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1 Summary 

Natural composites like wood, bones or nacre always served as inspiration for the design of 

advanced and functional materials. All natural composites have one thing in common; the 

constituents are hierarchically arranged over multiple length scales. In case of nacre, the 

hierarchical arrangement of the strong and weak but tough constituents in a so-called “brick-and-

mortar” structure is considered as a precondition for the combination of the technically mutually 

exclusive properties of strength and toughness.  

However, the realization of such highly ordered arrangements is not so easy to achieve for 

synthetic polymer-clay nanocomposites. Apart from the varying quality of clay and inadequate 

processing methods, phase segregation is a widespread problem. Phase segregation not only 

creates a problem with reproducibility but also renders a systematic variation of parameters and 

their influence on the material’s properties challenging.  

This work is based on the unique ability to produce highly homogeneously ordered one-

dimensional (1D) crystalline nanocomposite films by spray coating, which serve as model systems 

for investigating the thermoelastic, permeability and mechanical properties. In literature, such 1D 

crystals are referred to as hybrid Bragg stacks. Within this work, two polymer/clay systems are 

presented, that enable the realization of a 1D crystalline arrangement of clay nanoplatelets for 

two different polymer contents: polyvinylpyrrolidone (PVP) and polyethylene glycol (PEG).  

One factor, enabling the synthesis is the used synthetic sodium fluorohectorite (Hec) and its 

unique and rare phenomenon of repulsive osmotic swelling. The resulting nanoplatelets of 

uniform thickness form nematic liquid crystalline phases that yield a perfectly homogeneous 

nematic hybrid phase when mixed with a polymer. By spray coating transparent, self-standing and 

monocrystalline films were obtained.  

Carefully adjusting the Hec to PVP content, the basal spacing can be tuned in the range from 1.9 

to 3.8 nm. The unique long-range 1D ordered hybrid films in combination with advanced 

characterization methods allow to determine the direction-dependent thermoelastic properties. 

The anisotropy between the in-plane and cross-plane thermal conductivities was found to be 

exceptionally high for an electrically insulation hybrid material. Moreover, the structural 

anisotropy of the hybrid films is also displayed in the anisotropy of the direction-dependent 

Young’s moduli. Although the films experience strong polymer confinement, density, specific heat, 

in-plane thermal conductivity, and all mechanical moduli display an effective medium behavior. 
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The cross-plane thermal conductivities however, do not obey a simple mixing rule, as the thermal 

transport in the cross-plane direction is highly governed by the clay/polymer interface.  

The hybrid Bragg stacks with a PVP content of 40 and 31 vol% only differ in the filler loading and 

are comparable with respect to filler type, aspect ratio, quality of texture and one-dimensional 

(1D) crystallinity. The basal spacing of 2.3 and 3.0 nm corresponds to a monolayer and bilayer of 

PVP, respectively. Consequently, PVP features strong confinement, as the interlayer height falls 

beneath the polymer’s radius of gyration. Therefore, the hybrid Bragg stacks represent a perfect 

model system for studying the impact of the polymer confinement on permeability. Cussler’s 

theory predicts that the permeability only non-linearly depends on aspect ratio and volume 

fraction of clay. However, within this investigation an additional nonlinear effect of confinement 

on permeability is established.  

Finally, the combination of mono and double layers of Hec and PEG is applied to fabricate hybrid 

Bragg stacks that differ in the thickness of Hec layers, polymer layer thickness and nanoplatelet 

diameter. The filler contents can be adjusted in the range from 73 to 91 wt%, of which the latter 

represent the record filler content in a clay nacre-mimetics. These highly filled hybrid Bragg stacks 

allow to study the bulk mechanics in a systematic way. However, only the hybrid Bragg stacks 

consisting of a monolayer of Hec and two layers of PEG behaves ductile with an elongation of 8% 

and a yield strength of 48 MPa. Summarizing, the ductility of the hybrid Bragg stack is lost when 

the thickness of the PEG decoupling layer is reduced, double layers of Hec are utilized, and the 

nanoplatelet diameter is increased.  
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2 Zusammenfassung 

Natürliche Verbundwerkstoffe wie Holz, Knochen oder Perlmutt dienten schon immer als 

Inspiration für das Design fortschrittlicher und funktionaler Materialien. Alle natürlichen 

Verbundwerkstoffe haben eines gemeinsam: Die Bestandteile sind hierarchisch über mehrere 

Längenskalen strukturiert. Im Falle von Perlmutt gilt die hierarchische Anordnung des starken und 

des schwachen, aber zähen Bestandteils in einer so genannten "Backsteinmauer"-Struktur als 

Voraussetzung für die Kombination von Festigkeit und Zähigkeit. Eigenschaften, die sich eigentlich 

gegenseitig ausschließen.  

Die Realisierung solcher hoch geordneten Strukturen ist bei synthetischen Polymer-Schichtsilikat-

Nanokompositen jedoch nicht so einfach zu verwirklichen. Abgesehen von der variierenden 

Qualität des Schichtsilikats und unzureichenden Herstellungsmethoden, ist die Phasensegregation 

ein weit verbreitetes Problem. Die Phasensegregation stellt nicht nur ein Problem bei der 

Reproduzierbarkeit dar, sondern macht auch eine systematische Variation der Parameter und 

deren Einfluss auf die Materialeigenschaften zu einer Herausforderung.  

Diese Arbeit basiert auf der einzigartigen Fähigkeit, homogen geordnete eindimensional- (1D) 

kristalline Nanokompositfilme durch Spray Coating herzustellen. Diese dienen als Modellsysteme 

zur Untersuchung der thermoelastischen, mechanischen und Gasbarriereeigenschaften. In der 

Literatur werden solche 1D-Kristalle als hybride Bragg-Stapel bezeichnet. In dieser Arbeit werden 

zwei Polymer/Schichtsilikat-Systeme vorgestellt, die die Realisierung einer 1D-kristallinen 

Anordnung von Schichtsilikat-Nanoplättchen für zwei unterschiedliche Polymergehalte 

ermöglichen: Polyvinylpyrrolidon (PVP) und Polyethylenglykol (PEG).  

Ein Faktor, der diese Synthese ermöglicht, ist der verwendete synthetische Natriumfluorohectorit 

(Hec) und dessen einzigartiges und seltenes Phänomen der repulsiven osmotischen Quellung. Die 

resultierenden Nanoplättchen von gleichmäßiger Dicke bilden nematische flüssigkristalline 

Phasen. Mischt man diese Hec Phase mit einem Polymer, bildet sich eine perfekt homogene 

nematische Hybridphase aus. Durch Spray Coating wurden transparente, selbststehende und 

monokristalline Filme hergestellt.  

Durch eine sorgfältige Anpassung des Hec zu PVP-Gehalts kann der Schichtabstand im Bereich von 

1,9 bis 3,8 nm eingestellt werden. Die einzigartigen geordneten 1D-Hybridfilme in Kombination 

mit fortschrittlichen Charakterisierungsmethoden ermöglichen die Bestimmung der 

richtungsabhängigen thermoelastischen Eigenschaften. Die Anisotropie der Wärmeleitfähigkeit 

innerhalb und senkrecht zur Stapelrichtung ist für ein elektrisch isolierendes Hybridmaterial 
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erstaunlich hoch. Darüber hinaus zeigt sich die strukturelle Anisotropie der Hybridfolien auch in 

der Anisotropie der richtungsabhängigen E-Module. Obwohl das Polymer-Confinement der 

Hybridfilme sehr stark ist, zeigen Dichte, spezifische Wärme, Wärmeleitfähigkeit innerhalb zur 

Stapelrichtung und alle mechanischen Moduli ein effektives Mediumverhalten. Die 

Wärmeleitfähigkeiten senkrecht zur Stapelrichtung gehorchen jedoch nicht einer einfachen 

Mischungsregel, da der Wärmetransport senkrecht zur Stapelrichtung stark von der 

Schichtsilikat/Polymer-Grenzfläche bestimmt wird.  

Die hybriden Bragg-Stapel mit einem PVP-Gehalt von 40 und 31 Vol.-% unterscheiden sich nur in 

der Füllstoffbeladung und sind hinsichtlich Füllstofftyp, Aspektverhältnis, Texturqualität und 

eindimensionaler Kristallinität vergleichbar. Die Schichtabstände von 2,3 bzw. 3,0 nm entsprechen 

einer Mono- bzw. Doppelschicht aus PVP. Da die Höhe der Zwischenschicht kleiner als der 

Gyrationsradius des Polymers ist, erfährt das Polymer ein starkes Confinement. Daher stellen die 

hybriden Bragg-Stapel ein perfektes Modellsystem dar, um den Einfluss des Polymer 

Confinements auf die Permeabilität zu untersuchen. Die Theorie von Cussler besagt, dass die 

Permeabilität nicht-linear vom Aspektverhältnis und dem Volumenanteil des Schichtsilikats 

abhängt. Im Rahmen dieser Untersuchung wird jedoch ein zusätzlicher nichtlinearer Effekt des 

Confinements auf die Permeabilität festgestellt.  

Schließlich wird die Kombination von Mono- und Doppelschichten aus Hec und PEG verwendet, 

um hybride Bragg-Stapel herzustellen, die sich in der Dicke der Hec-Schichten, der Dicke der 

Polymerschichten und dem Durchmesser der Nanoplättchen unterscheiden. Die Füllstoffgehalte 

können im Bereich von 73 bis 91 Gew.-% eingestellt werden. Der Füllstoffgehalt von 91% stellt 

dabei den Rekordfüllstoffgehalt in einer Perlmuttanaloga auf. Diese hochgefüllten hybriden Bragg-

Stapel erlauben es, die Bulk-Mechanik systematisch zu untersuchen. Allerdings zeigt nur der 

hybride Bragg-Stapel, der aus einer Monolage Hec und zwei Lagen PEG besteht, ein duktiles 

Verhalten mit einer Dehnung von 8 % und einer Streckgrenze von 48 MPa. Zusammenfassend lässt 

sich sagen, dass die Duktilität des hybriden Bragg-Stapels verloren geht, wenn man die Dicke der 

PEG-Entkopplungsschicht reduziert, Doppelschichten von Hec verwendet und den Nanoplättchen-

Durchmesser erhöht.  
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3 Introduction 

Natural materials have been recognized as a source of inspiration, as they offer optimized 

solutions for problems, which have been carved out in an evolutionary process lasting millions of 

years. By studying nature, these inspirations can be transferred to the design of new and 

innovative materials. The Italian Leonardo da Vinci is considered as pioneer of this principle.1 In 

1505, he studied the flight of birds and bats and used his observation to design flying machines. 

Nowadays many more examples can be found, where nature’s bag of tricks serves as a model, 

ranging from the lotus effect for dirt repelling house facades, to Velcro fastener, to the ventilation 

system of termite buildings for ventilation elements in office buildings. Also in the field of 

composite materials, natural materials like bone, wood or nacre serve as inspiration as they 

uniquely combine the mutually exclusive properties toughness, strength and stiffness and in 

addition are lightweight.2 These unquestionably exclusive combinations of properties were found 

to be difficult to achieve with synthetic materials, even though an unlimited combination of 

elements, harsher temperatures and pressures can be used. Therefore, it is only logical that 

scientists and chemists have made efforts to synthesize composites inspired by natural materials. 

