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1. Summary – Zusammenfassung 

Summary 

This dissertation focuses on the creation of waterborne polymer-clay nanocomposites with 

superb barrier properties (O2, H2O, He), even at elevated relative humidity (RH). The high 

sensitivity of waterborne polymer nanocomposites to water vapor was mitigated by improving 

the donor-acceptor interactions between the polymer matrix and filler, increasing the polymer 

matrix crystallinity and by the self-assembly of the polymer-filler domains in the smectic phase. 

Furthermore, a special approach was used in spray coating to contribute to a perfect parallel 

alignment of the filler nanoplatelets. 

The permeability (P) of barrier nanocomposites is the product of the diffusivity (D) and 

solubility (S) of the penetrant. D is influenced by the incorporation of the impermeable platelets, 

thus increasing the diffusion path (tortuous pathway). According to the tortuous pathway models 

[1,2], D mainly depends on the filler aspect ratio (α) and volume fraction (ϕ). Utilization of a 

large aspect ratio (α ≈ 20000) synthetic sodium fluorohectorite (NaHec) as nanofiller together 

with a high loading (10-35 vol%) significantly decreases the diffusivity. S mainly depends on the 

affinity between the penetrant and the barrier, wherein polar molecules are basically more 

soluble in polar than in nonpolar matrices and vice versa. Accordingly, waterborne 

nanocomposites are typically poor barriers for polar water molecules. The remarkable oxygen 

barrier properties of such nanocomposites at a very low RH inevitably degrade at more elevated 

RH levels (> 35%). Increased amounts of water molecules sorbed on polar functional groups 

interrupt the polymer chain interactions and cause plastification and swelling of the polymer 

matrix. Modification of the filler with a hydrogen bond-capable modifier—for example, 6-

aminocaprohydroxamic acid hydrochloride (HA)—reduces the hydrophilicity of the filler to 

some extent and incites donor-acceptor interactions between the modifier and polymer matrix, 

thus decreasing the free volume and limiting swelling of the polymer matrix. 

Modification of the NaHec with HA (HAHec) reduces swelling of the filler in polyvinyl alcohol 

(PVA)—clay nanocomposites. Furthermore, the crystalline domains of the PVA polymer matrix 

show reduced water vapor sensitivity as well. Spray coating yields a perfectly textured film. A 

combination of the above-mentioned effects shifts the onset of significant swelling in the PVA 

nanocomposites to high RH regions. As a result, even at 23 °C and 90% RH, surprisingly low 
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oxygen (OTR) and water vapor (WVTR) transmission rates (0.11 cm3 m−2 day−1 bar−1 and 0.18 g 

m−2 day−1 respectively, for a coating of 0.42 μm) are observed. 

Polyacrylic acid (PAA), ethoxylated polyethyleneimine (PEIE) and HAHec form a perfectly 

homogeneous suspension in water. Doctor blading and spray coating produce highly textured 

nanocomposites containing polymer-clay domains in the smectic phase. Nevertheless, spray 

coating is superior to doctor blading because it yields significantly better ordered structures. The 

improved regularity enhances the electrostatic interaction between filler and matrix via the 

Madelung constant, which eventually reduces the transmission rates. As a result, the OTR and 

WVTR of the spray-coated waterborne nanocomposite coating with a thickness 21.4 µm at 38 °C 

and 90% RH are equal to 0.24 cm3 m-2 day-1 bar-1 and 0.003 g m-2 day-1 respectively. 

PVA nanocomposites were tested on the much more sophisticated gas, helium, as well. NaHec 

increases the barrier properties of the PVA polymer matrix against helium by a factor of about 

1000. It was also shown that decreasing the PVA molar mass leads to improvement of the helium 

barrier. 

Thus, high-barrier waterborne polymer-clay nanocomposites were obtained. Nanocomposites 

possess excellent barrier properties not only for nonpolar O2 and He, but also for polar water 

vapor. A combination of various effects shifts the swelling of waterborne nanocomposites to the 

high RH region, whereby superb barrier performance persists even at elevated RH. The achieved 

barrier properties of these waterborne polymer nanocomposites are not only applicable as a 

possible low-tech food packaging solution, but can also be put to use in high-tech display 

encapsulation or lighter-than-air applications. 
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Zusammenfassung 

Die vorliegende Dissertation befasst sich mit der Herstellung wasserlöslicher Polymer-

Schichtsilikate-Nanokomposite mit ausgezeichneten Barriereeigenschaften (O2, H2O, He), selbst 

bei erhöhter relativer Feuchtigkeit (RH). Mit dem Ziel die hohe Wasserdampfempfindlichkeit 

von wasserbasierten Polymer-Nanokompositen zu verringern, wurden die Donor-Akzeptor-

Wechselwirkungen zwischen den Polymermatrizen und dem Füllstoff erhöht. Dadurch wurde die 

Kristallinität der Polymermatrix und die Selbstassemblierung der Polymer-Füllstoffdomänen in 

der smektischen Phase erhöht. Darüber hinaus trägt die Methode der Sprühbeschichtung zu einer 

perfekten, parallelen Ausrichtung der Füllstoff-Nanoplättchen zusätzlich bei.  

Die Permeabilität (P) des Barriere-Nanokomposits ist das Produkt aus der Diffusivität (D) und 

der Löslichkeit (S) des Penetrationsmittels. D wird durch den Einbau impermeabler Plättchen 

beeinflusst. Auf diese Weise wird der Diffusionsweg (engl. Tortuous pathway) erhöht. Dem 

Tortuous Pathway-Modellen nach [1,2] hängt D hauptsächlich vom Höhe-Durchmesser-

Verhältnis (α) und dem Volumenanteil (ϕ) ab. Das Verwenden eines synthetischen Na-Hectorit 

(NaHec) mit großen α (α ≈ 20000) als Nanofüllstoff vermindert bei gleichzeitig hohem 

Füllstoffanteil (10-35 vol%) D signifikant. S hängt hauptsächlich von der Affinität des 

Penetrationsmittels zur Barriereschicht ab. Typischerweise sind daher wasserlösliche 

Nanokomposite schlechte Barrierematerialien für polare Wassermoleküle.  Die bemerkenswerten 

Sauerstoff-Barriere-Eigenschaften derartiger Nanokomposite nehmen mit steigender RH (> 35%) 

ab. Eine erhöhte Menge an Wassermolekülen, die an den polaren funktionellen Gruppen sorbiert 

sind, unterbricht die Polymerketten-Wechselwirkungen und verursacht Plastifizierung und 

Quellen der Polymermatrix. Die Modifizierung des Füllstoffs mit einem Modifikator, welcher 

Wasserstoffbrückenbindungen ausbilden kann, beispielsweise 6-Aminocaprohydroxamsäure-

Hydrochlorid (HA), reduziert die Hydrophilie des Füllstoffs bis zu einem gewissen Grad und 

regt Donor-Akzeptor-Wechselwirkungen zwischen Modifikator und Polymermatrix an, wodurch 

das freie Volumen verringert und die Quellung der Polymermatrix begrenzt. 

