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Preface 

In the past two decades, the development of efficient methods for preparation of 

nanometer-sized materials and the continually increasing ability to manipulate the 

nanoscale objects have brought about a technological revolution called: nanotechnology. 

This revolution has been especially driven by the discovery of unique nanoscale 

properties of the nanomaterials which are governed by their inherent size, e.g. optical, 

electronic, magnetic, and catalytic, to name a few. Today, the total societal impact of 

nanotechnology is expected to be greater than the combined influences that the silicon 

integrated circuit, medical imaging, computer-aided engineering, and man-made 

polymers have had in the last century. We are just now seeing the tip of the iceberg in 

terms of the benefits that nanostructuring can bring in such diverse technologies as: 

catalysis, energy and environment, materials engineering, medicine and biotechnology, 

and electronics. 

Many types of nanomaterials have also been found to possess exceptional 

mechanical properties. This has led to tremendous interest in developing high-

performance composite materials by exploiting the mechanical properties of these 

building blocks. In spite of a tremendous volume of work done in the field, preparation of 

such nanocomposites (NCs) has proven to be elusive due to inability of traditional “top-

down” fabrication approaches to effectively harness the properties of the nano-scale 

building blocks. 
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This thesis focuses on the preparation of polymer/nanoparticle and 

polymer/polymer NCs via a bottom-up nano-manufacturing method called the layer-by-

layer (LBL) assembly. In large portion of this work, two natural and inexpensive 

nanoscale building blocks are explored: nanosheets of Na
+
-montmorillonite clay (MTM) 

and rod-shaped nanocrystals of cellulose (CNRs). LBL assembly is used here as a tool to 

study mechanical properties of polymer/nanomaterial NCs with high volume fractions of 

the filler. The exceptional versatility of the LBL method is also used here for preparation 

of novel, solely-polymeric NCs. The results described herein encompass (a) systematic 

study of nanoscale mechanics of MTM-based NCs with ultimate development of a 

transparent hybrid composite thin-film with record-high strength and stiffness, (b) 

development of LBL NCs from CNRs, (c) preparation of high toughness and 

hierarchically organized NCs by “exponential” LBL, and (d) presentation of several 

applications of the resulting NCs. 
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Chapter I 

 

Introduction 

 

A. Nano-Scale Building Blocks: General Introduction 

 This thesis in great part deals with colloidal chemistry and nanoparticles (NPs) 

hence a brief introduction into the subject is necessary. Historically, small particles and 

micrometer-size colloids have been extensively studied and used for hundreds of years. 

However, the science and engineering of nanometer-sized particles (NPs) has been 

developed only in the last two decades, predominantly thanks to the development of 

instrumentation to probe small length scales, such as force, laser scanning fluorescence, 

and electron microscopes which allowed their characterization. The NPs are referred to 

by many different names in scientific literature, including nanoclusters, nanocrystals, or 

quantum dots. A definition of a NP which has been widely accepted by scientific 

community is any particle with at least one of its structural dimensions being less than 

100 nm. This term encompasses variety of structures, such as: nanospheres, nanorods, 

nanowires, nanotubes, and nanoplates, and variety of compositions: organic, inorganic, 

metallic, magnetic, semiconducting, dendrimers, bionanoparticles, etc.. The architectural 

and compositional possibilities are infinite and much of the current research efforts are 

devoted to the synthesis of ever more complex nanostructures. The research efforts are 

especially driven by the discovery of variety of phenomena associated with the 

nanometer-dimensions of the structures. 
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 One such phenomenon is the quantum confinement effects observed in certain 

types of materials. Such NPs exhibit spectroscopic features that result from an incomplete 

band structure caused by the limited number of atoms. Semiconducting NPs have 

electronic structures between that of the individual atoms and bulk materials. The effect 

of an incomplete band structure on exciton interactions is an object of particular interest. 

An exciton is an electron-hole pair that behaves as one article due to Coulombic 

attractions. It is characterized by Bohr exciton state. When the size of nanoparticles 

becomes smaller than the Bohr exciton, the spacing between energy levels increases and 

the band gap widens. Quantum confinement results in a blue-shift of the adsorption edge 

and a corresponding shift in the photo- and electroluminescence. Therefore, the optical 

absorption and emission characteristics of semiconducting nanoparticles can be tuned by 

changing its size. This makes possible to use them as light-emitting diodes, where one 

type of semiconductor can be used to produce a whole spectrum of visible light.
1-7

 

 An important nanomaterial being extensively studied is the carbon nanotubes 

(CNTs). CNTs have been discovered by Sumio Iijima
8
 in the early 1990’s, shortly after 

the discovery of the Nobel Prize winning allotrope of carbon, the fullerenes or 

buckyballs.
9
 CNTs are essentially rolled graphite sheets composed of millions or more 

carbon atoms in which the atoms are arranged in a hexagonal pattern while the closed 

ends of the nanotube resemble half of a buckyball. In perspective, they are essentially 

stretched buckyballs and as such they are often called buckytubes. Typical diameters for 

single-walled carbon nanotubes (SWNTs) are on the order of 1 – 2 nm.
10,11

 There are also 

so called multi-walled carbon nanotubes (MWNTs) which consist of concentric shells of 

rolled graphite sheets and as such, their diameter can be much larger. The average length 
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of the CNTs is typically several microns however recent reports have shown preparation 

of centimeter-long forests of the nanotubes. As such, they represent nanowire/nanotube 

structures with very large aspect ratio (ratio of length to diameter). 

 CNTs have the simplest chemical composition and atomic bonding configuration 

but exhibit perhaps the most extreme diversity and richness among nanomaterials in 

structure and structure-property relations.
12

 Depending on the chirality (the chiral angle 

between hexagons and the tube axis), SWNTs can be either metals or semiconductors, 

with band gaps that are relatively large or small, even if they have nearly identical 

diameters. As such, there are infinite possibilities in the type of CNT molecules and each 

nanotube can exhibit distinct physical properties. The unique structure and electronic 

properties of SWNTs impart them with variety of novel properties, e.g. ballistic 

transport,
13

 and they have been explored for variety of applications, including logic, 

memory, and sensory devices,
14,15

 drug delivery carriers
16

 and separation membranes
17,18

. 

 

B. Nanoparticles and Nanocomposites 

 Nanomaterials have also been found to possess exceptional mechanical properties. 

The best example of these is the SWNTs which have been heralded to be the strongest 

known material on Earth. Different reports show that SWNTs and MWNTs have ultimate 

tensile strengths in the range of σUTS ~10-300 gigapascals (GPa) and Young’s modulus, E 

~1.1 terapascals (TPa) or 1,100 GPa (1 TPa = 1,000 GPa), with SWNTs being 

considerably stronger than the MWNTs. Furthermore, CNTs have relatively low density 

of only ~1.4 g/cm
3
 which imparts them with exceptionally high specific strength 

(strength divided by the density).
19,20

 To put this into perspective, σUTS of Kevlar fibers 
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(the material currently used for preparation of protective body armor) can reach values of 

~3.5 GPa and their modulus varies in the range of E ~ 80 - 220 GPa.
21-23

 The density of 

Kevlar is ~1.45 g/cm
3
. Another comparison can be made to steel and its alloys, which 

have σUTS in the range of 0.34 – 1.9 GPa and E ~210 GPa. The density of steel is ~8 

g/cm
3
. Overall, the attractiveness of SWNTs lays in the fact that mechanical performance 

of nanometer-size reinforcement is superior to its micron-size counterparts (e.g. carbon 

fibers, with σUTS up to 4.5 GPa and E ~100s of GPa) and NPs possess much greater 

surface-to-volume ratio. The strength and stiffness of the nanotubes is close to the 

theoretically predicted values because fewer defects are present in the molecularly 

precise nanotube structure.
24

 Moreover, nanotubes, while stiff in the direction of the axis, 

they have substantial flexibility which may lead to super-tough polymer composites. 

Other exceptionally strong nanomaterials include graphite flakes and graphene sheets (E 

~1.1 TPa),
25

 cellulose nanocrystals (E ~150 GPa),
26

 and clay nanosheets (E ~150-400 

GPa)
27

. Given these exceptional mechanical properties coupled with the additional 

properties originating from nanoscale structuring, there has been tremendous interest in 

utilizing these nanomaterials as reinforcing fillers for developing the next-generation of 

high-performance and multifunctional composites. 

Historically, the first clay-reinforced resin known as Bakelite was introduced in 

the early 1900’s as one of the first mass-produced NCs and it has fundamentally 

transformed the nature of practical household materials.
28

 Off course people were not 

aware of the nano-scale structure of clay at that time. Even before Bakelite, NCs were 

finding applications in the form of NP-toughened automobile tires prepared by blending 

carbon black, zinc oxide, and/or magnesium sulfate particles with vulcanized rubber. 
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Despite these early successes, the true NCs revolution has not begun until the early 

1990’s with the reports from Toyota researchers which revealed that adding mica to 

nylon produced substantial increase in stiffness, yield strength, and tensile strength.
29,29

 

The Toyota researchers showed that small volume fractions of clay additive improved the 

stiffness and yield strength of nylon several times and the ultimate strength by ~25% 

while at the same time changing the polymer’s optical properties from opaque to 

translucent. These results coupled with the discovery of the new types of nanomaterials 

with controllable sizes and shapes, e.g. fullerenes and CNTs, have literally “jump started” 

the NCs field. The discovery of exceptional mechanical and electronic properties of 

CNTs has further fueled the research efforts and opened the doors to development of 

high-performance and multi-functional materials.
19,20,30

 

 Polymer NCs have been widely investigated in the past 15 years. Until today, 

various NCs incorporating inorganic and organic nanoparticles e.g. exfoliated clays, 

carbon nanotubes,
31-34

 graphene nanosheets,
35

 cellulose nanocrystals, or silica particles 

have been prepared and the resulting materials have shown some improvement of 

polymer’s properties, e.g. strength, modulus of elasticity, hardness, or gas permeability. 

There are literally tens of thousands of scientific papers dealing with preparation of 

various polymer/nanoparticles NCs available in scientific journals, however vast majority 

of them show a common result: the properties of polymers are improved up to ~10 

volume percent (vol.%) of the nanofiller, beyond which the material’s properties usually 

begin degrading. This problem is largely related to the difficulty of obtaining well-

dispersed large volume fractions of the reinforcing nanomaterials and a lack of structural 

control over the internal organization of the NCs. NPs in particular suffer from very 
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strong tendency to phase segregate and aggregate above critical concentrations, which 

leads to formation of deteriorating defects. Although small improvements in properties 

are still beneficial in some applications, especially when they translate into overall cost 

reductions associated with reduced materials requirements, the potential mechanical 

properties of nanomaterials are largely untapped. 

 To give an example of this, a simple composite rule-of-mixture prediction shows 

that composites incorporating approx. 20 vol.% of the CNTs should achieve σUTS of at 

least 2 GPa and E of 200 GPa. In reality the observed properties are usually only a small 

fraction of these values.
36

 The traditional preparation methods are simply not capable of 

fully exploiting the properties of individual CNTs. The most encouraging results have 

been obtained by using “smart” preparation approaches, instead of simple mixing. As an 

example, the best results with SWNTs have been reported by Baughman’s research group, 

where they have developed a novel method for spinning polymer fibers based on 

poly(vinyl alcohol) (PVA) polymer. The resulting fibers consisted of ~60 wt.% of 

SWNTs and showed σUTS of ~1.8 GPa, and modulus, E of ~80 GPa.
37

 High loading of 

SWNTs and alignment of the nanotubes in the direction of the fibers was critical to 

achieving high mechanical properties. However, while their fibers showed relatively high 

strength, the transfer of properties from individual SWNTs to the macroscale was far 

from ideal considering the properties of individual nanotubes and the fact that alignment 

of PVA had also substantial effect on the mechanical properties of the fibers. Another 

example of a smart approach entails direct synthesis of nylon from the surface of the 

CNTs. Using this approach, Moniruzzaman et al. have recently shown preparation of a 

nylon/CNT NC with yield strength of ~75 MPa, σUTS ~175 MPa, E ~2 GPa, and 140 % 
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improvement in toughness (properties of neat nylon used in this study are: yield strength 

of ~30 MPa, σUTS ~67 MPa, E ~0.88 GPa).
38

 These were considerable improvements 

when compared to the neat polymer and previous presentations. 

 While CNTs have exceptionally high mechanical properties, they also have a 

major drawback: high price. Current cost of SWNTs can be in the hundreds of dollars per 

gram which makes preparation of NCs prohibitively expensive except for a few niche 

applications. Surely this price is bound to decrease with an increase in demand, however 

alternatives to CNTs already exist and are extensively investigated for preparation of NCs. 

These include the natural, inexpensive, and renewable NPs such as clay nanosheets and 

cellulose nanocrystals. In the field of clay NCs, the results presented by Toyota almost 15 

years ago were the best until today in terms of strength and stiffness. The nylon/clay NC 

showed σUTS of ~109 MPa and E of ~1 GPa.
29,39

 Other results with clay have shown 

interesting toughening properties, however none have shown expected properties based 

on the modulus of elasticity of individual platelets, E ~150-400 GPa. A novel (“smart”) 

approach to the preparation of polymer/clay NCs was reported recently by Liff et al..
40

 

The authors have used a solvent exchange method to selectively reinforce hard segments 

in polyurethane chains which resulted in a NC with improved yield strength, E, and σUTS 

without loss and even improvement in the ultimate strain, thus greatly improving overall 

toughness. While novel and encouraging, the NC showed σUTS = 60 MPa and E = 1 GPa, 

which are still far below the properties of individual nanosheets (E ~270 GPa). 

 In summary, NCs offer infinite opportunities in materials design with potential to 

revolutionize nearly every aspect of our lives. They have potential for very broad societal 

impact ranging from civilian infrastructure, through energy, and on to aviation and 
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military sectors. However, the issue of transferring the nano-scale mechanical properties 

to the macro-scale has to be addressed first. Achieving this will require new and “smart” 

fabrication methods as well as fundamental understanding of polymer behavior under 

extreme confinement and high loadings of NPs. 

 

C. The Layer-by-Layer Assembly Technique 

1. Introduction 

 The layer-by-layer (LBL) assembly technique is currently one of the most widely 

utilized methods for the preparation of nanostructured, multilayered thin films. It is a 

bottom-up assembly method (i.e. typically the films are built by layering a few 

nanometers of material at a time) for preparation of thin films which offers nanometer-

scale precision in structuring and enables incorporation of high volume fractions on NPs. 

Nano-scale control over the structure alleviates the traditional phase segregation 

problems in NCs, hence LBL can be considered an example of a “smart” fabrication 

approach. It is the main focus of this thesis hence it requires adequate review of the field. 

 The first demonstration of LBL assembly was shown in 1966 by Iler, who 

presented a technique for building films of controlled uniform thickness by alternate 

adsorption of positively and negatively charged colloidal particles.
41

 Afterwards several 

singular attempts have been reported but they were met with little interest in the scientific 

community.
42,43

 It wasn’t until the work by Gero Decher and coworkers in the early 

1990’s with oppositely polymer pairs when it was realized that LBL assembly technique 

is a simple and universal method of thin film preparation.
44-48
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Figure 1. Layer-by-layer assembly overview. (A) Schematic representation of the LBL 

deposition cycle: (1) deposition of positively charged colloid, (2) rinsing with pure 

solvent, (3) deposition of negatively charged colloid, (4) rinsing with pure solvent, (5) 

return to step (1). (B) Exemplary structure of a multilayer composed of a polymer and a 

sheet-shaped colloid after 1 and 5 deposition cycles. 

 

 In simplest terms, LBL is based on sequential adsorption of oppositely charged 

layers of material onto a surface by electrostatic attraction. Given the variety of available 

assembly materials, it can be broken down into 3 general types of structures: (1) 

polymer/polymer, (2) polymer/NPs, and (3) NPs/NPs, with each being discussed in the 

subsequent sections. A schematic representation of a typical LBL deposition cycle is 

shown in Figure 1. In the initial step (Step 1, Figure 1A), a charged substrate is immersed 

into a solution of an oppositely charged component. Usually a charged polyelectrolyte 

(PE, a charged polymer) is used on this first step since it can cover large area of substrate 

1 2 3 4 

5 

  

A 

B 

x5 
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and can form a charged cushion layer on the surface for subsequent deposition of more 

rigid materials. Some of the typical PEs used in LBL assembly are shown in Figure 2. 

The exposure time lasts typically from a few seconds to 10s of minutes. Subsequently 

(Step 2), the substrate is rinsed with pure solvent to remove weakly bound material and 

dried if desired. Following the rinsing step, the substrate is transferred into solution of an 

oppositely charged species (Step 3) to that used in the initial step. The exposure time is 

again similar to that in Step 1, i.e. seconds to minutes. Finally (Step 4), the substrate is 

once again rinsed with pure solvent. After completion of Step 4, under optimum 

conditions, the substrate is covered with a pair of oppositely charged layers of materials 

(a bilayer) with the top surface charge being returned to the original, starting point. With 

the recovery of the surface charge, this cycle can be repeated until a film of desired 

thickness or structure is obtained. The sketch in Figure 1B shows the structure of LBL 

growth of a hybrid organic/inorganic, polymer/nanosheet composite after 1 and 5 cycles 

of deposition. 
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Figure 2. Common charged polymers used in LBL assembly. (A) 

poly(diallyldimethylammonium chloride) (PDDA), (B) branched poly(ethyleneimine) 

(PEI), (C) poly(styrenesulfonate) sodium salt (PSS), and (D) poly(acrylic acid) (PAA). 

(A) and (C) are considered strong polyelectrolytes while (B) and (D) are considered weak. 

 

 The growth of multilayer stack is achieved due to the electrostatic attraction and 

van-der-Waals interactions between the oppositely-charged components. For a successful 

LBL process to occur two major requirements have to be fulfilled: (1) colloidal solutions 

of oppositely charged species have to be used and (2) complete recharge of the surface 

must be attained on each deposition step. The latter means that after adsorption of a new 

layer during LBL deposition the surface charge has to change sign. When both of these 

demands are satisfied, formation of films with thicknesses from nanometer to 
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micrometers with uniform structures is possible through the LBL assembly procedure. 

There seems to be no limitation to the maximum number of layers that can be deposited, 

and films with up to 1000 layers have been made.
49-51

 The coverage area is limited only 

by the substrate size and polyelectrolyte solution volume. When dried the obtained films 

are stable and mechanically strong. The alternations in the dipping sequence allow for the 

preparation of many different variations on the LBL films. Three-dimensional 

heterostructures may also be created with photolithography, soft-lithography, and inkjet 

printing techniques.
52,53

 

 Besides polymers, this method has been successfully applied to many other 

systems. To this date, nearly any imaginable organic and inorganic macromolecular 

species has been used as assembly components, including: inorganic molecular clusters,
54

 

nanoparticles,
55

 nanotubes and nanowires,
56

 nanoplates,
57,58

 organic dyes,
59

 organic 

nanocrystals,
60,61

 dendrimers,
62

 porphyrin,
63

 polysaccharides,
64,65

 polypeptides,
66

 nucleic 

acids and DNA,
67

 proteins,
68,69

 and viruses
70

.
71
 The simplicity and universality of LBL 

method has made it an attractive alternative to many thin film deposition methods, such 

as Langmuir-Blodget deposition, spin-coating, and sputtering. 

 Remarkable versatility has led to a number of novel designs and applications of 

the LBL-based materials, such as: superhydrophobic surfaces,
72

 chemical sensors and 

semi-permeable membranes,
71,73-75

 drug and biomolecules delivery systems,
71,76-78

 

memory devices,
79

 optically active and responsive films,
61,80-82

 cell and protein adhesion 

resistant coatings,
71,83

 fuel cells and photovoltaic materials,
84,85

 biomimetic and bio-

responsive coatings,
86,87

 and many more.
71,88
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2. Polymer/Polymer LBL Multilayers 

 Multilayered films composed of organic compounds on solid substrates have been 

studied since the mid 20
th
 century for their potential in the preparation of tailored 

multicomposite materials. Classical methods used for this task such as Langmuir-

Blodgett and chemisorption do not provide diversity in starting materials, since they 

require certain classes of molecules. It is not surprising then that the initial works on LBL 

assembly have been done with PE/PE systems.
44-48,89

 

 Polyelectrolyte multilayers can be obtained on many different supports. The 

roughness of the initially deposited layers will be close to that of the substrate. 

Nevertheless, continuation in the dipping procedure under carefully chosen conditions 

will result in the production of a smoother film substrate.
90

 The roughness of the obtained 

PE films also depends on the ionic strength of the solution. The addition of NaCl into an 

aqueous dispersion of fully ionized strong polyelectrolyte results in the screening of its 

charges, which leads to coiling and entangling and, consequently, absorption of a thicker 

PE layer of greater roughness.
57,91

 On the other hand, when an already prepared film is 

immersed in a salt solution it results in its swelling. The degree of swelling is a strong 

function of the LBL assembly composition and can be explained by the interpenetration 

of Na
+
 and Cl

-
 ions inside of the film structure. When the ionic strength of the solution is 

high enough, a smoothing of the film surface is observed.
92,93

 

 When a weak PE is used for LBL stack preparation, the pH of its dispersion 

becomes the factor affecting the growth process and structure of the obtained film. At a 

pH range where the PE is fully ionized, formation of smooth thin layer is observed. A 
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shift in pH value away from its optimum range results in PE molecule entangling. This 

leads to the formation of a thick film with greater degree of roughness. 

 Even when polyelectrolytes are assembled sequentially onto a surface during an 

LBL deposition, it has been reported that the structure of the assembled multilayers can 

be highly interpenetrated.
94-98

 Poly(allylamine) (PAH)/poly(styrene sulfonate) (PSS) 

multilayers deposited from salt-containing solutions displayed an interpenetration 

between the polymer layers on the same order as the individual layer thicknesses.
94,95

 

These multilayers formed from one pair of PE have been described as “fussy”.
48

 However, 

in multilayers consisting of different pairs of polyelectrolytes, separate layers have a 

stratified structure.
98

 This stratification is consistent with the evidence of interpenetration 

on the order of an individual layer thickness but not more. 

 Interactions other than electrostatic between oppositely charged molecules can 

also be used in LBL assembly. The successful growth of films, made of polyaniline (Pan) 

alternated with nonionic water-soluble polymers, has been demonstrated.
99

 The authors 

presumed that the LBL growth of the films occurred because of hydrogen bonding 

between PAn and a non-ionic polymer such as poly(vinyl pyrrolidone) (PVP), poly(vinyl 

alcohol) (PVA), poly(acryl amide) (PAAm), and poly(ethylene oxide) (PEO), which were 

used in that study. Films have also been prepared with PVP and PAA. The formation of 

hydrogen bonding interactions was identified using infrared (IR) spectroscopy. It is also 

possible to utilize polymers having respectively electron-donating and electron-accepting 

pendant groups for LBL assembly.
100

 

 One more interesting example of multilayered LBL films, formed by interactions 

other than electrostatic, is in protein multicomponent films. Interactions between the 
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biological molecules or between the biomolecules and the polyelectrolytes are employed 

in formation of these multilayers. It has been reported that immunoglobulin G can be 

assembled with anionic PSS at pH values above and below its isoelectric point. This fact 

reflects the non-electrostatic nature of the LBL process.
101

 In addition, the LBL 

deposition of avidin and biotin-labeled polyamines creates a multilayered structure 

through avidin-biotin complexation
68,102-104

 even in the presence of electrostatic repulsion 

arising from the net positive charges of the avidin (isoelectric point at pH 9.0 – 10.0) and 

polyamines.
102,103

 

 

3. Multilayers from “Exponential” LBL Assembly 

While a vast majority of LBL systems undergo linear growth (l-LBL), there are 

also some quite special combinations of polyelectrolytes which exhibit so called 

“exponential growth” (e-LBL). The l-LBL method has been studied/applied most 

extensively and thus covers most of LBL publications. Substantially smaller and more 

recent subset of LBL literature is related to e-LBL films. Historically, e-LBL was 

observed for the first time in 1999 by Elbert et al.
105

 for poly(L-lysine) (PLL) and 

alginate (AG) polyelectrolytes pair. The authors observed that the thickness of dried films 

increased exponentially with the number of deposited layers. To explain the results the 

authors have evoked a possibility of formation of a PLL/AG complex coacervate, a type 

of gel, on the film surface during the successive deposition. Subsequently, Ruths et al.
106

 

observed exponential growth in PSS/PAH multilayer assembled onto a Langmuir 

monolayer which they have attributed to increasing film roughness with increasing 

thickness. Pardo-Yissar et al.
107

 have also observed nonlinear buildup of a PLL/PAA 



16 

multilayer system, and their explanation was the swelling of the film and increased 

absorbance of water. Finally, Picart et al.
108,109

 and Lavalle et al.
110-112

 have suggested a 

formation mechanism and later presented a proof of an “in-and-out” diffusion of the 

polyelectrolytes. In the studied system, the authors have found that the polycation 

diffuses into the film during the deposition and then out of the film during rinsing and 

further out during polyanion deposition. When immersed into the polyanion solution, as 

the diffusing polycation reaches the outer surface of the film, it interacts with the 

incoming polyanion to form a polycation/polyanion complex layer. The thickness of this 

new layer was found to be proportional to the amount of the polycation that diffused out 

of the film. 

The fundamental understanding of the growth mechanism has spurred 

development of novel structures and applications of the resulting films. For example, 

Boulmedais et al.
66

 have shown controlled switching of random-to-α-helical structure of 

poly(L-glutamic acid) (PLGA) in a PLGA/PAH e-LBL. Garza et al.
113,114

 have also 

shown preparation of multi-compartment e-LBL films while Hübsch et al.
115

 and later 

others
116

 have shown the ability to control the l-LBL vs. e-LBL growth behavior of the 

films. The e-LBL films have also shown interesting stability dependence in response to 

ferrocyanide and ferricyanide ions.
117,118

 Kujawa et al. and others have shown 

dependence of the e-LBL film thickness on the molecular weight of the 

polyelectrolytes.
119,120

 The e-LBL interdiffusion of polyelectrolytes have been shown to 

induce spontaneous ordering and exchange of viruses incorporated in the films,
70

 which 

has been applied to the formation of battery electrodes by Nam et al.
121

 Most recently, 

several novel applications of e-LBL have been presented. These include: strengthening of 
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wood fibers,
122

  drug and DNA delivery platforms,
123-126

 preparation of superhydrophobic 

surfaces,
127

 mechanically responsive nanovalves,
128

 and a novel platform for spontaneous 

assembly of rod-shaped viruses.
70

 

One can quickly notice that all of the above-mentioned e-LBL structures were 

based on purely polymeric or organic precursors. The types of polyelectrolyte pairs 

engaged in e-LBL thus appear to be limited, while it would be quite interesting to expand 

the functionality of the exponentially grown films to a greater number of LBL-capable 

species, e.g. NPs. Preparation of hybrid organic/inorganic e-LBL materials is also 

addressed in this thesis. 

 

4. Hybrid Polymer/Nanoparticles Multilayers 

 The LBL assembly method has been extensively utilized for the preparation of 

hybrid organic/inorganic films. Exfoliated clay materials, metal oxide, semiconductor 

NPs, and metallic NPs have been utilized for this task.
55,57,58,129-134

 Most typically, the 

common requirement for a successful assembly of these materials is the presence of 

charge bearing groups on the inorganic surface. If the surface is uncharged, additional 

surface treatment may be applied. 