Nanocomposites are multiphase materials consisting of two or more components with different 

physical or chemical properties. Nanocomposites are further characterized by at least one 

component having dimensions of less than 100 nm or structures with repeating distances of the 

two components in the nanometer range.3 It is the goal to form a defined nanoscale structure and 

synergistically improve the material’s properties beyond the properties of the individual 

constituents. Generally, nanocomposites can demonstrate different or enhanced mechanical, 

electrical, optical, electrochemical, catalytic, and structural properties than those of each 

individual constituent.4 Nanocomposites can contribute to solve the problems of the 21st century, 

namely the climate change and the gentle and responsible use of resources. With lightweight 

composites, replacing steel in the automotive and aviation sector, the carbon dioxide emission 

and fuel consumption is reduced. Moreover, the improved gas barrier of nanocomposites and 

their use in plastic packaging leads to an enhanced shelf life of food. Therefore, it is not surprising 

that the global market for nanocomposites is estimated to grow from $ 2.0 billion in 2017 to $ 7.3 

billion in 2022.5 These are promising prospects and one more reason to concentrate on 

nanocomposites. In the following, this thesis will focus on polymer-clay nanocomposites. 
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3.1 Layered 2D materials - Smectites 

Like graphite oxide, layered double hydroxide, and layered titanate, clay belongs to the class of 

two-dimensional (2D) layered materials, defined by their anisotropic (directional dependence of 

properties) bonding. Generally, layered materials exhibit strong covalent bonding within the layer 

(in-plane) and comparatively weak forces between adjacent layers, holding the tactoids (a stack 

of layers) together. This anisotropic bonding leads for instance to the desired intracrystalline 

reactivity6 or to the loss of the long-range three-dimensional (3D) order.7 

Clay minerals can be divided into groups depending on the layer charge, structure and composition 

of the octahedral sheet (OS). As smectites (montmorillonite (MMT), hectorite) are the main choice 

for polymer-clay nanocomposites, due to their rich intracrystalline reactivity and swelling ability, 

we will further concentrate on this group of clays. Smectites are 2:1 layered clays, consisting of 

two tetrahedral sheets (TS) and one OS in the middle (Figure 1). The TS consists of SiO4
4- 

tetrahedra, which are linked together by three basal oxygen atoms, building up the 2D lattice with 

hexagonal cavities. The fourth oxygen atom, the apical oxygen atom, is connected to the OS. The 

OS consists of various cations, for example Mg2+, Li+, Al3+
, being coordinated by four oxygen atoms 

shared with the tetrahedral sheet and two additional fluoride or hydroxyl groups. Structures with 

six octahedral sites occupied are referred to as trioctahedral structure (hectorite), whereas in 

dioctahedral structures (MMT) only four of the six octahedral sites are occupied. Isomorphous 

substitution of a higher valent cation against a lower valent cation within the TS and/or OS, leads 

to a negative layer charge. In case of smectite clays, the resulting layer charge ranges from - 0.2 

to - 0.6 per formula unit and is counterbalanced by cations in the interlayer space between 

adjacent layers. The basal spacing (d001 also defined as d-spacing) is the sum of the interlayer 

height and the platelet (TS-OS-TS) thickness and represents the periodicity along the stacking 

direction.6 For instance, the basal spacing of hectorite is 9.67 Å (Figure 1). 

 

Figure 1: Scanning electron microscopy (SEM) image of a synthetic sodium fluorohectorite tactoid 

and the characteristic structure of hectorite with TS-OS-TS and interlayer. SEM image reprinted 

with permission from Reference 23. Copyright 2014 American Chemical Society. 
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The type of the interlayer cation influences the mechanical properties8 and the stage of 

hydration.9 Furthermore, the interlayer cations can be exchanged with various positively charged 

ions or molecules. This intracrystalline reactivity is a unique characteristic for layered materials 

and especially the exchange with organic cations renders smectite the perfect candidate for 

nanocomposites. Due to this modification, the initially highly hydrophilic smectite becomes more 

hydrophobic. The thus lower surface energy is required to achieve an incorporation of clay into 

hydrophobic polymers.10 However, for a homogeneous intracrystalline reactivity, a homogeneous 

charge density is mandatory. The charge homogeneity is affected by the isomorphous 

substitution, which in turn is highly influenced by the synthesis temperature. Temperatures above 

1000 K are required to prevent the clustering of different cations into domains of higher and lower 

charge density. In natural clays with lower synthesis temperatures (< 400 K), this clustering cannot 

be prevented. This finally also affects the intracrystalline reactivity, becoming noticeable during 

modification, swelling or osmotic delamination.11 Moreover, natural clays lack of phase purity and 

optical quality, due to impurity phases and incorporated coloured transition metals like iron. 

Additionally, natural clays exhibit smaller platelet diameters than some synthetic clays. As the 

permeability of gases is nonlinearly dependent on the aspect ratio (ratio of diameter to layer 

thickness),12 this is just another aspect to intensively study the synthesis of synthetic clays.  

3.2 Synthetic sodium fluorohectorite - the gold standard 

Breu and coworkers perfected the synthesis of a synthetic sodium fluorohectorite (Hec, 

[Na0.5]inter[Mg2.5Li0.5]oct[Si4]tetO10F2) by combining melt synthesis with subsequently long-term 

annealing at 1040°C.13-14 The resulting Hec impresses with phase purity, large platelet diameter of 

18 μm (Figure 1), homogeneous charge density and a resulting uniform intracrystalline reactivity. 

The homogeneous intracrystalline reactivity not only leads to discrete hydration steps in humid 

air, but also to the complete and spontaneous delamination of the tactoids into single, individual 

layers with a height of 1 nm, when immersed in deionized water. In the first swelling regime, the 

crystalline swelling, one, two or three water layers are realized, related to the relative humidity 

(RH) and the type of interlayer cation. For Hec, the nonhydrated structure at 0% RH shows a d-

spacing of 0.96 nm (Figure 1).14-15 At 43% RH, the d-spacing increases to 1.25 nm and three water 

molecules coordinate the sodium cation. In this one-layer hydrate, sodium is located either 

towards the upper or the lower TS and is thus in close contact with basal oxygen atoms of the TS.15 

In the two-layer hydrate, at almost 100% RH, six water molecules coordinate sodium and the d-

spacing grows to 1.55 nm.14 Sodium is located in the middle of the interlayer space, while the 

water molecules can form hydrogen bonds with the basal oxygen atoms of the TS.15 When 
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immersing Hec powder into ultrapure water, Hec gently and completely delaminates into 

individual single nanoplatelets with a thickness of about 1 nm, while the initial diameter of the 

platelet of 18 μm is preserved. The distance between adjacent nanoplatelets increases related to 

the added amount of water.6, 16 The homogeneous swelling can be studied by small angle X-Ray 

scattering (SAXS). The rare phenomenon of osmotic swelling17 is for instance also observed for 

layered titanates18 and is a thermodynamically favored, repulsive process. Because of the large 

platelet diameter, the free rotation of individual platelets is even in dilute suspensions (< 1 vol%) 

not possible, and nematic phases are formed. In suspension, the negatively charged platelets 

arrange parallel in a cofacial arrangement with distances of more than 55 nm between adjacent 

nanolayers.16  

For 2D layered materials, the properties of such nanometer thick nanoplatelets change compared 

to bulk properties. The Hec nanoplatelets for instance are highly flexible with an in-plane modulus 

of 142 GPa,19 as determined by a wrinkling technique. Not only can the mechanical properties 

change but also the thermal properties. For instance, the thermal conductivity of disordered 

randomly stacked single layers of WeS2 is 30 times smaller, compared to the bulk single WeS2 

crystal.20 

Moreover, the homogeneous charge density accompanied by the homogeneous intracrystalline 

reactivity of Hec, opens up the opportunity to a selective exchange of the interlayer cations. The 

Coulomb interaction between the negatively charged layer and the positively charged interlayer 

cations, fosters the segregation of cations of different size and hydration into different interlayer 

spaces.13, 21 The Coulomb attraction favours this segregation as in this way the average basal 

spacing is minimized and consequently the Coulomb interaction for this system is maximized. 

Carefully adjusting the ratio of different cations, it is possible to synthesize ordered 

interstratifications with alternating layers of inorganic - organic intercalation compounds 22-23 or 

swelling - nonswelling cations.21 If these ordered interstratification structures still contain an 

osmotically swelling sodium interlayer, the structure will spontaneously delaminate into double 

stacks (DS) in deionized water. The double stacks consist of two highly transparent and flexible 

silicate layers, encapsulating a central ion or an air / humidity sensitive organic molecule. The in-

plane modulus of such a double stack with ammonium in the interlayer was determined to be 

171 GPa, by applying a wrinkling technique.24 Also in this case, the applied wrinkling technique 

verifies the extreme flexibility of these double stacks.  
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3.3 Polymer-clay Nanocomposites 

The Toyota research centre synthesized one of the first polymer-clay nanocomposites in the 

1990s. By in-situ polymerization of ε-caprolactam with organo-modified MMT, a Nylon 6 - MMT 

nanocomposite was produced. MMT was fully delaminated and uniformly dispersed in the 

polymer matrix. The resulting nanocomposites impressed with enhanced mechanical, and gas 

barrier properties, an improved electrical conductivity, and a decreased thermal expansion 

coefficient.25-27 The significant improvement of the engineering properties by reinforcing polymers 

with clay on the nanoscale, resulted in extensive research in this field.  

The synthesis of polymer-clay nanocomposites is difficult and several processing methods like in-

situ polymerization,27 solution (suspension) blending with subsequent self-assembly28 and melt 

processing29 exist. Each strategy has advantages and drawbacks and results in nanocomposites of 

varying quality. Overall, the term nanocomposite is not clearly defined, as it covers a wide range 

of nanocomposites with variations in clay content, quality of clay distribution within the polymer 

matrix, quality of clay (natural or synthetic clay) and aspect ratio. It is therefore important to be 

aware of these differences and to take a differentiated approach when comparing several 

composites.  

The term nanocomposites includes nanocomposites with exfoliated stacks or completely 

delaminated single nanoplatelets. Generally, exfoliation describes the process of slicing tactoids 

into thinner stacks, whereas during delamination, the tactoids were exfoliated to the level of an 

individual nanoplatelet.6 As discussed above, delamination and exfoliation highly depends on the 

uniform intracrystalline reactivity, resulting in turn from charge homogeneity. For Hec, this 

precondition is achieved by long term annealing. However, for some synthetic clays or natural 

clays, a homogeneous charge density is not given. Thus, delamination is prevented and a mixture 

of mono, few- and multilayer stacks exist. An example for a polymer-clay nanocomposite, 

consisting of multilayer stacks smaller than 100 nm is given in Figure 2A. In Figure 2B, delaminated 

nanoplatelets are randomly dispersed in the polymer matrix and an isotropic nanocomposite is 

formed. It is undeniable that even small clay loadings improve the physical properties of 

nanocomposites.28, 30 However, the aspect ratio, which is influenced by exfoliation or 

delamination, and the filler content are significant and crucially affect the nanocomposite’s 

properties like permeability12, 31 or bulk modulus32 in a highly nonlinear manner. Moreover, the 

distribution of the filler within the polymer matrix is important. In such inhomogeneous isotropic 

and low-filled systems (Figure 2A-B), the permeability of the nanocomposite is not sufficiently 
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reduced by the creation of a tortuous path. Overall, delaminated systems with higher filler 

contents are favored.  

 

Figure 2: Schematic of different nanocomposites consisting of polymer (red) and clay platelets 

(black). A) Nanocomposite containing a mixture of mono- few- & and multilayer stacks. B) 

Nanocomposite with delaminated platelets and low filler content isotropically dispersed. C) Phase-

segregated nanocomposite, with a polymer-rich phase and an intercalated phase. D) Hybrid Bragg 

stacks with strictly alternating nanoplatelets and polymer layers.  

Higher filler loadings in combination with delaminated nanoplatelets strengthen the impact of the 

interface. Assuming a homogeneous distribution of the nanoplatelets within the nanocomposite 

and a clay content greater than 30 vol%, the interlayer space between adjacent nanosheets is as 

narrow as 2 nm. The available interlayer space is consequently even smaller than the radius of 

gyration of the interlayered polymer. Obviously, such a polymer confinement also affects the 

properties of the confined polymer as compared to the bulk properties. In literature, the impact 

of the confinement on the segment mobility,33 glass transition temperature (Tg),34-37 and 

viscosity38 was proven. In chapter 4.2 the influence of polymer confinement on permeability is 

demonstrated.39  

Homogeneous suspensions with delaminated nanoplatelets and high filler loadings can form two 

distinct structures during drying. The resulting nanocomposite can either be a two-phase 

intercalated nanocomposite or a single-phase hybrid Bragg stack (Figure 2C-D). In a two-phase 

nanocomposite, phase segregation is observed and a polymer rich and an intercalated phase, with 

polymer being intercalated in the interlayer space, coexist. Phase segregation is driven by 

thermodynamics, is likely to happen40-44 and creates a problem with reproducibility.45 A perfect 

example is a mixture of Hec and polyethylene glycol (PEG). 33, 45 At a composition of 31 vol% Hec 

and 69 vol% PEG, a segregated polymer rich phase and an intercalated phase coexist. The polymer 

dynamics were studied by nuclear magnetic resonance. 33 The identified molecular mobilities 

varied and were attributed to strongly immobilized (intercalated) and mobile (segregated) 

polymer phases.33 Nevertheless, PEG is known to form intercalated phases with two different PEG 

volumes, as phase segregation can be counterpoised by the interaction with the interlayer 
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cation.46 In chapter 4.3 single-phase materials with two different PEG contents, corresponding to 

a basal spacing of 1.8 and 1.4 nm were synthesized. In literature, this 1D crystals are referred to a 

hybrid Bragg stack.47 

3.4 Hybrid Bragg stack 

Hybrid Bragg stacks and their 1D crystallinity can be verified by XRD measurements and TEM 

microscopy images. According to Meuring’s rules,48 the 1D crystallinity is determined in XRD 

pattern by a (perfectly) rational 00l series, which is expressed by a low coefficient of variation (CV). 