Die Modifizierung des NaHec mit HA (HAHec) reduziert die Quellung des Füllstoffs in 

Polyvinylalkohol (PVA)-Schichtsilikate-Nanokompositen. Weiterhin weisen die kristallinen 

Domänen der PVA-Polymermatrix auch eine verminderte Wasserdampfempfindlichkeit auf. Die 

Sprühbeschichtung ergibt eine perfekt strukturierte Folie. Die Kombination der Effekte 
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verschiebt den kritischen Wert, ab dem eine bedeutende Quellung der PVA-Nanokompositen 

einsetzt, in hohe RH Regionen. Infolgedessen werden selbst bei 23 °C und 90% RH 

überraschend niedrige Sauerstoff- (OTR) und Wasserdampftransmissionsraten (WVTR) 

beobachtet (0.11 cm3 m−2 Tag−1 bar−1 und 0.18 g m−2 Tag−1 für eine Beschichtung von 0.42 μm). 

Polyacrylsäure (PAA), ethoxyliertes Polyethylenimin (PEIE) und HAHec bilden eine perfekt 

homogene Suspension in Wasser. Rakeln und Sprühbeschichtung als Beschichtungsmethoden 

erzeugen hochstrukturierte Nanokomposite mit Polymer-Schichtsilikate-Domänen in der 

smektischen Phase. Trotzdem ist die Sprühbeschichtung der Rakel insofern überlegen, dass 

deutlich geordnetere Strukturen erzeugt werden. Die verbesserte Regularität erhöht die 

elektrostatische Wechselwirkung zwischen Füllstoff und Matrix über die Madelung-Konstante, 

die die Transmissionsraten schließlich reduziert. Im Ergebnis sind die OTR und WVTR von 

einer sprühbeschichteten wasserlöslichen Nanokompositbeschichtung mit einer Dicke von 21.4 

µm bei 38 °C and 90% RH gleich 0.24 cm3 m-2 Tag-1 bar-1 und 0.003 g m-2 Tag-1. 

PVA-Nanokomposite wurden auch auf/an einem anspruchsvollen Gas, nämlich Helium, getestet. 

NaHec erhöht die Barriereeigenschaften der PVA-Polymermatrix gegen Helium um einen Faktor 

von etwa 1000. Es wurde auch gezeigt, dass eine Verringerung der PVA-Molmasse zur 

Verbesserung der Barriereeigenschaften gegenüber Helium führt. 

In der Folge wurden wasserlösliche Polymer-Schichtsilikate-Nanokomposite gewonnen. Diese 

Nanokomposite besitzen ausgezeichnete Barriereeigenschaften nicht nur gegenüber unpolaren 

Gasen wie Sauerstoff und Helium, sondern auch gegenüber polaren Permeaten, wie 

Wasserdampf. Die Kombination verschiedener Effekte verlagert das Quellen von 

wasserlöslichen Nanokompositen in die Hoch-RH-Region, wodurch die ausgezeichneten 

Barriereeigenschaften auch bei erhöhter RH bestehen bleiben. Die erzeugten 

Barriereeigenschaften machen wasserlösliche Polymer-Nanokomposite nicht nur für Low-Tech-

Verpackungen nutzbar, sondern auch für Hightech-Display-Verkapselung oder Anwendungen in 

der Luftfahrt. 
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2. Introduction 

2.1. Polymer nanocomposites 

Polymer nanocomposites represent a multiphase system where the nanofiller phase is dispersed 

in the polymer matrix [3]. In general, nanofillers can be classified by their shape: 0-dimensional 

(nanoparticles); 1-dimensional (fibers, carbon nanotubes); 2-dimensional (clays, graphene, and 

graphene oxide). By definition, at least one dimension of the filler is smaller than 100 nm in a 

nanocomposite. As this dissertation focuses on incorporation of 2-dimensional clay (NaHec) into 

a polymer matrix, nanocomposites with 2-dimensional fillers will be described in detail. 

Nanofiller incorporation predominantly improves the following characteristics of the neat 

polymer matrix: mechanical properties [4,5], fire retardancy [6,7] and barrier performance [8,9]. 

Stiff filler platelets redispersed in a polymer matrix effectively dissipate applied loads, thereby 

improving the mechanical properties, e.g. stiffness and toughness [10]. Incorporation of 

nanoplatelets also improves fire retardancy, as the filler effectively prevents spreading of the fire. 

Therefore, polymer nanocomposites possess higher ignition time and lower heat release rate.  

Gas barrier is among the most common polymer nanocomposite application. Barriers are 

required in many fields, from low-tech food packaging to high-tech display encapsulation. The 

primary factor determining the expiration date of food is permeability of the packaging. Most, if 

not all, packaged food requires restricted permeability for both hydrophobic (O2, N2) and 

hydrophilic (water vapor, CO2) penetrants. Developing technically benign, water-based, 

chlorine- and metal-free polymer nanocomposites with improved flex-crack resistance and 

barrier properties for both hydrophobic and hydrophilic penetrants will reduce food wastage that 

is currently prevalent.  

Ultra-high barrier materials are required for encapsulations of flexible organic photovoltaics 

(OPV) solar cells and organic light-emitting diode (OLED) displays. Both OLED and OPV are 

sensitive to oxidation by atmospheric water vapor and oxygen. The protective glass cover that is 

used currently is an excellent barrier for both oxygen and water vapor, but it is brittle and not 

flexible. Barrier polymer nanocomposites can replace glass as protective coatings, thereby 

providing new classes of flexible electronic devices. For sufficient lifetime of the OLED 

displays, OTR and WVTR have to be lower than 10-5 cm3 m-2 day-1 bar-1 and 10-6 g m-2 day-1, 
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respectively [11]. Apart from OPV and OLED encapsulation, ultra-high barrier materials are 

required for effective storage of hydrogen and helium [12] and lighter-than-air applications [13]. 

2.2. Theory of gas permeability 

Transfer of a penetrant through the homogeneous nonporous barrier film can be divided into 

three stages [14]: 

 absorption of the gas at one side of the barrier film; 

 diffusion of the liquid penetrant through the barrier film due to a concentration gradient; 

 evaporation of the penetrant from other side of the barrier film in the gaseous state. 

Diffusion is a kinetic process of penetrant transfer from a region of high concentration to a 

region of low concentration. Fick’s first law [15] relates the flux of penetrant diffusing through 

the barrier film (Jx) with the concentration (C) gradient from both sides of the film. When the 

penetrant mainly transfers in one direction (thin barrier film) for simplification, the Fick’s first 

law can be expressed using the following equation: 

x

C
DJ x





 
(1) 

According to Henry’s law of solubility [16], concentration of the dissolved gas in the barrier film 

is proportional to the applied gas pressure (p):  

ppCSC ),(  (2) 

If Henry’s law is satisfied, it is possible to estimate the penetrant flux through the barrier film. 

For the film with a thickness l and pressures on both sides of the film, pu (upstream) and pd 

(downstream), the penetrant flux can be expressed by combining equations 1 and 2 [17]: 








 


l

pp
DSJ du  

(3) 

The product of diffusivity and solubility coefficients is the permeability coefficient (P): 

DSP   (4) 

The expression (pu-pd)/l is the applied pressure gradient across the film with the thickness l. 

Therefore, the penetrant flux is the product of the permeability coefficient and pressure gradient 

across the barrier film: 
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l

p
PJ



 (5) 

2.3. Tortuous pathway models 

According to equation 4, the permeability coefficient of the neat unfilled polymer film is a 

product of the diffusivity and the solubility. In the simplest models, the filler has no effect on the 

polymer matrix and no specific interactions with the penetrant. This assumption implies that the 

solubility decreases proportionally to the filler volume fraction, since filler platelets are supposed 

to be impermeable to the penetrant, and decrease the volume available for penetrant dissolution 

[3,18]:  

  10SS  (6) 

Where S and S0 are the solubility coefficients of filled and unfilled film, respectively. 