 The first investigation of the assembly of negatively charged exfoliated minerals 

such as hectorite, α-zirconium phosphate or montmorillonite (MTM), have shown that 

they can be assembled using positively charged PEs, such as PDDA or PAH.
57,58,130-132

 It 

is also important to note that the sheets were found to adsorb parallel to the surface 

covering large areas of the previously adsorbed layer. These sheets were shown to 

produce composites with unusually high mechanical properties similar to those of 
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seashell nacre and lamellar bones.
135

 In fact, the mechanical properties of this material 

(σUTS = 100 ± 10 MPa and E = 11 ± 2 GPa), exceed those of many clay composites 

prepared by simple dispersion and gave a precedence for studying these structures for 

preparation of ultra-strong composites.
136,137

 As a result, in a recent report we have shown 

preparation of a transparent clay nanocomposite with record-high strength and stiffness 

for this class of materials: σUTS = 400 ± 40 MPa and E = 106 ± 11 GPa.
138

 The results of 

this investigation are presented in this thesis. The ability of MTM to work as nanoscale 

armor for other types of nanoparticles was also used in assemblies of MTM and 

magnetite or Ag NPs films.
139,140

 LBL films utilizing insulating functionality of 

alumosilicate sheets were made with gold NPs.
141

 Other examples of LBL assemblies 

incorporating MTM nanosheets include preparation of LBL films of myoglobin or 

horseradish peroxide for voltammetry studies, photocontrollable magnetic thin films, 

chemiluminescent thin films for sensory applications, or perm-selective membranes.
142-147

 

 Extensive work has also been carried out on LBL assemblies of CNTs. In 2002, 

Mamedov et al. have shown for the first time that SWNTs can be assembled into 

multilayered structures with uniform and homogeneous loadings of the nanotubes up to 

50 vol.%. Characterization of the mechanical properties revealed that the composites had 

σUTS = 220 ± 40 MPa with some reading as high as 325 MPa and E as high as 35 GPa.
56
 

These exceptional values prompted subsequent investigations of LBL assemblies from 

MWNTs
148

 and vapor grown carbon fibers
149

 for preparation of novel composite thin-

films. The added beneficial properties of CNTs, such as the electrical conductivity, have 

further led to additional investigations of applicability of the LBL films for strain and 

corrosion sensing,
150

 optoelectronic devices,
151

 neuroprosthetic devices,
152,153
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antibacterial coatings,
154

 superhydrophobic coatings,
155

 fuel cells membranes,
85

 and stem 

cells culture substrates.
156

 

 Another type of inorganic NPs is metal oxides. The LBL growth of the film built 

from metal oxide NPs proceeds in a linear fashion. The thickness of the adsorbed layer 

increases with increasing ionic strength of the solution. NPs with negatively charged 

surfaces, like silica or titania at high pH, have been assembled with positively charged 

PEs, such as PDDA and PEI. It was also demonstrated in the same work that the surface 

charge of pure silica colloids can be controlled by wrapping them in PDDA before the 

LBL assembly process.
157

 Positively charged metal oxide NPs such as ceria and titania 

can be assembled with negatively charged PEs, like PAA and PSS in acidic media.
50,55

 

 Contrary to metal oxide NPs, which generally have surface charge, metallic and 

semiconductor NPs synthesized in solution, are not charged. In such a case, the choice of 

the stabilizing agent is important for the formation of charged nanostructures. Several 

reports on the LBL assembly of acid-stabilized metallic and semiconductor NPs have 

been published.
55,158,159

 Furthermore, alternating PE/NP bilayers with PE/PE spacers 

allows for the preparation of distinctly layered composite structures. 

 As in the case of PE/PE multilayers, the growth of the inorganic nanomaterial 

containing films can be obtained through non-electrostatic interactions. Hydrogen-

bonding, protein-antibody interactions etc. are possible, when the surface of the inorganic 

component is modified with a corresponding stabilizing or coordinating agent. Utilization 

of the LBL method gives the opportunity to produce a large variety of PE/PE films with 

fine control over their structure by modulating the adsorption conditions and by choosing 

polyelectrolytes with desired properties. The availability of non-ionized groups of PE 
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inside of the prepared assemblies as well as the possibility of swelling in the resulting 

films gives an opportunity to use them as nanoreactors for the in situ synthesis of 

inorganic nanoparticles. As an example, the synthesis of cobalt hydroxide (Co(OH)2), 

iron oxyhydroxide (β- and γ-FeOOH) and lead sulfide (PbS) NPs has been presented 

utilizing PDDA/PSS multilayers.
160,161

 The in situ synthesis of inorganic nanomaterials 

provides a simple way of preparing composite organic/inorganic materials. However, 

utilization of this method does not provide total control over the structure of the resulting 

material as in the direct assembly. 

 

5. Nanoparticles/Nanoparticles Multilayers 

 The explosion of interest in LBL materials has led to a recent revival of the all-

nanoparticle structures, i.e. LBL assembly of oppositely charged NPs only, without the 

use of polyelectrolytes. This effort has been especially driven by the research group of M. 

F. Rubner.
162

 In the first study by the group, Lee et al. have shown that LBL assembled 

structures from TiO2 and SiO2 NPs exhibit antireflective, antifogging, and self-cleaning 

properties from superhydrophilicity.
162

 In another report they have shown an opposite 

effect, self-cleaning and transparent coatings based on superhydrophobicity (extreme 

water repulsion) from oppositely charged SiO2 NPs.
163

 The authors have further 

published several investigations detailing fundamental aspects of growth kinetics and 

structures of the films.
164,165

 In the most recent reports they have demonstrated 

mechanical robustness of the all-NPs LBL films
166

 and preparation of tunable Bragg 

stacks.
167

 Overall, these reports showed that the properties of the all-NPs films can be 

tuned by the choice of the NPs sizes and surface chemistries. Given the wide variety of 
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NPs available, the revival of NP/NP LBL structures will surely lead to new and exciting 

materials. 

 

D. Purpose and Research Overview 

 The previous discussion provided a brief account of state-of-the-art in the 

nanocomposites and LBL deposition method. The possibility of control of the growing 

film at each adsorption step has been emphasized. Large variety of organic and inorganic 

nanomaterials available opens the doors for the preparation of films with wide spectra of 

possible applications ranging from advanced catalytic materials to artificial biological 

membranes. Each of the colloidal dispersions used in this process requires individual 

approach when high quality films are needed. There is a continual interest and need in 

tuning the properties and structure of the LBL multilayers as well as in understanding of 

actual interactions and arrangements of the separate interlayers. 

 This work focuses on the development of polymer/NPs and polymer/polymer NC-

thin films utilizing the layer-by-layer assembly method. The goals of this work are: (1) to 

use the LBL method as a model system to study the mechanics of NCs with high volume 

fractions of NPs, (2) to show ability of the LBL assembly method to effectively harness 

the exceptional mechanical properties of NPs, and (3) to show that the thin-film 

fabrication method can be extended to preparation of macro-scale composites via 

hierarchical structuring. Successful fulfillment of these goals demonstrates the 

capabilities of the LBL assembly method in NCs preparation and realizes its advantages 

for the preparation of complex structures based on inorganic nanomaterials and organic 

PEs. 
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 The research, presented in this work can be generally divided into three main 

themes: preparation of novel LBL assemblies, characterization of properties, and 

applications. Chapter II describes development and mechanical characterization of 

nanostructured composites by LBL assembly of MTM as a means of understanding the 

nanoscale mechanics in clay composites. Biomedical application of polymer/clay LBL 

assembled thin film is also demonstrated. Chapter III describes parallel research on 

preparation and mechanics of nanocomposites based on cellulose nanocrystals. In 

addition to preparation and mechanics, a novel application of the nanocrystals as 

antireflective coating is presented. Chapter IV describes preparation of high-toughness 

and hierarchically structured composites. Preparation of LBL structures using an 

“exponential” LBL process and polyurethanes as a fundamentally new building block for 

the assembly is stressed in this chapter. The final chapter concludes this work and 

suggests some future research directions. 
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Chapter II 

 

Mechanics of “Nacre-Like” Polymer/Clay LBL Nanocomposites 

 

A. Introduction 

 Nature has evolved materials which possess mechanical properties surpassing 

many man-made composites. Bones, teeth, spider silk, or nacre, are just a few, well-

known examples of biomaterials which exhibit exceptionally high tensile strengths, 

hardness, or toughness.1-6 These remarkable properties have driven scientists to study and 

model their architectures and compositions, from micro- to nano-scales, in the hope of 

developing analogous synthetic materials. Of these, probably the most studied is nacre.4,7-

15 It is composed in 95% of brittle CaCO3 plates with just a few percent of organic 

“glue”, yet it is twice as hard and more then ~1000 times as tough as its constituent 

phases.16 These exceptional mechanical properties together with macroscopic beauty and 

elegance of nanoscale hierarchy serve as a model for design of high performance 

materials. 

Preparation of artificial analogs of nacre has been approached by different 

methods and resulting materials capture some of the characteristics of the natural 

composite.17-23 In our own work, we have used a layer-by-layer assembly technique 

(LBL) to prepare a nanostructured analogue of nacre from inorganic, nanometer-sized 

sheets of Na+-montmorillonite clay (MTM) and a polyelectrolyte,
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poly(diallyldimethylammonium chloride) (PDDA).24 The structure, deformation 

mechanism, and mechanical properties of this material were found to be comparable with 

those of natural nacre and lamellar bones (tensile strength, σUTS = 100 ± 10 MPa, and 

Young’s modulus, E = 11 ± 2 GPa). Contrary to other preparation techniques the LBL 

method is relatively simple and highly versatile in merging different functionalities into a 

single composite.25-27 At the same time, a vast array of available assembly components 

allows us to generate alternative designs as a means of understanding different 

interactions necessary for preparation of nacre-like clay nanocomposites with 

application-tailored mechanical responses. 

 Having at hand versatility of the LBL technique and potential for use in a wide 

array of applications, we have set out to improve the mechanical properties of the PDDA-

based composite further. In this chapter we show preparation of several different MTM-

based LBL thin films as a means of systematically studying the mechanical properties of 

polymer-clay NCs with high volume fractions of the inorganic filler. We show several 

important results here: (1) under extreme confinement, the macroscale mechanical 

properties of the polymer matrix are less important than the molecular scale flexibility of 

the polymer chains and strength of binding to the inorganic phase,28 (2) fusion of 

concepts from two natural materials: nacre and a marine biodhesive, can lead to high 

strength nacre-like NC,29 and (3) preparation of a transparent MTM NC with record-high 

strength and stiffness.30 We also demonstrate preparation of a multifunctional 

polymer/MTM NC for biomedical purposes, having high-strength, biocompatibility, and 

bacterial resistance.25 
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B. Counterintuitive Effect of Molecular Strength and Role of Molecular 

Rigidity on Mechanical Properties of Layer-By-Layer Assembled Nanocomposites 
 

1. Introduction 

 LBL assembly has proven invaluable in its ability to merge the functionalities of 

multiple components. As we have discussed in Chapter I, our group has found that LBL 

assembly of a polyelectrolyte poly(diallyldimethylammonium chloride) (PDDA) and 

Na+-montmorillonite (MTM) can lead to a free-standing film with mechanical properties 

similar to those of seashell nacre and lamellar bones.24 The mechanical properties of this 

material (ultimate strength, σUTS = 100 ± 10 MPa and the Young’s modulus, E = 11 ± 2 

GPa) exceed those of many clay composites prepared by simple dispersion. 

 These results are encouraging for preparation of novel, high strength materials 

and further improvements are expected with appropriate choice of the polymer matrix. At 

the same time, the survey of the field also reveals two quite important issues: (1) the 

existing design rules31-33 and theories are not entirely applicable to high volume fraction 

composites and they do not properly address the issue of interfacial interactions of 

components and (2) the mechanical properties of the nanocomposites are still much 

below those for mechanical parameters of individual nanoscale inorganic components 

such as nanotubes, nanowires, platelets, etc. 

 In an attempt at preparing an even stronger polyelectrolyte (PE)-MTM NC and 

with a goal of better understanding of the nanoscale and molecular mechanics of the 

composites, we have hypothesized that replacing PDDA with stronger PE will result in 

further improvement of the mechanical properties. We have chosen to work with a 

natural polymer, chitosan (CH), which not only possesses quite high strength (σUTS ≈ 110 
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MPa, E ≈ 2 GPa) in comparison to PDDA (σUTS ≈ 12 MPa, E ≈ 0.2 GPa), but also has 

excellent biocompatibility, biodegradability, non-toxicity and antibacterial properties.34 

At the same time, the importance of CH has already been shown in several examples of 

LBL films for wide variety of applications: optically active films,35-37 biodegradable thin 

films,38,39 biosensors,40-44 electrochemical and electrochromic materials,45-47 drug delivery 

multilayered capsules,48 and coatings for improvement of cytocompatibility.49,50 

 In this study we present our results from LBL assembly of CH with MTM.28 We 

show preparation of highly uniform free-standing films and mechanical strength 

evaluation of the resulting nanocomposite. Contrary to our expectations and theoretical 

predictions, the CH-MTM composite showed significantly lower mechanical properties 

when compared to the PDDA-MTM system, with σUTS = 81 MPa ± 12 MPa and E = 6.1 

GPa ± 0.8 GPa. Equally surprising, the composite showed lower σUTS than the pure 

polymer itself. Comparison of “plane-to-plane” adhesion revealed ~4x stronger adhesion 

in PDDA-MTM films than in CH-MTM. In the case of PDDA-MTM system, the 

excellent mechanical properties were associated along with other parameters with coiled 

conformation of the flexible PDDA chains, which is related to the presence of sacrificial 

bonds in natural nacre. Apparently the flexibility of the macromolecules is also critical 

for efficient stress dissipation and load transfer. For the CH-MTM system, lower σUTS is 

attributed to high rigidity of the CH backbone which was observed in highly elongated 

conformation of the polymer chains by atomic force microscopy (AFM). Therefore, this 

study creates a criterion for future design of ultra-strong thin film composites, which may 

also be applicable to conventional blends. 
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2. Experimental Procedure 

Materials 

 CH (MW = 6,300,000), PDDA (MW = 100,000 – 200,000, 20 wt.%), and glacial 

acetic acid were purchased from Sigma-Aldrich (St. Louis, MO) and used as received 

without further purification. 0.1% CH solutions used throughout the experiments were 

prepared by stirring overnight 1 g of the polymer powder in 1 L of 3 vol.% acetic acid 

solution in 18 MΩ*cm, pH = 5.6 de-ionized water (DI water). After preparation, pH of 

the solutions was further adjusted with 1 M NaOH. Na+-Montmorillonite (MTM) was 

purchased from Source Clays Repository (West Lafayette, IN). 0.5 wt.% solution of 

PDDA was prepared by appropriately diluting the stock solution with DI water. MTM 

dispersion used in the experiments was prepared by dissolving 5 g of clay in DI water 

under vigorous stirring for 1 week prior to use. At the end of the week, MTM dispersion 

was left standing overnight to allow larger particles to sediment. Next day, supernatant 

was collected for use in experiments while precipitate was discarded. The resulting 

solution had pH ≈8, which was further adjusted with 1 M HCl as needed. Microscope 

glass slides used for CH-MTM films deposition were obtained from Fisher Scientific. 

Hydrogen peroxide and concentrated sulfuric acid used in the piranha cleaning solution 

were purchased from Sigma-Aldrich. Concentrated hydrofluoric acid (HF) was obtained 

from Sigma-Aldrich and a 1 vol.% HF solution used for preparation of free-standing 

films was prepared by appropriately diluting the stack solution with DI water. 

Isopropanol, A.C.S. grade, used in separation of free-standing films was purchased from 

Sigma-Aldrich. 
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Layer-by-Layer Assembly of CH-MTM Films 

 Prior to beginning deposition of the CH-MTM films, the microscope glass slides 

were cleaned by immersion in piranha solution (3:1 H2SO4:H2O2, dangerous!) for 1 hour, 

followed by thorough rinsing with DI water. In a typical sample preparation, a clean glass 

slide was immersed in 0.1 wt.% solution of CH, for 5 minutes, rinsed with DI water 2 x 1 

minute and dried with compressed air, then immersed in 0.5 wt.% MTM dispersion, pH 

~10, for 5 minutes, rinsed 2 x 1 minute, and again dried with compressed air. This 

procedure describes a complete deposition cycle and reversal of the surface charge to the 

original, negative. The cycle could then be repeated as necessary to obtain the desired 

number of layers. For the purpose of this work, films composed of 300 bilayers (cycles) 

were prepared. Preparation of the samples was accomplished using a StratoSequence IV, 

a robotic dipping machine, from nanoStrata Inc. (Tallahassee, FA). Free-standing films of 

the nanocomposites, which were subsequently used for thermo-gravimetric analysis and 

mechanical strength testing, were isolated with 1 vol.% HF solution (dangerous, use care 

when handling!) by utilizing a technique described in our previous publication. Briefly, a 

glass slide coated with a desired number of bilayers was immersed in 1 vol.% HF 

solution until free detachment of a free-standing film was observed. The HF solution 

penetrates to the interface of the glass and the film and dissolves the glass surface, thus 

releasing the film. As shown previously36, HF has minimal effect on the properties of the 

film when detachment is performed quickly (several minutes). Prolonged exposure to HF 

results in degradation of the MTM platelets. With film minimally attached to the glass 

surface, the slide was moved to a beaker with pure DI water and thoroughly rinsed. After 

that, the film was placed in a dish of pure isopropanol in order to dehydrate it, which 
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increased its stability and rigidity, allowing for safe removal without tearing. Finally, 

free-standing films were removed from the solvent with wafer tweezers, briefly air dried 

to allow solvent evaporation, and subsequently dried overnight in a drying oven at 80 ˚C. 

 

Instrumental Analysis 

 LBL process was monitored using an 8453 UV-vis Chem Station 

spectrophotometer produced by Agilent Technologies, with data collected after each 

(CH-MTM) bilayer. The reference spectrum for the instrument was ambient air and 

collected spectra of the adsorbed material were compared to UV-vis absorbance of a 

fresh, piranha-cleaned glass slide. Images of CH molecules adsorbed on a silicon wafer 

and MTM nanoplatelets adsorbed on a CH layer were obtained using a NanoScope IIIa 

atomic force microscope (AFM) from Veeco Instruments (Santa Barbara, CA). For 

observation of single CH molecules we have diluted down the solution used in the 

assembly to ~0.005 wt.% and immersed a piece of silicon wafer inside for 5 min. The 

instrument was operated in tapping mode with silicon nitride cantilever tips (NSC16/Cr-

Au, MikroMasch). Ellipsometry measurements were obtained using a BASE-160 

Spectroscopic Ellipsometer produced by J. A. Woollam Co., Inc.. The instrument was 

calibrated to the standard silicon wafer with a thin layer of silicon dioxide and the 

subsequent calculations were fitted using a Cauchy’s model. The samples used for 

ellipsometry were prepared on silicon wafers following the LBL protocol described 

previously. The refractive index of the multilayer was determined from a 30 nm thick 

sample (5 bilayers). Amount of MTM inside of the free-standing film was determined 

with thermo-gravimetric analyzer (TGA) Pyris 1 from PerkinElmer, with temperature 
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ramp-up rate of 10 ºC/min while being purged with air. In-plane mechanical properties of 

free-standing films were analyzed by obtaining stress-strain curves with a mechanical 

strength tester version 100Q from TestResources Inc. (Shakopee, MN). The relative 

humidity in the testing facility was ~30 %. Tests were performed at a constant rate of 10 

µm/s while force was recorded using a TestResources load cell with maximum capacity 

of 1.1 lbf (~4.9 N). The test samples were rectangular strips ~1 mm wide and 4-6 mm 

long. Plane-to-plane adhesion was measured using the same setup used for in-plane 

measurements except the bottom grip replaced by a compression platen from 

TestResources and the top grip with an SEM stub freely suspended on a copper wire to 

allow for compliance with the sample. The samples were attached flat to the larger 

substrate with “super glue” making sure that the glue would not spill over the sample and 

give false results. After drying, the top disc was attached using a much smaller drop of 

glue such that the adhesive would be in contact with the sample and top disc only. The 

surface area of the ruptured samples was measured with freeware image analysis software 

from National Institutes of Health, Image J. SEM images were obtained with an FEI 

Nova Nanolab dual-beam FIB and scanning electron microscope operated at 15 kV beam 

voltage. In order to avoid charging on the specimen, a few nm thick layer of gold was 

sputtered onto the surface of the film prior to imaging. 

 

3. Results and Discussion 

CH-MTM films were prepared following similar conditions to those of PDDA-

MTM system reported previously,24 namely 5 min immersion of a glass slide in CH 

solution, 2 x 1 min rinse in DI water, 1 min of air drying, and 5 min immersion in a clay 
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dispersion followed again by rinsing and drying steps. These conditions proved to be 

sufficient for successful assembly giving a very uniform and homogeneous multilayer 

structure. AFM characterization of a single bilayer (CH + MTM layers) revealed high 

density of MTM platelets adsorbed parallel to the substrate on a CH surface just as in the 

PDDA-MTM composite presented before. (Figure 3) The AFM images also show that 

some of the adsorbing MTM platelets are composed of several-sheet thick stacks 

resulting from incomplete exfoliation of clay. Overall the surface coverage is dense and 

relatively uniform for a single bilayer. 

Having observed chemical compatibility of CH and MTM, LBL structures were 

prepared on microscope glass slides and polished silicon wafers in order to characterize 

assembly using UV-Vis spectroscopy and ellipsometry. In typical PE-MTM assemblies, 

increasing number of deposited bilayers results in a linear increase of optical density. The 

same was observed for the CH-MTM composite (Figures 4A and 4B). We have also 

observed that varying the pH of MTM or CH solutions can result in substantial changes 

in thickness of the films. (Figures 4B and 4D) The most substantial increase in thickness 

was observed for low pH of MTM and/or high pH of CH solutions. This is likely to be a 

result of two factors: 1) Decreasing the pH of MTM results in aggregation of the platelets 

which increases thickness of the MTM layer. 2) The primary amino groups on CH, with 

pKa value of ~6.4, are sensitive to the pH of the environment, which has an effect on 

both adsorption of MTM and conformation of the polymer chains.51 When using low pH 

of MTM solution, pH of CH layer on the glass slide is kept below its pKa value which 

helps in adsorption of the aggregated platelets. Increasing pH of CH de-protonates the 
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amino groups allowing for more flexible conformation of the chains as was shown for 

CH adsorbing on mica and much thicker polymer layers.51 

 

Figure 3. (A) Structure of PDDA (top) and CH (bottom) polymers. (B) AFM of a dilute 
solution of MTM adsorbed on a single layer of CH. (C) AFM of a single bilayer of 
CH+MTM adsorbed on a silicon wafer surface (height). (D) AFM image of a single chain 
of CH adsorbed on a silicon wafer surface. 
 

Overall, in all of the cases, when absorbance was plotted as a function of a bilayer 

number for a particular wavelength, a linear growth was observed (Figure 4C). Similar 

results were also observed from ellipsometry. (Figure 4D) In particular, ellipsometry 

showed rather slow and irregular increase in thickness for low pH CH and high pH 

MTM. After 10 bilayers, the thickness of the film reached only ~15 nm, giving ~3 nm per 
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bilayer on average. For high pH of CH and low pH of MTM, the thickness of the 

composite increased linearly at ~10 nm per bilayer. 

 

Figure 4. (A) Compilation of UV-Vis absorbance spectra for CH-MTM assembly for the 
first 10 bilayers with pH = 3 and pH = 8 of the two components, respectively. (B) 
Compilation of UV-Vis spectra for pH = 6 and pH = 3 of CH and MTM, respectively. (C) 
Linear regressions of absorbance vs. bilayer number for CH-MTM assembled with 
indicated pH conditions. (D) Ellipsometry results for CH-MTM assembly under indicated 
pH conditions. 
 

For proper comparison with PDDA-MTM, CH-MTM films were prepared using 

the same conditions as used for the former composite: pH = 3 for CH and pH = 8 for 

MTM (as dissolved). Several samples of 300-bilayer films were prepared on microscope 

glass slides, dried at 60 ˚C for 1 hour and then were detached from the surface using a HF 

method described in the experimental section. The films were highly uniform and 

flexible. Interestingly, they were much more transparent when compared to 300-bilayer 

A B 

C D 
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PDDA-MTM films (Figure 5A). We believe that this effect is a result of a good 

dispersion of the nanoscopic filler, the nanoscale dimensions of the filler, as well as 

decreased surface roughness of the CH-MTM films as compared to PDDA-MTM which 

decreases light scattering. 

SEM characterization of the free-standing films revealed uniform thickness of 2.2 

µm ± 0.2 µm giving an average thickness per bilayer of ~7 nm. This thickness is higher 

than that reported from ellipsometry and we attribute it to the initial lag of deposition 

which is often present in LBL assemblies as well as increased surface roughness of the 

final film. The cross-section also revealed similar, well defined stratified structure which 

was observed previously in the PDDA-MTM composite. (Figure 5C) Given that there are 

no available mechanical properties data for the PDDA and high MW weight CH, we have 

also cast films of the two by evaporation of the solutions used for composites preparation. 

Both of the films, due to their hygroscopic nature, were kept well dried until testing. TGA 

analysis revealed exceptionally high loading of the inorganic material at ~80 wt. % (~42 

vol. %). (Figure 6) Nearly identical loading was found for the PDDA-MTM composite, 

although PDDA showed better thermal stability in comparison to CH. 
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Figure 5. (A) Free-standing, 300-bilayer CH-MTM nanocomposite film. Inset shows 
folded film revealing good flexibility. (B) Free-standing film of CH polymer prepared by 
evaporation. (C) SEM image of CH-MTM composite’s cross-section. (D) SEM image of 
CH polymer film’s cross-section. Inset represents close-up of the cross-section. 
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Figure 6. TGA comparison of different PE-MTM composites. 
 

 Having obtained the thickness from SEM analysis the material was cut into thin 

strips and subjected to a standard stretching test in order to obtain stress (σ) vs. strain (ε) 

plots. Figures 7A and 7B show typical stress-strain responses of PDDA, CH, PDDA-

MTM, and CH-MTM, and Table 1 summarizes all of the mechanical properties. In the 

case of PDDA there is an order of magnitude increase in σUTS and nearly 2 orders of 

magnitude in E. At the same time, the toughness of the composite (estimated from the 

area under the curve) has decreased by an order of magnitude. In the case of CH the 

increase in E is not as large, only ~3x and σUTS has actually decreased by ~25 %. This is a 

surprising result since we have anticipated substantial increase in the stiffness and 

especially the ultimate strength. For comparison, literature values for mechanical 

properties of CH report similar or higher results for the modulus and slightly lower 
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results for the strength, ~40-100 MPa.52 While direct comparison can not be made 

between our polymer and those reported in the literature in order to confirm our results 

(differences in sample preparation technique, solvent, and molecular weight), the increase 

over the literature reported values is still very small in comparison to PDDA-MTM 

composite. Furthermore, theoretical predictions using the well known Halpin-Tsai’s 

composite theory33 or the somewhat similar continuum model of Jager-Fratzl31 for 

“nacre-like” biocomposites give E ~101 GPa and E ~110 GPa, respectively, when 

applied to the CH-MTM system. Clearly the calculated values are more than an order of 

magnitude higher than those achieved. 

The weakening of the material when a stronger nanoscale component is 

incorporated may remind of the case with classical polymer/clay nanocomposites. 

Inclusion of small amount of inorganic filler (usually at ≤5 wt.%) results in increase of 

ultimate stress, Young’s modulus, and fracture strain,53-55 while above this threshold 

mechanical properties decrease in most cases. This effect is attributed to the decreased 

degree of dispersion of clay sheets at high loadings and formation of large scale non-

uniformities. In the case of LBL films the effect is likely to have a different nature 

because the spatial distribution of the components remains uniform. 
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Figure 7. (A) Stress-strain curves for CH, PDDA, PDDA-MTM, and CH-MTM. (B) 
Close-up of CH-MTM and PDDA-MTM curves. 
 

Table 1. Comparison of the mechanical properties for composites and pure polymers. 

 

Ultimate Tensile 
Strength, σUTS 

(MPa) 
Young's Modulus, 

E (GPa) 
Ultimate Strain, 

ε (%) 
Toughness 
(MJ/m3) 

PDDA 12 ± 4 0.16 ± 0.03 48 ± 9 4.7 ± 2.0 

CH 108 ± 15 1.9 ± 0.3 42 ± 9 31.6 ± 8.8 

PDDA-MTM 100 ± 10 11 ± 2 8.4 ± 0.7 ~0.5 

CH-MTM 81 ± 12 6.1 ± 0.8 1.9 ± 0.6 0.9 ± 0.4 
 

Mechanical strength of clay nanocomposites is a cumulative product of many 

factors, e.g. degree of clay exfoliation, homogeneity of the dispersion, or strength of 

polymer-clay interfacial adhesion. As can be seen from the data provided above, the 

loading of the clay, the degree of exfoliation, the overall homogeneity, and orientation of 

clay platelets in CH-MTM and PDDA-MTM are quite close to each other (Figures 3-6). 