Furthermore, they are characterized by a small full width at half maximum (FWHM), intensive 

reflections and the match of calculated and observed d-spacing. In the following, the synthesis 

and identification of hybrid Bragg stacks will be investigated for the Hec/PEG system (also see 

chapter 4.3).  

As stated above, for a Hec to Peg ratio of 50:50 wt% (31:60 vol%), a two-phase nanocomposite 

with a polymer rich phase and an intercalated polymer phase is observed. How was this verified? 

Assuming in a first approximation that the intercalated polymer has the same density as in bulk, 

the expected d-spacing of the nanocomposite can be calculated. First, the volume content of Hec 

and PEG are calculated by assuming PEG and Hec densities of 1.2 and 2.7g cm-3, respectively.49 

Based on a simple geometric consideration using the Hec thickness of 0.96 nm and the 

corresponding volume content of Hec, the d-spacing can be calculated.41, 50  

For a mixture of 50:50 wt%, corresponding to 31:60 vol% a d-spacing of around 3.1 nm is 

calculated and therefore expected. However, the observed d-spacing is only 1.8 nm. 

Consequently, the composite is phase segregated in a polymer phase and an intercalated phase 

with a d-spacing of 1.8 nm. Although segregated amorphous polymer domains cannot be detected 

with XRD measurements, phase segregation can nevertheless be confirmed as the calculated and 

observed d-spacing do not match.  

Generally, a single-phase nanocomposite can be produced by exactly adjusting the clay to polymer 

ratio in order to match the d-spacing of the intercalated domains. This adjustment may yield a 

single-phase material of of 1D crystallinity, displaying long-range periodicity along the stacking 

direction. If we look at the example of Hec/PEG again, a hybrid Bragg stack can be produced, if the 

PEG to Hec ratio is specifically adapted exactly to the ratio of the intercalated domains of 1.8 nm. 

This is fulfilled at a content of 54 vol% Hec. For this composition, the calculated and observed d-

spacing of 1.8 nm match (Figure 3A). This accordance suggests that within experimental error, the 

available PEG is included in the periodic domains and no extra segregated PEG volume exists. A 
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homogenously ordered, 1D crystalline hybrid Bragg stack is formed. The XRD pattern show a 

rational 00l series up to the 5th order and a CV of 0.18%. In general, large CV values (> 3%)48 and 

large variations in FWHM indicate non-rationality of the diffraction pattern, caused by a random 

interstratification of different interlayer heights.  

Moreover, a second intercalated phase is known in literature with a periodicity of 1.4 nm.46 By 

optimizing the volume content of PEG, a hybrid Bragg stack is observed for 70 vol% of Hec with a 

d-spacing of 1.4 nm (Figure 3B; see also chapter 4.3). The XRD pattern verify the 1D crystallinity 

by a rational 00l series up to the 4th order with sharp and intense reflections, a low FWHM and a 

low CV of 0.63%. In addition, calculated and observed d-spacing match. 

 

Figure 3: XRD pattern and study of CV and FWHM. A) XRD pattern of the hybrid Bragg stack with 

a Hec content of 54 vol%, showing a d-spacing of 1.8 nm and a rational series up to the 5th order. 

B) XRD pattern of the hybrid Bragg stack with a Hec content of 70 vol% showing intense reflections. 

C) Variation of CV (black circle) and FWHM (blue square) with varying Hec weight content. The 

minima at a Hec content of 54 and 70 vol% confirm the best 1D periodicity. D) XRD patterns of the 

001-reflection at a Hec content of 61 vol% wt% (red),67 vol% (blue) and 77 vol% (orange). The 

lines marked with asterisks correspond to the basal spacing of the hybrid Bragg stacks with a Hec 

content of 54 vol% (*) and 70 vol% (**). 

As stated before, instruments for the identification of hybrid Bragg stacks are CV, FWHM, intensity 

and maximum visible order of the 00l series. These characteristics and their correlation provide 

valuable information about the existence of hybrid Bragg stacks and the quality of the 1D 

crystalline order. As already mentioned, the interlayer height is smaller than the radius of gyration 

and consequently, the polymer experiences strong confinement. The interlayer height 

corresponds to the dimensions of the polymer chains. As a result, the interlayer height can only 

be changed in defined steps, related to the diameter of the polymer chain. As stated above, the 

XRD patterns of hybrid Bragg stacks, which are periodically homogeneous over long ranges, show 

nicely rational 00l-series as indicated by low CVs. Moreover, the FWHM of individual reflections 
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are very similar. If the height of the PEG layers, sandwiched between Hec nanoplatelets varies, the 

00l reflections would instantly and with high sensitivity broaden and result in irrationality. Even 

slight deviations from the ideal composition lead to significant increases in CV and FWHM of the 

00l reflections.37 The formation of a hybrid Bragg stack can therefore also be tracked by studying 

CV and FWHM at different Hec contents. The curves for CV and FWHM show indeed a minimum 

for 54 and 70 vol% Hec (Figure 3C).  

In addition, the XRD patterns with varying contents of Hec are investigated and vividly show the 

change from the hybrid Bragg stack with 54 vol% to the second hybrid Bragg stack with a higher 

filler loading of 70 vol% (Figure 3D). It is clear, that the interlayer space can only be varied in 

defined and discrete steps related to the dimensions of the intercalated polymer. Consequently, 

with decreasing PEG content, a random interstratification of two layers of PEG and one layer of 

PEG appears. If the interlayer height varies randomly within the coherence length of the X-ray 

beam, a weighted average of the d-spacing is observed.7 The position of the 00l-reflection lies in 

between the positions of the real d-spacing for the hybrid Bragg stacks. The experimentally 

observed but virtual d-spacing shifts continuously with the real frequency of the two different 

layer spacings.7 This observation can be studied for the XRD pattern of the nanocomposite with a 

Hec content of 61 vol% (Figure 3D, red). As the PEG content decreases, the d-spacing continuously 

moves to smaller d-spacings, accompanied by a broadening of the 001 reflection and a visible 

shoulder. If the basal spacing however varies randomly out of the coherence length of the X-ray 

beam, two distinct reflections are observed. This is observed for the nanocomposite with a Hec 

content of 67 vol%. Further decreasing the PEG content below the composition of the hybrid Bragg 

stacks directly result in a broadening of the 001-reflection peak for the nanocomposite with a Hec 

content of 77 vol% (Figure 3D, orange).  

Apart from the Hec/PEG system, a second polymer/clay combination was identified, where hybrid 

Bragg stacks can be produced. By applying synthetic Hec and polyvinylpyrrolidone (PVP),51 the 

interlayer space can be tuned from 2.0 nm to 1.3 nm, caused by a mono- and a bilayer of PVP. 

More details are given in chapter 4.1. 
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3.5 Nacre  

Biological composites like bamboo, bone or nacre always inspired scientists for the fabrication of 

advanced, multifunctional materials. Especially the combination of strength and toughness is 

desirable, but also seems to be mutually exclusive. Why is this the case? How can natural materials 

defeat the conflict of strength versus toughness? For a deeper understanding, it is first necessary 

to explain the properties strength and toughness. Strength is the material’s resistance to 

permanent (plastic) deformation, measured as stress.52 In contrast, toughness is the material’s 

resistance to a fracture, measured as energy needed to cause fracture.52 An important 

requirement for toughness is the ability of a material to dissipate local high stresses by a limited 

deformation. A limited deformability (ductility) is therefore a prerequisite. In natural materials, 

the processes that allow limited deformation are widely diverse and will later be examined for 

nacre. Knowing that toughness requires limited deformation, while strength is the resistance to 

this deformation, it is not surprising that the combination of these two properties is unique. 

Generally, a strong material tends to be brittle, whereas deformable, lower strength materials 

tend to be tough.  

 

Figure 4: Images and schematics of nacre and a 3D bulk nacre-mimetic. A) Brick and mortar 

structure of nacre and B) schematic illustration of the different toughening mechanisms in nacre. 

A) and B) reprinted with permission from Springer Nature Customer Service Centre GmbH: Nature, 

Nature Materials, Reference 2, Copyright 2014. C) Asperities on the aragonite surface. Reprinted 

from Reference 54, Copyright 2008, with permission from Elsevier. D) 3D bulk nacre-mimetic 

obtained by 3D printing. 

One prominent example is nacre, a hard-soft composite, hierarchically arranged in a so-called 

“brick-and-mortar” structure (Figure 4A). Nacre consists of 95 vol% strong aragonite (CaCO3) 
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platelets (~200-900 nm thick with a diameter of 5-8 μm) separated from each other by a thin layer 

of organic biopolymer (~10-50 nm thick).2 This strictly alternating arrangement resembles hybrid 

Bragg stacks mentioned earlier. The ceramic mineral provides the high strength of nacre. 

However, without the dissipative nature of the biopolymer, the directly connected platelets would 

be unable to distribute local high stresses and nacre would be brittle. The minor organic phase 

acts as a lubricant and allows sliding of the platelets.53 However, the sliding must be limited, as 

otherwise nacre would lose its strength. The considered mechanism restraining the sliding range 

from the molecular to the micrometer level (Figure 4B) are mineral bridges connecting platelets,54 

nanoscale asperities on the aragonite surface (Figure 4C),55 platelet interlocking due to corrugated 

platelets,56 and the breakage of sacrificial bonds in the viscoelastic biopolymer.57 Further 

toughening mechanisms are crack bridging, which result in a tortuous crack path, and the pull-out 

of mineral platelets.52 In tensile tests, the strength and Young’s modulus of nacre were determined 

to be 140 MPa and 60 GPa,58 respectively. The determined toughness (1.24 kJ m-2) is about 3000 

times higher compared to monolithic CaCO3.59 

For mimicking nacre, the used inorganic materials as hard component are more than diverse and 

range from clay,60 graphene oxide,61 and alumina62 to glass flakes.63 A wide variety of polymers 

are mainly used as soft component and in few works, a glass-forming alloy is used.64 A controlled 

and defined alignment of both components is a precondition for good mechanical properties and 

various processing methods with varying control over the structure were examined. Common 

methods are layer-by-layer deposition,65 vacuum filtration,66 evaporation or solution casting,67 

and evaporation induced self-assembly.60 However, these methods are limited to 2D films. Lately, 

3D bulk nacre-mimetics were produced by ice templating and sintering of ceramics,64 magnetic 

particle alignment,68 lamination and hot pressing.44, 69 With 3D materials, the mechanical 

characterization can be performed with even more testing methods, which require mm or cm thick 

samples, and enables also to study the crack propagation. The centimeter thick laminates of self-

assembled clay/polymer nanocomposite films showed crack deflection, microcracking and 

uncracked ligament bridging, comparable to nacre. 44, 70 Nevertheless, the growing direction of the 

crack is between the clay platelets, rather than cross-plane, which suggests that a stronger 

adhesion between the platelets is required. In this context, features not yet realized for clay-based 

nacre-mimetics are mineral bridges and nanoasperities, which contribute as toughening 

mechanism. The groups of Deville64 and Studart63, 68, 71 intensively studied this topic. Theoretical 

analysis and experimental observations reveal that strength and elastic modulus increase linearly 
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with the relative fraction of mineral bridges. Moreover, the tension transfer in the entire stiff 

phase is enhanced, leading to an increased bending strength.  

In the following, we will concentrate on clay-based nacre-mimetics. Typical nacre characteristics 

like mineral bridges, nanoasperities or platelet interlocking are difficult or at least not yet realized. 

Therefore, a tighter focus must be on the homogeneously ordered arrangement of clay and 

polymer, the design of the polymer itself and the polymer-polymer and polymer-clay interface.  

As stated in chapter 3.4, the fabrication of strictly alternating clay nanoplatelets and polymer 

layers in so-called hybrid Bragg stacks is challenging. However, some processing methods provide 

too little control over the structure. Layer-by-layer deposition for instance is unsuitable to prevent 

direct platelet-platelet contact, as during one cycle several platelets or polymer chains were 

deposited. More suitable methods are evaporation induced self-assembly or spray-coating. We 

recently proved that spray-coating is superior to doctor-blading, as it yields higher ordered 

structures.41 Moreover, the usage of natural clays is a drawback due to the limited delamination. 

