneously into strict monolayers when immersed in water 

might offer sufficient properties to overcome these limitations seen in the past. 
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3.2. Layered silicates 

3.2.1. Fundamentals and properties of layered silicates 

Layered silicates also referred to as phyllosilicates are a broad class of materials. As 

indicated by their name they are build up by individual lamellas.25 The structure of 

these lamellas differs. For clay minerals a 1:1 layered silicate or a 2:1 layered silicate 

is considered.26 1:1 layered silicates, e.g. kaolinite, consist of one tetrahedral layer and 

one octahedral layer alternating along the direction perpendicular to the layers. The 

tetrahedral layer is built by SiO4 tetrahedra, which are linked to each other via basal 

oxygen atoms. The apical oxygen atom of each tetrahedron is connected to the octa-

hedral layer, which consists of octahedra that are linked via edges. The octahedra have 

a central metal cation, e.g. Mg2+, Al3+, or Li+, which is coordinated by six anions, e.g. 

OH-, O2- or F-. For 2:1 layered silicates, e.g. hectorite or montmorillonite, a lamella 

consists of one octahedral layer and two tetrahedral layers (Figure 1).25-27 Isomorphic 

substitution in the octahedral or tetrahedral layer can cause a layer charge.25 If the 

individual layers carry a charge, this is compensated by an interlayer cation, e.g. Na+ 

or Ca2+.28 

 

Figure 1: Structure of sodium hectorite. (a) Two hectorite platelets consisting of an octahedral layer 
surrounded by two tetrahedral layers with sodium in the interlayer space. (b) Top view onto a hectorite 
platelet (perpendicular to the layers). 

Layered silicates occur naturally, but can also be produced synthetically. Natural lay-

ered silicates are mined in large quantities. They are, therefore, comparatively inex-

pensive. Their natural formation, however, causes impurities and inconsistent charge 

distribution within the layers.25 Synthetically produced layered silicates, therefore, can 
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be synthesized without any impurities and consistent charge density leading to supe-

rior properties including the rare phenomenon of osmotic delamination that will be dis-

cussed in chapter 3.2.4.29-31 

3.2.2. Synthetic sodium hectorite 

In the course of this work, mainly synthetically produced sodium hectorite was used. 

This 2:1 layered silicate has the formal composition Na0.5Mg2.5Li0.5Si4O10F2 and is pro-

duced by melt synthesis.29 The melt synthesis is carried out at 1750 °C in a molyb-

denum crucible for one hour. This first step is followed by annealing of the material for 

six weeks at 1045 °C. During this annealing the isomorphic substitution leads to a 

phase pure layered silicate with a homogeneous charge density. A very low coefficient 

of variation (CV, < 0.75), calculated according to Bailey,32 indicates a well-defined d-

spacing with very little interstratification.31 The crystals of the sodium hectorite from 

this melt synthesis have a lateral extension of ≈ 20 µm.31 Because of its purity and 

homogeneous charge density the synthetic sodium hectorite has an excellent in-

tracrystalline reactivity and swelling behavior. Crystalline swelling already takes place 

with low relative humidities and occurs in distinct steps. In the dried state, an interlayer 

distance of 9.6 Å is realized.31 With the first water layer, it rises to 12.4 Å (1WL) and 

the second water layer increases the interlayer distance to 15.5 Å (2WL).31 When im-

mersed in water the hectorite osmotically swells to a nematic phase of single plate-

lets.33 This gentle delamination preserves the lateral extension of the clay leading to 

extremely large aspect ratios ( ≈ 20000) compared to exfoliation by shear forces that 

can affect the aspect ratio.31 For this process a low ionic strength is necessary as a 

concentration of 0.02 M or higher prevents the delamination of the hectorite.33 This 

rare phenomenon is not restricted to water as a solvent. The sodium hectorite is also 

able to delaminate in several binary and ternary solvent mixtures.34, 35 By complexing 

the sodium in the interlayer space with crown ethers it is further possible to osmotically 

swell the hectorite without the use of water in organic solvents.22 The process of de-

lamination will be discussed in more detail in chapter 3.3.4. 

3.2.3. Modification of layered silicates 

Depending on their composition the silicate layers can carry a permanent charge. This 

layer charge is balanced by counter ions in the interlayer space. By exchanging the 

interlayer cation, typical cations like Na+, K+, or Ca2+, for organic cations the properties 

of the layered silicate can be modified.27, 36 The exchange for alkylamines of different 
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chain lenghts allows for the determination of the layer charge.37 Depending on the layer 

charge the alkylamines form mono- or bilayers in the interlayer. Modification with larger 

organic molecules can lead to unique properties of the layered silicate.38 For example, 

the exchange of sodium in synthetic hectorite for diammoniumbutane enables the use 

as gas separation membrane, as the resulting pores are selective for CO2.39 Further-

more, modification with organocations hydrophobizes the layered silicate. This is ex-

tremely important for their use in polymer nanocomposites as the interactions between 

the polymer matrix and the filler highly affect the properties of the nanocomposite. This 

was already shown in the early stages of polymer nanocomposites by the researchers 

in the Toyota laboratories.5 To prepare the nylon composites the layered silicate was 

first modified by 12-aminolauric acid before the monomer was added. Since then many 

different organocations were applied to adjust the surface of the layered silicate to the 

polymer matrix.14 Often alkylammonium ions are used as the hydrophobic carbon chain 

allows for better dispersion of the silicate in the polymer matrix. For nanocomposites 

from in-situ polymerization modifiers with a reactive group can be used to form nano-

composites without any small molecules influencing the properties of the nanocompo-

site.40-42 In this case the resulting polymer is a polycation, which can be described as 

a macromolecular modifier. Additionally, this can be achieved by using polyelectrolytes 

for the modification of the layered silicate. As the conditions of the processing, e.g. 

high temperatures in melt extrusion, can lead to a decomposition of the modifier the 

choice of the modifier is important and dependent on several factors like compatibility 

of modifier and polymer or temperature stability. 

3.2.4. Delamination of layered silicates 

The swelling of layered materials is a complex process. Layered silicates like the syn-

thetic hectorite from melt synthesis allow for crystalline swelling even with air humidity. 