To understand the reasons behind these low mechanical properties we have investigated 

adsorption of CH chains with AFM. Topographic AFM images revealed highly elongated 

chains adsorbed on the surface (Figure 3D) and can be contrasted with our results for 

PDDA, where we have shown that more than 85 % of chains adsorb in highly coiled 

A B 
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conformation.24 This can be attributed to the well-known high rigidity of CH due to its 

polysaccharide backbone. For PDDA-MTM we have shown that this coiled conformation 

is directly related to the unusual toughening mechanism of nacre or spider silk8 due to 

sacrificial bonds between the different parts of the polymeric chain. One can also suggest 

that flexibility of the polymer directly affects the stress dissipation and load transfer from 

the organic matrix to the inorganic nanoscale component, i.e. MTM sheets in this case. 

We believe that high rigidity results in poor CH-MTM interaction, thus contributing to 

lowering of the mechanical properties, which is not considered in the theoretical models. 

The CH chain cannot find an optimal conformation on the surface of the MTM, which 

would result in maximum attraction due to lack of flexibility, which is possible for 

PDDA. (Figure 8) The attraction energies to consider here include electrostatic attraction, 

hydrogen bonding, and van der Waals forces. All this creates a complex, topographically 

uneven, and quite stochastic force field map, which is difficult to adjust to and acquire a 

reasonable degree of adhesion unless different parts of the backbone can move fairly 

independently of each other, which cannot be realized in the rigid CH molecule. 

 

 

 

 

 

 

 

Figure 8. Graphical representation of polyelectrolyte folding and presumed structure of 
adsorbing chains for (A) PDDA-MTM and (B) CH-MTM nanocomposites. Top images 
represent a side view of an edge of a clay nanosheets adsorbed on a substrate. 
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 To test this hypothesis we have compared the cohesive strength between CH-

MTM and PDDA-MTM composites. If the hypothesis is correct, it must inevitably result 

in the lower adhesion of one multilayer to another. Indeed, the force required to break the 

contact between discs (Figure 9) showed that the strength of adhesion in PDDA-MTM 

composite is ~4x higher than in the CH-MTM, 2260 ± 570 kPa vs. 670 ± 250 kPa, which 

directly proves the fact that CH doesn’t provide as strong adhesion between the 

multilayers and importance of conformational freedom during adsorption. Because of the 

low energy of attraction between CH and MTM, the strength of individual molecules 

cannot come into play when films undergo in-plane deformation. 
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Figure 9. Cohesive strength results: (A) graphical representation of experimental setup, 
(B) comparison of the results, (C) and (D) CH-MTM film after planes separation, (E) and 
(F) PDDA-MTM film after planes separation. 
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4.  Conclusions 

 LBL technique is a tool which enables manufacturing of the composite via 

bottom-up fabrication method, a few nanometers at a time, which in turn allows for 

incorporation of high amounts of the inorganic filler with homogeneous distribution 

throughout the composite. Also important is parallel orientation of all the platelets, which 

greatly helps in understanding the processes and achieving desirable mechanical 

characteristics. Against expectations and theoretical predictions, the mechanical 

properties of a new nanocomposite incorporating one of the strongest natural polymers, 

CH, were found to be noticeably lower than for a structurally similar composite with 

drastically weaker polymer, i.e. PDDA. The decrease in mechanical properties was 

attributed to high rigidity of the polymer resulting in the poor interfacial adhesion with 

the clay. This study (1) shows unorthodox nature of the behavior of nanocomposites, (2) 

opens the door to the detailed understanding of the mechanics at nanoscale, and (3) 

provides a critical criterion for the selection of the organic matrix for advanced 

nanocomposites necessary for a wide variety of applications from energy conversion to 

biotechnology. 
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C. Fusion of Seashell Nacre and Marine Bioadhesive Analogs: High Strength 

Nanocomposite by LBL Assembly of Clay and DOPA-Polymer 

 

1. Introduction 

In Section B we showed that contrary to theoretical predictions the macroscopic 

mechanical properties of the polymer are not as important as the molecular flexibility of 

the chains and strength of interfacial adhesion. We have further hypothesized that 

improving load transfer from the weak polymeric component to the inorganic nanosheets 

in our artificial nacre should increase the composite’s mechanical properties even more. 

This required a polymer which would have potentially stronger interaction with the clay 

than the ionic bonds in PDDA-MTM. For inspiration we have turned to another 

exceptional biomaterial, the unusual protein adhesive secreted by mussels. 

Mussels are notorious foulers of marine surfaces, e.g. rocks, wood, metals and 

even polymers, for which they secrete a byssal apparatus consisting of a series of protein 

threads that tether the organism onto a wet surface. Mussel holdfasts have been 

extensively studied by the Waite group,56 including the specialized mussel adhesive 

proteins (MAPs) found at the interface between the byssal thread and the surface. MAPs 

serve the role of cement, which upon secretion become rapidly solidified via chemical 

cross-linking into an insoluble plaque, tethering the animal to surfaces. A predominant 

feature of MAPS is the presence of L-3,4-dihydroxyphenylalanine (DOPA),57 a 

catecholic amino acid formed by posttranslational modification of tyrosine found in 

MAPs.58 DOPA has been implicated in cross-linking reactions leading to solidification of 

the liquid protein glue,59-61  for which there is a possible role for metal ions such as Fe3+ 

in the cross-linking reaction.61,62 Aside from glue cross-linking, DOPA is known to have 
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high affinity for a variety of chemically distinct surfaces: organic and inorganic, via 

coordination, covalent, or hydrogen bonds.63 

The simultaneous strong binding, versatility, and hardening capability of DOPA 

prompted us to exploit it for preparing artificial nanostructured nacre in the hope of 

enhancing the interfacial clay-polymer interaction and to increase mechanical properties 

of the composite. Here we demonstrate, for the first time, preparation of a nanostructured 

composite having nacre-like architecture which takes advantage of DOPA adhesion and 

cross-linking strength.64 We show that DOPA has a great effect on the strength of the 

nanocomposite, and the cross-linking ability allows for an even greater increase in the 

mechanical properties when compared to PDDA-MTM: 3 times in strength, ~40% in 

modulus, and 4 times in toughness. 

  

2. Experimental Procedure 

 With the exception of the materials and techniques listed here, all experiments 

were performed as described in Section B2. 

 

Materials 

 For this study Na+-Montmorillonite, “Cloisite Na+” (MTM), was purchased from 

Southern Clay Products (Gonzales, TX). Fe(NO3)3 solid and NaOH pellets were obtained 

from Sigma-Aldrich. 4-arm PEG-amine was purchased from SunBio, Inc. (Orinda, CA). 

DOPA(Ac2)-NCA and Lys(Fmoc)-NCA were prepared by following reported 

procedures.65,66 PEG with comparable MW ≈ 15,000 to the DOPA containing polymer 

was purchased from Sigma-Aldrich. 
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Synthesis of 4-armed DOPA-Lys-PEG polymer 

 DOPA-Lys-PEG polymer was synthesized through ring-opening polymerization 

of N-carboxyanhydride (NCA) monomers of DOPA and Lys from the endgroups of an 

amine terminated 4-arm PEG polymer. 0.52 g of 4-arm PEG-NH2 was azeotropically 

dried with benzene and then transferred to a 100 mL air-free flask with DOPA(Ac2)-

NCA (0.37 g) and Lys(Fmoc)-NCA (0.48 g). The flask was put under vacuum and then 

refilled with argon. After three cycles, 30 mL anhydrous THF was added through cannula. 

The mixture was stirred at room temperature with argon protection for 5 days. The clear 

solution was dropped into cold ether and the light gray precipitate was collected.  To a 

100 mL air-free flask were added the obtained precipitate and 30 mL DMF. After the 

solution was bubbled by argon for 40 min, 8 mL degassed piperidine was added through 

cannula. The mixture was stirred at room temperature with argon protection for 1 h. The 

solvent was reduced to ca. 10 mL by high vacuum, and then cold dry ether was added. A 

light brown precipitate was collected and dissolved in 0.1 N HCl. After dialysis (3500 

dalton cutoff point) in acidic water (HCl, pH=4.5), the solution was lyophilized to give a 

light brown solid, yield 70%. 1H NMR (500 MHz, DMSO-d6): δ 6.66-6.43 (m, -

C6H3(OH)2); 4.41-4.33 (m, NH-CH(CO)-CH2C6H3(OH)2); 4.19 (NH-CH(CO)-(CH2)4-

NH2); 2.98 (br, -CH-CHH-C6H3(OH)2), 2.81 (s, -CH-CHH-C6H3(OH)2); 2.74 (br, NH-

CH(CO)-(CH2)3-CH2-NH2), 1.79 (NH-CH(CO)-CH2(CH2)3-NH2); 1.53 (NH-CH(CO)-

(CH2)2-CH2-CH2-NH2); 1.34 (NH-CH(CO)-CH2-CH2-(CH2)2-NH2).  Molecular weight 

was determined by GPC, 
w

M  = 16.4 k. The DOPA content of the block copolymers was 

determined by UV absorbance of polymer solutions in 12.1 mM HCl at the maximum 
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absorbance wavelength of the catechol (λmax = 280 nm). Solutions containing known 

concentrations of free DOPA amino acid were used to construct the calibration curve. 

Using this method, DOPA content was determined to be 21.8 wt% (1.22 mmol/g), which 

is approximately 5.2 DOPA amino acids per PEG arm. The Lys content was estimated by 

1H NMR through calculating the ratio of integral values of the peaks at 4.19 and 4.41-

4.33, and found to be equimolar with respect to the DOPA content.  

 

Synthesis of 4-armed Lys-PEG polymer 

 In a similar fashion, a DOPA-free Lys-PEG polymer was synthesized through 

ring-opening polymerization of N-carboxyanhydride (NCA) monomers of Lys(Fmoc)-

NCA from the end-groups of an amine terminated 4-arm PEG polymer. 0.52 g of 4-arm 

PEG-NH2 was reacted with Lys(Fmoc)-NCA (0.48 g). A light brown powder was 

obtained, yield 60%. Molecular weight was determined by Maldi-TOF MS67 to be 10,146 

for 4-arm PEG-NH2, and 11,339 for synthesized Lys-PEG polymer, yielding an estimated 

Lys content of ca. 2.3 Lys amino acids per PEG arm. 

  

Preparation of LBL Films with DOPA and PEG 

 Preparation of the films consisted of following steps: i) immersion of the substrate 

into a 0.2 % (w/v) solution of the polymer (Figure 1A) for 5 min (pH = 3), ii) rinsing with 

DI water 2 x 1min (pH = 5.6), iii) drying with a stream of compressed air for 1min, iv) 

immersion into 0.5 % (w/v) aqueous dispersion of MTM for 5 min (pH = 10), v) rinsing 

with DI water 2 x 1 min, and finally vi) once again drying with a stream of compressed 
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air for 1 min. Prior to testing films were dried at 80 ºC and subsequently equilibrated at 

ambient conditions for several days prior to testing. 

 

Instrumental Analysis  

 DOPA-polymer molecular weights were determined by gel permeation 

chromatography (GPC) or by MALDI-TOF-Mass Spectrometry (Voyager system 6050, 

Applied Biosystems). GPC was performed on a DAWN EOS (Wyatt Technology) using 

Shodex-OH Pak columns in an aqueous mobile phase (50 mM phosphate buffered saline 

(PBS), 0.1 M NaCl, 0.05% NaN3; pH 6.0) and an Optilab DSP (Wyatt Technology) 

refractive index detector. For molecular weight calculations, the experimentally 

determined dn/dc value of mPEG-NH2 (MW 5000, 0.136) was used.  Humidity tests were 

performed by pitching a plastic tent over the instrument with humidity being adjusted 

with boiling water. The humidity was constantly controlled with a standard thermometer 

and humidity meter from Oregon Scientific. Samples were equilibrated under given 

conditions for 1 hour prior to testing. 100% humidity was achieved by soaking samples 

prior to testing for 1 hour and spraying water mist on the sample immediately before the 

test. 

  

3. Results and Discussion 

 Preparation of the DOPA-based nanocomposite was performed following similar 

parameters to those used for PDDA-based composite.24 Since successful and dense 

adsorption of MTM on the DOPA-Lys-PEG surface is necessary for deposition of 
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subsequent layers, atomic force microscopy (AFM) was used for characterized the 

adsorbed MTM layer (Figure 10). 

 

Figure 10. (A): Molecular structure of a single DOPA molecule and DOPA-Lys-PEG 
polymer.  (B) and (C): phase AFM images of a single layer of MTM platelets adsorbed 
on a layer of DOPA-Lys-PEG polymer. The surface roughness (RMS) is 1.695 nm in (B) 
and 1.429 nm in (C). 
 

Similarly to our previous work, MTM platelets were observed to adsorb in a form of a 

densely packed layer with parallel orientation to the substrate (Figures 10B and 10C). 

The high roughness seen in the picture is a result of short stacks of clay platelets, several 

sheets in thickness, which are either formed as a result of incomplete exfoliation of the 

clay, polymer-stimulated stacking, or stochastic build-up of adsorbing platelets.68 

Subsequent multilayer buildup was characterized with UV-Vis spectroscopy. 
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Compilation of the spectra showed linear increase in absorbance indicating high 

uniformity of the multilayer. (Figure 11A) Plotting of the absorbance as a function of a 

bilayer number for the maximum of absorbance wavelength could be further fitted with a 

linear regression. (Figure 11C) The adsorption continued in a uniform fashion for the 

entire assembly. 

 

Figure 11. UV-vis spectra of DOPA-Lys-PEG/MTM and Lys-PEG/MTM films growth: 
(A) compilation of full UV-Vis absorbance spectra for deposition on a glass slide 
monitored after every bilayer (DOPA-Lys-PEG + MTM) for the first 10 bilayers (arrow 
indicates direction of increase of absorbance after each bilayer), (B) compilation of 
spectra for Lys-PEG/MTM for the first 10 bilayers, (C) absorbance at 284 nm vs. bilayer 
number for DOPA-Lys-PEG/MTM, and (D) absorbance at 262 nm vs. bilayer number for 
Lys-PEG/MTM. 
 

For the purpose of mechanical properties evaluation, 200- and 300-bilayer films 

were prepared on microscope glass slides. Subsequently, the films were treated with 

A 

C D 
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0.5M Fe(NO3)3 solution (pH ≈ 3) in order to allow for cross-linking of DOPA. The 

choice of Fe3+ cross-linker was based on the work of Waite’s and Wilker’s groups, which 

showed that Fe may be an important cross-linking agent of DOPA in natural 

environment.61,62,69 Fe3+ forms complexes with DOPA, the stoichiometry of which 

depends on the Fe3+/DOPA ratio and the pH of the system.61,70,71 Furthermore, at alkaline 

pH values such as that of seawater (~8), autoxidation of DOPA through radical species 

formation and ultimately, covalent self-cross-linking of DOPAs is possible. Accordingly, 

after 30 min immersion of the glass slides in the Fe(NO3)3 solutions, the pH was raised 

from ~3 to ~8 by drop-wise addition of 0.1M NaOH and the films were kept under these 

conditions for another 30 min. 

Once completed, glass slides were thoroughly washed with DI water and dried. 

Visual inspection of the slides showed iron treated films acquired a reddish-brown hue, 

similar in color to the Fe(NO3)3 solution. (Figure 12A) The color change was the first 

indication of Fe:DOPA complex formation. This was further supported in UV-vis 

absorbance spectra of films at different stages of cross-linking. (Figure 12B) It has been 

shown that the different complexes of Fe:DOPA give rise to distinct absorbance bands. 

Wilker’s group showed that a 1:1 complex has two relatively weak bands at 429 nm and 

700 nm. Similarly, the first band was also observed in the pH ~3 treated films in the form 

of a shoulder peak at ~400 nm. The plain film showed only the DOPA peak. For the 1:2 

and 1:3 complexes, the first band has been shown to be shifted down to 374 nm and 

subsequently back up to 483 nm, respectively. While the surrounding environment of the 

DOPA molecules in our system is very different from the previous studies and can affect 

the spectroscopic results, it is plausible that the shoulder peak we have observed is 
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actually a result of a mixture of 1:1 and 1:2 complexes. For the films cross-linked further 

at pH ~8, (the last curve in Figure 12B), a broad and low intensity peak emerges between 

400-600 nm, which likely reflects either the 1:3 complex formation or oxidation of 

DOPA as we have shown previously.72 

 

Figure 12. (A) Digital photograph of 300 bilayer DOPA-Lys-PEG/MTM films on 
microscope glass slides with (left) and without (right) Fe3+ cross-linking, (B) UV-vis 
spectra of 300 bilayer films of DOPA-Lys-PEG/MTM at different stages of DOPA:Fe 
complexation: 1) plain film, 2) pH ~3, and 3) pH ~8, (C) digital photograph of a 300 
bilayer DOPA-Lys-PEG/MTM free-standing film after separation from the glass slide, 
and (D) digital photograph of a Fe3+ cross-linked 300 bilayer DOPA-Lys-PEG/MTM 
free-standing film. 
 

Further proof of effective cross-linking came from evaluation of the mechanical 

properties of free-standing films. The 200 bilayer films appeared very thin and required 
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careful handling. While the plain films crumbled and tore into pieces, when attempting to 

remove from drying solvent, the cross-linked films showed strikingly good rigidity and 

stability. In comparison, the 300 bilayer films were much easier to handle, and the plain 

films, although still fragile, could be separated in entirety and reproducibly tested. 

(Figures 12C and 12D) Cross-section of the films was characterized with scanning 

electron microscopy (SEM). The films revealed a thickness of 1.0 ± 0.1 µm and 1.5 ± 0.1 

µm for the 200 and 300 bilayers thick samples, respectively. (Figure 13A) The cross-

section also revealed distinct layered structure which is characteristic of MTM-based 

LBL films, since MTM platelets form tightly packed layers parallel to the deposition 

surface. 

 

 

Figure 13. SEM cross-section view of 300-bilayer, Fe3+-cross-linked films of (A) 
DOPA-Lys-PEG/MTM and (B) Lys-PEG/MTM. Arrows indicate cross-section of the 
films. Slight separation of the layers seen in (B) is due to a sheering force resulting from 
cutting samples with a razor blade during sample preparation. 
 

Mechanical properties were evaluated by stretching strips of the films to failure 

and plotting the true stress vs. strain curves. Typical stress-strain curves are presented in 

Figure 14A and the mechanical properties are summarized in Table 2. 
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Figure 14. (A) Typical stress-strain curves for 300 bilayer composites w/ and w/o DOPA 
molecules and w/ or w/o Fe3+ cross-linking: 1) DOPA-Lys-PEG/MTM w/ Fe3+, 2) 
DOPA-Lys-PEG/MTM plain, 3) Lys-PEG/MTM Plain, and 4) Lys-PEG/MTM w/ Fe3+. 
(B) Typical stress-strain curves for a 300 bilayer film of DOPA-Lys-PEG/MTM cross-
linked with Fe3+, pH ~8, under various humidity conditions: 1) 41%, 2) 78%, 3) 92%, and 
4) 100%. 100% humidity represents water soaked sample and tested while wet. 
 
 
 
Table 2. Summary of mechanical properties for 300 bilayers DOPA-Lys-PEG/MTM and 
Lys-PEG/MTM composites obtained from stress-strain responses. Fe3+ cross-linking 
corresponds to pH ~8 reaction. 
 

 

Ultimate 
Strength, 
σUTS (MPa) 

Young's 
Modulus, E 

(GPa) 

Ultimate 
Strain, ε 
(%) 

Toughness 
(MJ/m3) 

PDDA/MTM 100 ± 10 11 ± 2 8.4 ± 0.7 ~0.5 
DOPA-Lys-PEG/MTM 77 ± 29 4.6 ± 1.0 2.6 ± 0.9 1.0 ± 0.6 

DOPA-Lys-PEG/MTM + Fe
3+
 200 ± 28 6.8 ± 0.9 3.8 ± 0.7 4.2 ± 1.2 

Lys-PEG/MTM 39 ± 27 2.2 ± 1.1 2.3 ± 1.7 0.7 ± 0.8 
Lys-PEG/MTM + Fe3+ 25 ± 10 2.2 ± 0.6 1.5 ± 0.8 0.2 ± 0.2 

 

Similarly to our previous results with PDDA/MTM nanocomposite, the DOPA-

Lys-PEG/MTM films also exhibit initial plastic deformation followed by an abrupt 

hardening region as can be seen in the initial strain region (0 - 0.5 % strain) in Figure 

14A. The plastic deformation region in DOPA films is not as pronounced as for 

PDDA/MTM, however the strain in the hardened region is almost 6 times greater in the 
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DOPA-Lys-PEG/MTM films after cross-linking. One explanation for the lack of 

hardening region can be found in the fact that DOPA-Lys-PEG polymer contains a very 

high amount of PEG polymer which can be considered as a weakly interacting in the 

LBL-MTM system. AFM imaging of MTM on pure, linear PEG showed sparse number 

of clay platelets. In PDDA/MTM films, high density of charges and flexibility of PDDA 

molecules allowed for coiling of the polymer and formation of ionic bridges in the 

polymeric matrix. Large amount of charges gave strong interaction with the MTM 

platelets and ionic bridging was found to be responsible for the observed toughening 

behavior. 

The ultimate strength of the cross-linked composite is twice as high as that of the 

PDDA/MTM film. The tensile strength for a 200 bilayer film of PDDA/MTM (thickness 

of ~4.9 µm) was ~109 MPa, however for a film with comparable thickness, 50 bilayers 

(~1.2 µm), the strength was only ~95 MPa. Even the films without iron cross-linking 

display strengths of ~80 MPa, which are approaching that of PDDA/MTM. The Young’s 

modulus however is greatly reduced. For the PDDA/MTM nanocomposite the E ≈ 13 

GPa for a 200 bilayer film and it was ~9 GPa for the 1.2 µm film, while for the DOPA 

films it is only ~5 GPa before and ~7 GPa after cross-linking. Once again, this result can 

be attributed to high amount of noninteracting PEG polymer, which is due to the 

composition and architecture of DOPA-containing polymer analog of MAP. The LBL 

films with DOPA have a significantly higher toughness which can especially be seen 

from the difference in the stress-strain curves. For the PDDA/MTM nanocomposites the 

toughness varies between ~0.5 – 0.6 MJ/m3, while for the DOPA-Lys-PEG/MTM the 

toughness is about 2x greater, at 1 ± 0.6 MJ/m3 and 8x greater for the cross-linked 
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composite at 4.2 ± 1.2 MJ/m3. We believe that this is a synergistic effect of smaller 

amount of polymer-MTM interactions which leads to reduced stiffness (slope of the 

curve) and greater strain, as well as due to DOPA cross-linking which produces a 3-D 

polymer network trapping the MTM platelets and reducing the chance of premature 

failure of the composite. 

Overall, effectiveness of a small amount of DOPA is surprising and significant 

and thus prompted us to study this interaction closer. For comparison, we have 

synthesized an identical 4-armed PEG polymer, except without the DOPA groups - a 

“Lys-PEG” polymer, and prepared nanocomposite films following the same steps. 

Characterization of the new films showed that similarly to the DOPA-Lys-PEG polymer, 

the Lys-PEG/MTM assembly has uniform growth when observed with UV-vis 

spectroscopy. (Figures 11B and 11D) However, a clear difference can be seen in the 

position of the maximum absorbance peaks between the two different polymers (Figures 

11A and 11B). As expected, the Lys-PEG/MTM is deprived of absorbance at ~280 nm, 

with its own maximum, due to MTM alone, at ~260 nm. Contrary to pure PEG, the Lys-

PEG/MTM films were successfully grown and separated from the substrate into free-

standing films. Characterization of the cross-section of the films revealed similar growth 

increment with a final thickness of ~1.6 µm for a 300 bilayer film which is very close to 

the DOPA-Lys-PEG/MTM composite. (Figure 13B) The mechanical properties revealed 

a striking difference and gave one of the most important results of this comparison. The 

Lys-PEG/MTM films showed nearly half the ultimate strength as compared to the 

DOPA-containing composite, with ultimate strength approaching ~40 MPa. The ultimate 

strain showed comparable value to the DOPA containing polymer (before Fe3+ cross-
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linking), ~ 2.3 %, however the Young’s modulus is less than half: 2.2 GPa vs. 4.6 GPa. 

The difference in strength and modulus can be attributed to increased interfacial 

interaction and much more effective load transfer from the polymeric matrix to the stiff 

MTM platelets when DOPA is present. Literature reports show that the modulus of 

individual platelets can be as high as ~270 GPa,73 hence it is reasonable to assume that 

increasing the strength of interaction with MTM platelets should increase the modulus 

and strength of the composite effectively. This should be especially true in our composite 

where loading of MTM platelets is very high, ~65 wt.%. (Figure 15) 

 
 

Figure 15. Thermogravimetric analysis of the DOPA-Lys-PEG/MTM nanocomposite: 
(A) pure montmorillonite clay, (B) Lys-PEG/MTM without cross-linking, (C) DOPA-
Lys-PEG/MTM after Fe3+ cross-linking, (D) DOPA-Lys-PEG/MTM without cross-
linking, and (E) pure DOPA-Lys-PEG polymer. 

 

Another important result of this comparison is the effect of Fe3+ cross-linking of 

the polymeric matrix in the nanocomposite and ultimately its effect on the mechanical 

properties. Figure 14A is a comparison of typical curves for all of the films with and 
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without cross-linking and Table 2 summarizes the resulting mechanical properties. 

Unlike in the DOPA containing films, addition of Fe3+ actually decreased the mechanical 

properties of the Lys-PEG/MTM film: the strength decreased from ~40 MPa to ~25 MPa 

and the ultimate strain decreased by nearly 1%. A potential explanation for this is that the 

trivalent Fe3+ ions displace some of the monovalent Lys groups from the surface and 

decrease the bonding of the polymer with MTM platelets. If the same effect is present in 

the DOPA containing composite, this would mean that the strength of DOPA-MTM 

platelets interaction is even stronger then could be deduced from the strength results, 

since some of the Lys residues could also be displaced. 

At the molecular level DOPA serves a dual role: (1) an anchor that attaches the 

polymer to the platelets and (2) a bridge between polymer chains forming a cross-linked 

3-D matrix via Fe3+ treatment followed by exposure to alkaline pH. As can be deduced 

from the cross-linking effect on mechanical properties, some of the DOPA molecules are 

attached to the surface and others are involved in bonding with other chains. A potential 

mechanism of deformation is one that upon application of load to the films, first the 

weaker bonds are being broken: PEG-MTM and Lys-MTM, while DOPA is still holding 

onto the MTM platelets. Only when much greater force is applied to these bonds the 

composite fails and ruptures. 

 Finally, since DOPA-containing marine adhesives show excellent stability under 

aqueous conditions we have tested our cross-linked films under varied humidity. Figure 

5B summarizes results of the test. The composite gradually transitions from brittle to 

highly ductile as the humidity increases. This is different from the behavior of the true 

MAP, which is again quite likely due to PEG segments, but, at the same time, is very 
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similar to the behavior of PDDA/C films. More interestingly, the behavior is reversible 

with very fast transition time. In a simple experiment, a water soaked film was simply 

dried off with a paper towel and immediately tested under ambient conditions. When 

tested, the film showed exactly the same behavior as without wetting. 

 

4. Conclusions 

 In summary, we described the preparation of a novel nanostructured composite 

film which takes advantage of two different natural materials: layered nacre and marine 

adhesive of mussels. Overall, this work is a first example of fusion of two seemingly 

distinct concepts found in Nature into a unique composite with excellent mechanical 

properties. Just as in mussels, we found that DOPA molecules impart unusual adhesive 

strength to the clay composite and the hardening mechanism found in the natural 

“cement” plays an equally important role in strengthening of our “nanostructured nacre’. 

In comparison to our previous work with PDDA, we found that even a small amount of 

DOPA has a dramatic effect on the mechanical properties: the ultimate strength increased 

2x and the toughness ~8x. 
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D. Ultrastrong and Stiff Layered Polymer Nanocomposites 

 

1. Introduction 

 In Section B we showed that macroscopic mechanical properties of the polymer 

are not as important as the molecular flexibility of the chains and strength of interfacial 

adhesion. For this reason, in section C we turned our attention to a flexible polymer 

containing biomimetic adhesive groups in its structure in order to improve the interfacial 

adhesion. Interestingly, in spite of relatively low density of the adhesive groups when 

compared to PDDA or CH polymers, the resulting composite showed strength and 

stiffness approaching that of the PDDA-MTM NC. We further discovered that post-

assembly ionic crosslinking of the polymer matrix resulted in a substantial improvement 

of strength and stiffness of the NC, resulting in 2x increase in σUTS, to ~200 MPa. 