Suspensions of commonly used clays contain mixtures of auxiliary minerals, mono-, few-, and 

multilayer stacks. This consequently results in higher disorder and direct platelet-platelet contact. 

In addition, phase segregation is likely to happen for a wide range of polymers like polyvinyl 

alcohol,42, 44 glycol chitosan72 or PEG.33, 45 With such intercalated but still phase-segregated 

nanocomposites, a systematic investigation of the influence of the polymer content on the 

mechanical properties is not possible.  

Apart from the homogeneous alignment, the design of the polymer itself and the interface 

between polymer-clay and polymer-polymer is important. Especially early works concentrate on 

high Tg polymers.44 Additionally, strong covalent60, 73 or ionic bonds74-75 were integrated either by 

post infiltration or by a suitable polymer. These attempts resulted in strong and stiff 

nanocomposites, characterized by high tensile strengths and Young’s moduli. For the realization 

of tough nanocomposites with increased elongation by frictional sliding, a low Tg polymer is 

required76. Moreover, sacrificial bonds for a stress-induced opening and rebinding are required 

for a concomitantly stiff and tough material. As covalent and ionic bonds are too strong, weaker 

hydrogen bonds are the choice. A low Tg non-ionic copolymer with ureidopyrimidinone (UPy) as 

4-fold hydrogen bonding unit allowed to adjust the mechanical properties from brittle to ductile.77 

The nanocomposite with 30 mol% of UPy units is brittle and stiff with a Young’s modulus of 40 GPa, 

a tensile strength of 265 MPa and a limited elongation of 1.3 %. Unsurprisingly, the too high 

amount of supramolecular hydrogen bonds inhibits frictional sliding of the nanoplatelets and 

inelastic deformation. However, reducing the UPy content to 13 mol%, a ductile material with an 
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elongation of 8% and a still considerable high Young’s modulus of 22 GPa is generated. Moreover, 

a nanocomposite with synergistically improved stiffness and toughness could be realized by 

combining a stiff, high Tg polymer (PVA) and a ductile, low Tg polymer (polyvinylamine).78 

Compared to the 4-fold binding unit UPy, the formed hydrogen bonds are weaker, but present in 

larger amounts. The nanocomposite showed an elongation of close to 50% and a very high 

toughness (> 27 MPa).  

Note that all clay containing nacre-mimetics are defined by high filler loadings. If clay is 

delaminated in 1 nm thick nanoplatelets, in composites with a ratio of clay to polymer of 

50:50 wt%, the interlayer between adjacent nanoplatelets is as small as 2 nm and falls beneath 

the polymer’s radius of gyration. The polymer features strong confinement, which alters the 

polymer’s properties. In this context, the change in segment mobility and glass-transition 

temperature are of major importance. The potential of greater flexibility and deformability of low 

Tg polymers can therefore not be exploited. Moreover, confinement forces polymer chains in a 

more or less stretched state and entanglements are hindered. This in turn inhibits the dissipation 

of energy by the breaking and reforming of sacrificial bonds. In contrast to highly filled 

nanocomposites with clay and polymer thicknesses around 1 nm and 2 nm, respectively, the 

dimensions of inorganic and organic phase in nacre are completely different. Aragonite has a 

thickness of 200-900 nm with a diameter of 5-8 μm, the aspect ratio ranges from 25 to 9. The 

corresponding organic phase is 10-50 nm thick and thus entanglements of polymer chains are 

possible. Moreover, the Young’s modulus of Hec itself is about two times higher compared to pure 

aragonite (commonly accepted value E = 70 GPa).79 A sufficient strengthening could therefore also 

be achieved with a lower clay loading. Future nacre-mimetics should therefore focus on higher 

organic contents, associated with an increased interlayer space, which in turn decreases the 

confinement effects and allows polymer entanglement. The potential polymer should further 

possess hydrogen bonds as sacrificial bonds. Additionally, an enhanced stress transfer from the 

polymer matrix into the clay platelets should be realized, for instance with modifiers also 

interacting with the polymer phase or by polymers, which could be switched to be cationic by 

cleaving light-adaptive or thermo-reversible side groups. Moreover, the realization of mineral 

bridges could be tested by the silanization of hydroxyl groups bearing clays. Also new processing 

methods like 3D-printing should be considered. In preliminary experiments, with a 10 wt% 

suspension of Hec:PEG (73:27 wt%), promising structures could be printed (Figure 4D). This not 

only opens the opportunity to print thicker 3D bulk-materials but also to integrate different 

nanoplatelet orientations within one sample.   
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3.6 Mechanical Properties of Hybrid Bragg stacks 

Generally, stress (σ) and strain (ε) of a body are interdependent. In the linear elastic region, 

Hooke’s law (equation 1) applies. The constant of proportionality is called modulus of elasticity 

(E). 

� = � � (1) 

In a 3D body, Hooke’s law is expressed by a linear tensor equation of the 4th degree (equation 2). 

Here, the elasticity tensor ���	
 characterizes the elastic properties of the deformed matter with 

81 elastic constants. 80 
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Due to the symmetry of the stress and strain tensor, the elastic constants can be reduced to 36, 

allowing the transformation of Hooke’s law into a matrix equation. The elasticity tensor is replaced 

by a 6 x 6 matrix and the symmetric stress and strain tensors are presented as six-dimensional 

vectors, according to Voigt notation. In addition, the elastic tensor itself is a symmetric tensor, 

which reduces the maximum number of independent elements to 21 (equation 3):80 
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The number of independent elastic constants is further reduced if the studied material has 

symmetry elements. A transversely isotropic material has a plane within which the material’s 

properties are isotopic. Perpendicular to this plane, the properties differ and the direction is 

favored.81-82 This is also the case for hybrid Bragg stacks, in which the clay nanoplatelets are 

precisely oriented in the stacking direction, but are randomly arranged in the lateral direction, 

perpendicular to the stacking direction.51 Because of the transversely isotropic symmetry class, 

the elastic tensor can be reduced to five independent elastic constants as follows (equation 4):83 



Introduction 

19 

̂̂
̂̂
̂̂
������������ ̂̂

̂̂
̂̂ =

̂̂
̂̂
̂̂
̂���������  

���������  
���������  ���  

���
  
��� = ��� − ���2 ̂̂

̂̂
̂̂
̂

̂̂
̂̂
̂̂
������������̂̂

̂̂
̂̂
 (4) 

The constants of the elastic tensor can be connected with the engineering mechanical 

properties.84 In the following, the formulas for the direction-dependent elasticity modulus 

(Young’s modulus), the cross-plane (��) and in-plane (�∥) Young’s modulus are shown (equation 

5-6): 

�� = ��� − 2 ����
��� + ��� (5) 

�∥ = ���� − ����[������� + ���� − 2���� ]������ − ����   (6) 

Here, the terms cross-plane and in-plane are connected to the stacking direction and the direction 

perpendicular to the stacking direction in the hybrid Bragg stack, respectively, rather than 

directions parallel or perpendicular to the symmetry axis. 

In chapter 4.1 the direction-dependent mechanical properties of hybrid Bragg stacks will be 

probed with Brillouin light spectroscopy (BLS).  

3.7 Tensile Test 

For the estimation and determination of mechanical properties of materials, tensile tests are an 

important and common tool. Especially for thin 2D samples, like mostly obtained for nacre-

mimetics, tensile tests allow their characterization. The sample geometry, testing temperature, 

RH, and test speed influence the results, why these values are standardized according to DIN EN 

ISO 527.85 Moreover, anisotropy highly influences the mechanical properties and should therefore 

be considered. This is followed by preparing samples oriented parallel and perpendicular to the 

orientation/stacking direction. However, for most nacre-mimetics, the thickness is limited due to 

the processing method and only samples oriented parallel to the stacking direction are produced. 

Keeping this in mind, the tensile test of nacre-mimetics is highly influenced by the sliding of the 

platelets against each other.  
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In tensile tests, the samples are elongated with a constant speed and the change in length (ΔL) 

and the required force ( ) are measured. The tensile stress values (σ) are calculated based on the 

initial cross-sectional area (!") of the sample (equation 7) 

� =  !" (7) 

The strain (ε) is calculated based on the initial length (#") of the sample (equation 8): 

� = $##"  100% (8) 

In the linear elastic region, Hooke’s law can be applied and the bulk Young’s modulus, the modulus 

of elasticity, is calculated from the change in force $ =  � −  � and the change in elongation 

$� =  �� − �� (equation 9). The evaluation is limited to the deformation range from 0.05 % to 

0.25 % in strain. 

� = �� − ���� − �� =  � −  �0.002 !" (9) 

Note, that the determined bulk Young’s modulus is not identical to �∥, determined by the 

direction-dependent BLS.  

Discussing the elastic properties of solids, one distinguishes between elastic and plastic 

deformation. In case of elastic deformation, the deformation is reversible and the stretched body 

obtains his original state, when the stress is not applied. The elastic region is further distinguished 

in a linear elastic region for low strain, in which a linear relationship applies between stress and 

strain, and a linear-plastic region, in which this relationship is nonlinear. In case of plastic 

deformation, the deformation is irreversible and goes along with the breaking of bonds. The 

transition between elastic and plastic region occurs at the yield point.  

According to DIN EN ISO 527,85 the following characteristic values are defined:  

• Yield strength �): The first stress value, at which an increase in strain without an increase 

in stress is observed. 

• Ultimate tensile strength �*: The maximum stress, observed during the experiment. 

• Strength at break �+: Tensile stress at the moment of break. 

The designation is identical for the observed elongation and thus one can distinguish between 

elongation at the yield point (�)), maximum elongation (�*), and elongation at break (�+).  
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Figure 5: Characteristic stress-strain curves for different polymers: a) brittle polymer, b-c) ductile 

polymers with yield point, d) ductile polymer without yield point, e) elastomer. Reprinted and 

modified with permission from Reference 86. Copyright 2020, Carl Hanser Verlag. 

In the following, characteristic stress-strain curves of different polymers will be studied and on 

this basis, the polymers will be divided into ductile and brittle materials (Figure 5).86 A brittle 

polymer, is characterized by a high maximum tensile strength (�*) and a comparably low 

elongation at break (�+) (Figure 5a). The polymer is unable to deform plastically and therefore, the 

broken parts of the testing sample can be reassembled to the original shape of the sample. Ductile 

materials are characterized by their ability to yield and thus reach high elongations, but relatively 

low tensile strength (Figure 5b-d). In the linear elastic region, the stress-strain curves of type b) 

and c) are identical to type a), but show a lower slope, resulting in a lower modulus of elasticity. 

However, at the yield point, type b) and c) start to deform plastically going along with a local 

necking of the sample. In the following constant stress plateau, cold drawing is observed, whereby 

the stretched material pulls out of the unstretched part of the test specimen. The process goes 

along with an orientation of the molecules in stress direction. The cross sectional area in the 

necking region is steadily reduced until the material breaks abruptly, like for type c). The polymer 

of type b), however, shows the phenomenon of strain hardening and the resulting break at much 

higher stresses. The completely oriented and aligned polymer chains increase the strength and 

stiffness of the polymer in the stretched direction as the load is no longer absorbed by 

intermolecular forces but by the main valence bonds.86 The stress-strain curve of type e) 

corresponds to an elastomer with low Young’s modulus and tensile strength, but very high 

elongations at break.   
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4 Synopsis 

 

Figure 6: Schematic representation of the results of this work. 

The present work contains two publications and one manuscript. For further publications I 

contributed to, please see list of publications.  

All works are based on the unique ability to produce highly homogeneously ordered, 1D crystalline 

polymer-clay nanocomposite films. In literature, these 1D single crystals are referred to as hybrid 

Bragg stacks. Within this work, two polymer/clay systems are presented, that enable the 

realization of a 1D crystalline arrangement of clay nanoplatelets for two different polymer 

contents: PVP and PEG. These hybrid Bragg stacks mark a turning point for the characterization of 

nanocomposites in general and serve as model system for investigating the thermoelastic, 

permeability and mechanical properties.  

The publication “Tunable Anisotropy in Hybrid Bragg Stack with Extreme Polymer Confinement” 

focusses on hybrid Bragg stacks, consisting of synthetic sodium fluorohectorite and 

polyvinylpyrrolidone (PVP), which allowed the first time to determine the direction-dependent 

thermoelastic properties. The anisotropy between the thermal conductivity studied in-plane and 

cross-plane was record-high. This strong anisotropy was also found for the direction-dependent 

Young’s and shear moduli. Moreover, the results from the thermal and mechanical analyses were 

correlated and the strong influence of the clay/polymer interface was highlighted. 