For this material, the crystalline swelling from zero water layer (0WL) to one water layer 

(1WL) and to two water layers (2WL) corresponds to sharp and stepwise transitions 

(Figure 2).29, 43 The state of the hectorite depends on the relative humidity of the sur-

rounding atmosphere. In the 1WL state, the Na+ is coordinated by three water mole-

cules on one side, whereas on the other side, it has direct contact with the basal oxy-

gen atoms. In the 2WL state, the Na+ is coordinated by six water molecules that form 

hydrogen bonds to the basal oxygen atoms. For lower charged clays like montmorillo-

nite, a third water layer can be realized.44 The energy from this hydration process is 

high enough to enable the separation despite the attractive forces of the clay platelets. 
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When placed in water repulsive interactions between the platelets dominate once the 

attractive ion-surface forces are overcome by hydration. When diluted with deionized 

water the material will reach the Gouy-Chapman regime first.33 This, so-called Wigner 

crystal, is a homogeneous, lyotropic lamellar phase. Further dilution with water leads 

to screening of the lon-range electrostatic interactions between the clay platelets and 

causes melting of the Wigner crystal.33 At water levels where the interlayer distance 

exceeds the Debye length the electrostatic repulsion of adjacent platelets becomes 

prevailing. Due to the large lateral size of the synthetic hectorite the individual clay 

sheets cannot rotate freely resulting in a homogeneous nematic liquid crystalline sus-

pension. Only at very low concentrations (ϕ < 1 • 10-4) isotropic suspensions with freely 

rotating clay sheets are realized.33 This process of osmotic swelling depends on the 

charge density of the layered silicate and can be suppressed by the ionic strength in 

the solvent.33, 45 Further, the interlayer cation has a huge influence on the delamination. 

As a certain interlayer distance has to be surpassed hydration properties and steric 

demand of the interlayer cation need to be sufficient.46 For lower-charged hectorite the 

sodium interlayer cation from the synthesis already allows for osmotic swelling in wa-

ter. Higher-charged layered silicates need larger interlayer cations.47 

Figure 2: Schematic representation of the 1D dissolution of synthetic sodium hectorite starting from 

0WL state with a stepwise transition to 1WL then to 2WL and in the end to individual monolayers.33 

The delamination into single sheets in water by a thermodynamically driven process is 

extremely important as large aspect ratio nanosheets have a very large influence on 

the properties of their composite materials due to their large interface. As many poly-

mer matrices cannot be processed in water, the production of polymer clay nanocom-

posites for such polymers was restricted to mechanical exfoliation of the filler by shear 

forces or sonication. The forces during these processes can affect the aspect ratio of 

the filler thus influencing the interface between the filler and the polymer.48-52 There-
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fore, the delamination of layered silicates in organic solvents and solvent mixtures be-

came extremely important. Over the last years 1D dissolution into 2D nanosheets was 

reported for several materials in water but also in solvent mixtures and in organic sol-

vents.15, 53 For synthetic hectorite, delamination in binary solvent mixtures of water and 

acetonitrile as well as water and dimethylsulfoxide was reported.34, 54 Further, Mayr et 

al. showed the delamination in ternary solvent mixtures.35 By complexing the Na+ in 

the interlayer of the hectorite with crown ethers, it is even possible to delaminate the 

clay in organic solvents without the use of any water.22 These recent findings open up 

many opportunities as polymers that could not be processed in water can now be com-

bined with delaminated clays to exploit their potential in polymer clay nanocomposites. 

3.3. Application of layered materials 

3.3.1. Production and properties of nanocomposites 

Nanocomposites are a class of materials that is known for many years. After the dis-

covery of the enhanced material properties of nylon when combined with clay in the 

Toyota Research Labs at the end of the last century this class of materials got a lot of 

attention.5, 6 Over the years, many different synthesis routes were tested and evalu-

ated. Mainly they can be divided into three different methods (Figure 3).55 First, they 

can be produced by melt-compounding55, 56 This industrially used method uses extru-

sion to combine the polymer and the nanofiller. The shear forces of the extrusion pro-

cess and the high temperature allow for exfoliation of the filler and for polymer diffusion 

between the platelets of the clay. The avoidance of large amounts of solvent as well 

as many commercial polymers can be processed by extrusion makes this first method 

appealing to companies. Secondly, they can be prepared by in-situ polymerization.55, 

56 In this case, the clay is directly dispersed in the monomer. After dispersing and 

swelling the clay in the monomer, polymerization is started, e.g. by radiation (UV) or 

heat. For this method, it is important to check the compatibility of the clay and the 

monomer and eventually the clay has to be modified before adding the monomer. The 

third method is solvent-based, therefore the polymer or monomer is dissolved in a sol-

vent before the layered silicate is added.55, 56 This work focuses on the solvent-based 

synthesis route as the layered silicate can be utilized from its delaminated state. Fur-

ther, this method allows for several processing technologies, e.g. doctor blading, spray 

coating, or slot-die coating.57, 58 On the one hand the solvent-based route is limited to 

solvents relevant for industrial applications. On the other hand, this route allows for 
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higher filler content due to the easier handling of the composite dispersion. Addition-

ally, the thermodynamically driven delamination of the layered silicates into single 

nanosheets enables the use of extremely large aspect ratios. 

 

Figure 3: Schematic representation of the different synthesis routes of polymer nanocomposites: (a) 
melt extrusion, (b) in-situ polymerization, (c) solvent-based processing, and (d) solvent-based pro-
cessing combined with in-situ polymerization. [adapted from 55 (RSC Adv., 2014, 4, 29393, 
10.1039/C4RA01778A) with permission from the Royal Society of Chemistry.] 

As there are various methods for the preparation of polymer clay nanocomposites their 

structures or morphologies vary as well. Before these morphologies are discussed in 

detail, a distinction between exfoliation and delamination has to be made. Lagaly and 

Gardolinky define the breaking of larger stacks into thinner stacks of clay layers as 

exfoliation, whereas delamination is defined as the separation of the individual layers.59 

As discussed in chapter 3.2.2 and chapter 3.2.4 delamination of clay layers needs a 

high intracrystalline reactivity and homogeneous charge density. Most natural and 

some synthetic clays do not show a high enough intracrystalline reactivity and thus, 

they do not delaminate, leading to nanocomposites with stacks of clay layers of differ-

ent sizes (Figure 4a). At low filler content, the clay platelets can be delaminated and 

randomly dispersed in the polymer matrix (Figure 4b). The aspect ratio of the clay has 

a large influence on the properties of the nanocomposite. Therefore, the quality of de-

lamination is crucial and further affects the morphology of the nanocomposites. Start-

ing with a homogeneously swollen dispersion of delaminated clay and using a high 

clay content two different morphologies of the nanocomposite can be realized. In the 

first case of phase segregation, the nanocomposite consists of a polymer-rich phase 
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and an intercalated phase (Figure 4c). In the intercalated phase, a small amount of the 

total polymer content is intercalated in the interlayer space of the clay. In the second 

case, the complete amount of polymer is intercalated into the interlayer space of the 

clay forming 1D crystalline nanocomposites, which are also referred to as hybrid Bragg 

stacks (Figure 4d).60 These highly ordered hybrid materials are of great interest as they 

show highly anisotropic properties and allow for direction depending analysis of the 

elastic moduli and thermal conductivity.17, 18 

 