 With the second result in mind, we hypothesized that LBL assembly of MTM 

with a polymer capable of weaker interactions with the inorganic MTM but with much 

greater density of crosslinkable groups should result in even greater mechanical 

properties. We chose to work with poly(vinyl alcohol) (PVA) which satisfies both of 

these requirements: (1) it contains high density of hydroxyl groups which (2) are 

amenable to ionic and covalent crosslinking through simple chemistries. PVA is also a 

readily available and inexpensive polymer. In agreement with our hypothesis, the PVA-

MTM NC was successfully produced and its mechanical properties showed substantial 

improvement over all of the previous LBL-based MTM NCs.30 In fact, the properties of 

this NC are record-high for MTM-based NCs presented until this date. This section 
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presents the details of this experimental development as well as rigorous analysis of the 

observed results. 

 

2. Experimental Procedure 

 Similarly as in Section C, all experimental procedures and materials used are the 

same as in Section B2, unless specified herein. 

 

Materials 

 Polyvinyl alcohol (PVA) with molecular weight of MW ≈ 70,000 was purchased 

from Sigma-Aldrich (St. Louis, MO) and used as received. 25% Glutaraldehyde (GA) 

solution was obtained from Fluka (currently part of Sigma-Aldrich). 5 vol.% 

glutaraldehyde solution used in the experiments was prepared by diluting the stock 

solution with DI water prior to use. 1 wt.% PVA solution used for LBL assembly was 

prepared by dissolving 10 g of PVA powder in 1 L of 80 ºC DI water under vigorous 

stirring. 

 

Preparation of Composites 

 In a typical sample preparation, a clean glass slide was immersed in 1 wt.% 

solution of PVA, for 5 minutes, rinsed with DI water 2 x 1 minute and gently dried with 

compressed air for 1 minute, then immersed in 0.5 wt.% MTM dispersion for 5 minutes, 

rinsed 2 x 1 minute, and again dried with compressed air for 1 minute. Every 10 bilayers, 

films were immersed into the 5 vol.% solution of glutaraldehyde for 30 minutes to allow 

for cross-linking. After detachment, free-standing films were further dried in a drying 
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oven at 60 ºC and then set aside to equilibrate in ambient conditions (~65 – 75 ºF 

temperature and ~20 – 30% relative humidity) for at least 24 hours prior to mechanical 

testing. Due to the limitation of the composites’ weights (~5 mg/free-standing film), the 

composite samples used in NMR characterization were prepared by mixing equivalent 

volumes of the PVA and MTM solutions and subsequent casting of the resulting 

solutions by air drying. GA cross-linked samples were prepared by immersion of the free-

standing films in the GA solution for at 30 min. 

 

Instrumental Analysis 

 IR spectra were obtained using a Nicolet 6700 spectrometer utilizing the grazing 

angle accessory (Smart SAGA) at a grazing angle of 85º. The Differential Scanning 

Calorimetry (DSC) analysis was performed using a Perkin-Elmer DSC-7 (PerkinElmer, 

Wellesley, MA). A small amount (5-10 mg) of the sample was encapsulated in an 

aluminum pan and was treated with the following heat/cool/heat method. The sample was 

first heated from 30 ºC to 250 ºC at a scan rate of 10 ºC/min. The sample was then cooled 

from 250 ºC to 30 ºC at the same rate, which was then heating of the sample from 30 ºC 

to 400 ºC at 10 ºC. Data acquisition and processing was done with PerkinElmer Pyris 

software. All the NMR experiments were performed on a Varian Chemagnetics Infinity 

400 MHz spectrometer equipped with a MAS probe. The samples were packed into the 

5mm Zirconia rotors and 8k MAS rotation speed was used. The 29Si NMR were recorded 

at 79.5MHz using TMS/CdCl3 (1 vol.%) as an external reference, while 104.26MHz was 

used for 27Al NMR, and Al(NO3)3/H2O was used as an external standard. The carrier 

frequency of C13 NMR is 100.6MHz. The spectra were calibrated by the 13C resonance 
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of adamantine. XPS data were recorded on an Axis Ultra x-ray photoelectron 

spectrometer (Kratos Analyticals, UK) equipped with a monochromatized Al Kα x-ray 

source. All spectra were calibrated with respect to the binding energy of C 1s carbon core 

level taken at 284.6 eV. 

 

Mechanical Testing of PVA-MTM Films 

 The tensile mechanical properties were analyzed by two instruments: 

1) Stress-strain curves were tested in the same manner as in previous sections. Tests 

were performed at a rate of 0.01 mm/s with a ~4.9 N range load cell. The number of 

tested samples was normally 10-15 for the LBL nanocomposites and 4-5 for the pure and 

GA crosslinked polymer. For accurate analysis of the mechanical properties four different 

batches of the samples were prepared on different dates and using new solutions each 

time. All of the batches were tested and gave similar values for the ultimate strength. The 

Young’s modulus could not be accurately analyzed with this instrument due to substantial 

mechanical compliance issues which resulted in inaccurate strain measurements. 

 

2) The same films (same geometry and batches) were tested in parallel in tension 

using an in-house designed tensiometer shown in Figure 16. The tensiometer was built 

around a Nikon SMZ 800 dissecting microscope that was fitted with a Basler A102fc 

digital video camera. Dual actuators were driven by MicroMo stepper motors and 

mounted on Del-Tron crossed roller slides that enabled the specimen to stay in the center 

of view. Grips were machined out of stainless steel and placed at the end of both 

actuators. The specimen ends were adhered to the grips via adhesive tape. The axial 
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servomotors were controlled using LABVIEW software on a Dell Precision 300 pc which 

also synchronized data acquisition from the load element with image acquisition from the 

digital camera. The samples were loaded at a constant true strain rate of 0.005/sec until 

failure and the synchronized force and image recordings were compiled using LABVIEW. 

Analysis of actual material strain was achieved by electrostatically adhering 25 µm 

diameter glass beads on the specimen surface. The specimen images were analyzed with 

LABVIEW software to track the glass bead positions. The raw load vs. image data was 

converted to nominal stress (load/CSA) vs. nominal strain data (change in separation of 

glass beads/initial separation). The Young’s modulus was determined by calculating the 

initial slope of the nominal stress vs. nominal strain data. At least 5 samples were tested 

in order to produce each data point for the stress-strain curves. 
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Figure 16. A custom-designed tensile tester was built around a Nikon SMZ800 
dissecting microscope for measuring tensile properties. Images were acquired using a 
Basler digital camera. Dual stepper motors were controlled by a Lab-VIEW program 
which moved the crossheads which were stabilized by preloaded crossed roller slides. 
 

 Most of the attributes of the above tensile tests confirm to the ASTM standard 

ASTM D 882. The standard includes the testing of plastic sheets with the thickness not 

greater than 0.25 mm. The PVA and PVA-MTM samples tested here are within this limit. 

The standard calls for the measurement of specimen extension by grip extension or 

displacement of gage marks. Here, the gage marks are the 25 µm diameter glass beads on 

the specimen surface. 

 

 All of the tests were performed under similar environmental conditions with 

relative humidity maintained in the range of ~20 – 30 % and ambient temperature in the 

range of 65 – 75 ºF. 

 

3. Results and Discussion 

A traditional LBL process of sequentially coating a surface with nanometer thick 

layers of poly(vinyl alcohol) (PVA) and MTM by immersing a glass substrate in dilute 

solutions of the components was used in this study 74-76. Ellipsometry and UV-Vis 

spectroscopy (Figures 17 and 18) revealed linear and uniform growth. 
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Figure 17. (A) Thickness results for PVA-MTM nanocomposite for the first 10 
deposition cycles from ellipsometry. (B) Absorbance as a function of a bilayer number at 
360 nm. 

 

Characterization of the assembly using atomic force microscopy (AFM) (Figure 

18) and scanning electron microscopy (Figure 19) verified dense coverage of the 

nanoplatelets and their strictly planar orientation. The electron microscopy 

characterization provided thickness measurements of 1.0 µm +/- 0.1 µm (SEM) and 1.5 

µm +/- 0.1 µm (SEM) for 200- and 300-bilayer films respectively, indicating an average 

of ~5 nm thickness per bilayer (Figure 19A). Nearly identical thickness was obtained 

from ellipsometry for a 300-bilayer film grown on a silicon wafer: 1.480 µm +/- 0.004 

µm (SEM). The cross-section also revealed a well-defined layered architecture. 

A B 
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Figure 18. Preparation of PVA-MTM nanocomposites. (A) Schematic representation of 
the internal architecture of the PVA-MTM nanocomposite (picture shows 8 bilayers). (B) 
Atomic force microscopy phase image of a single PVA-MTM bilayer adsorbed on top of 
a silicon wafer. The inset represents a close up of the main image showing individual 
MTM platelets more clearly. The scale bar in the inset corresponds to 400 nm. (C) 
Compilation of UV-Vis absorbance spectra collected after multiples of 25 bilayers of 
PVA-MTM composite deposited on both sides of a microscope glass slide up to 200 
bilayers. (D) Free-standing, 300-bilayer PVA-MTM composite film showing high 
flexibility and high transparency. Lower image is taken at an angle to show diffraction 
colors. 
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Figure 19. Scanning electron microscopy characterization of a 300-bilayer, free-standing 
PVA-MTM nanocomposite. (A) Cross-section of the film. Arrows indicate span of cross-
section. (B) Close-up of the cross-section showing separation of layers. (C) Top-down 
view of a fracture edge of the composite after tensile testing. Dashed line indicates edge 
of the sample. (D) Top-down view of the composite’s surface. Slight separation of the 
layers seen in (A) and (B) is due to a shearing force resulting from cutting the sample 
with a razor blade during SEM sample preparation. 

 

We note that PVA is uncharged unlike many other polymeric materials used in 

LBL. Nevertheless, it produces a stronger composite than other polymers that undergo 

electrostatic attraction to the clay sheets29,76,77. The PVA-MTM pair has two unique 

properties. The first is the high efficiency of hydrogen bonding. Atomic modeling 

revealed that the geometry of SiO4 tetrahedrons on the surface of the alumosilicates is 
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conducive to cooperative H-bonding (the Velcro effect). The distance between the 

oxygen atoms of clay and hydrogen atoms of PVA are 2.75 and 2.65 Å, respectively, 

which makes H-bonding epitaxial (Figure  20). 

 

Figure 20. Energy-optimized geometry of bonding between PVA and MTM via 
hydrogen bonding obtained from computer calculations using AM1 semi-empirical 
algorithm. Atoms: Al - purple, O – red, H- light grey, Si, - dark grey, C – green. The 
distance between the OH groups on PVA matches very well that between oxygen atoms 
in the coordination sphere of silicon atoms on the surface of clay platelets. No defects or 
substitution atoms were included in the consideration of the hydrogen bonding. 

 

Secondly, a significant part of the efficient load transfer between the polymer and 

the inorganic building block is attributed to the cyclic cross-linking to Al substitution 

present  on the surface of MTM sheets and to Al atoms located along the edges of the 

MTM platelets78. These Al atoms are easily accessible (Figure 21A) to the 

macromolecules, unlike similar groups in the middle of the sheets. An atom of Al, two 
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atoms of oxygen and three atoms of carbon from PVA participating in this bond form a 6-

member ring structure, which is known to be particularly stable (Figure 21A). 

Experimental data from Fourier transform infrared spectroscopy (FTIR), nuclear 

magnetic resonance (NMR), and x-ray photoelectron scattering spectroscopy (XPS), 

point to the formation of the Al-PVA covalent linkages. As such, we see a characteristic 

shift in the XPS spectra of Al from 74.4 to 74.9 eV (Figure 21B: 1, 2); concomitantly, the 

change in ratio of carbon XPS peaks at 284.8 eV (-C-H2) and 286.2 eV (-C-O-H) was 

observed (Figure 21C). The formation of Al-PVA bonds can be further confirmed by the 

appearance of the characteristic FTIR vibration of Al-O-C (Figure 21D, inset) at 848 cm-1 

78, and strong suppression of the C–O-H band at 3290 cm-1 (Figure 21E) which correlate 

nicely with condensation of hydroxyls at Al sites with those from PVA groups. 
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Figure 21. Characterization of PVA and MTM molecular interactions. (A) Energy-
optimized geometry of bonding between PVA and MTM via Al substitution sites 
obtained by computer calculations using the AM1 semi-empirical algorithm. In the inset: 
enlarged portion of the 6-member cycle formed between PVA and MTM. Atoms: Al - 
purple, O – red, H- light grey, Si, - dark grey, C – green. (B) Al 2p XPS spectra for: (1) 
MTM, (2) PVA-MTM nanocomposite, and (3) PVA-MTM nanocomposite with GA 
cross-linking. Positive energy shift is indicative of increased oxidation state of the Al. (C) 
C 1s XPS spectra for: (1) PVA, (2) PVA-MTM composite, and (3) PVA-MTM 
composite with glutaraldeyhe (GA) cross-linking. XPS spectra were deconvoluted in 
component peaks corresponding to the different oxidation states of C. The major peaks at 
284.8 eV and 286.2 eV correspond to -C-H2 and -C-O-H carbons. (D) Comparison of 
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FTIR spectra for (1) PVA-MTM composite and (2) MTM. Inset shows a close-up of the 
major peaks. Arrow points to the characteristic vibration peak at 848 cm-1. (E) 
Comparison of FTIR spectra for pure PVA (1) and PVA-MTM composite (2). The 
spectrum of PVA-MTM shows suppression of the C-O-H vibrations due to covalent 
binding with MTM surface. 

 

The NMR spectra of 27Al (Figure 22) remain the same as expected, since the 

coordination environment of Al (i.e. octahedral) did not change. Note that the nanometer 

scale organization and the layered structure of the composite provide the necessary 

conditions for formation of multiples of such cyclic linkages. 

 

Figure 22. (A) and (B) 13C, (C) 27Al, and (D) 29Si solid-state NMR spectra of the indicate 

samples. 
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Films were treated with glutaraldehyde (GA) after LBL assembly to further the 

bonding and load transfer between the –OH groups and clay surface. GA is a highly 

efficient cross-linking agent for PVA 79,80 that forms covalent acetal bridges between –

OH groups of the polymer chains (Figure 23) as well as the hydroxyl groups present on 

the MTM sheets and particularly on their edges. Solid-state NMR analyses revealed 

dramatic changes in the spectra before and after GA treatment (Figure 22). We can also 

see clear evidence of a reaction between GA and clay from NMR (Figure 22) and FTIR 

(Figure 24), which means that this type of cross-linking further increases connectivity 

between PVA and clay sheets as well as the clay particles themselves. 

 

Figure 23. Schematic of glutaraldehyde cross-linking in the PVA-MTM nanocomposite. 
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Figure 24. FTIR comparison of MTM and MTM reacted with GA: (A) full spectra and 
(B) closeup of the spectrum in (A). The appearance of new peaks in the MTM with GA 
spectrum can be associated with formation of –Si-O-C- bonds.81 

 

Cross-linked free-standing films showed high uniformity, strength, flexibility, and 

remarkable transparency (Figure 18D). UV-Vis spectra of the 300-bilayer free-standing 

films showed 80-90% transparency across the visible light spectrum while pure PVA 

showed 90-95% (Figure 25). Thermo-gravimetric analysis showed that the same films 

were composed in ~70 wt.% (~50 vol.%) of the MTM (Figure 26). This can be explained 

by the nano-scale dimensions of the inorganic phase, the nearly perfect orientation, and 

fine dispersion of the nanoplatelets. UV-Vis spectroscopy also showed Fabry-Perot 

patterns 82,83, which are a further indication of high uniformity of the film. 
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Figure 25. UV-Vis transmittance spectra of pure PVA cast film, 300-bilayer PVA-MTM 
film, and a 300-bilayer PVA-MTM film with GA cross-linking. 

 

 

Figure 26. TGA results for (A) pure PVA polymer, (B) 300-bilayer PVA-MTM film, (C) 
300-bilayer PVA-MTM film with GA cross-linking, and (D) MTM clay powder. 

 

 

A 

C 

D 

B 



90 

Evaluation of mechanical properties by microtensile tests gave remarkable results 

even without GA cross-linking (Table 3 and Figure 27). The nanocomposite displayed 

~4x higher strength and nearly an order of magnitude higher modulus when compared to 

pure PVA polymer. GA cross-linking increased the strength, stiffness, and brittleness of 

both pure PVA and the PVA-MTM composite. (Figures 27A and 27B) The ultimate 

tensile strength increased by nearly a factor of three over the uncross-linked PVA-MTM 

strength and ten times in comparison to that of pure PVA, to values as high as 480 MPa. 

The modulus of the PVA-MTM with GA exceeded that of uncross-linked PVA-MTM by 

one order of magnitude and it exceeded the modulus of pure PVA by two orders of 

magnitude with the highest values reaching 125 GPa. For comparison, the modulus of 

PVA-MTM with GA is comparable to that of various grades of Kevlar 84-86,  E ~ 80 - 220 

GPa, and exceeds the stiffness of the strongest CNT-based fibers 87. Additionally, unlike 

PDDA-MTM composites, the PVA-MTM films with GA cross-linking showed 

exceptional stability under humid conditions (Figure 28), which is consistent with the 

covalent character of the bonds responsible for load transfer. 
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Figure 27. Mechanical and thermal properties of PVA and PVA-MTM nanocomposites. 
(A) Stress-strain curves for 300-bilayer PVA-MTM composites without (1) and with (2) 
GA cross-linking. (B) Stress-strain curves for pure PVA polymer without (1) and with (2) 
GA cross-linking. The stress-strain curves are obtained from a home-built tensiometer 
(see SOM). (C) – (F) Differential scanning calorimetric analyses results for PVA polymer 
without (C) and with (D) GA cross-linking and for PVA-MTM without (E) and with (F) 
GA crosslinking. The DSC scans follow heat (1) – cool (2) – heat (3) cycles as indicated 
by the numbering on the graphs. 
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Figure 28. Comparison of mechanical properties of PVA-MTM composite with GA 
cross-linking under indicated humidity conditions. The samples were equilibrated for at 
least 30 min prior to testing. 

 

Table 3. Summary of mechanical properties for PVA and its nanocomposites. The data 
are mean +/- SD. The tensile strengths reported were obtained using both: a commercially 
available servohydraulic test system and a custom in-house built tensiometer (Figure 16). 
The moduli were obtained using the custom-built tensiometer. *Data for the PDDA-
MTM are the previously published results by Tang et al.88 for 1.2 – 4.9µm (50 – 200 
bilayers) thick samples tested at relative humidity of 32%. N indicates the minimum 
number of the experimental data points used in the statistical calculations. 
 

Sample Type (N) 
Tensile Strength, 

σUTS (MPa) 
Modulus, E’ 

(GPa) 
Ultimate 

Strain, ε (%) 

PVA (5) 40 ± 4 1.7 ± 0.2 35 ± 4 
PVA with GA (5) 40 ± 10 2.0 ± 0.5 3.3 ± 1.3 

PDDA (5) 12 ± 4 0.2 ± 0.03 48 ± 9 

PDDA-MTM (*) 100 ± 10 11 ± 2 10 ± 2 

PVA-MTM (5) 150 ± 40 13 ± 2 0.7 ± 0.2 

PVA-MTM with GA (5) 400 ± 40 106 ± 11 0.33 ± 0.04 
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Theoretical estimates for nanocomposite properties with nanometer scale spacing 

of constituents in a polymer and such a large volume fraction of the filler are not 

available, and the currently recognized theories from the filled rubber literature are not 

entirely applicable 89. We believe that the explanation of these results lies in the effective 

stiffening of the PVA matrix (due to constrained motion of the polymer chains) because 

of its close proximity to and the many interactions with the MTM platelets. The evidence 

of this reinforcement mechanism comes from differential scanning calorimetry (DSC) 

analysis (Figures 27C – 27F), which shows suppression of the thermal motion of the 

PVA when constrained between dispersed nanoplatelets. This effect should result in the 

shift in glass transition temperature (Tg) toward the higher values. However overall 

suppression of motions makes the actual Tg of the polymer not very well defined for such 

systems as can be seen in the width of the corresponding DSC peaks. Similar effect can 

be seen from comparison of polymer’s melting temperatures (Tm) between pure PVA 

(Figure 27C) and PVA-MTM (Figure 27E). While the Tm in PVA is sharp and very well 

defined, PVA-MTM shows strong suppression and broadening of the peak. An additional 

consequence of such stiffening is that traditional theories of composite mechanics using 

the bulk properties of pure polymers are difficult to apply to composites with high 

contents of a uniformly distributed inorganic phase. Mechanical property enhancement in 

the GA cross-linked PVA-MTM is a result of an increase in the likelihood that a polymer 

chain in the PVA-MTM with GA system interacts strongly with two or more clay 

platelets, thereby improving the particle to matrix to particle load transfer process over 

that in the PVA-MTM system. 
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4. Conclusions 

 Reinforcement in polymer-nanoplatelet systems such as PVA-MTM is the result 

of several mechanisms operating at the nanoscale. The degree of structural organization 

(afforded by the LBL process) of the clay platelets in the composite maximizes the 

number of polymer/MTM interactions and constrains the polymer chain motion which 

results in a highly efficient load transfer between the polymer phase and the stiff MTM 

platelets. 

 

E. High Strength, Transparent Nacre-Like Nanocomposites with Double 

Network of Sacrificial Crosslinks. 

 

1. Introduction 

 In nacre both the “brick-and-mortar” architecture and the sacrificial ionic bonds 

that can reform after breaking are keys to its mechanical properties.90,91 These amazing 

properties have inspired scientists to develop synthetic biomimetic analogs.92,93 In the 

biomimetic composite reported previously by our group, the PDDA/MTM NC, ionic 

cross-links were introduced due to the opposite charges on MTM and PDDA. In the 

previous section we also showed that LBL assembly of MTM with poly(vinyl alcohol) 

(PVA) results in a NC with record-high mechanical properties.94 We found that post-

assembly cross-linking of PVA with glutaraldehyde (GA) increases mechanical 

properties to σUTS = 150 � 400 MPa and E’ = 15 � 106 GPa. Despite the high strength, 

this cross-linking is covalent, which is not present in nacre, and cannot reform, which 

revealed itself in the low strain values of the resulting composite. 
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 We have further posed a question: Can we improve LBL materials and potentially 

exceed the nature-made mechanical properties of nacre and bones using just the 

reformable (ionic and other) cross-links? Additionally, one can also pose a question 

whether bonds other than ionic can be engaged in a similar break-reform fashion?90,91 

These are important goals from both fundamental and practical points of view. Nanoscale 

nacres potentially afford achieving these goals because they offer a greater degree of (1) 

integration of organic/inorganic phases and (2) freedom in molecular design when 

compared to microscale lamellar materials including a wide choice of polymers.94-96 

 Here we demonstrate: (1) nacre-like composite with σUTS far greater than that of 

any other nacre mimics prepared until now and 2-3x stronger than natural nacre, and (2) 

the fact that a manifold of weaker bonds can potentially be engaged in a similar manner 

as sacrificial ionic bonds. 

 

2. Experimental Procedure 

 The experimental procedures and materials used here are the same as in Sections 

B2 and D2. Additional materials and procedures are listed here. FeCl3, CaCl2, AlCl3, and 

CuCl2 salts used in crosslinking of the films were obtained from Sigma-Aldrich. After 

buildup the glass slides were immersed into the salt solutions for 24 hours at room 

temperature. In the case of Cu2+ the slide was kept in the solution for 3 days. The 

detached, free-standing films were further dried in a drying oven at 60 ºC and then set 

aside to equilibrate in ambient conditions (~65 – 75 ºF temperature and ~20 – 30% 

relative humidity) for at least 24 hours prior to mechanical testing. 
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3. Results and Discussion 

 As a start we used LBL films made from PVA and MTM (reported in Section D) 

which are bound mainly through a manifold of weak hydrogen bonds. Ionic bonds were 

introduced after assembly by cross-linking PVA with metal cations Mn+.78,97-99 Atomic 

force microscopy (AFM) revealed full platelet coverage of the surface resembling that in 

nacre. (Figure 29E). 
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Figure 29. (A) Structure of PVA and PDDA polymers; (B) UV-vis spectra for the first 10 
bilayers of deposition (arrow indicates increase of absorbance, inset represents 
absorbance at 360 nm as a function of bilayer); (C) and (D) optical images of a free 
standing film of (PVA/MTM)300 showing very high transparency and flexibility, (E) 
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AFM phase image of a single PVA/MTM bilayer, (F) SEM image of cross-section of a 
300-bilayer PVA/MTM composite showing laminar architecture. The films in SEM can 
be slightly expanded due to separation of layers resulting from the shearing force of the 
razor blade used for cutting test samples. 
 

 Growth profile of the films characterized with UV-vis spectroscopy and 

ellipsometry (Figure 29B) revealed fairly linear growth. As reported previously, 

ellipsometry measurements gave a thickness of ~3.5 nm per bilayer for the first 10 

deposition cycles. 200 and 300 bilayer films were prepared using an automated dipping 

machine (nanoStrata Inc., Tallahassee, FL). Once completed, films were cross-linked 

with 0.5 M solutions of Mn+, i.e. FeCl3, CaCl2, AlCl3, or CuCl2 for 24 h. Free-standing 

samples were separated from the slides using a HF etching method described 

previously100 and dried at 80 ºC for 10 min. Note that unlike nacre, the ionic bonds in the 

case of Mn+ cross-linking are intramolecular with respect to PVA chains rather than 

between the polymer and inorganic plates. 

 The resulting films were found to be strong, flexible, but also highly transparent, 

which is attributed to the nanoscale dimensions of the inorganic phase (Figures 29C and 

29D) and high orientation of MTM. Light transmittance measurements showed between 

50-90% of transparency across the visible spectrum of light for the composites while for 

plain PVA films it was found to be 90-95%. (Figure 30) Additionally, the transmittance 

spectra showed Fabry-Perot fringes which are indicative of high uniformity of the 

films.101,102 
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Figure 30. Comparison of UV-vis transmittances for selected (PVA/MTM)300 films and 
pure PVA film. 
 

 Although no ionic bonds were involved in PVA/MTM bonding, the non-cross-

linked films actually showed 50% higher strength then PDDA/MTM samples studied 

previously (Table 4).94,100 

 

Table 4. Compilation of mechanical properties for PDDA/MTM and PVA-based 
composites. 
 

  
Ultimate Tensile 

Strength, σUTS (MPa) 
Modulus, E’ 

(GPa) 
Ultimate Strain, 

ε (%) 
Pure PDDA 12 ± 4 0.2 ± 0.03 48 ± 9 
Pure PVA 40 ± 4 1.7 ± 0.2 35 ± 4 

PDDA/MTM 100 ± 10 11 ± 2 10 ± 1 
PVA/MTM Film 150 ± 40 13 ± 2 0.7 ± 0.2 
PVA/MTM + Al

3+
 250 ± 50 41 ± 5 0.33 ± 0.15 

PVA/MTM + Cu
2+
 320 ± 40 58 ± 6 0.28 ± 0.02 
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 This increase is due to an abundance of hydrogen and van-der-Waals bonds that 

can break and reform when the polymer and clay phases slide against each other similarly 

to ionic bonds in nacre. They also demonstrated relatively high strains. (Figure 31) 

 

Figure 31. Comparison of stress-strain curves for PVA/MTM films with indicated cross-
linkers. Inset shows the differential of the PVA/MTM stress-strain curve revealing the 
characteristic saw-tooth pattern. 
 