The follow-up publication “Impact of Ultraconfinement on Composite Barriers” also builds on 

hybrid Bragg stacks system consisting of Hec and PVP and investigates the relation between 

permeability and relative humidity (RH). Also this study was only possible because of the targeted 

synthesis of two hybrid Bragg stacks, which are comparable with respect to aspect ratio, filler type, 
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quality of texture and one-dimensional (1D) crystallinity, but only differ in the filler content. By 

studying the permeability with increasing RH we found evidence for an additional linear effect of 

confinement on the permeability. 

In the manuscript “One-dimensional crystalline clay nacre-mimetics with record filler contents 

(73 wt% - 91 wt%): From brittle to ductile to brittle”, the hybrid Bragg stacks consisting of PEG vary 

with respect to nanoplatelet diameter, thickness of the polymeric decoupling layer and thickness 

of filler (utilization of Hec or DS). This allows to study the mechanical dependence on these 

parameters systematically. Only one sample, consisting of Hec monolayers and two layers of PEG 

was found to be ductile with an elongation of 8%. The ductility of the hybrid Bragg stack is 

completely lost when reducing the thickness of the PEG decoupling layer, utilizing DS and 

increasing the nanoplatelet diameter.   
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4.1 Tunable Thermoelastic Anisotropy in Hybrid Bragg Stacks with Extreme Polymer 

Confinement 

Heat management is considered a key technology and could help to solve the central problem of 

the 21st century, global warming. Generally, heat management is divided into four fields, covering 

building insulation, passive cooling, thermoelectricity, and thermal interface materials. These 

fields illustrate the goal to control the elusive flow of heat across multiple length scales, materials, 

and most important in a direction dependent manner. An anisotropic heat transport is easily 

achieved with 2D materials, since these already inherently exhibit a structural anisotropy. High 

anisotropies are achieved when these “hard” 2D materials are combined with “soft” materials, 

like polymers. In principle, the anisotropy is enhanced for small stacking periodicities, disordered 

stacking, and by choosing constituents with large thermoelastic contrast. In dielectrical (partially) 

crystalline hybrid materials, phonons are the main energy carrier in heat transport. Thermal 

transport studies would therefore greatly benefit from understanding the direction-dependent 

mechanical properties. What are the requirements for an ideal model system for such a study? 

Such a model system should exhibit homogeneity, translational crystallographic symmetry, 

tunability with respect to filler loading, strong anisotropy, perfect texture, and transparency.  

The hybrid Bragg stacks, consisting of synthetic Hec and PVP, fulfill all requirements. During spray 

coating and subsequently drying, the Hec nanoplatelets and PVP arrange in a homogeneously 

ordered structure. By varying the polymer content, the d-spacing can be tuned from 1.9 to 3.8 nm, 

corresponding to a PVP layer thickness ranging from 0.9 to 2.8 nm. The interlayer height is smaller 

than the polymer’s radius of gyration (Rg ~ 13 nm), which emphasizes the strong polymer 

confinement. As stated in chapter 3.4, the accordance of interlayer height and dimension of the 

polymer chain also means that the interlayer height can only be changed in defined steps related 

to the diameter of a PVP chain. Two perfect homogeneous 1D crystalline hybrid Bragg stacks with 

a d-spacing of 2.3 and 3.0 nm, corresponding to a filler content of 40 and 31 vol%, were found 

(Figure 6A, 6C). The hybrid films impress with a rational series up to the 9th order, low CVs, and 

sharp and intense reflections. The interlayer height of 1.3 and 2.0 nm can be traced back to a 

monolayer (Figure 6B) and a bilayer (Figure 6D) of PVP chains, respectively. For filler contents of 

23 and 51 vol%, volume ratios do not match and random interstratifications of two interlayer 

heights are observed, as indicated by increasing CVs and less intense reflections. 
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Figure 7: XRD patterns, TEM images and direction-dependent thermoelastic measurements. XRD 

patterns of the hybrid Bragg stack with a Hec content of A) 40 vol% and C) 31 vol% showing 1D 

crystallinity as indicated by a rational 00l-series up to the 7th and 9th order. B) Schematic of the 

monolayer of PVP, which corresponds to the observed interlayer height of 1.3 nm. D) Schematic 

of the bilayer of PVP, which corresponds to the observed interlayer height of 2.0 nm E) In-plane 

and F) Cross-plane thermal conductivity, as a function of the Hec volume content. G) Engineering 

moduli as function of the Hec volume content. Reprinted with permission from Wang et al.51 

Copyright 2019 The Authors. 

The thermal transport in nanocomposites with defined structure on the nanoscale is highly 

influenced by the increasing amount of interfaces, which lead to the scattering of phonons. 

Additionally, in hard-soft composites, the acoustic mismatch of the two different materials with 

varying speed of sounds inhibits the thermal transport. The in-plane thermal conductivity (k∥) is 

determined by lock-in thermography and achieves the highest value for the pure Hec film (Figure 

6E). The in-plane conductivity of the hybrid Bragg stacks lies in between the limiting values of the 

pure Hec and pure PVP film and thus follows a simple parallel mixing rule. This is surprising as this 

implies that the strong polymer confinement has no impact on the in-plane thermal transport. The 

cross-plane conductivity (k⊥) was determined by photoacoustic measurements and deviates from 

the effective medium behavior, as the hybrid Bragg stacks show a broad minimum at 

k⊥  = 0.09 W/mK (Figure 6F). This deviation is attributed to the tremendous amount of interfaces. 

As expected for anisotropic nanocomposites, the anisotropy (k∥/k⊥) is exceptional high and has its 

highest value of 38 for the hybrid film with the lowest PVP content.  

The direction-depended mechanical properties of hybrid Bragg stacks can easily be probed with 

Brillouin light spectroscopy (BLS). The underlying principle is Brillouin light scattering, the inelastic 
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scattering of the probing single-frequency laser light (photons) on the phonons in the probed 

material.87 This allows determining the speed of sound of the material and thus the calculation of 

the elastic constants, which are connected with the engineering mechanical properties (chapter 

3.6). Because of the unique macroscopic orientation, the Hec:PVP system is the first polymer-clay 

nanocomposite for which the direction-dependent Young’s and shear moduli are reported. 

Comparable to the in-plane thermal conductivity, all engineering mechanical properties obey a 

simple mixing rule and the values for the hybrid films lie in between the pure Hec and PVP film 

(Figure 6G). Despite the strong polymer confinement, bulk properties are sufficient to describe 

the properties of the hybrid Bragg stacks. Furthermore, the Young’s moduli and the torsional shear 

modulus (G12) increase with increasing Hec content, whereas the sliding shear modulus (G13) 

decreases. Potentially this can be explained with the reduced polymer chain entanglement upon 

confinement. Moreover, the structural anisotropy results in a mechanical anisotropy ratio of 7, as 

the Young’s moduli (E∥/E⊥) exhibit large differences in the in-plane and cross-plane direction. 

Finally, the results from the thermal and mechanical characterization were correlated. The 

average phonon mean free path was calculated and ranges in-plane from 0.8 to 1.1 nm for the 

hybrid Bragg stack films and reaches a maximum of 1.4 nm for the pure Hec film. The lateral size 

of a Hec nanoplatelet (20 000 nm) by far exceeds the average mean free path of a phonon. 

Consequently, the in-plane thermal conductivity is influenced by intrinsic material properties and 

not by grain boundaries. Moreover, E∥, E⊥, and G12 directly correlate with the in-plane conductivity. 

Comparable to the cross-plane thermal conductivity, the mean free path of a phonon for the 

hybrid Bragg stacks in the cross-plane direction is independent of the composition with a value 

comparable to the lattice periodicity (~0.1 nm). As confirmed with a series resistance model, the 

thermal transport in the cross-plane direction is governed by the clay/polymer interface and the 

strongly reduced interfacial conductance. Changes in the composition and consequently in the 

interlayer height are insignificant due to the overwhelming contribution of the reduced interfacial 

conductance. This observation is as well highlighted by the non-existing correlation between 

thermal and mechanical properties for the cross-plane direction. 
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4.2 Impact of Ultraconfinement on Composite Barriers 

Polymer-clay nanocomposites are appreciated for their ability to improve the barrier 

performance. The permeability (P) of a gas through a barrier coating is given by P = DS,88 with D 

and S as diffusivity and solubility, respectively. In nanocomposites, D is reduced due to the 

incorporation of crystalline and impermeable fillers like clay. Like that, the diffusion path (tortuous 

pathway) of gas molecules is increased. Knowing that it is important to increase the pathway of 

the gas molecules, it becomes clear that the distribution of clay in the nanocomposite is crucial. 

According to chapter 3.3, in an exfoliated or delaminated but inhomogeneously distributed 

nanocomposite, the effect is lower compared to higher filled phase-segregated nanocomposite or 

hybrid Braggs stacks. Like predicted by Cussler’s theory, D and consequently P nonlinearly depends 

on the aspect ratio (α) and volume fraction (φ) of filler (equation 10).12  

-./
 = --" = 01 +  1 2 3�4�
1 −  456

7�
 (10) 

With P = permeability of the filled polymer matrix, P0 = permeability of the neat polymer matrix, 

φ = filler content (volume fraction), α = aspect ratio of the filler, and μ = geometrical factor of the 

filler depending on its shape. 

In highly filled and homogeneously ordered hybrid Braggs stacks, the polymer features strong 

confinement, which also alters the polymer’s properties like segment mobility33 or glass transition 

temperature.37 However, this aspect is not considered by Cussler’s theory and was studied within 

this publication. 

The moisture sensitivity of barrier coatings is a known problem and reasoned by the solubility of 

the permeate within the matrix. Generally, polar molecules are more soluble in polar than in 

nonpolar matrices and vice versa. At low RH, hydrophilic polymers like PVA or PVP are perfect 

barrier matrices for hydrophobic permeates like oxygen. However, polar polymers are sensitive to 

water and swell, which consequently leads to increasing oxygen permeabilities (OP). The reason 

is that the dissolved water molecules act as softener and increase the segment mobility.89 Up to 

now, a systematic study of the relation between permeability and moisture sensitivity is missing. 

For such a study, a model system is required that differs in filler content but at the same time is 

identical with respect to aspect ratio, filler type, quality of texture, and 1D crystallinity. Clearly, 

delaminated or phase-segregated nanocomposites, which are by far the most common types of 

nanocomposites, cannot serve as such a model system. However, the two hybrid Bragg stacks, 

comprising Hec and PVP (also see chapter 4.1) are the perfect candidate due to their 1D 
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crystallinity, as verified by XRD patterns and TEM images. At a filler content of 40 and 31 vol%, 

interlayer heights of 1.3 and 2.0 nm, corresponding to a monolayer and bilayer of PVP, 

respectively, were realized (Figure 7A-D).  

 

Figure 8: XRD patterns, microscopy images, and study of swelling behavior and oxygen 

permeability. XRD patterns of the hybrid Bragg stack with a Hec content of A) 40 vol% and C) 

31 vol%, displaying intense reflections and a rational series up to the 9th order. TEM images of the 

hybrid Bragg stacks with a Hec content of B) 40 vol% and D) 31 vol%, confirming the perfect 

translationally homogeneity. E) Increase of the normalized interlayer height and F) Oxygen 

permeability of the hybrid Bragg stack with a Hec content of 40 vol% (red) and 31 vol% (blue). 

Reprinted with permission from Reference 39. Copyright 2020, American Chemical Society. 

First, the swelling behavior of both hybrid films is studied by measuring XRD at different RH. Both 

films swell as indicated by increasing interlayer heights. Hence, the difference between the 

increase of the normal interlayer height is low for both films and less than 15 %. In total, the water 

uptake of the less-filled hybrid film (31 vol%) is slightly higher (Figure 7E).  