The filler incorporation effect on the diffusion coefficient is more complicated. Impermeable 

fillers significantly increase the path taken for penetrant to diffuse from one side to the other side 

of the barrier film, commonly known as tortuous pathway (Figure 1). Most tortuous pathway 

models associate the decrease in the neat polymer permeability with the volume fraction of the 

incorporated filler, together with its aspect ratio and shape. Alignment of the filler platelets 

perpendicular to the penetrant flux is equally important, since this disposition maximizes the 

tortuous pathway. In general, the change in the diffusion coefficient after filler incorporation can 

be expressed using the following equation:  

fDD 0
 (7) 

Where D and D0 are the diffusion coefficients of filled and unfilled film, respectively; f is the tortuosity 

factor. 

 

Figure 1. Illustration of the tortuous pathway. Polymer matrix without filler (left) and polymer 

matrix with random array of monodisperse nanoplatelets (right). 
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By combining the equations 4, 6 and 7, one can determine the total effect of filler incorporation 

on the permeability coefficient: 

     11 000 fPfSDDSP
 (8) 

Where P and P0 are the permeability coefficients of filled and unfilled film, respectively. 

From the equation 8, the tortuosity factor f can be expressed as:  

)1(0 


P

P
f

 
(9) 

Tortuous pathway models consider the influence of filler incorporation on the tortuosity factor or 

on the decrease in the permeability coefficient P/P0. The Nielsen model considers ribbon-shaped 

filler platelets that are uniformly and completely dispersed in a polymer matrix aligned parallel 

to the surface [19]. These platelets have defined width and thickness with an infinite length. The 

2-dimensional Nielsen model establishes decrease in permeability with the filler volume fraction 

and aspect ratio via simple geometric calculations. The Nielsen model is suitable for 'the dilute 

regime', where there is no overlap between the filler platelets, suitable for the situation where 

αϕ<<1. According to the equation 10 (Table 1), increase in the filler aspect ratio and the volume 

fraction improves the barrier performance.  

Cussler and coworker’s models further develop Nielsen’s theory, using similar but more 

complicated geometric considerations. The Cussler model sequentially moves from the ideal 

system of monodisperse and regular filler alignment [1] to a more realistic monodisperse and 

random alignment [20], and finally to a polydisperse and random alignment of the filler [20] 

(equations 11-13). The last assumption is the closest to real systems, since majority of the 

nanocomposites contain polydisperse and randomly aligned fillers. In contrast to the Nielsen 

model, the Cussler-Aris model considers 'semi-dilute regime' with a high level of filler overlap, 

which is satisfied when αϕ>>1. The geometric factor (μ) of the filler introduced into the 

equations is not completely clear. For the periodic and ribbon-like platelets with significantly 

larger lengths, as compared to the width, μ can be taken as 1 [21]. For the periodic hexagons 

platelets, for example NaHec, the geometric factor is equal to 4/9 [22]. For the random platelets, 

μ can vary from 2/27 to  22 ln16/  [2,22]. 
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Table 1. Tortuous pathway models. 

Model 
Filler 

geometry 

Model 

dimension 

Platelets/ 

Array 
Equation № 

Nielsen Ribbon 2D 
Monodisperse, 

Regular 
2

1

1

0









P

P

 

10 

Cussler-Aris Ribbon 2D 
Monodisperse, 

Regular 

1
22

0 1
1




















P

P

 

11 

Cussler-Lape Ribbon 2D 
Monodisperse, 

Random 

2

0

3

2
1

1


















P

P

 

12 

Cussler-Lape Ribbon 2D 
Polydisperse, 

Random 

2
2

2
0

3
11

1










































D

P

P

 

13 

Fredrickson-

Bicerano 
Disc 3D 

Monodisperse, 

Random 

2

210 1

1

1

1

4

1















 aaP

P

 

14 

Gusev-Lusti Disc 3D 
Polydisperse, 

Random 
















00

exp
xP

P

 

15 

 

Dependence of the relative permeability (equation 11) on α and ϕ of the filler is graphically 

presented in Figure 2. The horizontal line marks α of the applied synthetic NaHec (α ≈ 20000) 

and predicts theoretical improvement of barrier performance over a wide range of ϕ. 

 

Figure 2. Schematic representation of the effect of filler incorporation on relative permeability, 

according to the Cussler-Aris model. 
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The Fredrickson-Bicerano model can be regarded as a complex continuation of the Nielsen 

model and the Cussler model [2]. They consider a 3-dimensional model with disc-shaped, 

randomly aligned filler platelets. Fredrickson and Bicerano offer solutions for both dilute and 

semi-dilute composite regimes (equation 14).  

The Gusev-Lusti model proposes computer calculations for investigation of the filler 

incorporation effect [23]. The model focuses on the geometric factor and changes in the 

permeability due to molecular-level transformations in the polymer matrix. The Gusev-Lusti 

model analyzes 3-dimensional systems with randomly aligned disc shaped fillers. An exponential 

equation (equation 15) is obtained on varying the volume fraction and aspect ratio of the filler.  

2.4. Factors contributing to barrier performance 

2.4.1. Crystallinity of the polymer matrix 

Polymer matrix in the nanocomposite represents an amorphous phase or a mixture of amorphous 

and crystalline phases, a semi-crystalline phase. The ability to crystallize mainly depends on the 

polymer structure: straight chains with regularly-spaced small side groups tend to crystallize. 

Nevertheless, the degree of crystallinity in the semi-crystalline polymers is typically between 10 

and 80% [24].  

The polymer crystalline regions, in contrast to the amorphous regions, are impermeable to the 

penetrant [25–27]. Thus, increased crystallinity of the polymer matrix [28–31] improves barrier 

performance of the barrier nanocomposites. A filler simply acts as a nucleating agent, thereby 

improving the crystallinity of the polymer matrix [32]. Preparation technique or/and annealing of 

nanocomposites higher than the polymer glass transition temperature further the crystallinity 

[33].  

2.4.2. Interactions between the filler and the modifier 

Incorporation of the filler into the neat polymer matrix leads to an increase in the free volume 

due to disruption of the polymer structure by highly anisotropic platelets. Additional free volume 

in the nanocomposite films increases both diffusivity and solubility, thereby it increases the 

barrier permeability. Donor-acceptor interactions between the polymer matrix and the filler 

reduce the free volume on incorporation of the filler [9]. However, strong interactions between 

the polymer matrix and the filler possibly hinder the swelling of the polymer, which is important 

for creating high water barrier nanocomposites at elevated RH. Cross-linking agents, for example 
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glutaraldehyde [34,35] or multivalent ions like Ca2+, Mg2+, Cu2+, Al3+, Fe3+ [36,37], improve 

interactions between the polymer and the filler. Nevertheless, the possible aggregation caused by 

the cross-linking agents limits their application and impedes the utilization of one-component 

systems.  