Figure 4: Dispersion of the layered silicate in the polymer matrix. (a) Small stacks of the layered silicate 
are distributed within the polymer matrix. (b) Full exfoliation of the layered silicate in the polymer matrix. 
(c) Phase segregation leads to a polymer rich phase and an intercalated phase. (d) Strictly alternating 
layered silicate and polymer also referred to as hybrid Bragg stack.60 

Independently from the morphology of the nanocomposite, it is known that the incor-

poration of the clay leads to enhanced properties compared to the unfilled polymer 

matrix.61 Depending on the shape, size, and amount of the clay filler the properties can 

be varied. Already low filler contents can change the properties, like mechanics, ther-

mal stability, flame retardancy, or gas barrier properties significantly.62 

For mechanical enhancement, several important mechanical parameters can be con-

sidered. Young’s modulus, tensile strength, toughness, and elongation at break might 

be the most important ones when polymers are studied. For understanding the en-

forcement, the properties of the individual components are extremely important. For a 

single layer of synthetic sodium hectorite an in-plane modulus of 142 GPa was re-

ported.63 The in-plane modulus increases to 176 GPa when a double layer of the syn-

thetic hectorite is considered.64 These in-plane moduli are in accordance to in-plane 
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moduli reported for micas.65 Compared to the in-plane modulus the cross-plane mod-

ulus of the synthetic sodium hectorite is much smaller.17 Brillouin light spectroscopy 

was used to determine the modulus of 25 GPa. Polymers generally exhibit moduli be-

tween 0.4 GPa and 4.5 GPa.66 Therefore, the clay provides the mechanical enhance-

ment in polymer clay nanocomposites as it has the much higher modulus. For example 

nacre-like Bragg stacks consisting of synthetic hectorite and poly(ethylene glycol) have 

shown an extremely high Young’s modulus of 162 GPa.18 

Clay fillers can further be incorporated into a polymer matrix to improve flame retard-

ancy. The layered silicate improves the char formation and lowers the flammability. 

Already low filler content can reduce the heat release rate by 50 – 70 %.67 

Figure 5: Required oxygen and water vapor transmission rates for a variety of applications.68 

The enhanced gas barrier that polymer clay nanocomposites demonstrate is one of 

the major benefits and the property mainly focused on in this work. The incorporation 

of the layered silicate into the polymer matrix leads to the formation of the so-called 

“tortuous path” reducing the permeability of the polymer up to several orders of mag-

nitude by extension of the diffusion path of the gas molecules. The theory of gas diffu-

sion through a polymer or nanocomposite film and gas barriers will be discussed in 

detail in chapter 3.5. Gas barriers are used in many everyday applications. This starts 
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from low-end applications such as food packaging and extends to high-end applica-

tions such as the encapsulation of OLEDs (Figure 5). 

Polymers like polyethylene, polypropylene, polystyrene, or polyethylene terephthalate 

are commodity polymers that offer flexibility and sufficient gas barriers for simple pack-

aging applications (Figure 6). 

Figure 6: Oxygen (OP, 23 °C and 50 % r.h.) and water vapor permeability (WVP, 38 °C and 90 % r.h) 
of commercial packaging polymers. EVOH: ethylene vinyl alcohol, HDPE: high density polyethylene, 
LDPE: low density polyethylene, PA 6: polyamide 6, PET: polyethylene terephthalate, PP: polypropyl-
ene, PS: polystyrene, PVC: polyvinyl chloride, PVDC: polyvinylidene dichloride.23, 69-71 

For more challenging applications, halogen-containing polymers or metalized polymer 

films are employed. Despite the low cost of those commodity polymers, these packag-

ing solutions need either organic solvents or a lot of energy for processing. Further, 

they do not show high degradability or easy recycling. Unfortunately, sustainable pol-

ymer solutions like polylactic acid (PLA) or water soluble polymers like polyvinyl alcohol 

show poor gas permeabilities. The incorporation of clay particles can improve the gas 

barriers of such biopolymers or water-soluble polymers to render the nanocomposites 

sustainable alternatives to commercial packaging products. The properties of synthetic 

hectorite render this clay material as the ideal gas barrier additive. The incorporation 

of such clay can reduce the permeability by several orders of magnitude and can hy-

drophobize the gas barrier resulting in a lower susceptibility to humidity.20, 21 Water-
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borne nanocomposites from synthetic hectorite and polyvinylpyrrolidone (PVP) or pol-

yvinylalcohol (PVOH) form so called hybrid Bragg stacks. These show excellent oxy-

gen and water vapor permeabilities and can improve the gas barrier even more than 

predicted by the Cussler equation due to confinement effects.20, 21 The PVP/hectorite 

system gives oxygen permeabilities of 0.143 cm3 µm m-2 day-1 bar-1 at 23 °C and 

75 % r.h., whereas the PVOH/hectorite system provides an oxygen permeability of 

0.0067 cm3 µm m-2 day-1 bar-1 at 23 °C and 65 % r.h. and a water vapor permeability 

of 42.5 g m-2 day-1 bar-1 at 23 °C and 90 % r.h.20, 21 The recently reported delamination 

of hectorite in organic solvents allows for the use of even more kinds of polymers.22 

Self-supporting nanocomposite films derived from PLA and synthetic sodium-hectorite 

modified by crown ethers demonstrate oxygen permeabilities of 

124 cm3 µm m-2 day-1 atm-1 superior to PVDC.72 

3.3.2. Application of layered silicates in binder-free coatings and films 

Besides all the attention given to layered silicates by their use in polymer nanocompo-

sites, they can also be used without any binders like polymers. A first step in this di-

rection was the preparation of flexible and heat resistant saponite films containing less 

than 20 wt-% polymer reported by Ebina & Mizukami.73 But even without a binder, lay-

ered silicates like montmorillonite can from textured coatings or self-standing films.74 

Especially, the preparation from delaminated dispersions allows for transparent and 

flexible films with large overlapping areas of the individual platelets. A self-standing 

film of synthetic smectite was found to have a water and heat resistance up to 500 °C.13 

Spin-coated hectorite coatings on steel from aqueous paste showed great heat re-

sistance as well as electrical insulation.75 Nam et al. reported self-standing montmoril-

lonite films with different interlayer cations.76 As the interlayer cation of the layered 

silicate plays a key role in the swelling process, it has a significant influence on the 

formation and formability of the binder-free coatings and films as well as on the actual 

properties, like gas barrier performance, of such coatings and films.77, 78 For monova-

lent interlayer cations the repulsion between the platelets is lower than for polyvalent 

cations.79 This results in smooth and flat films for mono- and divalent cations like Na+, 