However, it is known that the oxygen transmission rate and the resulting OP is more sensitive to 

changes in RH and thus the more appropriate method of analysis. With rising RH, the OP first 

slightly decreases (Figure 7F). This phenomenon is also observed for other polymers90 or cellulose 

films.91 Up to a certain threshold value (< 35% RH), the absorbed water first fills the free volume 

in the system, which leads to a lower diffusivity. Above this threshold value, the permeability 
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drastically increases. Comparing both hybrid films, the OP of the higher filled hybrid film (40 vol%) 

is around a factor of 8 lower. Hence, this reduction in OP due to the higher filler content is higher 

than expected. Based on Cussler’s theory, as the aspect ratio (α), the geometrical factor (μ), and 

the permeability of the neat polymer matrix (P0) are the same for both hybrid films, the 

permeability is only expected to be reduced by a factor of 1.92, if the filler content is increased 

from 31 to 40 vol%. The enhanced offset in permeability cannot be attributed to the effect of the 

increased filler content. Once again, it has to be considered that in such highly filled hybrid films, 

the polymer features strong confinement. We therefore attribute this enhanced offset in 

permeability to the confinement effect. It was recently suggested by Eckert et al.33 that the 

confinement reduces the segment mobility. We suggest that the reduced mobility of the chains 

also reduces the diffusivity of oxygen. In summary, besides the nonlinear dependence of diffusivity 

on aspect ratio and volume content of filler, also a linear effect of confinement exists.  
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4.3 One-dimensional crystalline clay nacre-mimetics with record filler contents 

(73 wt%-91 wt%): From brittle to ductile to brittle 

For mimicking nacre, the realization of a homogeneous periodic mechanical decoupling is the key 

in order to generate materials, which are strong as well as tough. For such a homogeneous 

decoupling, 1D arrangements of filler platelets and polymer with uniform thickness are required. 

Platelets with uniform thickness are easily achieved by osmotic swelling, a thermodynamically 

favored repulsive progress. As stated above, NaHec shows this rare phenomenon and forms 

nematic liquid crystalline phases, which can easily be mixed with polymer solutions. Nevertheless, 

another problem needs to be addressed for the synthesis of hybrid Bragg stacks: phase 

segregation during the drying process. However, phase segregation can be counterbalanced by a 

sufficient interaction with the clay surface or the interlayer cation. The polymers PVP and PEG are 

well known for complexing ions and enable the fabrication of homogeneous non-segregated 

hybrid Bragg stacks. In literature, intercalated phases with a basal spacing of 1.8 and 1.4 nm were 

described for PEG.33, 45-46  

Within this work, the PEG volume contents for these two hybrid Bragg stacks were optimized and 

the defect-free crystallinity of the hybrid Bragg stacks with a basal spacing of 1.77 (Figure 8A) and 

1.38 nm for PEG volume contents of 46 and 30 vol%, respectively, was verified by PXRD 

measurements. The XRD pattern show a rational 00l series up to the 5th and 4th order with small 

FWHM and very low CVs of 0.08 and 0.7%.  

Additionally, we exploit the ability of the charge homogeneous Hec for the synthesis of ordered 

interstratifications, consisting of strictly alternating osmotically swelling Na+ interlayers and NH4
+ 

interlayer. Immersed in water, the Na+ interlayers osmotically swell. This results in double stacks 

(DS), two hectorite platelets connected by a non-swelling NH4
+ interlayer. Equally to monolayers 

of Hec, hybrid Bragg stacks with two different thicknesses of the PEG decoupling layer can be 

synthesized. Compared to the basal spacing of the hybrid Bragg stacks containing monolayers, the 

periodicity is increased by the thickness of the NH4
+ hectorite of 1 nm. The basal spacing is thus 

2.79 (Figure 8B) and 2.38 nm for a PEG content of 30 and 18 vol%. The quality of the 1D crystalline 

order is as well verified in the XRD patterns by rational 00l series up to the 9th and 6th order, low 

FWHM and low CVs.  

The prepared samples allow to systematically study the influence of filler content, thickness of 

PEG decoupling layer and thickness of Hec platelet on the bulk mechanical properties. Moreover, 
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the platelet diameter was adjusted by ultra sonication from 18000  nm to 340 nm and 406 nm for 

Hec and DS, respectively.  

 

Figure 9: Schematic structure of the hybrid Bragg stacks (top), TEM microscopy images (middle), 

XRD pattern and stress strain curves. The XRD patterns and TEM images for A) 54 vol% of 

monolayers of Hec and B) 70 vol% of DS confirm the perfect 1D crystallinity as indicated by intense 

basal reflections, rational 00l series and long range periodicity as observed in the TEM images. C) 

Stress strain curve displaying the influence of filler diameter while keeping the filler content 

constant (54 vol%): large nanoplatelet diameter (red, circle) vs. small nanoplatelet diameter (blue 

circle) for 54vol% Hec. D) Stress strain curves illustrating the influence of thickness of filler (Hec - 

blue vs DS -black) and thickness of decoupling layer (82 vol% DS - black asterisk, 70 vol% DS - black 

circle, 70 vol% Hec - blue asterisk, 54 vol% Hec - blue circle). E) Transparent and flexible self-

supporting films allowing folding without breaking.  

First, the impact of the nanoplatelet diameter on the mechanical properties was investigated 

(Figure 8C), while keeping the filler content constant to 54 vol%. The stress strain curve of the 

hybrid Bragg stack with large nanoplatelet diameter Hec shows a brittle failure with a maximum 
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strength of 147 MPa and a small elongation of 1.1% (Figure 8C-red circle). However, if the Hec 

nanoplatelet diameter is reduced from 18000 nm to 340 nm, the mechanical properties 

completely change, leading to a ductile material with an elongation increased by a factor of 8 

(Figure 8C -blue circle). At a yield strength of 48 MPa, plastic deformation is observed, until the 

sample breaks at an elongation of 8.4%. In contrast to the large Hec nanoplatelets, which appear 

to be rigidly locked together, the smaller Hec platelets with a diameter of 340 nm allow the sliding 

of the platelet against each other, which leads to a dissipation of local high stresses. Moreover, 

the transparent nacre-mimetic can be folded like a paper (Figure 8E).  

Obviously, smaller diameters are advantageous for tough nacre-mimetics, why we focused on 

hybrid Bragg stacks made with the small diameter of Hec and DS.  

Further increasing the Hec content to 70 vol% is expected to improve the Young’s moduli and 

possibly also the strength (Figure 8D-blue asterisk). While the Young’s modulus increases slightly 

to 13 GPa, the strength however decreases from 48 MPa to 42 MPa. Apparently, the sliding of the 

Hec platelets is hindered due to the coordination of the single layer PEG chain in the interlayer to 

Na+ interlayer cations.  

Moreover, DS are utilized, which are inherently 15% stiffer compared to monolayers of Hec, as 

determined by a wrinkling technique.24 Consequently, this should allow to further increase the 

Young’s moduli and possibly strength. Indeed, the Young’s moduli increase up to 32 GPa and 

26 GPa for a DS content of 70 vol% (Figure 8D-black circle) and 18 vol% (Figure 8D-black asterisk), 

respectively. However, the fact that the higher filled hybrid Bragg stack shows a lower Young’s 

modulus implies that the mixing rule is not applicable. This counterintuitive trend is also observed 

for the strength. In addition, comparing the hybrid Bragg stacks with the same thickness of the 

decoupling PEG interlayer, the ductility of the hybrid Bragg stack containing monolayers of Hec 

(Figure 8D-blue circle) is completely lost when applying DS (Figure 8D-black circle). The reasons 

for the catastrophic failure remain unclear. However, the strength (≈ 200 MPa) and stiffness 

(32 GPa) for the hybrid Bragg stack with DS are interestingly high, as such stiff and strong nacre-

mimetics are more likely to be achieved with high Tg polymers92 in combination with cross-

linking60, 74 or by combining low Tg polymers with a hydrogen bonding network.77-78  
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ASTRACT 

Natural materials like nacre are a source of inspiration because of their exceptionally ordered 

structure and the combination of both strength and toughness. However, for synthetic nacre-

mimetic composites, the production of strong but stretchable materials at high clay contents 

remains challenging. Systematic investigations of factors crucial for mechanical properties, 

require model compounds that differs in the clay content but at the same time are comparable 

in terms of quality of texture, type of filler, and homogeneity, best assured by one dimensional 

crystallinity. Here, we introduce such a model system, consisting of mono or double layer of 

fluorohectorite and polyethylene glycol (PEG). With this components, the filler content can be 

carefully adjusted in the range 73 wt% - 91 wt%. To the best of our knowledge, the latter hybrid 

Bragg stack represents the record filler content in a clay nacre-mimetic. Of the five hybrid 
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Bragg stack films only the sample consisting of a hectorite monolayer and two layers of PEG 

was found to be ductile with an elongation of 8% and a yielding strength of 48 MPa. While this 

sample can be folded like paper into origami like structures without facture, all other samples 

should brittle behavior resulting in catastrophic failure. 

INTRODUCTION 

Biological composites like wood or bones always inspired scientists for the fabrication of 

advanced, concomitantly strong and tough (damage-tolerant) materials of low density. A strong 

material can resist plastic deformation, whereas a tough material is resistant to fracture.1-2 On a 

first glance, strength and toughness seem to be mutually exclusive as toughness is accompanied 

with the ability of a material to distribute local high stresses by limited deformation. Therefore, 

strong materials tend to be brittle, whereas deformable, weak materials tend to be tough. 

However, nature developed strategies to reconcile both mechanical properties.  

One prominent example is nacre, mainly consisting of strong aragonite platelets (E = 70 GPa,3 

95 vol%, 200-900 nm thickness, 5-8 µm diameter), hierarchically arranged in a so called brick 

and mortar structure, separated by a tough but weak (11 GPa,3 10-50 nm thickness) 

biopolymer.2 While the ceramic component provides high strength, the biopolymer distributes 

high local stresses and dissipates energy lending toughness to nacre. The thin biopolymer layer 

acts as lubricant and allows limited sliding of the platelets.4 To preserve strength and to dissipate 

more energy, sliding, however, needs to be limited by additional toughening mechanism like 

mineral bridges connecting platelets,5 a rough aragonite surface,6 platelet interlocking due to 

corrugated platelets,6 a tortuous crack path and pull out of platelets.1  

When mimicking nacre with an atomically flat 2D material like graphene oxide or clay, 

characteristics like mineral bridges, rough surfaces or platelet interlocking are hard to realize. 

What can be mimicked is the homogeneous periodic mechanical decoupling. This requires, 

however, a uniform thickness and a one-dimensionally crystalline arrangement (“hybrid Bragg 
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stack) of the filler platelets and polymer. Since the clay filler is “fabricated” in a top down 

process via delamination, this process has to be thermodynamically allowed to result in uniform 

thickness. While the standard procedure of liquid phase exfoliation provides a broad 

distribution of thicknesses, the rare phenomenon of repulsive osmotic swelling yields a unique 

thickness controlled by thermodynamics.7-8 Given a large diameter of the layered starting 

material, osmotic swelling will produce a nematic liquid crystalline phase that can be 

homogenously be mixed with a polymer. Upon drying a wet coat of this nematic phase, 

however, in all but a few cases (partial) phase segregation will be triggered (polyvinyl alcohol,9-

11 ethoxylated polyethylenimine/poly (acrylic acid),12 sodium carboxymethyl cellulose13) 

unless a sufficient interaction with the clay surface or the interlayer cation counterpoises the 

segregation. Only two polymer/clay systems have been identified that form hybrid Bragg stacks 

with two different polymer contents: polyvinylpyrrolidone (PVP)14-16 and polyethylenglycol 

(PEG).17-19 In summary, all these requirements render a systematic variation of parameters 

challenging, while filler contents of more than 75 wt% could yet not be realized with a 

homogenous, non-segregated material.18 

Synthetic Na-fluorohectorite not only swells osmotically allowing for utter delamination into 

1 nm thick layers.20 Due to its unique homogeneity of charge density it, moreover, can be 

converted into an ordered interstratification where osmotically swelling and non-swelling 

interlayers are stacked in an strictly alternating fashion, which then allows for delamination into 

double stacks of 2 nm thickness.21-24 Together with appropriate amounts of PEG we here 

fabricated hybrid Bragg stacks with different, well-defined filler contents and study their 

mechanical performance in stress strain experiments. Moreover, two grossly different 

nanoplatelet diameters were applied.  
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EXPERIMENTAL SECTION 

Materials. The synthetic clay sodium fluorohectorite (Hec, 

[Na0.5]inter[Mg2.5Li0.5]oct[Si4]tetO10F2) was obtained via melt synthesis followed by long-term 

annealing, according to an established procedure.20, 25 PEG (Mw = 1500 g mol-1) was provided 

by Sigma Aldrich.  

Film preparation and characterization. The as-synthesized Hec was delaminated by 

immersing it into Millipore water (0.4 vol%). The synthesis of double stacks (DS), consisting 

of strictly alternating sodium and ammonium interlayers was performed according to an already 

published procedure.23 For the reduction of the original diameter of Hec and DS, the suspension 

was sonicated with an ultrasonic horn. PEG was dissolved in Millipore water (0.8 vol%) and 

added in the desired weight ratio. The suspension was mixed for at least one day in an overhead 

shaker. The quality of the suspension, in terms of homogeneity, was crosschecked by small 

angle X-ray scattering (SAXS).  