Filler modification is another method of improving interactions. Interlayer charge of the clay 

allows modification, thereby changing the initial properties of the clay. For example, NaHec 

modification with trimethyl aminoethyl methacrylate makes hydrophilic clay hydrophobic and 

increases its solubility in organic solvents [8]. Modification of NaHec with hydroxamic or amino 

acids that form hydrogen bonds improve interactions of the filler with waterborne polymers like 

PVA, PEI, and PAA.  

2.4.3. Filler texturing 

Tortuous pathway models basically assume an ideal parallel-to-substrate alignment of the filler 

platelets that minimizes diffusion. However, due to anisotropic nature of the filler, in real 

systems, although nanoplatelets occupy predominantly parallel alignment, it is far from ideal 

ordering. Nanocomposite preparation techniques greatly influence the filler texture, which differs 

from one method to another. It was shown that for HAHec – PEIE – PAA system, spray coating 

produces more textured nanocomposites, as compare to doctor blading system [38]. 

Apart from parallel texturing, self-assembly of the nanocomposites in smectic phase [39] also 

improves the barrier properties. Uniform alignment of the filler with equivalent distances 

between the platelets reduces the free volume. Due to ideal crystallinity of such nanocomposites, 

the tortuosity increases significantly and improves the barrier performance. Smectic phase self-

assembly mostly depends on the interactions between the filler and the polymer matrix. 

However, quality of crystallinity also depends on the preparation technique.  

2.5. Polymer-filler-modifier system 

2.5.1. Waterborne polymer matrix 

Environmental pollution is an urgent problem of the 21th century. Environmentally friendly, 

waterborne polymer-clay nanocomposites would be preferred barrier materials, but they fail to 

meet particular standards of for high water vapor barriers. Various synthetic waterborne 

polymers are used for the creation of barrier nanocomposites: PVA, PEI, PAA, 

polyvinylpyrrolidone, polyethylene oxide, polyacrylamide, and carboxymethylcellulose sodium 
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salt. Waterborne PVA and PEI-PAA nanocomposites are excellent barrier materials for nonpolar 

gases, such as oxygen, especially at very low RH. Sensitivity of waterborne nanocomposites to 

water vapor significantly limits the area of their application. Improving the water vapor barrier 

and limiting the swelling of polymer matrix at high RH can make waterborne barrier 

formulations applicable for food packaging. 

PVA is thermoplastic semi-crystalline polymer that is widely used for preparation of films. Due 

to the hydroxyl groups, PVA is able to form polymer-polymer and polymer-filler hydrogen 

bonds. Hydrogen bonds and polarity of hydroxyl groups presumably determine excellent oxygen 

barrier properties of nanocomposites at very low RH. Increase in the moisture content disrupts 

the polymer-polymer interactions because of sorbed water on polar hydroxyl groups [40]. 

Subsequent swelling of the polymer matrix deteriorates the oxygen barrier, whereas the water 

vapor barrier of PVA nanocomposites is initially poor. Increase in the filler loading shifts 

swelling of PVA nanocomposites to higher RH region [41]. Increase in the PVA polymer matrix 

crystallinity contributes to improvement of the barrier performance, since crystalline regions are 

impermeable [28–31]. PVA crystallinity improvement is mostly achieved by temperature 

treatment of the nanocomposites during or after nanocomposite preparation [33]. 

PAA [42] and linear PEI are crystalline, while branched PEI [43] is an amorphous polymer 

matrix. PEI-PAA barrier nanocomposites are usually produced using the layer-by-layer 

technique, consistently separating positively charged PEI and negatively charged PAA during 

deposition. Similar to PVA, the barrier performance of hydrophilic PEI-PAA nanocomposites is 

very sensitive to RH. Utilization of cross-linking agents like glutaraldehyde [34] and pH 

variation [9] for improving donor-acceptor interactions are the main ways for barrier 

enhancement.  

2.5.2. Synthetic Na-fluorohectorite as a superior filler 

Layered silicates are most commonly used as nanofillers. Fluorohectorite, for example, belongs 

to the 2:1 smectite family, and shows a sandwich-like structure comprising of two tetrahedral 

and one octahedral layers. Its composition, similar to the synthetic fluorohectorite used in this 

work, is as follows: [Na0.5]
inter[Mg2.5Li0.5]

oct[Si4]
tetO10F2 [44].  

The tetrahedral sheets of fluorohectorite are composed of SiO4
4–, which are linked together by 

sharing three corners of the basal oxygen atoms, the fourth being the apical oxygen atom. Each 
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of the basal O2– connects to a Si4+-Si4+ cation pair. The octahedral sheet of fluorohectorite 

contains cations – Li+ and Mg2+, coordinated by four shared oxygen atoms and two additional 

fluoride groups. The isomorphous substitution of cations in the octahedral layer introduces 

negative charges, which are counterbalanced by the interlayer cation – Na+ [45]. 

Melt-synthesized NaHec nanosheets, moreover, are available in large sizes (>20 μm), making 

synthetic fluorohectorite a superb filler for barrier nanocomposites [46,47]. Additionally, this 

synthetic clay can be delaminated into single layers, each with thickness of 0.96 nm, simply by 

osmotic swelling. Interlayer spacing can be easily modified through ion exchange using cationic 

modifiers, such as quaternary ammonium salts or polyelectrolytes. High cation exchange 

capacity allows significant changes in the properties of the NaHec, providing better dispercibility 

of clay in the polymer matrix.  

2.5.3. Modifier 

PVA and PEI-PAA polymer matrices can form donor-acceptor hydrogen bonds via functional 

groups. Donor-acceptor interactions reduce the free volume and limit the swelling of polymer 

matrix, thereby improving barrier properties. Modification of NaHec with hydrogen bonds 

inducing modifier can implement donor-acceptor interactions between the polymer matrix and 

the filler. Two classes of organic compounds currently appear to be the most effective for this 

purpose: hydroxamic acids and amino acids. 

Hydroxamic acids contain an R-C(O)-N(H)-OH functional group. Due to the presence of 

carbonyl, amino and hydroxyl groups hydroxamic acids form several strong hydrogen bonds per 

one molecule [48]. Thereby hydroxamic acids are well known chelating agents [49]. So far, the 

most proven modifier is 6-aminocaprohydroxamic acid hydrochloride (HA). Modification of 

NaHec with HA creates a highly stable suspension, which remains delaminated, even in a 

mixture with PVA or PEI-PAA polymer matrices. Simplicity and low cost of production via one 

step reaction of caprolactam and hydroxylamine sulfate are equally important criteria [50].  

Amino acids are another class of modifiers that are also highly effective.  Combination of amino 

and carboxyl groups promotes hydrogen bond interactions between modifier and polymer matrix. 

The terminal amino groups that contain arginine, histidine, glutamine and lysine can be easily 

protonated and ion-exchanged with the clay interlayer cation.  
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2.5.4. Nanocomposites preparation techniques 

The nanocomposite preparation method depends on the required characteristics of 

nanocomposite and initial parameters of the polymer-filler system. Simple suspension casting 

[4], spin coating [51], doctor blading [8], layer-by-layer [52], spray coating [39] techniques are 

among the most popular laboratory methods. This dissertation focuses on doctor blading and 

spray coating techniques. 

Doctor blading 

Doctor blading is a fast and large scalable process that consists of two steps: deposition of one-

component polymer-filler suspension and subsequent suspension drying. During deposition, 

rakel removes excess of the suspension from the substrate surface. Height of the rakel, moving 

speed, and substrate temperature are main parameters of the deposition step. Spreading the 

suspension above the substrate is a crucial condition for the preparation of homogeneous films.  