Li+, Mg2+, or Ca2+, whereas the film with Al3+ shrunk significantly and the Fe-montmo-

rillonite film was torn.76 The films with monovalent interlayer cations showed gas barrier 

properties similar to polyethylene terephthalate films. For films out of synthetic steven-

site Nam et al. could show the influence of the clay particle size on the properties.80 
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Increasing particle size led to improved formability and flexibility, whereas the trans-

parency was lower. Möller et al. reported transparent binder-free films of Li-hectorite 

with great barrier properties, outperforming polypropylene and other commercial clay 

materials, like montmorillonite, synthetic hectorite, mica, and vermiculite.81 

3.4. Fundamentals of polymerization 

Polymers are widely used materials in today’s society. They can be found in packaging, 

construction, health care, and many more areas and often they are used in combina-

tion with other materials, like layered silicates in the nanocomposites discussed in 

chapter 3.3.1. Many small molecules, called monomers, linked to each other, build up 

these polymers.82 As the synthesis can follow different mechanisms, a distinction must 

be made between chain-growth polymerization and step-growth polymerization (Figure 

7).83 The chain-growth polymerization proceeds by the addition of a monomer to a 

polymerizable functional group, e.g. a C=C double bond. The active site is transported 

to the newly added monomer.84 In addition to the monomer, to start this polymerization 

reaction an initiator is needed.82 This can be a radical, a carbocation, or a carbanion. 

Mainly, the growing polymer chain is reacting with monomers, but termination reactions 

can also occur. For the chain-growth polymerization, the degree of polymerization is 

independent of conversion and high molecular weights are reached even at low con-

version rates. For example, radical, cationic, anionic, or coordinative polymerizations 

are chain-growth polymerizations. A special case of the chain-growth polymerization 

is the living polymerization.82 The living polymerization is characterized by fast initiation 

and chain growth without any side reactions or termination reactions. This results in a 

direct proportionality to the conversion. The life span of the active polymer chain is 

infinite and the chain growth only stops if the monomers are completely consumed. By 

adding new monomers, the living polymerization can continue. Typically, anionic 

polymerizations are living polymerizations. In contrast to chain-growth polymerizations, 

no initiator is needed for step-growth polymerizations.82 Thus, the monomers at least 

need to be bifunctional. As the monomers, oligomers, and polymers react with each 

other high molecular weights are only achieved with high conversion rates.83 Polycon-

densation reactions are a typical example of step-growth polymerizations. 
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Figure 7: Degree of polymerization as a function of conversion for (a) a chain-growth polymerization, 
(b) a living polymerization, and (c) a step-growth polymerization.82 

One of the most investigated polymerization types and the most important one for this 

work is the radical polymerization. To start this reaction a radical, a reactive species 

with an unpaired electron, is needed.83, 84 Such radicals can be generated by heat or 

ultraviolet light.84 

I ⟶ 2 R• 

The in-situ generation of radicals allows the start reaction for radical polymerizations. 

The conversion of the radicals with monomers is not complete as the radical polymer-

ization is typically performed in a solvent (except for bulk polymerizations) and thus the 

radicals need to meet a monomer in order to start the polymerization. If the mobility of 

the radicals is low, e.g. due to high viscosity of the solvent, they might recombine and 

prevent the start reaction. During the start reaction, a radical of the initiator reacts with 

a monomer. The radical is then transferred to the monomer resulting in the start radical 

RM•.82, 83 

R• + M ⟶ RM• 

The start reaction is fast compared to the formation of the radicals from the initiator. 

Therefore, the formation of the radicals determines the reaction rate vi of the initia-

tion.83, 84 

𝑣𝑖 = 2 ⋅ 𝑓 ⋅ 𝑘𝑑 ⋅ [𝐼]          (1) 

With the initiator’s efficiency f, the constant for initiator dissociation kd and the initiator 

concentration [I]. 
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The start radical can now react with additional monomers leading to a growing polymer 

chain P•.83, 84 

RM• + 𝑛 M ⟶ P• 

The constant of chain propagation kp is independent of the degree of polymerization. 

Therefore, the reaction rate of the chain propagation vp is described by equation 2: 83, 

84 

𝑣𝑝 = 𝑘𝑝 ⋅ [𝑃•][𝑀]          (2) 

The termination of the chain propagation happens by the reaction of two radicals with 

each other. Two different reactions can occur. The first reaction is the recombination. 

In this case, two radicals at the end of propagating polymer chains build up a new bond 

and the degree of polymerization is doubled.83, 84 

P1
• + P2

• ⟶ P1 − P2 

The second termination reaction is a disproportionation. In this reaction a proton is 

transferred from one radical to another one. Due to this transfer one polymer chain will 

have a C=C double bond. The degree of polymerization does not change in the case 

of a disproportionation.83, 84 

P1CH2 − CH2
• + P2 − CH2

• ⟶ P1CH2 = CH2 + P2 − CH3 

The activation energy of disproportionation is higher, thus, recombination occurs more 

frequently. Additionally, the reaction between an active polymer radical and a radical 

from an initiator can lead to a termination of the polymerization. The rate of termination 

vt depends on the concentration of active polymer radicals [P •] and the constant of 

termination kt.83, 84 

𝑣𝑡 = 2 ⋅ 𝑘𝑡 ⋅ [𝑃•]2          (3) 

Besides these three main reactions in radical polymerizations, chain transfer reactions 

can occur. In this case, the radical is transferred to another molecule most of the time 

in exchange for a proton. This molecule can be another polymer chain, a monomer, or 

a solvent molecule and is able to continue the polymerization. 83, 84 

PCH2 − CH2
• + HX ⟶ PCH2 − CH3 + X• 

The rate of chain transfer vc is described by equation 4: 83, 84 

𝑣𝑐 = 𝑘𝑐 ⋅ [𝑃•] ⋅ [𝐻𝑋] 
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With the constant of chain transfer kc and the concentrations of the active polymer 

chain [P •] and the transfer molecule [HX]. 

3.5. Gas barrier 

3.5.1. Fundamentals of gas permeability 

A pressure difference on either side of a film can cause a gas to move through the film 

because of a concentration gradient. The process of permeation of a gas through a 

non-porous film is described in three steps.85 

1. The permeating gas is absorbed into the film 

2. Diffusion of the absorbed gas through the film 

3. The permeating gas is desorbed from the film 

The solubility and the diffusivity of a gas are important parameters that affect the per-

meation of the gas. The product of the solubility coefficient S and the diffusion coeffi-

cient D is the permeability P:86 

𝑃 = 𝐷 ⋅ 𝑆           (4) 

Fick’s first law can describe the diffusion of a gas molecule from a high concentration 

to a low concentration. In combination with Henry’s law P can be described by the 

product of the diffusion flux of the permeant J and the thickness of the barrier film l 

divided by the pressure difference of the permeant Δp.86, 87 

𝑃 =
𝐽⋅𝑙

Δ𝑝
= 𝑇𝑅 ⋅ 𝑙          (5) 

From this P can be further described by the product of the transmission rate TR and l. 