 The presence of break-reform mechanism in PVA/MTM can also be seen in 

differential strain curve (Figure 31, inset) with a characteristic saw-tooth pattern typical 

for nacre proteins.90,91 Implementation of Mn+ cross-linking showed dramatic increases in 

tensile strength and stiffness: σUTS, ~150 MPa � ~320 MPa and E’, ~13 GPa � ~60 GPa 

(arrow indicates change after ionic cross-linking). This is especially evident for Cu2+ and 

Al3+ treated samples. Ca2+ and Fe3+, while being good cross-linking agents for PVA, did 

not show any improvement at all, which may be attributed to partial bonding of OH 

groups with clay. The tensile strength of Cu2+ cross-linked film is more than twice as 

high as that of nacre (σUTS ≈ 80 - 135 MPa),103,104 which represents a substantial 

PVA/MTM 

w/ Al3+ 

w/ Cu2+ 
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improvement, and 3x greater then PDDA/MTM composite. Similarly the stiffness of the 

Cu2+ cross-linked film approaches that of nacre (E ≈ 60-70 GPa) and it exceeds that of 

the PDDA/MTM composite by 5x. Strain, however, remains similar to that seen in the 

PVA/MTM composites cross-linked by GA. It is also somewhat lower than that of nacre 

(0.8%),104 which remains the next materials design challenge but can also be potentially 

improved upon using appropriate polymers. 

 

4. Conclusions 

 We showed here preparation of a thin film of nacre-like clay nanocomposite 

which utilizes cross-links from both ionic and other weaker bonds. These cross-links are 

likely to break and form again in the course of the deformation, which can explain several 

experimental observations. Nevertheless, we need to be cautious and point out that the 

exact mechanism of the stretching of PVA molecules sandwiched between the parallel 

sheets on clay will require special study probably by spectroscopic means. Overall, we 

obtained material which has superior properties to the original prototype found in nature. 

This underscores the importance of molecular engineering of the composites and the 

necessity of the high degree of control over their nanoscale organization. Further 

directions of improvement of the mechanical performance of these materials must include 

control over the coiling of the polymer phase to increase extensibility of the material. 
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F. LBL Assembly of Nacre-Like Nanostructured Composites with Antibacterial 

Properties 
 

1. Introduction 

 LBL assembly has also proven invaluable in the ability to merge the 

functionalities of its components. Through creative experimental setup, one can combine 

the physical properties of NPs and proteins with the mechanical properties of clays and 

polymers. The addition of collagen to CdTe NP assemblies, for example, has been found 

to increase biocompatibility,105 and monolayers of montmorillonite clay have also been 

found to control interactions between layers of gold NPs.106 Combined assemblies of 

montmorillonite clay and magnetite NPs have led to free-standing NPs films.107 As 

demonstrated by the group of V. Tsukruk, incorporation of Au NPs in the polyectrolyte 

films also resulted in free-standing films with excellent mechanical properties and unique 

potential applications as highly sensitive acoustic membranes.108,109 

Such assemblies are recently gaining popularity in the field of biomaterials, 

creating a demand for biocompatible and antimicrobial thin films as potential coatings for 

biomedical implants. A variety of solutions have since been developed using LBL 

assembly to help meet this demand. Several groups demonstrated the ability of multilayer 

films to control adhesion of mammalian cells.49,110-113 Bhadra et al. have shown 

preparation of hollow multilayer capsules loaded with Ciprofloxacin hydrochloride for 

sustained delivery of this antimicrobial drug.114 Boulmedais et al. and Kenausis et al. 

have both presented preparation of multilayer thin films with anti-adhesive properties for 

both proteins and bacteria.115,116 Etienne et al. have prepared an active multilayer coating 

by incorporation of an antimicrobial peptide into the deposition sequence.117 LBL 
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assembly by the group of M. Bruening of polyethyleneimine-silver ion complex with a 

polyanion and subsequent reduction to produce in-situ silver NPs118 as well as 

dendrimeric119,120 silver NPs have also been successfully implemented as antimicrobial 

coatings to combat E. coli. Such biocompatible assemblies, however, have yet to be 

applied to a film with the free-standing mechanical properties of the PDDA/MTM 

artificial nacre.100 

 This study presents an antimicrobial coating for such structures using a 

multifunctional LBL assembly of PDDA, MTM, and biocompatible, starch-coated silver 

NPs prepared using a “green” synthesis strategy.25 Film homogeneity and deposition 

were monitored using AFM and UV-vis spectrometry, and film stability was analyzed 

using ICP-MS. Cell culture testing was also performed with E. coli and mammalian cells 

to observe bactericidal activity and cytocompatibility. Such antimicrobial coatings could 

prove effective for a variety of biomedical devices, and help realize the potential 

bioapplications of these high strength “nacre-like” composites. 

 

2. Experimental Procedure 

 The experimental procedures and materials used here are the same as in Sections 

B2 and D2 unless stated herein. 

 

Materials 

 The polymers, PDDA, MW ~100,000 and 200,000, and poly(acrylic acid) (PAA, 

MW 60,000) were purchased from Sigma-Aldrich (St. Louis, MO) and used as received 

without further purification. Modified Na+-Montmorillonite, Cloisite Na+ (MTM) was 
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purchased from Southern Clay Products (Gonzales, TX) and used as received. Polymer 

solutions were diluted to desired concentrations with 18MΩ*cm-1, de-ionized water prior 

to use in the experiments. Starch indicator was a commercial reagent from Fisher 

Scientific (Hampton, NH). AgNO3 and β-d-glucose, both used in the Ag NPs synthesis, 

were obtained from Sigma-Aldrich. Dulbecco’s Modified Eagle Medium (DMEM) was 

purchased from Fisher Scientific, and fetal bovine serum was purchased from GIBCO 

(Carlsbad, CA). Ampicillin and human osteoblasts were purchased from American Type 

Culture Collection (ATCC, Manassas, VA). 

 

Silver NP Synthesis 

 Starch-stabilized Ag NPs were synthesized based on a modified “green” synthesis 

method published previously.121 Briefly, 200mL of starch indicator was combined with 

3.3mL of 0.10M AgNO3 under gentle heating and stirring in the absence of oxygen. 

Upon dissolution, 5.0mL of 0.10M β-d-glucose reducing agent was added, and the 

reaction was allowed to proceed for 24 hours. The resulting solution was deep yellow-

brown in color, indicating the presence of metallic silver. This mixture was then used as 

obtained in the layer-by-layer assembly process. 

 

LBL Assembly of Silver NP Films 

 The microscope glass slides used in LBL assembly were cleaned by immersion in 

piranha solution (3:1 H2SO4:H2O2, dangerous if contacted with organics) for 1 hour, then 

thoroughly rinsed with de-ionized water prior to use. 0.5 wt% MTM dispersion was 

prepared by dissolving 5g of clay powder in 1000 mL of 18MΩ*cm-1 and stirring the 
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solution for 1 week prior to use. In order to achieve greater charge density on the surface, 

slides were pre-coated with (PDDA/PAA)3 prior to the deposition of PDDA/Ag NPs and 

PDDA/MTM/PDDA/Ag NPs layers, respectively. In the pre-coating process, the slides 

were immersed sequentially in 0.5 wt% solution of 100,000 MW PDDA for 10 minutes, 

rinsed with DI water, and dried under a stream of air, followed by a 10-minute immersion 

in 1.0 wt% PAA, rinsing, and drying. This sequence was repeated 3 times before 

continuing with composite deposition. 

 In a typical sample preparation, a glass slide with a (PDDA/PAA)3 primer layer 

was immersed in 0.5wt% solution of 200,000 MW PDDA for 10 minutes, rinsed with DI 

water for 1 minute and dried, then immersed in 0.5 wt% MTM dispersion for 10 minutes, 

rinsed for 1 minute, and again dried. The procedure was then repeated using PDDA and 

Ag NPs solution to complete one cycle of (PDDA/MTM/PDDA/Ag NPs). This cycle 

could then be repeated as necessary to obtain the desired number of layers. 

 The layer-by-layer assembly process was monitored using an 8453 UV-Vis Chem 

Station spectrophotometer produced by Agilent Technologies, with data collected after 

each (PDDA/MTM) and (PDDA/MTM/PDDA/Ag NPs) cycle for up to 10 cycles. Images 

of (PDDA/MTM) and (PDDA/Ag NPs) layers were obtained using a NanoScope IIIa 

from Veeco Instruments (Santa Barbara, CA) atomic force microscope operated in 

tapping mode with silicon nitride cantilever tips. 

 

Bacterial Inhibition Evaluation 

 Ampicillin-resistant gram-negative bacteria, E. coli XL1-Blue strain transformed 

with the pBluescript II KS(-) plasmid (Statagene, La Jolla, CA) were grown overnight in 
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50 ml of LB ampicillin (10 g/L tryptone, 10 g/L yeast extract, 5 g/L NaCl, 500 mg/L 

ampicillin) at 37°C under agitation (350 rpm). An aliquot was used to inoculate a 50 ml 

flask of fresh LB ampicillin medium. When the culture reached an optical density at 600 

nm (OD600) of 0.005 – 0.01 after incubation (37°C, 350 rpm), 1 ml of culture was 

transferred to a sterile 5ml culture tube (0.5 cm inside diameter test tube, Fisher 

Scientific) containing a single piece of glass slide 25mm x ~5mm coated using LBL 

assembly on both sides, and incubated for 18 hours as described above (this is a modified 

version of the standard shake-flask test, ASTM E2149-01) After incubation, the OD600 

was read using UV-Vis spectrophotometer to determine the bacterial growth. 

Cell viability of the remaining culture after incubation was assessed by colony 

forming unit (CFU) counting. Typically, a serial dilution of the culture was plated on LB 

ampicillin agar plates and incubated overnight at 37°C before counting of the colonies. 

Fresh colonies in fresh medium were also plated for comparison with the same initial 

density of cells. After incubation, the viable colonies were visible with naked eye and 

thus could be counted manually. After counting, the number of colonies was compared 

with the control plates. 

 

Biocompatibility Evaluation 

 Human Osteoblast cell (ATCC, CRL-11372) culture was grown until full 

confluence for 1 week in 13mL of 90% DMEM, 10% FBS, and 1% ampicilin medium at 

37 ˚C in humidified incubator with 5% CO2. Square pieces of glass slides (1cm x 1cm): 

3x clean without coating, 3x pre-coated only with (PDDA/PAA)3, and 3x coated with 

(PDDA/PAA)3(PDDA/MTM/PDDA/Ag NPs)10 were placed on the bottom of 3 different 
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12-well plates and sterilized by 70% EtOH immersion followed by 1hour UV irradiation. 

Cells were then seeded into each well at a density of ~0.1*106 and incubated for three 

days. Biocompatibility was assessed by observing the attachment and spreading of the 

cells on the surfaces. 

 

3. Results and Discussion 

Ag NPs Synthesis 

 To avoid potential problems with stabilizer toxicity, the Ag NPs were synthesized 

following a modified green synthesis protocol, where a macromolecule of biological 

origin (starch) was used as a stabilizer.121 Successful synthesis of these starch-stabilized 

Ag NPs was confirmed with UV-vis absorbance, and the size of resulting NPs was 

verified with AFM. The UV-vis absorbance spectrum of the deep yellow-brown Ag NPs 

solution, which was subsequently used in the LBL procedure without modification, is 

shown in Figure 32. This spectrum shows an absorbance peak at 410 nm, which matches 

visual observations and is in agreement with the original green synthesis protocol (λ = 

419 nm). The narrow nature of the observed peak also suggests a uniform mixture of NPs 

with little variation in particle size, which otherwise would have resulted in stretching of 

the Ag NPs absorbance peak. These solutions of NPs were also found to be quite stable, 

with no evidence of aggregation during two months of storage. 
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Figure 32. UV-vis absorbance spectrum of Ag NPs solution.  The maximum absorbance 
peak occurs at 410nm. 
  

Figure 33A shows the topographic AFM image of a (PDDA/Ag NPs)1 bilayer, 

formed on a silica wafer using 10 minute immersions for each component. The image 

reveals dense packing of spherical Ag NPs, with AFM cross-sectional analysis (Figures 

33C and 33D) showing an average NP diameter of 4.3 nm ± 1.5 nm (Figure 33B), which 

closely correlates with the size reported in the original green synthesis protocol (5.3 nm ± 

2.6 nm). This uniform nanoparticle size confirms the lack of variance evidenced by the 

narrow UV-vis absorbance spectrum in Figure 32. 
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Figure 33. AFM characterization of the Ag NPs size distribution: (A) topography image 
of a large area, (B) Ag NPs size distribution from counting of 77 particles, (C) magnified 
topography image used for cross-sectional analysis, and (D) result of the cross sectional 
analysis on the particular Ag NPs. Average particle size was found to be 4.3nm ± 1.5 nm. 
 

Assembly of (PDDA/MTM) Composites 

 To confirm proper LBL assembly of the “artificial nacre” structure (Figure 34A), 

(PDDA/MTM)10 films were assembled on a microscope glass slide using ten-minute 

immersions for both polymer and clay components. Assembly was monitored with UV-

vis absorbance measurements where, as detailed previously,24 successful assembly 

resulted in linear increase of absorbance with increasing number of layers. Figure 3A is a 

compilation of UV-vis absorbance spectra collected after deposition of the 

(PDDA/PAA)3 primer layer and each of the (PDDA/MTM) bilayers. The even increase in 

absorbance with each additional bilayer suggests regular deposition of PDDA and MTM 
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with each immersion cycle. Successful MTM deposition was also evidenced by the glass 

slide gradually changing from transparent to opaque (milky color) over the course of 

deposition. 

 

Figure 34. UV-vis absorbance spectra of Layer-by-Layer assembly. (A): schematic 
diagram of internal architecture and absorbance spectra for (PDDA/MTM)10 assembly; 
(B): schematic diagram of internal architecture and absorbance spectra for (PDDA/Ag 
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NPs)15 assembly; and (C): schematic diagram of internal architecture and absorbance 
spectra for the hybrid (PDDA/MTM/PDDA/Ag NPs)10 assembly. Arrows indicate 
direction of increase in absorbance. 
 

Assembly of (PDDA/Ag NPs) Composites 

 Prior to assembling the hybrid clay-Ag NPs composite, a PDDA-Ag NPs system 

(Figure 34B) was first generated in order to establish appropriate assembly conditions. 

Priming of the glass slides with (PDDA/PAA)3 and 10 minute adsorption steps resulted in 

successful formation of the multilayer. Similarly to the (PDDA/MTM) system, Figure 

34B shows the compilation of the UV-vis absorbance spectra of a (PDDA/Ag NPs) LBL 

assembly with ten-minute immersions for each layer and with data collected after each 

(PDDA/Ag NPs) bilayer for up to fifteen bilayers. The height of the Ag absorbance peak 

increases linearly with each deposited bilayer, suggesting uniform deposition of Ag NPs 

throughout the film. This observation was also confirmed visually, as the glass slides 

evenly changed from clear to a deep yellow-brown, metallic color as the number of 

deposited layers increased. The red shift in plasmon absorption peak maximum from 410 

nm to 460 nm should be attributed to dipole resonance interactions between layers of Ag 

NPs, a well-documented phenomenon in noble metal NPs.122-128 

 

Combined Assembly of MTM, Ag NPs, ad PDDA 

 

 Having established the optimum assembly parameters for (PDDA/Ag NPs) 

system, the combined assembly of (PDDA/Ag NPs/PDDA/MTM) films (Figure 34C) 

was realized in the same fashion, namely: 10 min adsorption steps with glass slides 

primed with (PDDA/PAA)3. UV-Vis absorbance spectra were again collected after each 
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(PDDA/MTM) and (PDDA/Ag NPs) cycle to verify successful deposition. The compiled 

data, shown in Figure 34C, display the same incremental increases in absorbance as for 

the (PDDA/Ag NPs) and (PDDA/MTM) samples. A red-shift in Ag absorbance from 410 

nm to 460 nm is again present, and absorbance increases linearly with each deposited 

layer, indicating proper Ag NPs deposition. The deposition of MTM in each cycle was 

found to stretch and slightly red-shift the maximum of the peak, from 460 nm to 465-470 

nm. Subsequent deposition of (PDDA/Ag NPs) resulted in reversal of the effect to the 

original value. The slight red shift can be explained by high value of MTM’s dielectric 

constant, ε = 100-550,129 as compared to typical values for polyelectrolytes of ε ≈ 10.130 

The groups of P. Mulvany and L. M. Liz-Marzan have developed a model for gold NPs 

LBL film,128 showing that increasing volume fraction of NPs results in red-shift of the 

peak. At the same time it is expected that increasing separation between Ag NPs layers, 

will lead to a blue-shift of the spectrum.128 MTM has been shown to increase overall 

dielectric constant of a polyelectrolyte composite up to 7 times at volume fractions as low 

as 5%.131 In our system, we believe that we are observing a combined effect of the blue-

shift from separation increase and red-shift from the MTM inclusion. It can be also 

expected that subsequent inclusion of the PDDA/Ag NPs layer decreases the volume 

fraction of MTM which leads to reversal of the effect. Similarly to previous observations, 

the combined film gradually turned metallic deep-brown with increasing number of 

layers. Opaqueness was also present with each additional MTM layer added, which was 

not seen in the (PDDA/Ag NPs) system. This fact is a simple visual criterion for 

incorporation of MTM layers and successful assembly of the hybrid. 
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Bactericidal Properties of the Hybrid Composites 

 Silver has long been known to be a potent antimicrobial agent and its beneficial 

effects on wound biology have in general been overlooked until recently. Silver ions and 

silver compounds are known to be potent antimicrobial agents against most of bacteria 

including E. coli,132-134 while only a few rare strains are silver-resistant.135-137 In its 

uncharged state, in the form of Ag NPs, silver was also found to possess antimicrobial 

properties. Although the mechanism of action is still unresolved, it has been shown that 

Ag NPs interact with the constituents of the outer membrane, causing structural changes, 

degradation, and finally cell death.138 An additional beneficial effect of Ag NPs, which 

may present an additional advantage for wound healing around implanted material, is 

anti-inflammatory property.139 While experiments against bacteria with Ag NPs in 

solution showed eventual depletion of silver and only growth delay,138 LBL assembly 

allows for immobilization of Ag NPs in ultra thin films on complicated geometries. 

Combined with high strength, this coating method offers new alternative for biomedical, 

implantable devices. 

 To establish bactericidal properties of our composite, a suspension of bacterial 

cells (E. coli) was placed in a round-bottom test tube together with rectangular piece of a 

glass slide coated with 10 deposition cycles of the composite. Experiments were carried 

out both under static and dynamic (shaking) conditions. After 18 hours of incubation the 

concentration of cells inside the tubes was measured and compared to the inoculation 

conditions. When the experiments were performed under dynamic conditions, with initial 

bacteria concentration, OD600 = 0.0048, almost complete inhibition was observed (Table 

5). The supernatant was further plated onto agar plates at 10x dilutions with fresh 
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medium. Both original and diluted suspensions grew into viable colonies overnight with 

CFU reaching that of control plates. This suggests that the inhibition of bacteria can be 

attributed to the direct interaction of the cells with the silver immobilized in the 

composite. The fact that single layer of Ag NPs is much less effective then 10 layers also 

shows that certain concentration of silver is required for high levels of inhibition at these 

bacterial concentrations. 

 

Table 5. Bacterial inhibition with a hybrid composite under dynamic conditions. Initial 
optical densities were OD600 = 0.0048 and 0.066. OD 600 measurements of bacterial 
suspensions were measured after 18 hours of incubation. Comparison was against bare 
glass slides (Control) and to glass slides coated with (PDDA/PAA)3 (Precoat). Control 
solutions which reached high OD600 were diluted 30 times before taking the 
measurement. At least 3 measurements were performed for 3 samples each time and the 
results are shown as averages of these results. 
 

Inoculation OD600   OD600 

0.0048 Control 2.002 ± 0.267 

 (AgNPs/MTM)10 0.0071 ± 0.28 

 (AgNPs/MTM)10 + (PDDA/MTM)1 0.0047 ± 0.28 

0.066 Control 2.096 ± 0.101 

 Precoat 2.492 ± 0.032 

 (AgNPs/MTM)1 2.477 ± 0.092 

  (AgNPs/MTM)10 0.193 ± 0.030 
 

 Further experiments with higher initial concentration of bacteria, OD600 = 0.066, 

show slightly decreased effectiveness of the composite (Table 5). In analogy to the first 

result, we found that single layer of silver does not present high enough concentration to 

provide effective inhibition. We also found that the inhibition can mostly be attributed to 

the presence of silver and not to any of the poly-ions (PDDA and PAA) or clay. 
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 Under static conditions we have observed very little inhibition, <10 %.  The 

concentration of cells in the control after 18 hours of incubation reached OD600 = 0.949 

± 0.055 whereas for the coated slides the concentration reached OD600 = 0.853 ± 0.023 

(initial concentration was OD600 = 0.066). The overall concentration of cells was lower as 

compared to the agitated experiments, but this can be attributed to decreased diffusion of 

oxygen and thus starvation. After 18 hours, cells have settled into the meniscus below the 

glass slide hence avoiding contact with the composite. The growth process was most 

likely retarded during sedimentation were small percentage of the cells came in contact 

with the surface. 

 
Silver Elution from the Hybrid Composite 

Antimicrobial properties of these composites are attributed to the Ag NPs 

immobilized on the surface of this material. Hence, evaluation of the stability of the 

composite in aqueous medium is important for long term durability and effectiveness. 

None of the previous studies have attempted determination of the actual amount of silver 

eluting from such composites. This is important because high concentration of oxidized 

silver, Ag+, can be toxic for human cells140-142 and potentially cause adverse effects for 

long-term implants. Considering high surface energy and therefore greater chemical 

potential of silver in NPs, the actual amount of silver could be substantially higher than 

for bulk pieces of the same metal. In order to determine actual amounts of eluted silver, 

glass slides coated with (PDDA/MTM/PDDA/Ag NPs)10 were immersed in de-ionized 

water for 25 days, with solution aliquots collected at regular intervals and analyzed by 

ICP-MS for trace levels of Ag leaching out from the composite. Samples were collected 
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from slides placed in both light and dark conditions in order to account for possible Ag 

NPs photoreactivity. After 25 days, films retained their integrity and no visible change in 

water color was observed in either light or dark environments. ICP-MS analysis of the 

sample aliquots retained after different time intervals showed that silver was eluting in 

miniscule concentrations in the range of 0.5-2.0 and 0-3.3 µg/L for dark and light 

conditions correspondingly (Figure 35). Therefore, one can say that the overall silver 

concentration around the implanted LBL nanocomposite (PDDA/MTM/PDDA/Ag 

NPs)10 does not exceed 3.0 µg/L. 

 
 

Figure 35. Analysis of the hybrid MTM-Ag NPs’ composite film stability for Ag elution.  
ICP-MS analysis of the water solution after immersion shows levels of Ag below the 
detection limit of the instrument. Both Dark (filled symbol) and Light (open symbol) 
conditions show similar results. 
 

Biocompatibility Evaluation 

 Although the concentration of eluting silver is very small, direct evaluation of the 

biocompatibility of the composite would be necessary for further studies of this material. 

Ag NPs have been shown to possess good biocompatibility with mouse fibroblasts and 
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human osteoblasts143 and their use for bio-applications has been widely 

documented.42,144,145 To evaluate the effect of our composite, glass slides coated with the 

films were cut into smaller pieces and placed in the 12-well plates. Following sterilization 

with 70% EtOH and UV-vis irradiation, cells were seeded on top of the slides and 

allowed to attach and grow for 3 days. One of the indications of biocompatibility 

characteristics of this cell line is their attachment to the surface. Figure 36 shows cells 

attaching on the surface of the composite. The number of attaching cells was not as high 

as for the bare slides however it is possible to render the composite more biocompatible 

by coating with additional components. When additional capping layers were introduced 

on top of the composite, no change in antibacterial properties was observed (Table 5). 

The same experiment was repeated with 5 bilayers of (PDDA/MTM) of capping (data not 

shown) and the same level of inhibition was achieved. This suggests that additional, 

interfacing layers could be introduced on top of the composite to improve the cell 

attachment without having to sacrifice the bactericidal properties. 
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Figure 36. Optical microscopy images of Human Osteoblasts (ATCC, CRL-11372) 
cultured on bare glass slides ((A) and (B)) and on glass slides coated with 
(PDDA/MTM/PDDA/Ag NPs)10 ((C) and (D)) for 3 days. 

   

4. Conclusions 

 We have presented here preparation of a nanostructured, hybrid and 

multifunctional, composite containing Ag NPs with good mechanical properties based on 

the polymer/MTM structure. The composite possesses strong antibacterial characteristics 

as well as biocompatibility with human osteoblasts. With wide variety of materials 

available, this type of composites can be expanded to additional functionalities, e.g. 

controlled drug delivery. 
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Chapter III 

 

LBL Nanocomposites from Cellulose Nanocrystals 

 

A. Introduction 

 In Chapter I we have pointed out that carbon nanotubes (CNTs) have received 

wide attention thanks to their low density, as well as excellent mechanical and electrical 

properties.
1-11
 However, as we noted, utilization of this material for the preparation of 

hybrid composites is problematic due to the difficulty of generating stable dispersions, 

because of their highly hydrophobic surface.
12-16

 In addition, for the purpose of large 

scale production, CNTs are prohibitively expensive, and until cheaper synthesis 

techniques will be developed, it is unlikely that they will find utilization in large scale 

manufacturing besides some niche, high value–added applications. 

 An alternative may be found in natural and renewable materials. As such, in 

Chapter II we have presented an extensive study on mechanics and applications of LBL-

assembled, MTM clay-based NCs. Another natural nanomaterial, the cellulose 

nanocrystals (CNRs), is also gaining momentum recently due to the combination of its 

natural and renewable origins as well as equally impressive mechanical properties when 

compared to CNTs: bending strength of ~10 GPa and E ~150 GPa,
17,18
 which are only 

about 10x smaller then those of SWNTs (σUTS ~300 GPa at E ~1 TPa,
1,11
 and bending 

strength of 63 GPa
1
). 
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 The CNRs have been receiving growing interest in the recent years. This is 

because the virtually ideal crystalline structure of the cellulose rods, resulting from 

alignment of polymer chains, imparts them with exceptional mechanical as well as 

unique optical properties. Given their natural origins and inherently low cost, they have 

been studied for development of reinforced NCs for variety of applications in automotive, 

railways, or aviation industries, just to name a few.
19-21

 Compared to other inorganic 

reinforcing fillers, CNRs have additional advantages, including positive ecological: low 

energy consumption, ease of recycling by combustion, high sound attenuation, and 

comparatively easy processability due to their nonabrasive nature, which allows high 

filling levels, in turn resulting in significant cost savings.
21
 All of this makes CNRs an 

attractive nanomaterial for the preparation of low cost, light-weight, and high-strength 

hybrid composites for multitude of applications. They are also of interest for their liquid 

crystals cheracteristics
22-24

 and are being researched for different applications, one 

example of which was presented recently for preparation of security paper.
25
 

 Since cellulose is so pervasive throughout the living world, numerous reports 

detailing preparation of CNRs from diverse sources such as: cotton,
26
 tunicate (a sea 

animal),
27,28
 algae,

29,30
 bacteria,

31,32
 and wood;

26,33,34
 have already been presented. 

Depending on the source, they are available in a wide variety of aspect ratios (ratio of 

length to diameter), e.g. ~200-300 nm long and 5 nm in lateral dimension
26
 and up to 

several microns long and 15 nm in lateral dimension
27,28
 from cotton and tunicate 

respectively. 

 This chapter describes initial studies into the LBL assemblies of CNRs and 

establishes precedence for preparation of CNRs multilayers. First, we show the feasibility 
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of LBL assembly of NCs from cotton CNRs as a first stage in an effort of preparing the 

high-strength composites.
35
 Further, we discuss initial investigation into mechanical 

properties of these assemblies. Finally, we demonstrate feasibility of LBL assembly of 

long CNRs from tunicate with unique application as an anti-reflective coating. 

 

B. LBL Assembly of Cellulose Nanocrystals 

 

1. Introduction 

 From the purely mechanical point of view, recent work has shown preparation of 

composites from micro fibrillated cellulose possessing bending strength as high as 370 

MPa and E up to 19 GPa
36
 and CNRs in combination with silk fibroin resulted in a 

composite with tensile strength (σ) as high as 160 MPa and E approaching 12 GPa.
37
 

Clearly, these results in mechanical reinforcement are far from the values that are 

expected given the properties of CNRs. The problem once again arises from the poor 

matrix connectivity of the material with the host polymer similarly to CNTs. 