The following film drying procedure is equally important, although it restricts the nanocomposite 

thickness. Effective solvent evaporation from inner regions of the applied liquid layer could be 

hampered because of high thickness or barrier of the coating, forming blisters and bubbles on the 

surface. Thus, doctor blading is limited in the preparation of ultra-high barrier nanocomposites.  

Spray coating 

The method involves spraying the suspension on the substrate. During the spraying process, the 

suspension passes through the airbrush nozzle under high pressure, atomizes to small droplets, 

and crashes against the substrate at a huge speed. Different variations of the spray coating 

technique exist, including spraying of one- or multi-component suspensions or using fixed or 

movable airbrush/substrates. Similar to doctor blading, spray coating also consists of two steps: 

spraying and drying. Therefore, the main parameters to be considered are as follows: 

 Spraying rate of the suspension;  

 Speed of the conveyor belt and/or the substrate;  

 Atomization pressure;  

 Distance between the airbrush and the substrate;  

 Drying time;  

 Temperature of the substrate surface.  
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3. Synopsis 

3.1. Motivation 

Flexible transparent barrier coatings are required for applications in food packaging and display 

encapsulation. Most barriers require restricted permeability for both hydrophobic (O2, N2, H2, 

and He) and hydrophilic (water vapor, CO2) permeates. Such multi-permeate barriers can only be 

realized by using less favorable laminated structures of polar and nonpolar polymers or by 

reducing diffusion rates in a nonselective manner. Environmentally friendly and waterborne 

polymer-clay nanocomposites would be preferred, but they fail to meet the particular standards 

for ultra-high water vapor barriers. 

PVA and PEI-PAA system are well-known waterborne polymer matrices having a great oxygen 

barrier at very low RH. Such nanocomposites, however, show high solubility, hygroscopicity and 

swelling in water, and consequently high water vapor permeability (WVP). Moreover, water 

uptake by swelling at an elevated RH leads to a drastic increase in the permeability of not only of 

water vapor, but also of oxygen. Reducing the significant swelling at higher RH regions can not 

only improve the oxygen barrier performance of waterborne nanocomposites, but can also 

achieve the ultra-high water vapor barrier properties. Superior oxygen and water vapor barrier 

properties at elevated RH may render waterborne polymer nanocomposites useful for low-tech 

food packaging application, high-tech display encapsulation, and lighter than air applications. 
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3.2. Oxygen and water vapor barrier of PVA-clay nanocomposites 

Water uptake of PVA nanocomposites by swelling at an elevated RH (> 35%) leads to a drastic 

increase in the oxygen permeability. Grunlan et al. [41] has shown that the critical RH, where 

swelling followed by a significant loss in the oxygen barrier sets in, can be shifted to a higher 

RH by incorporating Na-montmorillonite as a platy impermeable filler.  

Melt-synthesized NaHec (Figure 3), used in this work, possesses unique combination of large 

aspect ratio (> 20000) and charge homogeneity, thus making it a superior filler for polymer 

nanocomposites. High filler loading (50 wt%) drastically decreased the diffusion coefficient and 

decreased the swelling. Modification of NaHec with HA reduced hydrophilicity of the filler to 

some extent. However, the modifier is known to form very strong hydrogen bonds via the 

hydroxamic acid functional group. Ion exchange did not trigger any restacking, evidenced by the 

absence of reflection at the basal spacing of HAHec stacks in the small-angle X-ray scattering 

(SAXS) curves of aqueous suspensions. The stability of both NaHec and HAHec suspensions 

was not affected by mixing with PVA solutions, indicated by the absence of reflections at the 

basal spacing of NaHec or HAHec stacks in the SAXS patterns. 

 

Figure 3. Typical AFM image of delaminated NaHec. 

These highly stable delaminated suspensions of dissolved PVA and NaHec or HAHec were 

spray coated on PET substrates, whereupon thin, flexible, and transparent barrier films were 

obtained. As expected, modification with HA, capable of forming hydrogen bonds, limited the 
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swelling of the modified clay in PVA-HAHec, as compared to that in PVA-NaHec 

nanocomposite films (Figure 4).  

 

Figure 4. The powder X-ray diffraction (PXRD) curves of PVA-NaHec (a) and PVA-HAHec (b) 

at 50% (black), 75% (blue), and 90% (red) RH. 

PVA crystalline domains showed reflections at 2θ ≈ 18° and ≈ 20°. Peak at ≈ 20°, corresponding 

to non-swollen PVA domains, appeared at 0% RH. Increasing the RH (> 50%) shifted this 

reflection to ≈18°, corresponding to swollen PVA domains (Figure 5a). Surprisingly, the 

crystalline domains of the PVA matrix in nanocomposite films showed reduced water vapor 

sensitivity. The reflection, associated with crystalline domains in PVA-NaHec, remained at 20° 

at 50% RH, but shifted to 18° at 75% and 90% RH values (Figure 5b). On the contrary, swelling 

of the crystalline PVA domains for PVA-HAHec nanocomposite film was hampered even at 

90% RH (Figure 5c). The significantly reduced swelling sensitivity of both HAHec and 

crystalline PVA domains will contribute to the greatly reduced water sensitivity of the PVA-

HAHec coatings. This might be due to potential hydrogen bonding between modifier and 

crystalline PVA domains attached to the filler surface. 
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Figure 5. Diffractograms of PVA (a) PVA-NaHec (b) and PVA-HAHec (c) films at 0% (green), 

50% (black), 75% (blue), and 90% (red) RH. 

Spray coating produced perfectly textured nanocomposite films. The mean derivation angle of 

the orientation distribution of the stacks was 1.45°, according to the SAXS measurements 

(Figure 6a). The perfect parallel orientation of the large aspect ratio nanoplatelets of PVA-

HAHec was confirmed from a transmission electron microscopy (TEM) cross-sectional image 

(Figure 6b). This high quality of parallel orientation of clay platelets is the key for an appreciable 

tortuous pathway, and will, therefore, contribute significantly to the superior barrier properties. 

 

Figure 6. SAXS (a) and TEM (b) images of PVA-HAHec nanocomposite film. 
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Thus, waterborne polymer nanocomposites possess superior oxygen and water vapor barrier 

properties at high RH. Moreover, due to potential hydrogen bonds between modifier and filler 

and shifting of the polymer matrix swelling to a higher RH region, performance of PVA-HAHec 

nanocomposite film is surprisingly good. Even at 23 °C and 90% RH, unexpectedly low OTR 

and WVTR (0.11 cm3 m-2 day-1 bar-1 and 0.18 g m-2 day-1, respectively, for a coating of 0.42 μm) 

values were observed.  

Details and further discussion 

Appendix 1: Can high oxygen and water vapor barrier nanocomposite coatings be obtained with 

a waterborne formulation? 
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3.3. Oxygen and water vapor barrier of PEIE-PAA-clay nanocomposites  

PEI-PAA nanocomposites are usually produced using a layer-by-layer technique, which 

separates oppositely charged polyelectrolytes during deposition. Recently, Grunlan et al. 

presented a stable coacervate one-component PEI-PAA suspension, obtained by increasing the 

ionic strength [53]. In our work, stable PEIE-PAA suspension was obtained by pre-neutralization 

of PAA with ammonia solution and subsequent addition of PEIE.  