Measurements of the gas barrier normally give the TR. Multiplication with l results in P 

as shown by equation 4. As the TR is highly dependent on l the conversion to P allows 

for comparability. The calculation of P for water vapor differs as far as Δp is dependent 

on the relative humidity and the temperature of the measurement. For the examination 

of barrier coatings, it may be necessary to subtract the contribution of the substrate 

from the measured transmission rate. 

3.5.2. Tortuous path theory 

In the simple case of a neat polymer, its P is described by equation 4. The gas mole-

cules can directly diffuse through the polymer (Figure 8a). Now P can be affected in 
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several ways. Permeants like oxygen have a hydrophobic character, thus their solubil-

ity in hydrophobic polymer matrices is higher. By choosing the combination of perme-

ant and barrier matrix the permeability can be tuned. Additionally, P is affected by tem-

perature, relative humidity and even the partial crystalline part of the polymer matrix, 

as crystalline domains are considered impermeable. 

The incorporation of impermeable platelets is further influencing S and D. If the imper-

meable filler is considered to not influence the polymer the solubility is decreased pro-

portionally to the filler content ϕ.86 

𝑆 = 𝑆0(1 − 𝜙)          (6) 

With the solubility coefficient S of the composite and S0 of the neat polymer matrix. 

The incorporation of the impermeable filler further extends the pathway of the perme-

ant through the barrier, creating a so-called “tortuous path” (Figure 8b). The tortuosity 

τ caused by this affects the diffusion coefficient D:86 

𝐷 =
𝐷0

𝜏
            (7) 

With the diffusion coefficient D of the composite and D0 of the neat polymer matrix. 

The tortuosity f is described by the pathway l’ of the permeant through the filled com-

posite divided by the thickness l of the barrier film.86 

𝜏 =
𝑙′

𝑙
            (8) 

From the equations 4, 6, 7, and 8 follows equation 9: 

𝑃

𝑃0
=

1−𝜙

𝜏
           (9) 

As l’ can be estimated with equation 10: 

𝑙′ = 𝑙 + < 𝑁 >
𝐿

2
          (10) 

With <N> being the mean number of fillers and L as their length. 

<N> is estimated by equation 11 by relating the film thickness l and the filler content 

ϕ to the thickness of the filler d.86 

< 𝑁 > = 𝑙
𝜙

𝑑
           (11) 

From that f results in equation 12: 
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 𝜏 = 1 +
𝐿

2𝑑
𝜙           (12) 

 

Figure 8: Schematic illustration of the pathway of a gas molecule (a) through a neat polymer matrix and 
(b) through a tortuous path. 

This tortuous path model was first described by Nielsen in 1967.88 By combining equa-

tions 9 and 12, he related the permeability to the filler content and aspect ratio as 

shown by equation 13.  

𝑃

𝑃0
=

1−𝜙

1+
𝛼

2
𝜙
           (13) 

This first model was further developed by many others, as Nielsen’s model was simple. 

Additionally to the filler content and the aspect ratio the permeability is also dependent 

on the shape of the fillers and their spatial orientation in the barrier film.89 For semi-

dilute systems using fillers with high aspect ratio and a parallel alignment of the fillers 

to the surface Cussler’s model is the most appropriate model to consider (equation 

14, Figure 9). The geometrical factor µ in this model changes with the shape of the 

fillers. For synthetic hectorite as used in this work, hexagonal platelets are considered 

giving µ the value of 
4

9
.90 

𝑃𝑟𝑒𝑙 =
𝑃

𝑃0
= (1 + 𝜇 (

𝛼2𝜙2

1−𝜙
))         (14) 

The inverse of the relative permeability gives the barrier improvement factor (BIF). This 

is a measure of the improvement in the gas barrier due to the incorporation of the filler. 

The relation between aspect ratio and filler content shows that very large aspect ratios, 

e.g. from synthetic hectorite, can lead to extremely high BIFs even at low filler contents. 

Whereas high filler contents of fillers with low aspect ratios, e.g. natural layered sili-

cates, are not capable of reaching high BIFs. 
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Figure 9: Dependency of the relative permeability on the .aspect ratio of the 2D filler material at various 
filler contents (ϕ = 0.01, 0.1, 0.25, 0.5) according to Cussler (equation 14). 

3.6. Scope of this thesis 

Due to their 2D character and their large aspect ratio, layered silicates are appropriate 

filler materials for polymer nanocomposites for gas barrier applications. Synthetic so-

dium hectorite with superior charge homogeneity realizes an extremely high aspect 

ratio (≈20000) by osmotic swelling into 1 nm thin nanosheets. The combination with 

water-soluble polymers can decrease the permeability by several orders of magnitude 

compared to the unfilled polymers. So far, only three combinations of polymers and 

hectorite are known that form highly ordered, 1D nanostructured composites. The use 

of monomers with subsequent polymerization in the delaminated state could provide 

an alternative route for the preparation of such nanocomposites. Water-soluble mono-

mers allow for easy and eco-friendly processing. Here, hydrogel-forming monomers 

were combined with the synthetic sodium hectorite. As hydrogels tend to uptake large 

amounts of water the resulting nanocomposites would not be expected to show a great 

barrier performance at elevated temperatures and humidities. This work, therefore, in-

vestigates if a high clay loading in a hydrogel matrix is sufficient to reduce the water 

uptake for improving the gas barrier at elevated temperature and humidity and whether 

the molecular weight of the used monomer influences the barrier performance. In 
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chapter 6.2 these nanocomposites are evaluated regarding their structure and gas 

barrier properties. 

The fabrication of hybrid Bragg stacks requires delaminated monolayers of synthetic 

hectorite and a polymer dissolved in the same solvent. As 1D dissolution of the syn-

thetic hectorite was extended to organic solvents more hydrophobic polymer matrices 

can be used to decrease the sensitivity to water vapor.15, 22 Exchanging the hygro-

scopic Na+ for a more hydrophobic functional organocation enables the co-polymeri-

zation of the modifier with a monomer in the interlayer space. The enthalpic gain of this 

polycationic polymer will eventually overcome the entropic loss yielding hybrid Bragg 

stacks. Further, the electrostatic interaction between the polyanionic clay surface and 

the polycationic polymer matrix in combination with the use of a more hydrophobic 

interlayer cation could shift the onset of swelling, which causes a breakdown of the 

barrier, to higher humidities. In chapter 6.3, it is investigated if the preparation of 1D 

crystalline hybrid Bragg stacks from organically modified hectorite after delamination 

in organic solvents is possible. Further, this work explores if the ion exchange of Na+ 

for a more hydrophobic organocation and the use of a more hydrophobic polymer ma-

trix shifts the onset of swelling, which causes a breakdown of the gas barrier, to higher 

humidities. 