 Having in mind the results obtained with clay LBL assemblies in Chapter II, we 

have attempted LBL assembly of the CNRs in order to generate even stronger composites 

in perspective. Here, we report for first time the LBL assembly of nanostructured 

composite from CNRs and PDDA as a first stage in an effort of preparing high strength, 

low-cost and light-weight thin-films. The sequential deposition of the CNRs with LBL 

technique opens a new route for nanoscale organization of the material which may 

potentially lead to other, new developments. 
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2. Experimental Procedure 

Materials 

 The polymer, poly(diallyldimethylammonium chloride) (PDDA) with molecular 

weight of MW ~100,000 was purchased from Sigma-Aldrich (St. Louis, MO) and used as 

received (20 wt.% solution) without further purification. Prior to use in the experiments, 

the stock polymer solution was diluted to 0.5 wt.% with 18 MΩ, de-ionized under 

vigorous stirring for 2 hours. Whatman No.1 filter paper and microscope glass slides 

were both obtained from Fisher Scientific (Hampton, NH). Hydrogen peroxide and 

concentrated sulfuric acid used in the piranha solution were both purchased from Sigma-

Aldrich. 

 

Cellulose Nanocrystals Preparation 

 Cellulose nanocrystals were prepared by sulfuric acid hydrolysis of Whatman No. 

1 filter paper powder (98% cotton) as described previously.
26
 Briefly, 5g of the ground 

paper was mixed with 100mL of 64% w/v sulfuric acid and stirred at 45 °C for 1 h. The 

acid solution was subsequently removed by multiple centrifugation, decantation of the 

supernatant, and redispersion steps. Purified material was finally redissolved in 100 mL 

of deionized water and stored in the refrigerator until further use. Prior to use in 

experiments, suspension with the crystals were redispersed by brief ultra-sonic treatment 

of the solution with an ultrasonic processor (Cole-Parmer) in order to break up any of the 

aggregated material.
26
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Layer-by-Layer Assembly 

 The microscope glass slides used in LBL assembly were cleaned by boiling in 

piranha solution (3:1 H2SO4:H2O2) for 1 hour, followed by thorough rinsing with de-

ionized water prior to use. Cleaned glass slides were then sequentially immersed into: 1) 

0.5 wt.% PDDA solution for 10 min, 2) DI water for 2 minutes in order to rinse any 

weakly adsorbed material, 3) cellulose nanocrystals solution for 10 min, and 4) DI water 

for 2 minutes to rinse away any weakly adsorbed CNRs. The entire cycle was then 

repeated up to ten times for the purpose of the present study although the deposition can 

be repeated indefinitely. The pH of the rinsing water after CNRs deposition was adjusted 

to pH = 2-3, in the range of CNRs solution pH, because it showed more uniform growth 

of the multilayer. After every rinsing step, glass slides were thoroughly dried with 

compressed air stream before proceeding to the next deposition. 

 

Instrumental Analysis 

 Scanning electron microscopy (SEM) images were taken with a FEI Nova 

Nanolab Dualbeam FIB. SEM sample consisted of a single PDDA/CNRs bilayer which 

was deposited on a piece of a piranha cleaned silicon wafer following the same procedure 

as with glass slides. Prior to taking images, sample was coated with a thin layer of gold 

using a vacuum gold ion sputterer to avoid the charging effect on the sample with the 

electron beam. 

 Atomic force microscopy (AFM) imaging was performed in air with a Nanoscope 

III (Digital Instruments/Veeco Metrology Group) operated in tapping mode using 
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silicon/nitride tips. The sample was prepared in the same manner as for SEM analysis 

except no gold coating was required. 

 UV-vis spectroscopy was performed with an 8453 UV-Vis Chem Station 

spectrophotometer produced by Agilent Technologies. The measurements were obtained 

by acquiring the absorbance spectrum for a sample deposited on a clean glass slide from 

200 nm to 1000 nm after each deposition of a material and comparing the spectrum to 

that of a pure glass slide. For the purpose of spectrum acquisition, the glass slide was 

placed directly in the path of light between the light source and the detector.  

 Ellipsometry measurements were obtained using a BASE-160 Spectroscopic 

Ellipsometer produced by J. A. Woollam Co., Inc.. The samples used for ellipsometry 

were similar to those used for SEM and AFM. In particular, layers were deposited on the 

silicon wafer in the same manner as on glass slides and a scan was obtained after every 

CNRs layer up to 10 bilayers. The refractive index of the multilayer was determined from 

a thick sample. This value was then used for the thickness calculation of thin layers. The 

instrument was calibrated to the standard silicon wafer with a thin layer of silicon dioxide 

and the overall thickness on the wafer was then fitted using a Cauchy’s model. 

 

3. Results and Discussion 

 For the purpose of preparation of the hybrid composite we chose to work with 

PDDA since it has received wide attention in the LBL community. PDDA is widely 

available and its polymer chains contain high density of positive charges per unit length 

which renders preparation of the multilayers easier as opposed to other weakly charged 

polyelectrolytes. Sulfuric acid hydrolysis of cotton fibers results in partial conversion of 
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the hydroxyl groups to sulfates, thus imparting negative charges to the nanocrystals and 

requiring positively charged partner for the assembly. Gray et al. has also reported a 

study of adhesion forces on the surface of the CNRs/PDDA samples, which gave a 

suggestion that assembly with PDDA polymer should be feasible.
38
 

 In a typical assembly, we have used 10 min adsorption intervals since we have 

found this to be adequate in many other systems we have prepared previously. To 

monitor proper assembly, we have used the classical approach and measured UV-vis 

absorbance spectrum after each deposited bilayer on a glass slide. (Figure 37A). When 

absorbance at 360nm wavelength was plotted as a function of a bilayer number the graph 

gave nearly straight regression, indicating uniform assembly and distribution of CNRs in 

each bilayer. (Figure 37A) The absorbance of the composite reached nearly 0.35 OD after 

deposition of 10 bilayers, indicating high loading of the CNRs and rapid LBL deposition, 

which can be contrasted with quite slow deposition of SWNTs due to small surface 

charge. 

 

Figure 37. Evolution of a growing composite determined using (A) UV-vis absorbance at 

360 nm and (B) with an ellipsometer after each deposition of cellulose nanocrystals. 

 

A B 
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 We have also characterized the thickness of each individual bilayer in the 

composite using ellipsometry. We have found that an individual bilayer is 11 nm thick 

and this thickness was consistent for every additional bilayer added to the composite. A 

plot of the thickness data obtained from ellipsometry once again shows, as expected, a 

straight line. (Figure 37B) This result is in good agreement with the UV-vis data 

collected. 
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Figure 38. Tapping mode Atomic Force Microscopy image of surface topography for a 

single PDDA/CNRs bilayer on silicon substrate. (A) and (B) topography and phase 

images of 10 µm * 10 µm area; (C) and (D) topography and phase images of 5 µm * 5 µm 

area; (E) and (F) topography and phase images of 1 µm * 1 µm area. 
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Surface morphology and topology of LBL layers of CNRs was characterized by 

atomic force microscopy (AFM) as well as scanning electron microscopy (SEM). 

Following previously reported suggestions we have obtained AFM images while 

operating in tapping mode, since CNRs have been found to be easily adsorbed on the tip 

of the probe operating in the contact mode when PDDA is present.
38
 Characterization of a 

single bilayer adsorbed on a silicon wafer revealed very high density and uniform 

coverage. (Figure 38) In our experience with CNTs assembly, we have not previously 

observed such high density of coverage with a single bilayer. SEM characterization 

confirmed high uniformity and dense packing obtained from AFM analysis (Figure 39). 

 

Figure 39. Scanning Electron Microscopy images of a single PDDA/CNRs bilayer on a 

silicon substrate at 50k (A) and 200k (B) magnifications. 

 

CNRs obtained from cotton have been reported to be 5 nm in diameter and 100-

300 nm long.
26
 Both SEM and AFM are in agreement with these reports. SEM and AFM 

also show larger crystals which following a closer look (Figures 39A and 39B) clearly 

show that these are aggregates of CNRs resulting from incomplete digestion of cotton. To 

avoid these larger aggregates, further purification may be applied. The network 
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morphology of the films is very encouraging structural feature for the creation of 

ultrastrong materials provided that methods of efficient load transfer and debundling of 

CNRs are found. These problems are identical to those seen for CNT composites, 

although approaches to their solutions can be drastically different due to substantially 

more chemically active structure of CNR backbone. 

 

4. Conclusions 

In conclusion, we have presented here initial results from successful LBL 

assembly of cellulose nanocrystals and PDDA polycation in an effort of generating a new 

class of multilayered composites. In the preliminary study, characterization of the 

multilayer structure revealed tightly packed CellNs layers with high loading of the 

nanocrystals. Formation of a uniform layer can potentially allow for direct assembly of 

the nanocrystals with other nanocolloids without the need for polymeric interlayer which 

will be exploited in the future work. Given their natural origins, CellNs have wide 

potential for applications in biomedical community as well. 

 

C. High-Speed Preparation of High-Strength Mutilayered Nanocomposites from 

Cellulose Nanocrystals 

 

1. Introduction 

 In Section B2 of this chapter we presented results from a “proof-of-concept” 

study on layer-by-layer assembly of CNRs and a PDDA polymer.
35
 The feasibility of 

LBL assembly of the nanocrystals prompts further investigation of nanocomposites from 

this material. In this section we show that unlike the assemblies from MTM clay in 
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Chapter II, assembly of CNRs is highly robust and fast. We show that free-standing 

PDDA/CNRs films can be prepared with as few as 5 sec dipping intervals as opposed to 5 

min for polymer/MTM. The free-standing films display high homogeneity, optical 

transparency, high loading of CNRs, and high mechanical properties: σUTS = 130 ± 35 

MPa, E as high as 10 GPa, and toughness ~4.2 ± 2.6 MJ/m
3
. These mechanical properties 

can be favorably compared to PDDA/MTM and MWNTs-based LBL composites and are 

significantly greater than those of any CNRs based composites prepared until now by 

conventional techniques.
39,40
 

 

2. Experimental Procedure 

 Unless additionally stated in this section, the materials, extraction of CNRs, and 

preparation of the NCs are the same as described in Section B2. The mechanical 

properties were evaluated in the same manner and instrument setup as discussed in 

Chapter II. 

 

Cellulose Nanocrystals Preparation 

 The extraction method of CNRs for this part of work was slightly modified to 

reduce the umber of aggregates and to improve segregation of individual nanocrystals. 

Similarly as in Section B2, the CNRs were prepared by sulfuric acid hydrolysis of 

Whatman No. 1 filter paper powder. A modification was made in the sulfuric acid 

digestion step. We observed that increasing the volume of sulfuric acid solution to 200 ml 
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instead of 100 ml and digestion time to 2 h instead of 1h, greatly improved the quality of 

final suspension.  

 

Layer-by-Layer Assembly 

 The deposition of multilayers was performed both by hand and by automatic 

dipping robots as described in Chapter II. Briefly, cleaned microscope glass slides were 

sequentially immersed into: 1) 0.5 wt.% PDDA solution for 10 min, 2) DI water for 2 

minutes in order to rinse any weakly adsorbed material, 3) cellulose nanocrystals solution 

for 10 min, and 4) DI water for 2 minutes to rinse away any weakly adsorbed CNRs. 

After every rinsing step, glass slides were thoroughly dried with compressed air stream 

before proceeding to the next deposition. Following thorough characterization of the 

assembly, the dipping time into the polymer and CNRs solutions was reduced to as few 

as ~1sec. The entire cycle was then repeated until a desired number of layers were 

deposited (100 – 300 bilayers). 

 

3. Results and Discussion 

As described in the Experimental Procedure Section, preparation of the 

PDDA/CNRs films was performed following similar conditions to those used in our 

previous report, namely: (a) immersion of the glass or silicon substrate into 0.5 wt.% 

solution of PDDA, (b) 30 sec rinse with DI water, (c) compressed air drying, (d) 

immersion of the substrate into CNRs dispersion, (e) 30 sec rinse in DI water, and finally 

(f) once again drying using stream of compressed air. This sequence constitutes a single 

deposition cycle (a bilayer) and as we have shown previously, for the PDDA 
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polyelectrolyte (PE), it results in adsorption of a densely packed layer of the nanocrystals, 

approx. 10 nm in thickness. To simplify the procedure, in the current work we have used 

plain, pH ~5.6 DI water instead of the pH ~2-3, since there was no observable difference 

in adsorption between these two conditions. Another and much more important change 

we have made in the assembly was decreasing the adsorption time for the CNRs and 

PDDA. 

Previously, we used 10 min immersions for both the PDDA and CNRs 

components. These conditions were chosen because they proved to be versatile for many 

of the PE-nanocolloid systems we have prepared in the past, including the MTM-based 

LBL assemblies described in Chapter II.
41-44

 After more extensive evaluation of the 

adsorption behavior for various PE-CNRs systems, we found that even < 1 sec long 

immersion into CNRs dispersion is sufficient for covering the surface of the substrate 

with comparable density to that we showed previously for 10 min. By the same analogy, 

PE adsorption was also reduced to 1 min. Atomic force microscopy imaging of a silicon 

wafer surface coated with a single bilayer of PDDA/CNRs following the three different 

time intervals: (a) 1 min, (b) 5 sec, and (c) instantaneous dipping showed identical 

morphology and crystal density. (Figures 40A, 40B, and 40C) 
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Figure 40. Tapping mode AFM images of surface topographies for PDDA/CNRs 

multilayers. (A), (B), and (C): Topography images for a single bilayer of PDDA/CNRs 

on top of a silicon wafer deposited with (A) 1min, (B) 5 sec, and (C) < 1 sec dipping 

intervals. The images show planar orientation and dense coverage of the nanocrystals on 

the surfaces. (D) and (C): Topography images for ~1 µm thick PDDA/CNRs LBL film 

consisting of 95 bilayers deposited on the surface of a silicon wafer. 

 

This result has a profound impact on speed of preparation of the NC. In other 

high-strength LBL nanocomposites, e.g. from CNTs or MTM nanosheets, a single bilayer 

deposition required more then 20 min (including rinsing and drying steps) which meant 

that preparation of free-standing films composed of 200 or 300 bilayers took several days 

of continuous deposition. Extending the high-speed adsorption finding to multilayer 

buildup would reduce this preparation time by an order of magnitude. An explanation for 
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this behavior has been suggested in a recent work by Gray’s group on comparison of the 

LBL assembly of poly(allylamine hydrochloride) (PAH) with CNRs between LBL and 

spin-assisted LBL methods.
45
 Cranston and Gray have suggested that an explanation for 

the much higher thickness per bilayer in our system as opposed to theirs may lie in 

several factors: incomplete separation of the fibers into crystallites, using acidic solution 

of crystallites, presence of a highly charged polymer, and using higher concentration of 

the CNRs which renders the system non-diffusion limited. While incomplete separation 

of crystallites could be seen in the SEM images in the previous section, only the 

remaining three factors are true and significant in this work. 

As we have noted in the Experimental Procedures section, we have slightly 

modified the CNRs extraction method to reduce the aggregation problem. We found that 

decreasing the concentration of cotton in the digestion solution from 5 g/100 ml to 5 

g/200 ml and increasing the digestion time from 1h to 2h resulted in excellent separation 

of the nanocrystals. Evidence of this was observed from AFM (Figure 40) as well as 

SEM characterization of the multilayers. (Figure 41) As can be seen in the images, unlike 

in Figure 39B, the films are composed of well isolated individual nanocrystals having 

small size distribution. 
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Figure 41. Optical and SEM images of a 300-bilayer PDDA/CNRs free-standing LBL 

film. (A): A photograph of a free standing film showing high transparency. (B) and (C): 

SEM images of surface morphology of the free-standing film from (A). (D) and (E): 

SEM cross-sectional images of the (PDDA/CNRs)300 LBL film showing uniformity in 

thickness and a layered structure of the film. (F): SEM cross-sectional image of the 

(PDDA/CNRs)300 LBL film after tensile test showing pullout of individual CNRs. 

 

 This improvement of the isolation had also a direct impact on the optical 

properties of the NC. Investigation of the UV-vis absorbance of a glass slide coated with 

the multilayer showed much smaller overall increase in the absorbance with increasing 

number of layers as well as a sinusoidal function of absorbance change vs. number of 

deposited bilayers. (Figure 42A) The sinusoidal pattern appears to have a well defined 

periodic nature with the maxima falling at specific thicknesses of the film for the given 

wavelength. The maxima appear to correspond to the constructive light interference 

according to the Bragg’s Law, which is especially evident for the 360 nm wavelength, 

where the maxima fall at thicknesses of (1) ~7-8 bilayers = ~90 nm = 360 nm/4 and (2) 

16 bilayers = ~180 nm = 360 nm/2 (each bilayers has a thickness of ~11 nm). 
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Figure 42. UV-vis and ellipsometry characterization of PDDA/CNRs multilayer growth. 

(A) UV-vis absorbance plot as a function of increasing number of bilayers. Points are 

plotted for absorbance at 360 nm and 500 nm. (B) Thickness of the multilayer obtained 

from ellipsometry as a function bilayers number showing linear growth up to 100 bilayers. 

 

 Following the initial characterization, we have proceeded with growing thick 

films for testing the mechanical properties. In spite of the dramatically faster preparation, 

ellipsometry measurements showed linear and consistent growth extending up to 100 

bilayers. (Figure 42B) AFM characterization of a 95-bilayer film deposited on a silicon 

wafer showed that the CNRs remain well isolated with planar orientation with respect to 

the substrate. Contrary to the speculations of Cranston and Gray, the growth increment 

remained at 11 nm per bilayers, suggesting that the only influential factors affecting 

thickness of our films could be greater charge of PDDA polymer and higher 

concentration of the CNRs solution. This suggest that LBL assembly of CNRs is system 

dependent, i.e. choice of the polymer affects the growth behavior, and requires further 

studies for better understanding. 

A B 
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Figure 43. Stress-strain response of a 300-bilayer PDDA/CNRs free-standing LBL films. 

The heat-treated films were prepared vacuum drying of a free-standing film at 180 °C. 

 

 Similarly to the work on MTM-based NCs, we have prepared 300-bilayer LBL 

films on microscope glass slides for mechanical properties evaluation, using an automatic 

dipping robot. Note that preparation of the composite took only a few hours as opposed to 

days for the MTM clay based NCs. Free-standing films were subsequently isolated using 

the same HF separation technique as described in Chapter II, and characterized with SEM 

and mechanical testing apparatus. (Figures 41 and 43) Free-standing films showed 

excellent stability and nearly complete optical transparency as can be seen in Figure 41A. 

SEM characterization revealed a very uniform structure and distribution of the 

nanocrystals with high loading of the nanomaterial. 

 Characterization of the mechanical properties showed that as detached and air-

dried LBL films had ultimate strength of, σUTS = 52 ± 21 MPa and Young’s modulus of, E 

= 3.0 ± 1.1 GPa. (Table 6) These were encouraging results since in comparison, the 

strength of pure PDDA is at least 4x lower and the modulus of elasticity is 15x lower. 
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Further drying of the films under vacuum and at a temperature of 180 °C showed 

substantial improvement in the properties to σUTS = 128 ± 35 MPa and E = 2.8 ± 0.9 GPa. 

These results can be favorably compared to the previous results with PDDA/MTM clay-

based material and as a preliminary study; they suggest that further improvement of 

mechanical properties should be possible as was demonstrated for MTM-based LBL 

assemblies in Chapter II. 

 

Table 6. Comparison of mechanical properties of PDDA/CNRs composite and PDDA. 

 

  

Ultimate Tensile 

Strength, σUTS 

(MPa) 

Young's 

Modulus, E 

(GPa) 

Ultimate 

Tensile Strain, 

ε (%) 

Toughness 

(MJ/m
3
) 

Pure PDDA ~12 ~0.2 ~50 ~5 

Air-Dried 52 ± 21 3.0 ± 1.1 2.3 ± 1.4 0.65 ± 0.75 

Heat Treated 128 ± 35 2.8 ± 0.9 6.1 ± 1.7 4.2 ± 2.6 

 

 

4. Conclusions 

We presented here results from initial investigation of mechanical properties in 

polyelectrolyte-CNRs, LBL-assembled nanocomposite. Modification of the preparation 

method led to improvement in the separation of the nanocrystals, yielding a film with 

unique optical properties, and assembly length of the films was reduced by an order of 

magnitude. Preparation of free-standing films was demonstrated and their structure was 

characterized as a tightly packed assembly of CNRs. The structure of the film appears to 

have nanoscale porosity which could be exploited in future work for preparation of 

separation membranes. Evaluation of mechanical properties showed that the films exceed 

properties of previously reported PDDA/MTM nanocomposite. This result combined 

with the unique transparency offers an opportunity for development of high-performance 
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and transparent NCs similarly to work presented in Chapter II. Organic nature of the 

CNRs also presents opportunities for chemical modification which are not as easily 

accessible in the inorganic MTM nanosheets. 

 

D. Layer-by-Layer Assembled Films of Cellulose Nanowires with Antireflective 

Properties 

 

1. Introduction 

 In Sections B and C of this chapter we discussed preparation of LBL assemblies 

from short, cotton CNRs. In this final section, we turn our attention to preparation of the 

assemblies from high-aspect-ratio cellulose nanowires (CNWs) from tunicate and we 

discuss a novel property of this multilayer: the antireflectivity. 

 Antireflection (AR) surfaces and coatings have been widely utilized to maximize 

the transmission of light through optical surfaces for many years now. They are 

especially important for such applications as: flat-panel displays, solar cells, lasers, or 

other opto-electronic devices.
46-48

 The principle of AR is the interference of the reflected 

light from air-coating and a coating-substrate interfaces.
49,50
 An ideal homogeneous 

single-layer AR coating satisfies the following conditions: the thickness of the coating is 

λ/4, where λ is the wavelength of the incident light, and nc = (nans)
1/2
, where nc, na, and 

ns, are refractive indices of the coating, air, and substrate, respectively.
49-51

 To satisfy 

these conditions, with na = 1, for an effective AR coating on glass or plastics which have 

ns ~1.5, nc should be ~1.22. Unfortunately, the lowest refractive index of homogeneous 

dielectric materials is only about 1.34. To achieve the required low refractive index, 

processes that produce nanoporous materials are often utilized. Some of the examples 
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presented to this date include: phase separation and etching,
52,53
 sol-gel assembly,

54,55
 

reactive twin-magnetron sputtering,
56
 interference lithography,

57
 and reactive ion etching 

of substrates.
58
  

LBL technique
59
 is an attractive method for preparation of AR materials because 

it can produce large-area, uniform, and defect-free nanoporous coatings on essentially 

any type of surface, including 3-D, with precise control over the thickness and optical 

properties. The first demonstration of the LBL-AR was shown by Hattori in 2001 with 

deposition of silica or polymer nanoparticles (NPs) onto glass substrates.
60
 Since then, 

other researchers have described LBL-AR preparation from double-layer nanoparticle-

based coatings,
61
 multilayer assembly of silica sols and NPs,

51,62-65
 all-NPs assemblies,

66
 

and nanoporous polyelectrolyte multilayers.
67
 Overall, with the exception of the 

nanoporous polyelectrolyte assemblies,
67
 all of the LBL-AR coatings presented until 

today relied on spherical NPs in their preparation. Note that mechanical properties are 

very essential for optical coatings and incorporation of nanoscale components with 

promising mechanical properties is quite essential.  

 Here, we show that equally effective coatings can be prepared by LBL assembly 

of high-aspect-ratio axial colloids and we demonstrate this by LBL assembly of cellulose 

nanowires from tunicate (a sea animal) (CNWs). The morphology of CNWs is also quite 

remarkable. Their uniformity and high aspect ratio can be very favorably compared with 

synthetic nanowires (NWs),
68-73

 while their preparation is very simple. They can be an 

example of naturally perfect nanostructures. We show that the layered architecture of the 

coating and parallel orientation of the microns-long and stiff CNWs with respect to the 

coated surface, result in formation of a porous structure with film-thickness dependent 
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porosity and optical properties. In simplest terms, the structure of the coating can be 

compared to that of a “flattened matchsticks pile”. The underlying physics of AR effect is 

certainly the same as in the other AR coatings, however the structure of LBL assembled 

CNWs has a decisively new morphology. Additionally, incorporation of CNWs opens the 

door for improvement of their mechanical properties and preparation of optically active 

coatings with multifunctional properties, such as electrically driven responsiveness.
74,75
 

 

2. Experimental Procedure 

Materials 

 Microscope glass slides used for the deposition were obtained from Fisher 

Scientific. 50 wt.% solution of polyethyleneimine (PEI), branched, MW = 750,000 (light 

scattering) was obtained from Sigma-Aldrich. Chitosan (CH) and polyallylamine (PAH) 

used for preparation of thin films for mechanical properties evaluation were obtained 

from Sigma-Aldrich. 1 wt.% solutions of PEI and PAH used in this work were prepared 

by diluting the stock solution with 18 MΩ*cm
-1
, pH = 5.6 de-ionized water (DI water). 

0.5 wt.% solution of CH was obtained by dissolving appropriate amount of the solid in 3 

vol.% acetic acid solution (Sigma-Aldrich). Hydrogen peroxide and concentrated sulfuric 

acid used in the piranha cleaning solution were both purchased from Sigma-Aldrich. All 

of the reagents used for extraction of the cellulose nanocrystals: KOH pellets, sodium 

perchlorate solution, NaOH pellets, and glacial acetic acid, were obtained from Sigma-

Aldrich. Tunicate specimens of Didemnum sp. were collected at Sandwich, 

Massachusetts, near the east entrance to the Cape Cod Canal in October of 2006. 

Colonies were attached to granitic rocks in a vast, rocky intertidal pool area that is 
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exposed at low tide and covered with 3 m of water at high tide. A stainless steel spatula 

was used to remove the colonies from the rocks. Specimens were rinsed with seawater, 

enrolled in white paper towels, placed in individual 500 ml plastic jars, and preserved in 

anhydrous, denatured ethanol until further use. 

 

Cellulose NWs Extraction 

 The colloidal suspensions of CNWs in water were prepared following a modified 

method of Chanzy et al.
76
 Briefly, the animals were gutted and their tunic isolated and cut 

into small, ~1 cm x 1 cm fragments. The fragments were thoroughly rinsed with DI water 

to remove remaining sea debris and then deproteinized by four successive bleaching 

treatments. Details of the procedure were as follows: 

a) 22 g of wet tunic was placed into 200 ml of 5% KOH/water solution and stirred 

overnight; 

b) Next day, 300 ml of a bleaching mixture consisting of 2.55 g of sodium perchlorate, 

4.05 g of NaOH, and 11 mL of glacial acetic acid were prepared and the resulting 

solution was heated to 70 ºC; 

c) The KOH treated pieces of tunic were separated, rinsed with pure DI water, and the 

KOH/water solution was discarded; 

d) Tunicate fragments were added to the bleaching solution and allowed to stir at 70 ºC 

for 2 hours; 

f) The bleaching solution was replaced with fresh solution every 2 hours, for a total of 3 

bleachings 
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e) steps a) – f) were repeated 3 more times after which the tunicate fragments were 

separated and rinsed with DI water. 

Following the bleaching treatments tunicate fragments became highly porous with a 

white-yellow tint. The bleached fragments were subsequently disintegrated into a 

homogeneous suspension in ~100 ml of DI water with a commercial blender and 

separated using centrifugation. Resulting paste was then set aside and in the mean time, 

200 ml of 50 % (v/v) concentrated H2SO4/DI water solution was prepared (careful!, 

highly exothermic reaction). The solution was first allowed to cool down and 

subsequently heated up to a stable temperature of 70 ºC. When the final temperature was 

reached, the tunicate paste was added to the solution and allowed to stir at the 70 ºC for 2 

hours under vigorous stirring. In this step, the strong acid oxidizes the amorphous regions 

of cellulose much faster leaving the crystallites intact and at the same time introduces 

sulfate groups in the place of hydroxyls on the surface of the NWs giving them a net 

negative charge. Following the reaction, the NWs were separated using high-speed 

centrifugation (~20,000 xg) and washed with 3 redispersion and centrifugation steps in 

pure DI water. Finally, the resulting dispersion of the tunicate NWs was treated for 

~1min with ultrasonication while on ice to give a homogeneous suspension of the NWs. 