Mixing of the PEIE-PAA system with HAHec led to perfectly homogeneous suspension, as 

confirmed from SAXS measurements (Figure 7). Singular silicate layers were separated by a 

uniform distance of 27.5 nm, as indicated by a 00l series visible up to the tenth order.  

 

Figure 7. SAXS pattern of PEIE-PAA-HAHec gel. 

Therefore, highly homogeneous one-component polymer-filler suspension can be applied via 

doctor blading or spray coating. Novel approach in spray coating was implemented using a 

specially created automatic spray coating system, equipped with a SATA 4000 LAB HVLP 1.0 

mm spray gun (Figure 8).  
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Figure 8. Automatic spray coating system. 

A fixed airbrush sprayed the suspension (4 bar, 1 mL s−1) on the PET substrate attached to the 

conveyor belt, moving at a certain speed (Figure 9a). The speed of the conveyor belt/substrate 

was set to 1 m s−1, and the distance between the airbrush and the substrate was fixed at 24 cm. 

The thickness of the suspension layer applied in one spraying step was ≈2 μm, corresponding to 

≈20 nm of dry film thickness. For drying the suspension layer, the sample was stopped under 

infrared lamps until the solvent evaporated completely (Figure 9b). The drying time was 180 s, 

and the power of the lamps was adjusted to obtain a substrate surface temperature of 50 °C. 

Films were prepared by repeating 1000 spraying/drying cycles.  

 

Figure 9. Schematic representation of the spray coating process: (a) spraying and (b) drying. 
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The obtained nanocomposite films possessed 1D crystalline nature, as confirmed from PXRD 

measurements (Figure 10). The quality of the 1D crystalline order is indicated by the coefficient 

of variation (cv) and the intensity and maximum visible order of the 00l series. Doctor-bladed 

films showed a significantly higher cv, and the intensities of the 00l reflections decreased much 

faster with an increasing scattering angle. Thereby, spray coating yielded a better 1D 

crystallinity, as compared to doctor blading. 

 

Figure 10. PXRD patterns of nanocomposite films equilibrated at different temperature/RH 

conditions. (a) Doctor-bladed nanocomposite film. (b) Spray-coated nanocomposite film 

recorded at 23 °C/0% RH (1), 23 °C/50% RH (2), and 38 °C/90% RH (3), respectively. 

No significant swelling with water vapor was observed upon increasing the RH from 0% to 50%, 

as indicated by no significant changes in interlayer distances. This finding is quite surprisingly 

for a waterborne nanocomposite. Significant swelling, however, set in at 38 °C/90% RH, where 

the interlayer distance increased by about 15%, corresponding to a significant volume of water 

being dissolved in the nanocomposite films. 

For a homogeneous, single phase 1D crystalline (smectic) nanocomposite film with utterly 

delaminated equidistantly distributed HAHec in the polymer, an interlayer distance of 10 nm (1 
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nm platelet thickness + 9 nm organic volume) was expected. Both doctor-bladed and spray-

coated nanocomposite films showed significantly lower interlayer distances (4.21 and 4.55 nm, 

respectively). A thermodynamically favored partial phase separation occurs upon drying the 

nanocomposite films that is visible in the TEM images (Figure 11). 

 

Figure 11. TEM image of free-standing spray-coated nanocomposite film. 

Spray-coated nanocomposite films have better oxygen and water vapor barrier properties, as 

compared to doctor-bladed nanocomposite films at both measured conditions. Most remarkably, 

OTR and WVTR at 23 °C and 50% RH of spray-coated nanocomposite films are <0.0005 cm3 

m−2 day−1 bar−1 and 0.0007 g m−2 day−1 respectively, satisfying the tough requirements for 

encapsulation of organic photovoltaics. The WVP of the spray coated film did not increase at 38 

°C and 90% RH, despite significant swelling of the smectic polymer-clay domains observed 

from PXRD. As the processing technique has a significant impact on the quality of the 1D 

crystallinity of the smectic polymer-clay domains, the order in the nanocomposite film might be 

a so-far overlooked key factor for improving the barrier performance of spray-coated film, as 

compared to that of doctor-bladed nanocomposite film. 

Details and further discussion 

Appendix 2: Large scale self-assembly of smectic nanocomposite films by doctor blading versus 

spray coating: impact of crystal quality on barrier properties.  
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3.4. Helium barrier of PVA-clay nanocomposites  

New wind energy concepts, wherein helium acts as a lifting agent, requires new materials with 

excellent multi-permeate barriers against helium, oxygen, and water vapor. The effects of PVA 

molar mass and NaHec loading on helium barrier properties were investigated. Triple phase 

system (PVA, water, and NaHec) was homogeneously dispersed, according to the SAXS 

measurements (Figure 12). 

 

Figure 12. SAXS measurements of PVA-NaHec gels at different filler loadings. 

These highly delaminated suspensions were doctor-bladed onto the PET substrate. According to 

the PXRD measurements (Figure 13), polymer nanocomposite films showed reflections at 12.4 

Å, corresponding to NaHec aggregates that appear during drying of films. A characteristic broad 

peak at about 20° corresponds to PVA crystalline domains that are regarded as impermeable, 

contributing to better barrier performance.  

 

Figure 13. PXRD measurements of the PVA-NaHec nanocomposites with different filler 

loadings. 
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Helium permeability of nanocomposites emphasized the impact of PVA molar mass on barrier 

properties (Table 2). Increasing molar mass resulted in increased permeability of the composite, 

a consequence of increasing number of entanglements. Therefore, the free volume increased and 

the barrier properties deteriorated. Incorporation of 50 wt% filler, the permeability of PVA-

NaHec nanocomposite decreased by a factor of about 1000, as compared to that of unfilled PVA 

coating. 

 

Table 2. Helium permeability values of the PVA-NaHec nanocomposite films at 2-10% RH. 

Sample NaHec (wt%) Coating thickness (µm) 
Permeability 

cm3 µm m-2 day-1 atm-1 

PET 0 0.0 62640 

PVA 20-98 0 1.4 19860 

PVA 20-98 50 1.0 44 

PVA 18-88 50 1.0 37 

PVA 10-98 50 1.0 18.5 

 

One of the disadvantages of using PVA as a matrix is the plasticization effect at a relative 

humidity over 35%. We have already shown [54] that a decreasing plasticization effect for 

oxygen and water vapor, and therefore, we also expect it with helium as a test gas (Table 3). 

 

Table 3. Helium transmission rates of the nanocomposite systems at 0% and 75% RH. 

Sample 

HeTR 

cm3 m-2 day-1 atm-1 

0% RH / 75% RH 

Permeability 

cm3 µm m-2 day-1 atm-1 

0% RH / 75% RH 

PET + PVA + 10 wt% 

NaHec 

0.8 

7.1 

31.3 

266.3 

PET + PVA + 50 wt% 

NaHec 

0.8 

1.7 

30.3 

63.3 

The helium transmission rates (HeTR) at a relative humidity of about 75% increased because of 

the polymer matrix swelling, as expected. Nevertheless, this plasticization effect is much lower 
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than that observed in the neat polymer matrix, because in that case, the permeability at about 

75% RH would have been in the region of a neat PET substrate with a value of about 

60000 cm3 µm m-2 day-1 atm-1. Moreover, the increase in the transmission rate of the sample with 

50 wt% filler content was lesser than the increase in the sample with 10 wt%. 