For high-end gas barrier packaging often an alternative approach of blocking diffusion 

by dense inorganic layers like Al2O3 or SiOx is chosen.23 Such inorganic layers, how-

ever, need sophisticated vapor deposition or sol-gel processes and suffer when me-

chanical stress is applied as they tend to be brittle.24, 91 The layered silicate, as an 

impermeable filler, is the component mainly contributing to the barrier properties of 

polymer nanocomposites by creation of the “tortuous path”. Binder-free clay coatings 

could potentially combine the best features of both approaches. The delamination of 

the hectorite allows for spray coating of dilute suspensions and the formation of tex-

tured binder-free, flexible coatings of clay nanosheets that overlap by large areas. As 

the hydrophilicity causes swelling of neat sodium hectorite, the gas barrier is probably 

highly affected by additional diffusion pathways along the interlayer space. Therefore, 

chapter 6.4 investigates the gas barrier of binder-free, all-clay coatings and explores 

if suppressing the swelling by ion exchange and fixing the interlayer height to a smaller 

distance than the kinetic diameter of oxygen can block the diffusion of gases along the 

interlayer space. 
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4. Synopsis 

This dissertation consists of three manuscripts (Figure 10). The first two manuscripts 

deal with the development and application of polymer nanocomposites from nemati-

cally swollen dispersions of synthetic hectorite via polymerization of monomers within 

the interlayer space. The third manuscript investigates the potential of binder-free hec-

torite films as glass-like barrier coatings by suppressing swelling through ion exchange 

of hygroscopic Na+ for more hydrophobic organocation to block diffusion along the in-

terlayer space. 

 

Figure 10: Schematic overview of the featured publications of this thesis and their general relation. 
[Adopted with permission from ACS Appl. Polym. Mater. 2023, 5, 576-582. Copyright 2023 American 
Chemical Society. Adopted from Nanoscale 2023, 15, 7044-7050 with permission from the Royal Soci-
ety of Chemistry. Adopted with permission form ACS Appl. Nano Mater. (submitted). Copyright 2023 
American Chemical Society.] 
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4.1. Waterborne polymer clay gas barrier coatings via photopolymeriza-

tion 

For gas barrier applications, a high aspect ratio of the filler is crucial. Synthetic sodium 

hectorite allows for delamination into single nanosheets by osmotic swelling in water. 

In combination with water-soluble polymers, improvements by several orders of mag-

nitude could be realized.20, 21, 57 However, the number of water-soluble polymers is 

limited and the addition of monomers to the dispersion of hectorite with a subsequent 

in-situ polymerization enables the preparation of even more water-based polymer 

nanocomposites. Previous studies showed that this in-situ polymerization method can 

lead to photoresponsive hydrogel nanocomposites with sodium hectorite.92, 93 But so 

far it was not tested what happens if such a hydrogel nanocomposite is dried. 

Here synthetic sodium hectorite was osmotically swollen in solutions of poly(ethylene 

glycol) diacrylate (PEGDA) of two different molecular weights (575 g mol-1 and 

2000 g mol-1). SAXS measurements proved that neither the monomer nor the initiator 

prevented the delamination of the hectorite into single nanosheets. By doctor blading 

wet coats of the nematic dispersions could be applied to a one-sided corona-treated 

polyethylene terephthalate (PET) substrate. Subsequently, these wet coats were pho-

topolymerized by UV light. Infrared spectroscopy of the dried coatings confirmed a 

successful polymerization. Due to the higher number of ethylene glycol units in the 

higher molecular PEGDA, the nanocomposite with PEGDA of 2000 g mol-1 was ex-

pected to be more sensitive to water vapor.  

X-ray diffraction (XRD) and cross-sectional transmission electron microscopy (TEM) 

images of both nanocomposites indicated partial phase segregation having polymer-

rich domains with a thickness < 10 nm. Upon equilibration at 38 °C and 90 % r.h. the 

XRD pattern showed that the various domains of PEGDA and intercalated PEGDA had 

different sensitivities towards water vapor. However, the nanocomposite with the lower 

molecular PEGDA displayed significant water uptake, while the XRD pattern indicated 

much lower water uptake for the nanocomposite with a higher molecular weight 

PEGDA (Figure 11). These findings were counterintuitive as the longer PEG segments 

were expected to result in higher hydrophilicity. 
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Figure 11: XRD pattern at dried conditions (black) and at 38 °C and 90 % r.h. of (a) the nanocomposite 
of synthetic sodium hectorite with lower molecular weight PEGDA (575 g mol-1) and (b) the nanocom-
posite of synthetic sodium hectorite with higher molecular weight PEGDA (2000 g mol-1). [Adopted with 
permission from ACS Appl. Polym. Mater. 2023, 5, 576-582. Copyright 2023 American Chemical Soci-
ety.] 

At dry conditions, a rather high oxygen permeability of 4277 cm3 µm m-2 day-1 bar-1 

was reported by Chen et al. for neat PEGDA films,94 thus, the waterborne nanocom-

posite coatings were expected to potentially have a collapse in barrier with increasing 

relative humidity as the XRD suggested substantial water uptake. At 23 °C and 

65 % r.h. the nanocomposite containing PEGDA with 575 g mol-1 showed an OTR of 

0.0354 cm-1 m-2 day-1 bar-1 and the nanocomposite containing PEGDA with 

2000 g mol-1 had an OTR of 0.0042 cm-1 m-2 day-1 bar-1. Increasing the temperature 

and the r.h. to 38 °C and 90 % led to a surprisingly low breakdown of the OTR to 

1.864 cm-1 m-2 day-1 bar-1 and 0.662 cm-1 m-2 day-1 bar-1, for the nanocomposite with 

lower molecular PEGDA and higher molecular PEGDA, respectively. For water vapor 

transmission the barrier properties behaved similarly to that for oxygen transmission. 

Even at harsh conditions of 38 °C and 90 % r.h. the material containing PEGDA with a 

molecular weight of 2000 g mol-1 is superior by a factor of 2.8 with a WVTR of 

1.805 g m-2 day-1. Due to the dependency of the OTR and WVTR on the thickness of 

the samples, those were converted to oxygen (OP) and water vapor permeabilities 

(WVP) to allow for better comparison with common packaging polymers. Thus, both 

nanocomposites outperform even high-performance materials like PVDC. 