Suspension was very stable and could be stored for long (at least months) periods of time 

in refrigerator prior to use. 

 

LBL Deposition 

 Preparation of the films consisted of following steps: i) immersion of the substrate 

(Si or microscope glass slide) into a polymer solution for 1 min, ii) rinsing with the DI 
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water for 1min, iii) drying with a stream of compressed air for 1min, iv) immersion into 

aqueous dispersion of CNWs for 1 min, v) rinsing with DI water for 1 min, and finally vi) 

once again drying with a stream of compressed air for 1 min. Prior to beginning 

deposition, the glass slides were cleaned by immersion into “piranha” solution (3:1 

H2SO4:H2O2, dangerous if contacted with organics!) for 1 hour, followed by thorough 

rinsing with DI water. For PAH/CNWs, free-standing films were removed from the glass 

substrate with 1 vol.% HF solution as described in our previous publications.
39
 

 

Instrumental Analysis 

 LBL process was monitored using an 8453 UV-Vis Chem Station 

spectrophotometer from Agilent Technologies, with data collected after each 

(PEI/CNWs) bilayer deposition. The reference spectrum for the instrument was that of a 

fresh, piranha-cleaned glass slide and collected spectra of the adsorbed material were 

compiled into a single plot for comparison. Atomic Force Microscopy (AFM) images 

were obtained using a NanoScope IIIa atomic force microscope (AFM) from Veeco 

Instruments (Santa Barbara, CA). The instrument was operated in tapping mode and 

images were obtained using silicon nitride cantilever tips (NSC16/Cr-Au, MikroMasch). 

Imaging was performed on films deposited on top of Si wafers and on top of a 

microscope glass slide in the case of a 12 bilayer film. Scanning electron microscopy 

(SEM) was used to characterize the cross-section dimensions of the free-standing films. 

The images were obtained with an FEI Nova Nanolab dual-beam FIB and scanning 

electron microscope. Due to nonconductive nature of the specimens, a few nm thick layer 

of gold was sputtered onto the surface of the film prior to imaging. Ellipsometry 
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measurements were obtained using two instruments: 1) BASE-160 Spectroscopic 

Ellipsometer produced by J. A. Woollam Co., Inc. and 2) EP3-SW Imaging Ellipsometer 

(Nanofilm Technologie GmbH, Germany). The samples used for ellipsometry were either 

deposited on top of a glass slide or the Si wafer. The thickness progression of the LBL 

assembly was characterized with the BASE-60 ellipsometer. The instrument was 

calibrated to the standard silicon wafer with a thin layer of silicon dioxide and the 

subsequent calculations were fitted using a Cauchy’s model. The samples used for 

ellipsometry were prepared on silicon wafers following the LBL protocol described 

previously. The refractive index of the multilayer was determined from a 5 bilayers 

sample. The refractive index of the films was obtained using the EP3-SW Ellipsometer. 

The ellipsometric parameters for this instrument, delta and psi, were recorded at a 

wavelength of 532 nm from a sample deposited on the glass slides. Four-zone nulling 

experiments were performed at multiple angles of incidence (48º to 68º every 2 degrees), 

and an anisotropic Cauchy model was also used to model the thickness and refractive 

index in this case. Zeta potential of the CNWs was obtained using a Zetasizer Nano ZS 

from Malvern Instruments, Great Britain. Light reflectance measurements were obtained 

using an in-house constructed system with a UV-NIR deuterium-halogen light source, 

DH-2000-BAL and a USB2000 miniature fiber optic spectrometer from Ocean Optics 

Inc., Dunedin, FL. The data were collected at a normal incidence light with a reference 

spectrum of polished Si wafer. Mechanical properties of free-standing PAH/CNWs films 

were analyzed by obtaining stress-strain curves with a mechanical strength tester version 

100Q from TestResources Inc. (Shakopee, MN). The relative humidity in the testing 

facility was ~30 %. Tests were performed at a constant rate of 10 µm/s while force was 
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recorded using a TestResources load cell with maximum capacity of 1.1 lbf (~4.9 N). The 

test samples were rectangular strips ~1 mm wide and 4-6 mm long. Brillouin scattering 

spectra were collected for CH/CNWs samples deposited on Si wafer with illumination in 

a 180° backscattering setup using a Coherent Verdi solid-state laser with a wavelength of 

532 nm and power intensities of 40 - 90 mW. The laser light was focused onto the sample 

with a focusing spot of ~30 µm
2
. The scattered light was collected over a period of 20 – 

60 min, and analyzed using a Sandercock tandem 6 pass Fabry-Perot interferometer. 

 

3. Results and Discussion 

In Section B we showed ”proof-of-concept” demonstration of LBL assembly of 

short CNRs from cotton.
35
 We showed the feasibility of LBL assembly of the crystals 

with PDDA polycation and we found the preparation to be simple and robust. Similarly, 

Gray et al. in their subsequent publications showed more detailed characterization of the 

LBL and “spin-assisted” LBL assembly of the cotton CNRs with other polymers as 

well.
45,77
 We believe that the structural perfection and large aspect ratio of tunicate NWs 

is a very attractive property of this unique natural nanomaterial, which is likely to be a 

decisive factor in performance characteristics of CNW-materials. 

In light of our previous results on cotton CNRs, we have first characterized 

adsorption of the tunicate NWs with atomic force microscopy (AFM) and scanning 

electron microscopy (SEM). For this purpose we have pre-coated small pieces of silicone 

wafer with 1 wt.% solution of polyethyleneimine (PEI) for 1 min and then after thorough 

rinsing with DI water and drying with compressed air, the Si pieces were quickly dipped 

into the CNWs dispersion for about a fraction of a second in order to adsorb isolated 
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individual whiskers. The choice of PEI for this work was arbitrary and we want to note 

that we have obtained similar results with other polycations, including PDDA, 

polyallylamine (PAH), or Chitosan. To our surprise, unlike virtually all other LBL 

assemblies of nanocolloids, for which adsorption requires sometimes even tens of 

minutes, both AFM and SEM revealed densely covered surface of microns-long and 

highly rigid NWs. (Figure 44) 

 

Figure 44. AFM and SEM characterization of a single PEI/tunicate bilayer adsorbed on a 

surface of a Si wafer with 1 min PEI and instantaneous tunicate immersions. (A) and (B): 

height AFM images. (C) and (D): SEM micrographs. 

 

10 µm 0 

0 nm 

15 nm 

500 nm 2 µm 

A B 

C D 

2 µm 0 



161 

Similarly to the results in Section C, we believe that this fast adsorption is a result 

of several factors: a) high concentration of the CNWs, b) high surface charge, and c) 

acidity of the dispersion from incomplete removal of the strong sulfuric acid. High 

concentration of the CNWs drives the Langmuir adsorption while low pH protonates the 

amine groups of PEI and increases strength of attraction to the CNWs. Zeta potential 

measurements showed highly negative surface charge of -30-40 mV which supports this 

hypothesis. For the purpose of multilayers preparation, this behavior presents a unique 

advantage by dramatically shortening the necessary time of preparation. As can be seen 

from the images, the CNWs are several microns long and they are very rigid. Cross-

sectional analysis of the AFM images revealed somewhat smaller dimensions then those 

reported in the literature: 3-4 nm (Figure 45) as opposed to 15 nm.
27,28
 Altogether the 

high density of adsorbing nanocrystals create a dense, percolated network, and this 

feature enables preparation of the LBL-AR structure. 
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Figure 45. Cross-sectional analysis of individual CNWs. The cross-section reveals the 

thickness of the nanowires to be between 3-4 nm. 

 

 Having established dense and uniform adsorption of the CNWs, LBL films were 

grown on microscope glass slides and silicon wafers. The multilayer film growth was 

characterized with both UV-vis spectroscopy and ellipsometry. With the fast and dense 

adsorption, films were grown using only 1 min immersions for both the polymer and 

CNWs. UV-vis characterization (Figure 46) revealed linearly increasing light 

1 µm 
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transmittance across the visible range of light when compared to an uncoated glass slide, 

which is characteristic of LBL-AR coatings. The maximum of transmittance is reached 

after ~12 bilayers, requiring only ~30 min for total preparation of the coating including 

the rinsing and drying steps. (Figure 47) The transmittance results are nearly identical to 

those observed by Rubner’s group for SiO2 nanoparticles LBL-AR although the 

nanoscale component, topology of nanomaterial, and mechanism of pore formation in the 

PEI/CNWs multilayer are very different.
62
 

 
 

Figure 46. UV-vis characterization of PEI/CNWs assembly on a microscope glass slide: 

(A) compilation of absorbance  spectra for the first 12 bilayers, (B) absorbance at 400 nm 

as function of bilayer number, (C) corresponding transmittance spectra for the first 12 

bilayers, and (D) light transmittance at 400 nm as a function of a bilayer number. 
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Figure 47. Photograph of a 1” x 3” microscope glass slide coated with 12 bilayers of 

PEI/CNWs as indicated. 

 

With the good linearity observed from UV-vis spectroscopy it is expected to have 

linear thickness growth of the LBL-AR film as a function of the bilayer number. 

Ellipsometry measurements showed in fact linear growth of the film with an average 

increment of ~7 nm per bilayer (Figure 48A). This is a reasonable result given that the 

diameter of the CNWs is only 3-4 nm. The ellipsometry also showed rather small 

increment after polymer layer deposition suggesting that the effective thickness is a result 

of up to 2 overlapping NWs on average. Similarly to the studies on SiO2 nanoparticles, 

the maximum transmittance peak also red-shifts accounting for increased film thickness 

and light scattering. (Figure 48B) The refractive index for the 12-bilayer film from 

ellipsometry gave a value of 1.28 at 532 nm, which is closely matching the required value 

of 1.22 for AR coatings. Similarly, the thickness for the 12-bilayer film is ~85 nm which 

is closely matching the λ/4 requirement of ~100 nm for the maximum transmittance of 

400 nm. The same calculation can be used for the 20 bilayer film in Figure 48B which 

shows a transmittance maximum at ~570 nm. The λ/4 = ~143 nm which is in excellent 

Uncoated LBL-AR 
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agreement with the ellipsometry results in Figure 48A. Complementary to transmittance, 

reflectance characterization shows exact match of the minimum of reflectance for the 12 

bilayers at ~400 nm. (Figure 48C) The results also show that the onset of AR is with the 

deposition of the first bilayer and the effect increases until the minimum required 

thickness is achieved. 

 
Figure 48. (A) Thickness of the PEI/CNWs film characterized with ellipsometry after 

every PEI and CNWs adsorbed layers. (B) UV-vis transmittance spectra collected after 

indicated number of (PEI/CNWs) bilayers. (C) Reflectance spectra collected after 

indicated number of (PEI/CNWs) bilayers. Curves identified by 0 are spectra of an 

uncoated glass slide. 

  

 Characterization of the multilayered films with AFM and SEM revealed highly 

porous structure characteristic of other porous AR coatings. (Figures 49 and 50) Both 

SEM and AFM show decrease in the pore size from 0 to 12 and to 20 bilayers which is 
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directly related to the formation mechanism. As can be seen in the schematics in Figures 

49A-C the overlapping NWs resemble rigid rods which when piled up create the 

necessary porous structure for an effective AR coating. As the pile becomes too tall, the 

porosity decreases, resulting in the observed decrease in transparency and increase of 

light scattering. The LBL assembly enables formation of this type of structure by 

restricting adsorption of the NWs to planar, 2-D orientation. Planar orientation of the 

long NWs ensures discrete and uniform thickness of the adsorbing layers with relatively 

low variation in the overall film thickness. One can imagine that this type of structure can 

only be possible with very long and rigid NWs suggesting that a critical, minimum length 

of this building block is necessary. If the NWs were too short, just as in our previous 

work on cotton CNRs, the NWs would just fill in the holes leaving little porosity, which 

in turn would result in much higher refractive index and light scattering. This is also 

important because unlike the nanoparticle-based assemblies, LBL structures composed of 

long NWs offer unique percolated network which could potentially allow for engineering 

of other functionalities and certainly contribute to improving mechanical resilience of this 

type of coatings. As expected, results from evaluation of mechanical properties of free-

standing PAH/CNWs films show ultimate tensile strength as high as 110 MPa and a 

modulus of elasticity of ~6 GPa, while Brillouin light scattering measurements on LBL 

CNWs films show an in-plane modulus between 20 and 30 GPa. (Figure 51) The latter 

represent potentially more appropriate characteristics of the coatings, because it describes 

mechanical properties of undisturbed coating. 
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Figure 49. Graphical representation and microscopy images of the of the PEI/CNWs 

LBL-AR coatings with (A) 1 bilayer, (B) 12 bilayers, and (C) 20 bilayers. 
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Figure 50. SEM images of 12 bilayers of PEI/CNWs at different magnifications showing 

uniformity of the coating: (A) 2000x, (B) 7000x, (C) 30000x, and (D) 240,000x. The 

cracks in (D) are caused by the electron beam. 
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Figure 51. (A) Backscattering setup for Brillouin scattering. ki, ks, and kr are the incident, 

scattered, and reflected beams;  1 and 2 directions are in the growth plane of the sample, 

and direction 3 is normal to the growth plane;  α is the angle ki makes with the 3 

direction; q is the phonon propagation direction. (B) Typical stress-strain response of a 

PAH/CNWs free-standing film. (C) Elastic constants of CH and CH/CNWs films from 

Brillouin scattering experiments. HT indicates heat treatment of the sample. 

 

4. Conclusions 

 We showed here the first preparation of thin films of stiff and rigid tunicate 

cellulose NWs by LBL assembly. The resulting films have morphology of a porous 

matchsticks pile which brings about strong anti-reflective properties. Overall, the unique 

mechanical properties of CNWs combined with other stiff axial colloids, such as 

semiconductor NWs, can potentially greatly enrich and improve the functionalities of AR 

coatings.
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Chapter IV 

 

Flexible, High Toughness and Hierarchically Structured Nanocomposites 

 

A. Introduction 

As we have discussed in previous chapters, LBL assembly1 can generate unique 

materials with high degree of nanoscale organization and unique mechanical, electrical, 

optical, and many other  properties.2-10 While suitable for a number of sophisticated 

applications, small thicknesses of typical LBL sheets prohibit their utilization in a variety 

of biomedical technologies, advanced engineering, and aviation/space applications. 

Resolution of this problem would indicate a paradigm change in the practice of LBL 

and/or composite material manufacturing. 

Additionally, while all of the nanocomposites presented in Chapters II and III 

showed exceptional strengths and stiffnesses, they all showed low ductility, i.e. small 

strain values, and toughness. Low ductility appears to be a general characteristic of all 

LBL assemblies, and many applications, such as flexible electronics and biomedical 

devices, would greatly benefit from flexible and tough/durable LBL coatings. 

In this final chapter we address these two issues by focusing on the exponential 

LBL assembly (e-LBL) which greatly accelerates the multilayer growth process and 

offers new opportunities for materials’ design. The e-LBL assembly has been thus far 
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utilized solely for organic components and in this chapter we show for the first time 

preparation of hybrid organic/inorganic e-LBL assemblies.11 We show that composites’ 

thicknesses can be as high as hundreds of microns for 200-bilayer films offering orders of 

magnitude acceleration of the assembly process. The films also display unusually high 

hardness and stiffness when compared to the traditional, linear LBL assemblies. We 

further show that in spite of the very dynamic nature of the e-LBL systems, resulting 

from the “in-and-out” diffusion of the polyelectrolytes, the films are capable of self-

organization allowing for formation of unique and novel architectures. We demonstrate 

this by preparation of a hybrid polymer/MTM clay e-LBL assembly having internal 

structure reminiscent of that found in natural nacre, however with reversed roles of the 

organic and inorganic phases. 

In the second half of this chapter we focus on preparation of LBL composites 

using new assembly components: water-soluble polyurethanes (PUs). PUs are well-

known for their strength and toughness and they found broad applications in construction, 

transportation, household appliances, packaging, electronics, and implantable biomedical 

devices, to name a few. PUs have never been used in LBL assembly, and thus, represent 

an important new component of LBL technique with a variety of potential research 

venues. 

As such, first we demonstrate preparation of highly flexible nanostructured films 

from LBL assembly of oppositely charged PUs. The resulting films display average 

strains of ~630 %, which are more than 2 orders of magnitude greater than any LBL 

assemblies prepared thus far. Further, we extend the e-LBL assembly to a cationic PU as 

a route to preparation of high toughness, flexible, and hierarchically structured 
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composites. The hierarchical organization is accomplished via consolidation of individual 

LBL sheets allowing for fast preparation of macro-scale materials having thicknesses at 

least in the millimeters range. The resulting laminates are homogenous, transparent, 

ductile, and display nearly 3x higher strength and toughness when compared to the 

original polymeric materials. The consolidation of individual films opens the road to 

development of a large family of hierarchically organized composites combining 

nano/micro scale organization originating from LBL technique and meso/macroscale 

ordering from the consolidation step. The hierarchical organization can also be applied as 

a unique tool for in-situ visualization of deformation mechanics with high spatial 

resolution, accuracy, and speed. 

 

B. Exponential Growth of LBL Films with Incorporated Inorganic Sheets 
 

1. Introduction 

 As we have mentioned in Chapter I, analysis of the exiting literature on e-LBL 

assembly shows that the types of polyelectrolyte pairs capable of the exponential 

assembly appear to be limited, and it would be quite beneficial to expand the 

functionality of this type of films to a greater number of LBL-capable species. As such, it 

would be very interesting to include nanoscale inorganic components in the e-LBL films, 

for instance, nanosheets of Na+-motmorillonite (MTM). This is especially important for 

nacre-like composites, where it would be useful if MTM multilayers formed faster as in 

exponential growth mode. 

 As such, we have asked a question of whether it is actually feasible to generate 

hybrid organic/inorganic e-LBL films? The conundrum here is that MTM films have 
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been shown to produce very effective diffusion barriers,12 which are expected to strongly 

hinder the diffusion in the LBL films. According to the current understanding of e-LBL 

mechanism, this should make e-LBL impossible. To our great surprise this understanding 

is not true and MTM does allow for “in-and-out” diffusion process of macromolecules to 

occur. 

Here, we present results from e-LBL assembly of a hybrid system composed of 

poly(ethyleneimine) (PEI), poly(acrylic acid) (PAA), and MTM with the following 

deposition sequence: (PEI/PAA/PEI/MTM)n, where n is the number of deposition cycles 

and in this tri-component system it corresponds to 2 pairs (bilayers) of oppositely charged 

compounds per cycle. The assembly and film architecture was characterized with 

scanning electron microscopy (SEM), small angle x-ray scattering (SAXS), and laser 

scanning confocal microscopy, and it was compared with its organic counterpart, i.e. 

(PEI/PAA)n and a “nacre-like” analogue (PEI/MTM)n. Mechanical properties of the 

different films were also characterized with nanoindentation. The (PEI/PAA/PEI/MTM)n 

system exhibits initial exponential growth followed by linear buildup, but with unusually 

thick individual bilayers, which were recently reported for a subset of e-LBL films 

incorporating high molecular weight polyelectrolytes.13 In the present system, the growth 

rate was established to be nearly identical for (PEI/PAA/PEI/MTM)n with and without 

MTM, with total film-thicknesses reaching 200 µm for n = 100 and deposition intervals 

of 10 min, suggesting that inclusion of the MTM nanosheets have surprisingly little effect 

on the “in-and-out” diffusion mechanism of e-LBL film formation. Similar to the 

previous publications,14 fluorescently labeled PEI was found to be diffusing through the 

film, thus further confirming the “in-and-out” diffusion mechanism. The nanoindentation 
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experiments also showed that the films have unusually high modulus and hardness, which 

is technologically very important for a variety of coatings. Surprisingly, the properties of 

the e-LBL films are even higher when compared to the traditional linear systems with 

much greater inorganic contents and other LBL layers characterized in a similar way 

before.15 

 

2. Experimental Procedure 

Materials 

 35 wt.% aqueous solution of poly(acrylic acid) (PAA) with MW = 250,000, 50 

wt.% aqueous solution of branched polyethleneimine (PEI) with MW = 750,000 (from 

light scattering), NaOH pellets, and dimethylsulfoxide (DMSO) were all purchased from 

Sigma-Aldrich (St. Louis, MO) and used as received without further purification. Na+-

Montmorillonite (Cloisite-Na+, MTM) was purchased from Southern Clay Products 

(Gonzales, TX). 1 wt.% solutions of PAA and PEI used throughout the experiments, were 

prepared by appropriately diluting the stock solutions with 18 MΩ*cm, pH = 5.6 de-

ionized water (DI water). MTM dispersion used in the experiments was prepared by 

dissolving 5 g of clay in DI water under vigorous stirring for 1 week prior to use. At the 

end of the week, MTM dispersion was left standing overnight to allow larger particles to 

sediment. Next day, supernatant was collected for use in experiments while precipitate 

was discarded. The pH of the resulting solutions was: 9.5, 2.9, and 10, for MTM, PAA, 

and PEI, respectively. Fluorescein isothiocyanate isomer I (FITC) was obtained from 

Sigma-Aldrich. N-(5-aminopentyl)-4-amino-3,6- disulfo-1,8-naphthalimide, dipotassium 

salt (lucifer yellow cadaverine, LYC) was obtained from Invitrogen (Carlsbad, CA). 1-
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ethyl-3-(3-dimethylaminopropyl)-carbodiimide, hydrochloride (EDC) used in the 

fluorescent dye-PE conjugation was obtained from Invitrogen. N-hydroxysuccinimide 

(NHS) used to extend the activity of EDAC was obtained from Pierce (Rockford, IL). 

Dialysis membrane Spectra/Por 7 (Spectrum Laboratories Inc.) with a molecular weight 

cut off size of 1,000 used in the dye-PE conjugates purification was obtained from Fisher 

Scientific. Microscope glass slides used for films deposition were obtained from Fisher 

Scientific. Hydrogen peroxide and concentrated sulfuric acid used in the piranha cleaning 

solution were purchased from Sigma-Aldrich. 

 

Preparation of PE-Dye Conjugates 

 FITC fluorescent probe was conjugated to the PEI polymer via condensation of 

the isothiocyanate groups of FITC and the primary amines16 of the PEI. In the reaction, 

100 ml of aqueous 1 wt.% PEI solution was mixed together with appropriate amount of 

FITC dissolved in 1 ml of pure DMSO and the mixture was stirred in darkness for 24 

hours at room temperature. The pH of the mixture was adjusted to 8 immediately after 

mixing of the two components. The molar ratio of FITC and –NH2 groups of PEI was 

chosen at 1 : 100 in order to have sufficient fluorescent signal and not to disturb PEI’s 

physico-chemical properties. Following the 24 hours, the conjugate was dialyzed against 

DI water for at least 4 days in order to remove unbound FITC. 

 PAA was labeled with LYC via peptide bond condensation of the cadaverine’s: –

NH2 and PAA’s: –COOH groups through zero-length cross-linking with EDC/NHS.
16 

Appropriate amounts of EDC and NHS in this order were added to 100 ml of 1 wt.% 

PAA solution such that the molar ratio of the –COOH groups to the EDC and NHS was 
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100 : 2 : 2. After addition, the pH of the solution was quickly raised to 8 with 1M NaOH. 

The solution was allowed to stir at room temperature for 20 min after which an 

appropriate amount of LYC dissolved in 1 ml of DMSO was added in a molar ratio of –

COOH groups to the dye of 100 : 1. The resulting solution was allowed to stir overnight 

after which the conjugate was dialyzed against DI water for at least 4 days in order to 

remove unbound dye and remaining EDC and NHS. 

 

Layer-by-Layer Assembly 

 The microscope glass slides used for the film preparation were cleaned with 

piranha solution (3:1 H2SO4:H2O2, dangerous!) for 1 hour, followed by thorough rinsing 

with DI water. In a typical sample preparation a clean glass slide was: (a) immersed in 

the PEI solution for 30 sec, 2 min, 5 min, or 10 min, (b) rinsed with DI water for 2 min, 

(c) immersed in 0.5 wt.% MTM dispersion for 30 sec, 2 min, 5 min, or 10 min, (d) rinsed 

with DI water for 2 min, (e) again immersed in PDDA or PEI solution for 30 sec, 2 min, 

5 min, or 10 min, (f) rinsed with DI water for 2 min, and finally (g) immersed for 30 sec, 

2 min, 5 min, or 10 min in PAA solution, followed by (h) another DI water rinse for 2 

min. Preparation of pure PE samples was performed in the same manner except the MTM 

immersion step was replaced by PAA. This procedure describes a complete deposition 

cycle which was then repeated as necessary to obtain the desired number of layers. 

Preparation of the samples was accomplished using a Midas II automatic slide stainer 

from EM Sciences. In a typical set, 10 slides were loaded onto the stainer and a slide was 

removed every 10 cycles for SEM characterization. Samples used in the characterization 

of the polymer diffusion with laser scanning confocal microscopy were 100-cycles films. 
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The dye-labeled polymer was deposited on top of the films by immersing the glass slide 

in the conjugate solution for 30 min. After immersion the films were allowed to air-dry at 

room temperature. Free-standing films of the nanocomposites, which were subsequently 

used for thermo-gravimetric analysis and x-ray analysis, were detached from the glass 

support with a razor blade. The PEI/MTM films were detached using dilute, 0.5% HF 

solution as described previously for the PDDA/MTM system. 

 

Instrumental Analysis 

 Thickness of the films was characterized with scanning electron microscopy 

(SEM) and ellipsometry. The images were obtained with an FEI Nova Nanolab dual-

beam FIB and scanning electron microscope operated at 15 kV beam voltage. In order to 

avoid charging on the specimen, a few nm thick layer of gold was sputtered onto the 

surface of the film prior to imaging. Ellipsometry measurements were obtained using a 

BASE-160 Spectroscopic Ellipsometer produced by J. A. Woollam Co., Inc. The 

instrument was calibrated to the standard silicon wafer with a thin layer of silicon dioxide 

and the subsequent calculations were fitted using a Cauchy’s model. The samples used 

for ellipsometry were prepared on silicon wafers following the LBL protocol described 

previously. The refractive index of the multilayer was determined from a 100 nm thick 

sample. Diffusion of the dye-labeled polyelectrolytes was characterized by obtaining 

cross-sectional images of the films with a Leica SP2 confocal microscope. Amount of 

MTM inside of the free-standing film was determined with thermo-gravimetric analyzer 

(TGA) Pyris 1 from PerkinElmer, with temperature ramp-up rate of 10 ºC/min while 

being purged with air. Small-angle x-ray studies (SAXS) were performed at the G1 
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beamline station at the Cornell High Energy Synchrotron Source (CHESS). The 

wavelength of the x-rays was 0.1239 nm, and the sample to detector distance was 956 

mm, calibrated with silver behenate (first order scattering vector of q of 1.076nm-1, with 

q = 4π sin(θ/λ) where 2θ is the scattering angle and λ is the wavelength). Slit collimation 

was used to achieve a resulting beam spot that is approximately 0.2 mm in height and 0.4 

mm in width (the y- and x-axes, respectively). A slow-scan CCD-based x-ray detector, 

home built by Drs. M.W. Tate and S.M. Gruner of the Cornell University Physics 

Department, was used for data collection. We used regular transmission SAXS not 

GISAXS, just so there is not confusion. The measurements in this experimental setup 

were found to be sensitive to background subtraction. The mechanical properties of the 

LBL films were tested using a Nanoinstruments NanoIndenter II model provided by MTS 

Nanoinstruments Inc., Oak Ridge, TN. A Berkovoich shape indenter was used, and the 

stiffness, hardness and Young’s modulus were calculated and recorded. 

 

3. Results and Discussion 

In our previous work with (PDDA/MTM)n thin films we have shown that the 

MTM nanosheets interact strongly with the PDDA through a manifold of ionic bonds 

leading to the formation of nanocomposite with excellent mechanical properties.3 We 

have also observed that the MTM nanosheets form a densely packed layer of plates 

during each adsorption, creating a surface which can be compared to a “ceramic-tile 

floor”. In this structure, the MTM sheets are oriented parallel to the substrate and in 

respect to the e-LBL they are perpendicular to the path of the diffusing polymer. One can 

wonder what would be the implications for e-LBL process in this system? Most certainly, 
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such orientation appears to hinder the diffusion of macromolecules through the 

multilayers, which is not favorable to e-LBL. Note that LBL assembly of PEI and PAA 

has been shown to give exponential growth.17,18 To answer the questions of feasibility of 

e-LBL assembly in this system, we have proceeded with the preparation of hybrid films 

from PEI, as well as purely polymeric films without the MTM inclusions, all in parallel. 