Details and further discussion 

Appendix 3: An excellent helium barrier for lighter than air applications. 
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ABSTRACT 

New wind energy concepts in which helium acts as a lifting agent require new materials with an 

excellent multi-permeate barrier behavior against helium, oxygen and water vapor. This is an 

important factor do not lose too much of this lifting agent and, moreover, not wasting the lifting 

gas with oxygen or water vapor. In this work it has been examined whether polar polymeric 

composite systems concerning layered silicates have such excellent barriers. Therefore, we 

dispersed a melt-synthesized sodium fluorohectorite (NaHec) with a homogenous charge 

distribution and an aspect ratio of about 20000 in a polar polyvinyl alcohol (PVA) matrix. With a 

1 µm coating of the PVA-NaHec nanocomposite with an inorganic content of about 50 wt% we 

obtained helium permeability values of about 1000 times better than the bare PVA matrix.  

 

Keywords: layered silicates, polymer nanocomposites, helium barrier, waterborne systems, 

lighter-than-air vehicles  

 

1. Introduction 

The barrier of polymer films can be improved by decreasing the solubility of permeates or by 

reducing the free volume with increasing the density. Alternatively, the diffusion path may be 

elongated by incorporation of platy, impermeable fillers, an approach which has long been 

established as tortuous path [1]. The latter will introduce a large interphase area and this way of 

course will also modify the structure and/or crystallinity of the polymer matrix. 

Layered silicates are most commonly used as nanofillers. Fluorohectorite, as an example, 

belongs to the 2:1 smectite family and shows a sandwich-like structure comprising two 

tetrahedral and one octahedral layers with a composition like [Na0.5]
inter[Mg2.5Li0.5]

oct[Si4]
tetO10F2 

(NaHec) [2] as for the synthetic fluorohectorite used here. Melt-synthesized clay nanosheets, 

moreover, come in high aspect ratios (> 20000) qualifying synthetic fluorohectorite as superb 

filler in nanocomposite materials. Additionally, this synthetic clay can be utterly delaminated 

into single layers simply by osmotic swelling [3]. 

Besides the upcoming hydrogen economy, lighter-than-air vehicles using the wind energy are hot 

topics in the alternative energy generation [4,5]. In this applications it is necessary do not waste 

the lifting agent helium and to reduce the loss of it. Therefore, the barrier of the used polymer 

matrices against incoming gases like oxygen and water vapor and against helium itself has to be 
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increased. Moreover, these materials should be lightness, flexible and mechanically stable. 

Classic barrier materials are multilayer systems or metalized polymers [6,7]. On the one hand it 

is quite difficult to detect possible defects in these multilayer systems and to remove them. On 

the other hand, both material systems are brittle and therefore not the preferred choice for 

applications with the described requirements. Consequently, such multi-permeate barriers 

(helium, oxygen, water vapor) can only be realized by a flexible single-layer coating with a 

customized matrix [8–10]. 

Polyvinyl alcohol (PVA) is a well-known, mass produced, low cost, biodegradable, water soluble 

polymer that at low relative humidity (RH) shows a great oxygen barrier. Generally, in the 

presence of moisture, water soluble polymers like PVA, however, swell [11]. Water uptake 

results in plasticization of the polymer chains because polymer chain interactions via hydrogen 

bonding worsen leading to an increase of permeability not only of water vapor but also of 

oxygen [12]. For instance, the oxygen permeability (OP) of a typical PVA film increases by over 

500% when going from 0% to 55% RH to an absolute oxygen transmission rate (OTR) for a 

6 µm thick film of 3.1 cm3 m-2 day-1 bar-1 [13]. Water vapor permeability (WVP) for PVA is of 

course even more sensitive to moisture [12]. 

Here we show that nanocomposite systems out of this waterborne polymer and with synthetic 

hectorite with a huge aspect ratio as filler are favorable for lighter than air applications. These 

applications require a great barrier against nonpolar gases like helium and oxygen, but also for 

polar gases like water vapor. We have already shown [14] that these nanocomposite systems 

have an excellent barrier against oxygen and water vapor and here we show these great barrier 

properties further against the much more sophisticated gas helium. 
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2. Experimental 

2.1. Materials 

The employed [Na0.5]
inter[Mg2.5Li0.5]

oct[Si4]
tetO10F2 was synthesized via melt synthesis according 

to an established literature procedure [3,15–17]. The material featured a cation exchange 

capacity of 1.27 mmol g-1. 

Polyvinyl alcohol (PVA) (Sigma Aldrich, Germany) with different molecular weight and degree 

of hydrolysis was used: Mowiol 10-98 (Mw = 61000, 98.0 – 98.8 mol% hydrolysis); Mowiol 18-

88 (Mw = 130000, 86.7-88.7 mol% hydrolysis); Mowiol 20-98 (Mw = 125000, 98.0 – 98.8 mol% 

hydrolysis). 5 g of PVA were dissolved in 95 g of Millipore water by heating at 95 °C for 4 

hours to obtain a 5 wt% solution.  

A corona treated polyethylene terephthalate (PET) (36 μm) film was used as a substrate (Bleher 

KG, Germany). 

2.2. Nanocomposite films fabrication 

PVA-NaHec films: NaHec (0.5 g) was delaminated by immersing it into Millipore water (100 g, 

0.5 wt%) and this was mixed with a PVA solution (5 wt%) and the dispersion was stirred about 

10 minutes. The total solid content in the end was 2.5 wt%. Upon drying, the mixture will yield 

barrier films with 10 wt%, 20 wt% and 50 wt% filler content.  

The resulting suspensions were doctor-bladed automatically onto the PET substrate and the 

resulting films were dried at 80 °C for 3 days. It is quite difficult to determine the exact resulting 

heights of the coatings. Elipsometry as method is not possible because of the refractive indices of 

the different components are too similar. To detect the resulting heights via atomic force 

microscopy a silicium wafer has to be coated in the same way like the sample substrates. 

Comparing with spray coating as method is quite impossible. Therefore, the resulting heights of 

the coatings are calculated with considering the densities of the PVA and the NaHec, the filler 

content and the height of the automatic doctor blading system that was set to 60 μm. The 

resulting heights are given in Table 1. 
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Table 1. Resulting coating thicknesses at different filler contents. 

Filler content (wt%) Coating thickness (μm) 

0 1.4 

10 1.3 

20 1.2 

50 1.0 

 

2.3. Nanocomposites characterization 

X-ray diffraction (XRD) patterns were obtained using nickel filtered Cu-Kα radiation (λ = 

1.54187 Å) on a Bragg-Brentano-type diffractometer (XPERT-PRO, PANalytical B.V.) 

equipped with an X’Celerator Scientific RTMS detector. All patterns were analyzed using 

Panalytical’s Highscore Plus software.  

All small angle X-ray scattering (SAXS) data were measured using the small-angle X-ray system 

“Double Ganesha AIR” (SAXSLAB, Denmark). The X-ray source of this laboratory-based 

system is a rotating anode (copper, MicoMax 007HF, Rigaku Corporation, Japan) providing a 

micro-focused beam. The data are recorded by a position sensitive detector (PILATUS 300K, 

Dectris). To cover the range of scattering vectors between 0.003-2.2 Å-1 different detector 

positions were used. The measurements of the suspensions were done in 1 mm glass capillaries 

(Hilgenberg, Germany) at room temperature. 