The nanocomposite films sprayed on a PET foil (36 µm, Bleher Folientechnik, Germany) were 

prepared by employing a fully automatic spray coating system. Every spraying cycle is followed 

by a drying cycle of 90 s at a temperature of 40 °C. The films were characterized by X-ray 

diffraction (XRD), transmission electron microscopy (TEM), and thermogravimetric analysis 

(TGA). The mechanical characteristics were determined by tensile testing with a ZwickRoell 

testing machine equipped with a 20N load cell. Additional information about the sample 

preparation and characterization methods can be found in Section S1 and S2 (Supporting 

Information).  
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RESULTS AND DISCUSSION 

Fabrication of 1D crystalline hybrid Bragg stacks with varying filler content 

Among the 2D materials, only a handful compounds are known that show repulsive osmotic 

swelling,26 which allows for most gentle delamination into monolayers only while preserving 

the diameter pristine crystals. Synthetic sodium fluorohectorite (Hec, [Na0.5]inter [Mg2.5Li0.5]oct 

[Si4]tet O10F2), obtained by melt synthesis,25 followed by long-term annealing,20 shows this rare 

phenomenon and is moreover characterized by phase purity, homogeneous charge density and 

thus uniform intracrystalline reactivity. When Hec is immersed into deionized water, 1 nm thick 

nanoplatelets with a median diameter of 18 000 are obtained (Hec↑).20 The suspension obtained 

is not isotropic but rather represents a nematic phase due to the large aspect ratio of dispersed 

colloids, which are held in a cofacial arrangement due to the electrostatic repulsion. 

Due to its superb charge homogeneity, Hec can be transformed into an ordered 

interstratification by partial ion exchange with NH4
+ resulting in strictly alternating osmotically 

swelling Na+ interlayers and non-swelling NH4
+ interlayers. When this ordered 

interstratification is immersed into water, it spontaneously delaminates into double stacks 

(DS↑),23 where two hectorite layers are connected via a non-swelling interlayer of ammonium 

cations. As shown previously applying a wrinkling method,23, 27 these DS are 15 % stiffer than 

monolayers with in-plane moduli of 146 GPa and 171 GPa, repectively. For customizing the 

diameter, ultra-sonication is applied to reduce the diameter of Hec and DS to 340 and 406 nm, 

respectively (Figure S1). The small diameter platelets are referred to as Hec↓ and DS↓ (Fig. 1 

top).  

For the synthesis of tough nanocomposites, polymers with a low glass transition temperature 

(Tg) are advantageous. PEG shows a Tg of -20°C, it is water soluble and non-ionic and therefore 

does not interfere with the repulsive nature of the nematic Hec phase. PEG, moreover, is known 

to form complexes with Na+28 and consequently it indeed forms intercalated phases with two 
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different PEG volumes,19 because phase separation is counterpoised by the interaction with the 

interlayer cation. 

 

Figure 1: Schematic structures of the hybrid Bragg stacks (top), TEM microscopy images 

(middle) and XRD patterns. The XRD patterns and TEM images for all hybrid films confirm 

the perfectly 1D crystallinity as indicated by intense basal reflections, rational 00l-series and 

long range periodicity as observed in the TEM images. 

Independent of diameter and nanoplatelet thickness (Hec, DS) dilute (<1 vol%) suspensions 

represent nematic phases in water with nanoplatelets being separated to large distances 

> 50 nm.8 Therefore solution compounding could easily be achieved simply by mixing the 

nematic Hec and DS phases with different amounts of an aqueous PEG solution as evidenced 

by small angle X-ray scattering (SAXS) (Figure S2), which proves that the nematic character 

of the suspension is preserved during compounding indicating periodic homogeneity. 
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Spray coating on PET followed by gentle drying produced self-supporting, transparent 

nanocomposite films that could easily be pulled of the substrate. Due to the huge aspect ratio 

the nanoplatelets, moreover, align parallel to the substrate and actually, a monocrystalline film 

was obtained with the stacking direction oriented perpendicular to the film (Figure 1 middle).  

Intercalated phases with PEG volume contents of 46 vol% (Hec/2PEG)17-19, 29-30 and 30 vol% 

(Hec/1PEG)19 corresponding to periodicities of 1.8 nm and 1.4 nm, respectively, were described 

in literature. Independent of the nanoplatelet diameter, the XRD patterns recorded for the 

various films confirm the published periodicities of 1.77 nm and 1.38 nm for Hec↑/2PEG, 

Hec↓/2PEG and Hec↓/1PEG, respectively. The PEG volume contents were carefully optimized 

to yield perfect periodicity. According to Meuring’s rule31, a defect-free 1D crystallinity 

corresponds with small FWHM. With our PEG-content optimized samples intense basal 

reflections of a rational 00l series up to the 5th and 4th order and a very low CVs of 0.3 to 0.7 % 

for Hec↓/2PEG and Hec↓/1PEG, respectively, (Figure 1, Table S1) could be achieved. 

 

Figure 2: Optimization of the PEG content of Hec↓/2PEG and Hec↓/1PEG to improve 1D 

crystallinity of hybrid Bragg stacks. Defect-free periodicity corresponds to minima in CV and 

FWHM, which are observed at 46 and 30 vol%, respectively for Hec↓/2PEG and Hec↓/1PEG.  

As expected, FWHM minima (Figure 2) at 46 vol% (Hec↓/2PEG) and 30 vol% (Hec↓/1PEG) 

coincide with CV minima. Such low CV of 0.1 %( Hec↑/2PEG) are only observed if the 

interlayer height is absolute uniform, which usually requires ionic or molecular interlayer 
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cations of the same type. Observing such a low CV for a hybrid Bragg stack with intercalated 

macromolecules is quite surprising as even low molecular weight polymers are expected to 

adopt different configurations. 

In the literature two conflicting structural models are discussed for Hec/2PEG: a double layer 

of PEG chains19 or PEG-helices. Even the most precise determination of the periodicity in 

stacking direction does not allow to differentiate since both secondary structures will have 

similar heights and both would be in line with the observed interlayer height of 0.77 nm (1.77 

nm – thickness of clay layer). For simplicity of drawing the schematics shown in Figure 1, top 

were drawn with double layers. Transmission electron microscopy (TEM) images (Figure 1, 

middle) corroborate the defect-free periodic homogeneity. 

Applying DS, periodicities and filler content could be varied without compromising 

homogeneity or the quality of 1D crystallinity. As described for Hec↓/2PEG and Hec↓/1PEG 

the PEG content was carefully optimized and the optimum 1D crystallinity was observed for 

30°vol% and 18 vol% with CV values of 1.6 and 1.0 for DS↓/2PEG and DS↓/1PEG, 

respectively (Figure 1). As expected the d-spacings increase by 1 nm to 2.79 and 2.38 nm for 

DS/2PEG and DS/1PEG, respectively as compared to the Hec composites, as the thickness of 

NH4
+- hectorite is 1 nm. The quality of the 1D crystallinity of the hybrid Bragg stack is 

comparable to the Hec composites as indicated by intense reflections, a rational 00l-series up 

to the 9th and 6th order (Figure 1), respectively, a low FWHM and a low CVs as mentioned 

above. Moreover, TEM images of both DS composites also showed an exceptional long rang 

order (Figure 1). Hec↓/1PEG and DS↓/2PEG compositions differ only by the additional NH4
+ 

that only shows up by slight variations in the wt% content while the volume content is the same 

within experimental errors (Table S1). As becomes evident from the PXRD traces and the TEM 

images, the periodicity of the latter is, however, doubled and thus the interface area between 

PEG and the clay is halved. 
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The five different samples prepared allow for studying in a more systematic way the influence 

of nanoplatelet diameter, filler content and thickness of polymeric decoupling layer on bulk 

modulus, yield strength and elongation at break for nacre mimics representing single hybrid 

phases. 

Bulk Mechanics by tensile testing of self-supporting films 

Stress strain curves were measured at 53 % relative humidity (RH) to determine the mechanical 

properties of the hybrid Bragg stack films (Figure 3 A-B). Values reported in Table 1 represent 

average values of seven individual measurements.  

 

Figure 3: Study of the mechanical properties by tensile testing. A) Influence of the filler 

diameter: Hec↑/2PEG (red, circle) and Hec↓/2PEG (blue, circle). B) Influence of thickness of 

filler (Hec vs DS) and thickness of decoupling layer (1PEG vs 2PEG): DS↓/2PEG (black, 

circle), DS↓/1PEG (black, asterisk) and Hec↓/1PEG (blue, asterisk). C) One half of a test stripe 

showing brittle fracture of Hec↑/2PEG. D) One half of a tested sample illustrating the plastic 

deformation of Hec↓/2PEG. E) Transparent and flexible self-supporting films allowing folding 

without breaking.  
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First, the impact of the nanoplatelet diameter on the mechanical properties was investigated. 

The stress-strain curve of the hybrid Bragg stack with a large nanoplatelet diameter Hec↑/2PEG 

(Figure 3A, red, circle) showed a steep increase and failed catastrophically at a maximum 

strength of 147 MPa and a small elongation of 1.1 %, without any sign of plastic deformation. 

Moreover, the fracture point (Figure 3C) shows a defined, smooth edge, being characteristic for 

a brittle fracture.  

At low stress, a similar slope is observed for the small diameter filler (Hec↓/2PEG, Figure 3A, 

blue, circle), as illustrated by comparable Young’s moduli of 10 GPa and 12 GPa for 

Hec↓/2PEG and Hec↑/2PEG, respectively. However, contrary to the large diameter 

nanoplatelets, for the small diameter filler Hec↓/2PEG at a yield strength of 48 MPa a plastic 

deformation is observed. While the strain increased constantly, the stress was slightly reduced, 

until the sample breaks at an elongation of 8.4 %. The large Hec nanoplatelets appear to be 

rigidly interlocked and local stresses lead to a brittle fracture, while decreasing the diameter 

leads to a ductile material with elongation increased by a factor of 8. This suggests that the 

smaller Hec platelets with a diameter of 340 nm allow the sliding of the platelets against each 

other, going along with a stretching of the test strip (Figure 3D). Moreover, the transparent 

nacre-mimetic can be folded like a paper (Figure 3E) without breaking. While previous studies 

have varied the diameter by applying different clay sources,11 which implies that many other 

parameters are inevitably also changes, in particular the amount of accessory minerals, the 

cation exchange capacity and the homogeneity of charge density, here the diameter was 

changed by sonication, which keeps everything else constant. With average diameters of 

18000 nm and 340 nm and assuming circular shape, absolute areas of 508.938 µm2 and 

0.182 µm2 indicate that the interface area for an individual Hec↑/2PEG nanoplatelet is by a 

factor of ≈ 2800 larger than for Hec↓/2PEG. In a first approximation, the absolute interaction 

for adjacent individual platelets in the stacking direction will thus also be much stronger for 
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Hec↑/2PEG. The brittle behavior would actually suggest that it is too strong to allow sliding 

and energy dissipation related to it.  

The ability of a material to undergo deformation due to frictional motion between stacked 

moieties in the brick and mortar structure is crucial for the local dissipation of high stresses that 

would otherwise cause the material to fracture by stress concentration into a single filler 

nanoplatelet. The deformation by platelet sliding in nacre is limited by the surface roughness 

of the aragonite platelets and mineral bridges, which restore the interaction and assure a 

constant strength during plastic deformation. For clay nanocomposites, sliding has previously 

been observed with polymers, which are capable of forming sacrificial hydrogen bonds.32-33 

Since the clay surface is atomically flat and carries no functional groups capable of forming 

e.g. hydrogen bonds, the deformation process in the hybrid Bragg stacks deficient of such 

hydrogen bonding networks, is lacking necessary re-pinning mechanisms and therefore the 

strength slightly decreases with elongation.  

As the smaller diameter proved advantageous for the toughness, we focused on hybrid Bragg 

stacks made with the small diameter Hec↓ and DS↓. 