Despite the gas barrier properties, the optical appearance of the nanocomposites is 

essential for their application in packaging, e.g. of foods or pharmaceuticals. Measure-

ments of optical transparency, haze, and clarity indicate increased haze for both nano-

composite coatings compared to the uncoated PET, while the optical properties of the 

nanocomposite with higher molecular weight PEGDA are superior to the lower molec-

ular weight material. After a clear coat of PVOH was applied the optical properties of 
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both nanocomposites did not differ significantly from the uncoated PET. Thus, the in-

creased haze was caused by scattering due to surface roughness. 

These results rendered the PEGDA hectorite nanocomposites a waterborne, halogen-

free, and biocompatible alternative to commercially used, chloride-containing, or poorly 

degradable polymer films. 
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4.2. Fabrication of hybrid Bragg stack gas barriers 

One-dimensional crystalline polymer clay nanocomposites are a rare phenomenon and 

only three such systems are known. Due to the strictly alternating order of an inorganic 

layer and a polymer layer, these materials can be seen as translational uniform single 

phase, also referred to as hybrid Bragg stack. This 1D order is reflected by high ani-

sotropy in the elastic moduli or thermal conductivity.17, 18 The confinement of the poly-

mer results in an increased Tg and further influences the gas barrier as the ordered 

Bragg stacks show improved transmission rates compared to disordered nanocompo-

sites.19, 20 The fabrication of hybrid Bragg stacks requires dispersions with only mono-

layers of the hectorite as well as a polymer matrix that is soluble in the same solvent 

that is used for the 1D dissolution of the hectorite.15 So far, only water-soluble polymers 

(polyvinylpyrrolidone, polyethylene glycol, and polyvinylalcohol) could be combined 

with synthetic hectorite to form hybrid Bragg stacks. One major issue with these wa-

terborne nanocomposites is their hygroscopic nature. At a certain humidity threshold 

swelling starts and causes the gas barrier to deteriorate. On one hand a replacement 

of hydrophilic counter cations by more hydrophobic organocations could help to shift 

the onset of swelling to higher humidities. On the other hand a more hydrophobic pol-

ymer matrix could also enable a lower sensitivity of the gas barrier towards high hu-

midities. As selected organocations allow the synthetic hectorite to delaminate in or-

ganic solvents hybrid Bragg stack barriers can potentially be made with more hydro-

phobic polymer matrices that were not accessible from water. The use of a polycationic 

polymer could even hamper swelling even more due to the strong electrostatic inter-

actions with the anionic clay sheets. The use of polycations, however, is not an option 

for the fabrication of 1D crystalline nanocomposites as mixing of the polycation and the 

clay would cause heterocoagulation and disordered composite materials. As shown in 

chapter 4.1, acrylate-based monomers can be polymerized between the hectorite 

nanosheets by UV light. The nanocomposites discussed in chapter 4.1 have not 

shown a 1D periodicity despite polymerization of a homogeneous mixture indicating 

insufficient interactions and too little enthalpic gain. To fabricate hybrid Bragg stacks 

with improved water sensitivity by polymerization of monomers is still a valid route and 

co-polymerization of a functional organocation and a monomer could enable their fab-

rication due to the polycationic character of the resulting polymer. 
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In this work, synthetic sodium hectorite was organically modified with vinylbenzyltrime-

thylammonium. Energy dispersive X-ray spectroscopy (EDX) showed no residual so-

dium indicating complete exchange of the hectorite. This modifier allowed for 1D dis-

solution of the layered silicate in N-methylformamide (NMF), as shown by SAXS meas-

urements. 

When being mixed with bisphenol A glycerolate diacrylate, a monomer soluble in NMF, 

homogeneous mixtures of delaminated clay nanosheets and monomer were obtained. 

SAXS measurements indicated no influence of the monomer or the photoinitiator on 

the delamination of the modified hectorite. Doctor blading was used to produce a coat-

ing on a corona treated PET substrate. Subsequently the coating was polymerized by 

UV light before the solvent was removed. FTIR could indicate a successful polymeri-

zation in the interlayer space. The XRD pattern of the dried nanocomposite showed a 

d-spacing of 30.0 Å (Figure 12a). The according 00l-series had a coefficient of variation 

of 0.44 % indicating a single-phase material (hybrid Bragg stack) with a rational 00l-

series. Cross-sectional TEM images (Figure 12b) confirm the 1D nanostructure of the 

nanocomposite, while a greyscale analysis results in a d-spacing of 29.85 Å. These 

results indicate a filler content of 32 vol% which is expected for complete incorporation 

of the monomer in the interlayer space. Further, the filler content was confirmed by 

thermal gravimetric analysis. The coating was a little turbid compared to the uncoated 

PET substrate, which was quantified by measuring optical transmittance, haze, and 

clarity. Therefore, a clear coat of PVOH was applied resulting in optical properties sim-

ilar to the PET substrate. Thus, the increased haze was caused by the surface rough-

ness of the coating. 

 

Figure 12: (a) XRD pattern of the hybrid Bragg stack film. (b)TEM image of the cross-section of the 
hybrid Bragg stack. [Adopted from Nanoscale 2023, 15, 7044-7050 with permission from the Royal So-
ciety of Chemistry.] 

As the incorporation of clay nanosheets into a polymer matrix can improve the gas 

barrier properties significantly the coatings were investigated regarding their OTR and 
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WVTR. At 23 °C and 50 % r.h. the coating showed an OTR of 0.21 cm3 m-2 day-1 bar-1. 

Due to swelling the transmission rate increases to 1.19 cm3 m-2 day-1 bar-1 at 23 °C 

and 90 % r.h. For water vapor, a WVTR as low as 0.05 g m-2 day-1 was achieved. At 

23 °C and 90 % r.h. the WVTR rises to 0.78 g m-2 day-1. Unfortunately, this indicated 

no improvement of the water vapor sensitivity compared to waterborne hybrid Bragg 

stack gas barriers. For comparison with the unfilled polymer and commonly used bar-

rier polymers for packaging the transmission rates were converted to permeabilities. 

Compared to the unfilled polymer matrix a barrier improvement factor (BIF) of 

4.89 x 103 was found for oxygen at 23 °C and 50 % r.h. For water vapor a BIF of 

2.78 x 103 could be calculated, showing the improvement due to the incorporation of 

the clay nanosheets. In addition, it was demonstrated that the nanocomposite outper-

forms commercial packaging polymers like PVDC, PE, PP, or PS. 