The measurement of the helium transmission rate (HeTR) was done with a pressure difference 

method on the GDP-C of the Brugger company and on the measurement institute Permlab. The 

relative humidity of 75% RH was set with a sulfuric acid solution (DIN 50008-2). 
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3. Results and discussion 

At low RH PVA is a very good barrier material to nonpolar gases like oxygen. On the one hand 

hydrogen bonding of hydroxyl groups minimizes free volume; on the other hand, the polarity 

limits the solubility of nonpolar gases in PVA. Moreover, non-swollen crystalline domains of the 

semi-crystalline matrix are regarded impermeable. PVA films, however, show high solubility, 

hygroscopicity and swelling in water and consequently their WVP is high. Moreover, as already 

mentioned, water uptake by swelling at elevated RH (> 35%) leads to a drastic increase of 

permeability not only of water vapour but also of oxygen. This pronounced sensitivity to water 

vapour renders PVA unsuitable for flexible food packaging. Grunlan et al. [13] has shown that 

the critical RH, where swelling followed by a significant loss of oxygen barrier sets in, can be 

shifted to higher RH by incorporation of Na-montmorillonite as platy impermeable filler. We 

have recently reported [18] that a waterborne spider silk protein-nanoclay composite is 

hydrophobized upon film formation to the degree where it not only becomes insoluble in water 

but also shows only limited swelling at elevated RH. In comparison to the uncoated substrate the 

WVTR of the bio-nanocomposite decreased by 96% to 0.18 ± 0.05 g m-2 day-1. Moreover, we 

already reported [14] that PVA has an excellent barrier against oxygen and even against water 

vapor. Surprisingly this phenomenon also occurs at high RH (> 75%). Nevertheless, even for 

lighter than air applications the barrier against much more sophisticated gases like helium are an 

important point. 

3.1. SAXS and XRD 

To create a highly effective tortuous path according to Cussler [1] a huge aspect ratio is required. 

Therefore, it is indispensable that NaHec as a filler is completely delaminated in the PVA before 

the doctor blading step. We have already reported, that NaHec is well dispersed in the used 

solvent water [19]. To show this delamination also in the triple phase system (polymer, solvent, 

clay) small angle x-ray scattering (SAXS) measurements were done (Fig. 1). 
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Fig. 1. SAXS measurement of PVA-NaHec gels at different filler loading. NaHec contents in gel 

are 2.4 vol% (10 wt% NaHec), 2.0 vol% (20 wt% NaHec), 2.9 vol% (50 wt% NaHec). 

The distance between the single platelets is between 30-45 nm and that indicates, that NaHec as 

a filler is delaminated even in the triple state with PVA as matrix. In the next producing step, the 

jellylike dispersion is doctor-bladed on a PET substrate and dried as described. The distance 

between the single NaHec platelets after the drying process was determined using XRD analysis 

(Fig. 2). 

 

Fig. 2. XRD measurement of the composites with different filler contents. 

There is one characteristic peak of semi-crystalline PVA at about 20° with a broad width [20]. 

The samples with NaHec as a filler moreover show a d001 value of about 12.4 Å that is 

independent of the filler content. This value matches with the d-value of a single-hydrated 

interlayer cation sodium. Normally one would expect an increasing d-spacing with an increasing 

polymer content. At a NaHec content of about 50 wt%, i.e. about 30 vol%, there should be a 

distance between the layers of about 30 Å if the NaHec is homogenously dispersed in the 
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polymer matrix. This result shows, that during the drying process and the removal of the solvent, 

the surface tensions get too high because of the different surface energies of NaHec and PVA. 

Therefore, the NaHec platelets restack and a phase segregation occurs. 

3.2 Helium barrier 

The helium transmission rates were measured (Table 2) to estimate the effect of the 

incorporation of NaHec platelets into the polymer matrix. 

Table 2. The HeTR and the calculated permeabilites of the composites at 2-10% RH. 

Polymer NaHec (wt%) 
HeTR 

cm3 m-2 day-1 atm-1 

Permeability 

cm3 µm m-2 day-1 atm-1 

PET 0 1740 62640 

PET + PVA 20-98 0 531 19860 

PET + PVA 20-98 20 1.7 63 

PET + PVA 10-98 20 1.45 54 

PET + PVA 20-98 50 1.2 44 

PET + PVA 18-88 50 1.0 37 

PET + PVA 10-98 50 0.5 18.5 

 

Even the coating with neat PVA lead to a decrease of the permeability of the complete system of 

about 68%. As discussed before, the X-ray measurements show a restacking and therefore a 

single hydrated interlayer. This polar interlayer acts as a good barrier against the nonpolar gas 

helium. With NaHec as filler, the permeability decreases by a huge factor of up to 1000. These 

results match with the model of Cussler [1]; an increasing filler content lead to decreasing 

transmission rates. That effect is independent of the polymer matrix. To compare the effectivity 

of the different coatings the permeabilities of the neat coatings with the same filler loading are 

calculated. Therefore, the thicknesses of these coatings are taken into account [21] (Table 2). 

The resulting permeabilities of the coatings depend on the molar mass of the polymer matrix. 

With an increasing molar mass, the permeability of the composite is increasing. This is the 

consequence of the increasing number of entanglements. Therefore, the free volume increases 

and the barrier properties decrease. With incorporation of 50 wt% the permeability of PVA-

NaHec nanocomposite decreases by factor of about 1000 compare to unfilled PVA coating.  



Appendix 3 

68 

 

One of the disadvantages of PVA as matrix is the plasticization effect at a RH over 35%. We 

have already shown [14] a decreasing plasticization effect for oxygen and water vapor and 

therefore, we also expect it with helium as test gas (Table 3). 

Table 3. HeTR of the nanocomposite systems at 0% and 75% RH. 

Sample 

HeTR 

cm3 m-2 day-1 atm-1 

0% RH / 75% RH 

Permeability 

cm3 µm m-2 day-1 atm-1 

0% RH / 75% RH 

PET + PVA + 10 wt% 

NaHec 

0.8 

7.1 

31.3 

266.3 

PET + PVA + 50 wt% 

NaHec 

0.8 

1.7 

30.3 

63.3 

 

As it was expected, the transmission rates at a relative humidity of about 75% increased because 

of the polymer plasticization. Nevertheless, this plasticization effect is much lower than in the 

neat polymer matrix because then, the permeability at about 75% RH would have been in the 

region of the neat PET substrate with a permeability of about 60000 cm3 µm m-2 day-1 atm-1. 

Moreover, the increase of the transmission rate of the sample with 50 wt% filler content is less 

than the increase of the sample with 10 wt%. 

4. Conclusions  

Applying large aspect ratio synthetic clay increases the barrier properties of the waterborne 

polymer PVA against helium by a factor of about 1000. On the one hand this is due to the 

elongated tortuous path caused by the huge platelets and the used polar polymer PVA. Moreover, 

we were able to show, that the molar mass of the polymer is important for the resulting barrier 

properties of the systems. A lower molar mass leads to decreasing permeabilites. This can be 

explained by the decreased number of entanglements and therefore the reduced free volume. 

With transferring to other hydrophilic polymer matrices we are sure to further increase the 

barrier properties of the layered silicate-polymer-composites. 
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