Table 1: Overview of material characteristic obtained by tensile testing at 53% RH 

sample Young’s 

modulus - E 

(GPa) 

Maximum tensile 

strength - σ (MPa) 

Elongation at 

break - ε (%) 

Work of fracture 

[MJ/m3] 

Hec↑/2PEG 12 ± 1 130 ± 20 1.2 ± 0.3 0.7 ± 0.4 

Hec↓/2PEG 10 ± 1 48 ± 5 8.4 ± 2.0 3.4 ± 0.9 

Hec↓/1PEG 13 ± 1 42 ± 8 0.4 ± 0.1 0.1 ± 0.0 

DS↓/2PEG 32 ± 3 202 ± 16 0.7 ± 0.1 0.8 ± 0.1 

DS↓/1PEG 26 ± 3 149 ± 19 0.7 ± 0.1 0.6 ± 0.1 
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Decreasing the PEG content is expected to improve Young’s moduli and possibly also strength 

as the content of the strong component clay is increased to 70 vol% for Hec↓/1PEG (Figure 3B-

blue, asterisk). While the Young´s modulus increases slightly to 13 GPa for Hec↓/1PEG as 

compared to 10 GPa for Hec↓/2PEG, however, the strength decreased from 48 MPa to 42 MPa 

when lowering the thickness of the PEG decoupling layer. This is due to the brittle nature of 

Hec↓/1PEG (ε = 0.4%). Obviously, the single layer PEG chain in the interlayer is coordinated 

to Na+ interlayer cations and the Coulomb interaction of the resulting “polycation” hinders 

sliding of the platelets against each other. This in turn would suggest that in case of Hec↓/2PEG 

the interface between the two PEG layers is the weakest part in the structure and allows sliding. 

As stated by Rolle et al.16 for Hec/PVP, hybrid Bragg stacks with more than one chain in the 

interlayer exhibit a “bulk-like” and a clay/polymer interface, resulting in two distinct glass 

transition temperatures of the polymer, strongly confined in this interlayer. Apparently, the 

distinct interfaces also determine ductility in highly filled hybrid Bragg stacks.  

Applying DS instead of Hec should allow for further increasing Young’s moduli and possibly 

also strength as the content of the strong component clay may be increased to a record value of 

up to 82 vol% for DS↓/1PEG (Figure 3B-blue, asterisk) while additionally the stiffness of DS 

is 15 % higher than of single Hec nanoplatelets. As expected, the Young´s moduli indeed 

increases to 32 GPa and 26 GPa for DS↓/2PEG and DS↓/1PEG, respectively. As the filler 

content for the latter is 12 vol% higher, this is counterintuitive and implies that the mixing rule 

does not hold. The same is true for the yield strength, which is ≈ 200 MPa for DS↓/2PEG and 

only ≈ 150 MPa for the higher filler content material DS↓/1PEG. However, the values for 

Young’s modulus and strength are interestingly high, as such high values in nanocomposites,  

are more likely to be achieved with high Tg polymers11 in combination with cross-linking34-35 

or by combining low Tg polymers with hydrogen bonding networks.32-33 
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For DS↓/1PEG a brittle behavior (ε = 0.7%) was expected based on observations with 

Hec↓/1PEG. Unfortunately and somewhat surprisingly, contrary to Hec↓/2PEG (Figure 3B, 

blue, circle) with DS↓/2PEG (Figure 3C, black, circle), the elongation is reduced from 8.4 % to 

0.7 %. Going from Hec to DS a much stiffer (factor 3) and stronger (factor 4) hybrid Bragg 

stack could be obtained but at the expense of completely loosing ductility. Since the specific 

interface area per volume is halved when going from Hec to DS, the opposite trend would be 

expected and the reasons for the catastrophic failure mechanism remain unclear. 

 

CONCLUSION 

To summarize, the mechanical properties depend on a number of parameters: filler content, 

filler stiffness and strength, the nature of potential interactions (reversible or sacrificial) and 

their strength at filler / organic interface, specific interface area, absolute platelet surface and 

diameter of nanoplatelets. Moreover, nacre mimics are highly anisotropic due to the highly 

anisotropic mechanical features of platy nanofillers and their preferred orientation in a film. 

The interdependence of the various parameters renders systematic optimization difficult. For 

highly filled nacre mimics the situation becomes even worse due to strong confinement effects 

that greatly modify the properties of decoupling layers not only as compared to the bulk 

properties but also when going from e.g. a 2 nm to a 1 nm confinement. Tougher materials 

require to improve decoupling while offering a variety of energy dissipation mechanisms. This 

in turn requires less confinement and therefore a higher slit for the polymer while not scarifying 

homogeneity by (partial) phase segregation.  
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Detailed information about the hybrid film preparation and characterization with instrumental 

details; a table for an overview of the structural and chemical characterization.  
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S1. Sample preparation 

Materials  

The synthetic clay sodium fluorohectorite (Hec, [Na0.5]inter[Mg2.5Li0.5]oct[Si4]tetO10F2) was synthesized by 

melt synthesis followed by long-term annealing, according to an already published procedure.1-2 The 

material featured a cation exchange capacity of 1.18 mmol g-1 and an aspect ratio of 18 000.1-2 The 

material with this huge pristine aspect ratio is referred to by Hec↑. Upon immersion in deionized water, 

the pristine material swells osmotically producing a nematic suspension with nanoplatelets of mean 

diameters of ≈ 18 µm being separated by > 100 nm at 0.4 vol%.3  

The synthesis of double stacks (DS), consisting of strictly alternating sodium and ammonium interlayers 

was performed according to an already published procedure.4 

To reduce the original diameter, a 0.4 vol% suspension of delaminated Hec↑ or DS↑ was sonicated for 

15 minutes in an ice bath applying a UIP 1000hd (Hielscher Ultrasonic GmbH, Germany) equipped with 

a ultrasonic horn BS2d22 and a booster B2-1.2, at 20 kHz with a maximal output power of 1000 W.  

The sonicated suspensions were diluted (0.0004 vol%), drop casted on a plasma-treated silicon wafer 

and sputtered with 10 nm carbon for scanning electron microscopy (SEM) applying a Zeiss Ultra plus 

(Carl Zeiss AG, Germany) at an operating voltage of 3 kV. ImageJ was used to evaluate the average 

diameter of 150 nanoplatelets. (Figure S1). The small aspect ratio suspensions and/ or platelets are 

referred to as Hec↓ and DS↓. The average diameter of Hec↓ and DS↓ is 340 and 406 nm, respectively.  

 

Figure S1. Typical SEM micrographs and histograms of the platelet diameter distribution of sonicated 

(A) Hec↓ and (B) DS↓ as evaluated by ImageJ. 
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Film preparation  

An aqueous Polyethylene glycol (PEG-1500 Mw = 1500 g mol-1, Sigma Aldrich) solution (0.8 vol%) 

was added in appropriate amounts to obtain the desired volume ratio of Hec or DS to PEG. To assure 

homogenization, the suspension was mixed for 1 day in the overhead shaker.  

The self-supporting films were prepared by spray coating. The fully automatic spray coating system was 

equipped with a SATA 4000 LAB HVLP 1.0 mm spray gun (SATA GmbH & Co. KG, Germany). 

Suspensions were sprayed on a corona-treated polyethylene terephthalate (PET) foil (optimont 501, 

bleher Folientechnik, Germany). The spraying and nozzle pressure were set constant at values of 2 and 

4 bar, respectively. The round per flat fan control was set to 6 with a flow speed of 3  mL s-1. The 

distance between the spraying gun and the substrate was 17 cm. The thickness of the suspension layer 

applied in one spraying step is about 2 µm which corresponds to about 20 nm dry film thickness. For 

drying the suspension layer, the sample is stopped under infrared lamps until evaporation of the solvent 

is complete. After every spraying cycle, a drying cycle of 90 s with a temperature of 40 °C took place. 

The spraying/drying cycle is repeated until the desired barrier film thickness of 30 µm is obtained. 

Afterward, the film was dried at 60 °C for 7 days, and peeled off from the PET foil for achieving self-

supporting films. 

In total, we prepared five different samples: Hec↑/2PEG, Hec↓/2PEG, Hec↓/1PEG, DS↓/2PEG, 

DS↓/1PEG. The nomenclature is based on the two different volume contents of PEG. A detailed 

explanation is given in Table S1. 

 

S2. Characterization of the suspensions and films 

Small Angle X-Ray Scattering (SAXS) 

All SAXS data were measured using the small-angle X-ray system “Double Ganesha AIR” 

(SAXSLAB, Denmark). The X-ray source of this laboratory-based system is a rotating anode 

(copper, MicroMax 007HF, Rigaku Corporation, Japan), providing a micro-focused beam. The data 

were recorded by a position-sensitive detector (PILATUS 300 K, Dectris). To cover the range of 

scattering vectors different detector positions were used. The measurements of the suspensions were 

done in 1 mm glass capillaries (Hilgenberg, code 4007610, Germany) at room temperature. To 

improve the detection limit of the in-house machine, the suspensions were first concentrated by 

centrifugation at 10,000 rpm for 1 hour. The data were radially averaged and background corrected. 

As background, a water-filled capillary was used. 
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Figure S2. One-dimensional SAXS pattern of the concentrated gel samples A) Hec↑/2PEG, B) 

Hec↓/2PEG, and C) DS↓/2PEG. The varying layer separations observed are related to the clay 

content of the suspensions rather than the Hec/PEG ratio.  

 

X-Ray diffraction (XRD) analysis 

XRD patterns for the films were recorded in Bragg-Brentano-geometry on an Empyrean diffractometer 

(PANalytical B.V.; the Netherlands) using Cu Kα radiation (8 = 1.54187 Å). The self-supporting films 

were placed on glass slides (Menzel-Gläser; Thermo Scientific). Before the measurements, samples 

were dried at 100 °C for one week in a vacuum chamber.  

As a measure of the quality of the one-dimensional crystallinity of the films, the coefficient of variation 

(CV) and the full width at half maximum (FWHM) were determined (Table S1). Large CV-values 

(> 3%[4]) and large FWHM indicate non-rationality of the diffraction pattern as caused by a random 

interstratification of different interlayer heights, which represent defects in the periodicity. 

 

Table S1. Overview of the structural and chemical characterization at 0 % RH. 

sample  nominal 

Hec:PEG 

ratio [wt%] 

nominal 

Hec:PEG 

ratio [vol%] 

PEG 

content* 

[wt%] 

PEG 

content** 

[vol%] 

Nominal d-

spacing 

[nm] 

Observed 

d-spacing 

[nm] 

CV [%] FWHM 

[°2θ] 

Hec↑/2PEG 73:27 54:46 27 46 1.77 1.77 0.1 0.1-0.2 

Hec↓/2PEG 73:27 54:46 27 46 1.76 1.77 0.3 0.3-0.5 

Hec↓/1PEG 84:16 70:30 16 30 1.38 1.38 0.6 0.5-0.9 

DS↓/2PEG 84:16 70:30 16 30 2.77 2.79 1.6 0.4-0.8 

DS↓/1PEG 91:9 82:18 9 18 2.38 2.39 1.0 0.5-1.0 

* determined by TGA (Fig. S2); ** recalculated from vol% PVP assuming bulk density 
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Figure S3. XRD pattern and TEM image of Hec↑/2PEG. 

 

Thermogravimetric analysis (TGA) 

These ratios were cross-checked (Figure S2, Table S1) for the dried films by thermogravimetric 

analysis (TGA), using a Mettler Toledo SDTA851 equipped with the gas control unit TS0800GC1 

(Mettler Toledo, USA). Changes in mass observed upon heating in synthetic air up to 900 °C were 

attributed to the combustion of PEG. (Figure S2). 

 

Figure S4. TGA curves of Hec↑/2PEG (red curve, circle), Hec↓/2PEG (blue curve, circle), Hec↓/1PEG 

(blue curve, asterisk), DS↓/2PEG (black curve, circle), DS↓/1PEG (black curve, asterisk). The weight 

loss below 150 °C corresponds to adsorbed water. 

 

Transmission electron microscopy (TEM) 

TEM images of the self-supporting films were taken on a JEOL JEM-2200FS (JEOL GmbH, Germany) 

at an acceleration voltage of 200 kV. Cross-section pictures of the self-supporting films were prepared 

with a Cryo Ion Slicer IB-09060CIS (JEOL, Germany). 
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Tensile testing 

The stress-strain curves were recorded with a ZwickRoell material testing machine of the type BT1-

FR0.5TN.D14 (ZwickRoell, Ulm, Germany) equipped with a 20 N load cell (Xforce HP, ZwickRoell, 

Ulm, Germany). The test strips had a dimension of 20 mm x 2 mm x 30 μm. Before testing, the test 

strips were conditioned in a desiccator with a relative humidity of 53 % RH for 7 days. A minimum of 

7 test strips was measured for every sample.  
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