These results show that in-situ polymerization of monomers in a homogeneous, ne-

matic dispersion of osmotically swollen hectorite nanosheets enables a new synthesis 

route for hybrid Bragg stacks. Further, this method allows for perfectly structured nano-

composites of anionic clay and polycationic polymers that were not accessible by so-

lution mixing. 
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4.3. Waterborne binder-free clay gas barrier coatings 

Polymer clay nanocomposites are known for their improved gas barrier properties com-

pared to unfilled polymers. This is caused by the incorporation of impermeable clay 

sheets with high aspect ratio and is demonstrated in chapter 4.1 and chapter 4.2. For 

challenging packaging applications that require high gas barriers and transparency in-

organic layers of Al2O3 or SiOx are used.23 These inorganic coatings are applied by 

sophisticated vapor deposition or sol-gel processes and exhibit brittleness to some 

extent, which can lead to pinholes upon mechanical stress.24, 91 In the past multiple 

approaches preparing binder-free clay coatings without the use of any polymer binder 

were reported, indicating very large impact of the aspect ratio and interlayer cations on 

the formability and properties of the resulting films.13, 74, 76, 81 Such all-clay gas barriers 

could combine the approaches of the tortuous path of polymer nanocomposites and 

the dense inorganic gas barriers by fixing the interlayer height to values smaller than 

the kinetic diameter of the permeates to block diffusion along the interlayer space. 

Here, synthetic sodium hectorite was delaminated in water into individual nanosheets 

of 1 nm thickness with an extremely high aspect ratio of 20000. This is extremely im-

portant because even a few multilayer stacks would create severe defects in the band-

like structure formed by the overlapping of the large aspect ratio nanosheets. The suc-

cessful delamination was proven by SAXS measurements of a concentrated gel 

(8 wt%) indicating a consistent layer distance of 29.3 nm between each nanosheet. 

Spray-coating of dilute dispersions (0.5 wt%) led to glass-like coatings of the 

nanosheets with large overlapping areas. 

The swelling properties and the delamination of the sodium hectorite on the one hand 

enable easy and water-based processing, on the other hand, its susceptibility to water 

is expected to prevent the use of binder-free sodium hectorite coatings as gas barrier 

at elevated humidities. Intercalation compounds of guanidinium and clay minerals are 

known to not swell with humidity. Additionally, the reported basal spacing of 12.5 Å 

indicates a flat-lying orientation between the clay nanosheets resulting in an interlayer 

height (2.9 Å) smaller than the kinetic diameter of oxygen (3.5 Å).95 Therefore, the ex-

changed coatings are expected to block diffusion along the interlayer. For the ex-

change the coating was soaked in a 1 M solution of guanidinium hydrochloride for ion 

exchange and to hydrophobize the hectorite coating. The high ion concentration pre-

vented the delamination of the clay and ensured that the coating stayed intact. EDX 
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measurements of the coating confirmed a complete exchange of the sodium for guan-

idinium. XRD patterns of both materials at 43 % r.h., 65 % r.h., and 90 % r.h. indicated 

significant swelling of the sodium hectorite to the 2WL state, whereas the d-spacing of 

the guanidinium hectorite did not change upon exposure to more severe conditions 

(Figure 13). 

 

Figure 13: XRD pattern of (a) sodium hectorite and (b) guanidinium hectorite at relative humidities of 
43 % (black), 65 % (red), and 90 % (blue). [Adopted with permission form ACS Appl. Nano Mater. (sub-
mitted). Copyright 2023 American Chemical Society.] 

TEM images of the cross-section revealed a perfectly 1D crystalline monodomain film 

for the restacked sodium hectorite. Whereas the guanidinium hectorite showed addi-

tional lenses between defect-free monodomain guanidinium hectorite films. The so-

dium hectorite and the guanidinium hectorite coatings, both, appeared transparent 

(Figure 14). Measurements of optical transmittance, haze, and clarity revealed a 

slightly increased haze due to a rougher surface of the coatings compared to an un-

coated PET foil. 

Surprisingly, the sodium hectorite coating showed good OTR even at harsh conditions 

of 38 °C and a relative humidity of 90 % (0.42 cm3 m-2 day-1 atm-1). Despite the sup-

pressed swelling and despite an interlayer height smaller than the kinetic diameter of 

oxygen the OTR of 0.32 cm3 m-2 day-1 atm-1 shows that the guanidinium hectorite fails 

to block diffusion completely. Nevertheless, the coating can compete with methyl-Si-

O-Si coatings made by vacuum-UV decomposition of perhydrosilazanes and outper-

forms published binder-free clay films of Na-montmorillonite, Li-montmorillonite, or Mg-

montmorillonite. 
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Figure 14: (a) Photographs of uncoated PET, sodium hectorite coated PET, and guanidinium hectorite 
coated PET. (b) Optical transmittance, haze, and clarity measurements of uncoated PET, sodium hec-
torite coated PET, and guanidinium hectorite coated PET. [Adopted with permission form ACS Appl. 
Nano Mater. (submitted). Copyright 2023 American Chemical Society.] 

For water vapor the guanidinium exchanged coating showed substantially lower trans-

mission rates (0.93 g m-2 day-1 at 23 °C/65 % r.h. and 3.74 g m-2 day-1  at 

38 °C/90 % r.h.) than the sodium hectorite (3.90 g m-2 day-1 at 23 °C/65 % r.h. and 

12.31 g m-2 day-1 at 38 °C/90 % r.h.). Despite the different hydrophilicity of both coat-

ings, the WVTR increased by a similar factor upon increasing the r.h. to 90 %. As sev-

eral factors like swelling of the coatings, solubility of the permeate as well as concen-

tration of the permeate might change upon increasing humidity the WVTR was con-

verted to WVP. For the guanidinium hectorite the WVP increases only slightly from 

100.2 g µm m-2 day-1 atm-1 to 126.7 g µm m-2 day-1 atm-1. As indicated by XRD this 

material does not swell at high humidities, thus the increase can be attributed to a 

higher solubility of water vapor in the film. For sodium hectorite, the WVP even de-

creases from 1291.3 g µm m-2 day-1 atm-1 to 912.7 g µm m-2 day-1 atm-1. At first sight, 

this seems counterintuitive but can be attributed to the higher concentration of the per-

meate as no swelling between 65 % r.h. and 90 % r.h. takes place and in the 2WL 

state the structure is completely packed with water molecules so the solubility can only 

change marginally. The difference between both coatings, therefore, can be attributed 

to additional diffusion pathways in the swollen sodium hectorite. 

The combination of transparency and barrier performance renders these waterborne 

coatings competitive with other inorganic barrier materials. 
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