For comparison (PEI/MTM)n films were also prepared. 

The films were assembled following similar conditions to the previously reported 

and well characterized composite of (PDDA/MTM)n, i.e. concentrations of solutions and 

deposition procedure.3 Note that pH of the PEI and PAA solutions was adjusted to 

maximize the protonation of the –NH2 and -COOH functional groups in order to decrease 

the charges on the polymers, which appears to be one of the requirements for e-LBL 

process. In a typical assembly we used: 5 min immersion of a glass slide in PEI, 2 min 

rinse with DI water, 5 min immersion into a PAA, 2 min rinse with DI water, 5 min 

immersion into a PEI, another 2 min rinse with DI water, a 5 min immersion into a MTM 

dispersion, followed by a final 2 min rinse with DI water. This sequence after being 

repeated n-times produced (PEI/PAA/PEI/MTM)n composite. The purely polymeric 

systems were prepared following the same sequence except that every MTM layer was 

replaced with a PAA layer and the same total number of layers was assembled for 

comparison. One should also keep in mind that the clay-containing e-LBL structures are 

identical to the (PDDA/MTM)n or (PEI/MTM)n except that every other layer of 

negatively charged MTM has been replaced by negatively charged PAA. To keep the 

system as close as possible to the previously reported (PDDA/MTM)n, the concentrations 

and pH’s of the polyelectrolytes and MTM solutions were also chosen to be similar to the 
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conditions used in the (PDDA/MTM)n composites – 0.5 or 1 wt.% concentrations. For the 

(PEI/MTM)n system we chose 0.1 wt.% concentration for PEI since the 1 wt.% 

concentration has led to aggregation at these assembly conditions. 

For e-LBL systems with and without clay, a set of 10 films on microscope glass 

slides with varied number of bilayers: n = 20 – 200, incremented by 20 bilayers was 

prepared. For (PEI/MTM)n, the films with n = 100 and 200 were made. While all of the 

previous reports dealing with e-LBL have shown films composed of at most 30 bilayers 

and film thicknesses of no more than 15 µm, we also wanted to see if the exponential 

growth could be continued to much greater thicknesses. During deposition, within the 

first few layers, the films became strongly hydrated and had gel-like appearance which 

was indicative of successful e-LBL process in accordance with the work by Elbert et al..19 

All of the e-LBL films showed very large thicknesses when hydrated, several millimeters, 

when compared to the (PEI/MTM)n or (PDDA/MTM)n. Even upon drying, the thickness 

of the e-LBL coatings for 200-bilayer films could be easily distinguished with naked eye 

(Figure 52), which otherwise was difficult to observe for the l-LBL, (PEI/MTM)n films. 
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Figure 52. Optical images of exponentially grown films (A) (PEI/PAA)200 and 
(PEI/PAA/PEI/MTM)100 prepared with 2 min depositions in top and bottom parts, 
respectively. The circular patterns seen in the image are the observed cracks. (B) Edge-on 
view of a free standing film of (PEI/PAA/PEI/MTM)100 film with 2 min depositions 
(arrows indicate the span of the cross-section). 

 

 Upon drying, when compared to (PEI/MTM)n, the (PEI/PAA/PEI/MTM)n films 

showed extensive cracking (Figure 52). One can speculate that the stresses building up 

when water is removed from the film constitute the origin of this cracking. The 

(PEI/PAA)n films also appeared to be more transparent when compared to the films with 

MTM. Thermo-gravimetric analysis (TGA) showed the clay content in the dry films to be 

~5 wt.% at 650 ºC (Figure 53), which when normalized for the loss of pure clay at this 
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temperature, it can be estimated as high as ~10 wt.%. Overall, similarity of appearance is 

indicative of the similarity of growth process which can be established more diligently by 

microscopy and spectroscopy methods. 

 

Figure 53. TGA analysis results for indicated LBL nanocomposites. All films are 
composed of 200 bilayers. 

 

SEM characterization of the films’ cross-sections (Figure 54) showed very large 

thicknesses. For 200-bilayers samples, the measured thicknesses were in excess of 100 

µm for the 2, 5, and 10 min depositions. For comparison, (PDDA/MTM)n films were 

previously shown to have thicknesses on the order of only ~5 µm for 200 bilayers3 and 

the (PEI/MTM)n showed only ~2 µm for the same number of bilayers. From the structural 

point of view, (PEI/PAA)n films (Figure 54A) had very uniform and homogeneous image 

of the cross-section. The films with MTM (Figure 54B) showed architecture with 

indications of stratification. This architecture is also very different when compared to the 

well defined and layered structure of (PEI/MTM)n films (Figure 54C). Overall on the 
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basis of these SEM data one must conclude that, indeed, the MTM platelets were 

successfully incorporated into the e-LBL structure. 

 

Figure 54. SEM images of cross-sections for free-standing films of: (A) (PEI/PAA)200 
with 10 min depositions; (B) (PEI/PAA/PEI/MTM)100 with 10 min depositions; and (C) 
(PEI/MTM)100 with 5 min depositions. Arrows indicate span of the cross-section. 

 

In addition to the large thicknesses, further proof of the exponential process was 

obtained from ellipsometric measurements of film growth on top of polished silicon 

surfaces (Figure 55A). For the e-LBL films, both of the curves show a clear upswing, 

especially when compared to the l-LBL, (PEI/MTM)n. Notably, the total film thickness 

for the film studied with ellipsometry is more than 10x smaller as that of the film grown 
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for SEM/optical studies. While exponential trend is unmistakable, it is less pronounced 

than for the (PEI/PAA)n. Here it would be appropriate to notice that drying is a critical 

parameter in the e-LBL and for MTM-containing layers in particular. While the films 

used for ellipsometry were dried after every deposition cycle, i.e. (PEI/PAA/PEI/MTM)1 

sequence, the films grown on top of the glass slides were only dried at the end of the 

process. For comparison, a film prepared with drying after every single deposited 

material layer showed completely linear growth for the same number of layers. 

 

Figure 55. Compilation of thicknesses evolution of e-LBL and l-LBL films as a function 
of number of deposited layers and with different deposition intervals: (A) Comparison of 
l-LBL and e-LBL film-growth with and without MTM grown on a silicon wafer with 
thickness measured using ellipsometry. The “exponential” upswing of the growth curve 
for (PEI/PAA/PEI/MTM)n can be clearly seen. The deposition interval for e-LBL films 
was 2 min and for the (PEI/MTM)n it was 5 min.; (B) Comparison of thicknesses from 
SEM for (PEI/PAA/PEI/MTM)n  films with the specified deposition intervals prepared 
on microscope glass slides. The (PEI/MTM)n regression is based on the thickness of a 
100- and a 200-bilayer film deposited on top of a glass slide with 5 min depositions.; and 

C 
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(C) Comparison of (PEI/PAA/PEI/MTM)n  with and without MTM following 2 min 
depositions. 

 

After the initial exponential regime, the growth appears to be relatively constant 

and linear. This is especially evident from the plots of thicknesses of the prepared film 

sets as a function of number of bilayers in Figure 55B. All of the films show linear 

growth however with very large increments. The same behavior was recently 

demonstrated for e-LBL films composed of high molecular weight polyelectrolytes.13 

Porcel et al. have shown that the e-LBL system will transition to a thick l-LBL with 

increasing molecular weight of the polymers. Note that the slope of this linear portion of 

e-LBL is strongly dependent on the length of the deposition interval. Varying the 

deposition from 30 sec to 10 min gave substantial changes in the total thicknesses of the 

films (Figure 55B) as well as the thicknesses of the individual polyelectrolyte complex 

layers. This observation suggested that the saturation of the film has not been reached in 

the allotted amount of time. The dependence on the lifetime is also indicative of the 

diffusion-limited nature of growth pattern. 

While transition from e-LBL to l-LBL with large thicknesses of layers added in 

each deposition cycle is not surprising, the question arises whether MTM slows down this 

stage of LBL growth due to retarded diffusion of a polyelectrolyte through the MTM 

layers. However side-by-side comparison of films with and without MTM (Figure 55C) 

showed nearly identical growth kinetics. The cumulative conclusion that one can reach is 

that apart of greater sensitivity to drying (Figure 55A), the growth process in (PEI/PAA)n 

and (PEI/PAA/PEI/MTM)n systems is quite similar regardless of incorporation of 

significant amount of alumosilicate in the fabric of the film. 
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Comparison of the top surface morphologies by SEM for the dried films of 

(PEI/PAA)20, (PEI/MTM)20, and (PEI/PAA/PEI/MTM)10 (Figure 56) shows striking 

differences between the three systems and gives some explanation for the distorted 

internal architecture in the (PEI/PAA/PEI/MTM)n system (Figure 54B). At low 

magnification, the (PEI/MTM)20 film shows relatively flat surface topography (Figure 

56C) when compared to its e-LBL counterparts, which is indicative of uniform 

distribution and parallel orientation of the platelets on the substrate. At higher 

magnification (Figure 56D) the presence of MTM platelets is revealed, also showing 

some adsorbed aggregates. The e-LBL films with and without MTM inclusions show 

strong, yet uniform roughness even at low magnification which presumably is a result of 

rapid shrinking and non uniform stresses in the film when drying the highly swollen 

structure. In the films containing MTM, during shrinking, the adsorbed platelets, due to 

their significantly smaller size, orient themselves parallel to the roughened surface, thus 

acquiring 3-D conformation. This “pseudo” 3-D orientation of MTM (unlike largely 

parallel-to-substrate orientation of platelets seen typically in LBL films of clays) further 

can be the cause and/or be a result of the diffusion of polylectrolytes. 
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Figure 56. SEM comparison of top surface morphologies for: (A) and B) (PEI/PAA)20; 
(C) and (D) (PEI/MTM)20; and (E) and (F) (PEI/PAA/PEI/MTM)10 films. 

 

Based on the previous studies by Picart et al,14  one can expect that the 

mechanism of the exponential growth in (PEI/PAA/PEI/MTM)n  films can be described 

as following. PEI, being a polycation, diffuses into the matrix of the previously deposited 

layer in the amount substantially above the limits of electroneutrality. Swelling of the 

films can be the cause as well as the reason for the accumulation of PEI in the composite. 

To some degree, the fast diffusion of the polyelectrolytes can be explained by reptation 

movements of similar polymers previously observed for LBL films with nanoparticles.20 

When the film is exposed to PAA or MTM, the stored amount of PEI diffuses out and 

forms a polyelectrolyte complex on the surface of the multilayers with PAA or MTM. 

 Verification of the diffusion mechanism suggested was attained in a similar 

fashion to previous works46, but not without unexpected findings. PEI and PAA polymers 

have been conjugated with fluorescein isothiocyanate isomer I (FITC) and N-(5-
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aminopentyl)-4-amino-3,6- disulfo-1,8-naphthalimide, dipotassium salt (lucifer yellow 

cadaverine, LYC) fluorescent dyes, respectively, and their diffusion through the films 

was observed with confocal microscopy. In this experiment, we have immersed a glass 

slide coated with a 200-bilayer, e-LBL film of each structure into a dye-labeled 

polyelectrolyte for 30 min, and after rinsing and drying we have imaged the cross-section 

of the film. Similarly to all previous publications on e-LBL, all of the films showed 

diffusion of the polycation (Figures 57A and 57B), which certainly confirms the e-LBL 

mechanism for MTM-containing multilayers. Note that even for the 30 min, the diffusion 

extends only through a portion of the film and between the two systems the depth of 

diffusion I nearly identical at ~30 and 27 µm. This is consistent with the molecular 

weight dependence of the diffusion and inability of the multilayer matrix to reach 

saturation of PEI accumulation, which leads to the seemingly linearly growing e-LBL 

producing very thick films.13 

Interestingly, PAA seemed to have diffused throughout the film (Figures 57D and 

57E) as well. Although there is no obvious fundamental restriction that polyanions cannot 

diffuse through the matrix of LBL layers, such process was previously underestimated for 

e-LBL layers although indications that it does take place were reported.21,22 To some 

degree this changes significantly the mechanism that can be suggested based on literature 

data exclusively and need to foresee the possibility of PAA incorporation and diffusion 

out similarly to what was described for PEI above. 
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Figure 57. Laser scanning confocal microscopy characterization of dye-labeled polymer 
diffusion in the e-LBL systems. (A) and (B): (PEI/PAA)200 and (PEI/PAA/PEI/MTM)100 
with top layer of FITC-PEI, respectively. (C): (PEI/PAA/PEI/MTM)100 control without 
labeled polymers. (D) and (E): (PEI/PAA/PEI/MTM)100, and (PEI/PAA)200 with top layer 
of LYC-PAA, respectively. White arrow indicates growth direction of the film. 
 

 To answer the question of how the PEI and PAA is able to diffuse through the 

tightly packed clay layers, one needs to better understand the organization of clay sheets 

in order to resolve the question about permeability of the polyelectrolytes through them. 

It can be done by using small angle x-ray scattering (SAXS) revealing the information 

about internal layering morphologies of (PEI/PAA)n, (PEI/MTM)n, and 

(PEI/PAA/PEI/MTM)n  films (Figure 58). The (PEI/PAA)n film does not contain clay 

and thus only diffuse scattering from the polymers is observed (Figure 58A). For the 

films containing clay, the primary peak observed in the (PEI/MTM)n film corresponds to 

a basal spacing of 1.85 nm (Figures 58B and 58D), indicating significant intercalation of 
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polymer between clay sheets. A smaller shoulder was observed indicating the presence of 

a smaller basal spacing at 1.35 nm, which is similar to literature values of the basal 

spacing for Na+-montmorillonite.23 Importantly, the (PEI/PAA/PEI/MTM)n film only 

displays a weak peak corresponding to a basal spacing of 1.35 nm indicative of lower 

degree of organization (Figures 58C and 58D). 

The intensity of SAXS peak in the (PEI/MTM)n film is much stronger (Figure 

58D), indicating a more regular structure. The lack of intense scattering from the 

montmorillonite in the (PEI/PAA/PEI/MTM)n film indicates either a wide range of 

intercalated basal spacings or exfoliation of the clay platelets. In the (PEI/MTM)n film the 

positively charged PEI intercalates the montmorillonite interlayer gallery by exchanging 

with the Na+ ions. In this case any further intercalation of PEI into the interlayer gallery 

will lead to an excess positive charge. Considering diffusion data in Figure 57 and SAXS 

results, one can also suggest the possibility of PAA diffusing into the interlayer gallery of 

(PEI/PAA/PEI/MTM)n especially when large amount of PEI is accumulated in the matrix, 

allowing further separation of the alumosilicate sheets and corresponding larger spread of 

basal spacing values. 

We can further quantify the orientation of the clay platelets by using Herman’s 

orientation parameter (f).24-26 To calculate the orientation parameter, azimuthal scans 

were taken over a small window around the q value. This parameter ranges from 1 to -½, 

in which a value of zero indicates a completely random distribution of orientations. When 

f is 1 or -½ the system is completely aligned parallel or perpendicular, respectively, to the 

chosen reference direction (in this case, normal to the substrate). The values for the 

orientation parameter were as follows: 
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(PEI/MTM)n for spacing between 1.3 and 1.4 nm:     0.27 ± 0.07 

(PEI/MTM)n for spacings between 1.8 and 1.9 nm:     0.46 ± 0.07 

(PEI/PAA/PEI/MTM)n  with MTM for spacing between 1.3 and 1.4 nm: 0.27 ± 0.10 

 

These trends agree well with visual inspection of the SEM images in Figures 54 

and 56: the MTM platelets in the (PEI/MTM)n sample are clearly more oriented parallel 

to the substrate than in the (PEI/PAA/PEI/MTM)n sample, thus corroborating the SAXS 

data. 

 

Figure 58. 2-D SAXS patterns of free-standing films of: (A) (PEI/PAA)200; (B) 
(PEI/MTM)200; and (C) (PEI/PAA/PEI/MTM)100.  The scattering features of interest are 
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indicated by arrows and the corresponding spacings are noted. (D) 1-D SAXS patterns of 
free-standing films of (PEI/MTM)200 and (PEI/PAA/PEI/MTM)100. These plots are radial 
integrations of the 2-D images shown in (B) and (C). The intensities were shifted for 
clarity. The intercalated basal spacing of 1.85 nm is clearly observed in the PEI/MTM 
film and weak basal spacings of 1.35 nm are observed in both films. The lack of intense 
scattering from the montmorillonite in the PEI/PAA/PEI/MTM film indicates either a 
wide range of intercalated basal spacings or exfoliation of the clay platelets. 
 

  Last, in addition to the dynamics of growth and the structure in these hybrid e-

LBL films, we have investigated their mechanical properties as they are of great interest 

for accelerating the preparation process of the ultra-strong nanocomposites. Since this 

family of e-LBL films displayed extensive cracking (other combinations were found to be 

very stable in dry conditions) we found nanoindentation technique to be the most suitable 

to perform these measurements. The nanoindentation also allowed us to make a 

comparison with previous such studies on PDDA/MTM films. Previously, Advincula et 

al demonstrated that the PDDA/MTM films posses modulus of  E = 9.5 GPa, and 

hardness of  H = 0.46 GPa.15 In that study, the authors found that the hardness of 

(PDDA/MTM)100 films was higher than the hardness of some of the high strength 

polymers, e.g. isotactic polypropylene (H = 0.125 GPa) and high density polyethylene (H 

= 0.06 GPa), and it was on par with a soft metal, copper, (H = 0.46 GPa).15,27 To our 

surprise, the e-LBL films also showed exceptionally high modulus and hardness, in spite 

of having much lower content of the very stiff MTM platelets. (Figure 59) 
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Figure 59. Typical results from nanoindentation experiments for (PEI/MTM)200, 
(PEI/PAA)200, and (PEI/MTM/PEI/PAA)100 films with 5 min, 2min, and 10 min 
depositions, respectively. (A) represents the modulus as a function of penetration depth 
and (B) is the corresponding hardness. These results are from the “loading” (penetration 
as opposed to retraction of the tip) part of the experiment and the maximum load-to force 
was set at 2 mN, hence the different number of experimental points. 
 

  In this experiment we have compared films of (PEI/MTM)200, (PEI/PAA)200, and 

(PEI/MTM/PEI/PAA)100 with 5 min, 2min, and 10 min depositions. For each of the 

samples experimental data for an array of 3 x 3 indents were collected and results from 

loading and unloading parts of the force-displacement curves were compared. The 

experimental results are summarized in Table 7 and they are compared to the previous 

results for (PDDA/MTM)n film. 

Table 7. Experimental results from comparison of the mechanical properties of 
(PDDA/MTM), (PEI/MTM), (PEI/PAA), and (PEI/MTM/PEI/PAA) LBL films using 
nanoindentation. Data for (PDDA/MTM) are taken from Fan et al..15 
 

  Loading Unloading 

Sample Type 
Modulus, 
E (GPa) 

Hardness, H 
(GPa) 

Modulus, E 
(GPa) 

Hardness, H 
(GPa) 

PDDA/MTM 9.5 0.46   
PEI/MTM 13.7 ± 0.5 0.49 ± 0.22 16.9 ± 0.2 0.50 ± 0.22 
PEI/PAA 15.4 ± 3.0 0.70 ± 0.23 17.0 ± 0.2 0.67 ± 0.21 

PEI/MTM/PEI/MTM 15.7 ± 5.1 0.88 ± 0.45 21.4 ± 0.8 0.98 ± 0.81 

A B 
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The experimental data show that the (PEI/MTM)n and (PDDA/MTM)n films have 

relatively similar properties. Surprisingly, the e-LBL films with and without MTM 

inclusions have actually higher stiffness and hardness than those growing in non-

exponential mechanism. This is a most unpredictable result since the loading of clay 

nanosheets in the e-LBL film is an order of magnitude lower than in the l-LBL structures. 

The explanation for this phenomenon is likely to be the fact that dynamic nature of e-

LBL films allows the polymer to adjust to nanoscale topography of the clay sheets and/or 

the partner polymer better than in l-LBL. Such “molecular fitting” of the more flexible 

component to the other was shown to be critical for obtaining high mechanical 

properties.4,8 

 

4. Conclusions 

 The results presented here are the first example of exponentially growing LBL 

structures incorporating inorganic sheet-like nanoparticles. These findings open up the 

door to a much greater research avenue into hybrid organic/inorganic exponential LBL 

structures. It was demonstrated that clay sheets despite their well-known barrier function 

do not prevent exponential growth of LBL films. The explanation for exponential growth 

phenomenon can come from the unexpectedly fast diffusion/reptation through the 

openings between the MTM tiles. This process is aided by a slight tilt of clay sheets when 

PAA is present in the system. Along with faster growth multilayers, the e-LBL 

mechanism also gives substantial as well as unpredictable improvement in mechanical 

properties, which was attributed to the closer approach to thermodynamic equilibrium in 
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a system with greater molecular mobility. The mechanism(s) described here also have a 

great importance for acceleration of the manufacturing of layered composites with unique 

mechanical properties. 

 

C. “Inverted Nanostructured Nacre” from Hierarchical Organization in 

Exponential LBL Films 

 

1. Introduction 

 In previous section we showed that inorganic nanosheets of MTM clay can be 

successfully incorporated into the e-LBL deposition sequence of polyethyleneimine (PEI) 

and polyacrylic acid (PAA) with homogeneous distribution of the nanomaterial 

throughout the film.11 The resulting films showed large thicknesses (more than 100 µm 

for 100 bilayers) as well as unusually high stiffness and hardness. Unfortunately the films 

have also shown very brittle behavior upon drying and the internal structure was greatly 

distorted as a result of the diffusion of the polymers and large volume changes of the 

films between the hydrated and dried states. As we have shown in Chapter II, nanoscale 

control over structural organization afforded by the LBL technique is the main reason for 

attainment of the exceptional mechanical properties in the polymer/clay films. Hence, in 

spite of fast growth kinetics, the in-and-out diffusion and large volume changes in the e-

LBL appear to be impedance to helping in accelerating the process. Contrary to this 

expectation we have discovered that hybrid organic/inorganic e-LBL films are capable of 

self-restructuring leading to well organized hierarchical architectures. 

 Here, we present results from e-LBL assembly and characterization of a hybrid 

system composed of PDDA, PAA, and MTM. The e-LBL films showed several unusual 
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features. Firstly, contrary to the PEI-e-LBL system, the PDDA/PAA structures were 

found to form mechanically robust and transparent free-standing films with high strength 

and toughness: yield strength, σY ≈ 80 MPa, ultimate tensile strength, σUTS ≈ 70 MPa, 

Young’s modulus, E ≈ 1.7 GPa, and nearly 20% of ultimate strain. Incorporation of 

MTM into the films increased the strength to σUTS ≈ 120 MPa and modulus to E ≈ 2.2 

GPa. Considering very low clay content of only ~3 wt. %, these mechanical properties 

are quite remarkable. 

 Perhaps the most remarkable feature of the hybrid films was found in their 

internal organization. Cross-sectional images revealed exceptionally-well organized and 

stratified structure with microns-thick polymer strata separated by thin clay layers. This 

structure can be best compared to that of Nacre however with reversed roles of the 

polymer and clay layers. Given these results, the e-LBL process provides a pathway not 

only to accelerating the nanocomposites preparation process but also to novel 

architectures. 

 

2. Experimental Procedure 

 With the exception of the materials and techniques listed here, all experiments 

were performed as described in Section B2. 

  

Materials and Assembly 

 20 wt.% aqueous solution of poly(diallyldimethylammonium chloride) (PDDA), 

cellulose acetate (CA) and acetone were purchased from Sigma-Aldrich (St. Louis, MO) 

and used as received without further purification. 1 wt.% solutions of PAA, PDDA, and 

PEI used throughout the experiments, were prepared by appropriately diluting the stock 
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solutions with 18 MΩ*cm, pH = 5.6 de-ionized water (DI water). 1wt.% solution of CA 

was prepared by dissolving 0.5 g of the CA powder in 50 ml of pure acetone and used 

immediately after preparation. The pH of solutions was: 9.5, 2.9, 10, and 4.4 for MTM, 

PAA, PEI, and PDDA, respectively. For isolation of free-standing films, the slides were 

first coated on both sides with a thin sacrificial layer of CA using spin-coating. The slides 

were completely covered with the solution and spun at 2000 RPM for 30 sec. The e-LBL 

films grown on CA layer were isolated by immersing the slides in pure acetone. While 

CA is stable in water, it dissolves in acetone, thus releasing free-standing films from the 

substrate. 

 

Instrumental Analysis 

 Stress-strain curves were obtained by testing ~1 mm wide and 4-6 mm long 

rectangular strips of the materials with a mechanical strength tester 100Q from 

TestResources Inc. (Shakopee, MN). Tests were performed at a rate of 0.01 mm/s with a 

~110 N maximum range load cell. The number of tested samples was normally 10. 

 

3. Results and Discussion 

The e-LBL films were assembled following similar conditions to the PEI-e-LBL 

assembly described in Section B of this chapter.11 In a typical assembly, we used: 5 min 

immersion of a glass slide in PDDA, 2 min rinse with DI water, 5 min immersion into 

PAA, 2 min rinse with DI water, 5 min immersion into PDDA, another 2 min rinse with 

DI water, a 5 min immersion into MTM dispersion, followed by a final 2 min rinse with 

DI water. The concentrations and pH’s of the polyelectrolytes and MTM solutions were 

also chosen to be similar to the conditions used in the (PDDA/MTM)n composites in 
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order to make a proper comparison, i.e. 1 wt.% concentration. Purely polymeric films of 

(PDDA/PAA)n and the previously reported (PDDA/MTM)n were also prepared using the 

same solutions. Overall, 4 sets of e-LBL films with MTM were prepared with varied 

deposition times, i.e. 30 sec, 2 min, 5 min, and 10 min. Each set consisted of 10 samples 

with varied number of layers from 20 to 200 bilayers (10 – 100 deposition cycles) 

incremented by 20 bilayers. A fifth set of films of PDDA/PAA only was prepared for 

comparison using 5 min depositions. 

In addition to the films assembled on the glass slides, 200-bilayer (n = 100) films 

of the e-LBL structures were also prepared on glass slides pre-coated with a water 

insoluble sacrificial layer of cellulose acetate (CA).28 The e-LBL films showed very 

strong swelling in aqueous conditions which prevented us from using the previously 

described hydrofluoric acid (HF) etching of glass substrate for isolation of free-standing 

films.3 Upon immersion of the dried films into the HF solution the films rapidly swell 

into strongly hydrated gel-like structures and lost their structural integrity. Assembly of 

the composites on CA allowed for simple and fast detachment of the films by dissolving 

the sacrificial layer with acetone in which the films showed excellent stability (Figure 

60). 
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Figure 60. Photographs of exponentially grown films on microscope glass slides (A) 
(PDDA/PAA)200 and (B) (PDDA/MTM/PDDA/PAA)100 prepared with 30 sec 
depositions. The films are shown after 10 min immersion of ca. 1/2 of the film into water 
to show the different morphologies in dried and hydrated states. Note that the 
PDDA/PAA film shows complete optical transparency in the dried state. (D) and (E): 
photographs of free-standing films of (PDDA/MTM/PDDA/PAA)100 and 
(PDDA/PAA)200, respectively, prepared with 30 sec depositions and isolated using the 
sacrificial cellulose acetate layer. (E) Edge-on view of the PDDA/PAA film from (A) 
showing the dramatic changes occurring during swelling of the film. Slide’s thickness is 
1mm. The change in thickness of this film upon swelling is ca. 2500%! 
 

 Overall, the e-LBL films showed several interesting characteristics. Firstly, the 

dried PDDA/PAA films showed evolution of optical transparency. Initially, i.e. for less 

than 20 bilayers of deposition, the films were opaque in appearance due to high 

roughness and light scattering. With increasing number of layers, beyond 20 bilayers, the 

films became smooth and completely transparent as can be seen in Figures 60A and 60E. 

The films incorporating MTM were opaque regardless of the number of layers and 

showed a yellowish color indicating successful incorporation of the clay (Figures 60B 
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B 
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D 
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and 60D). Another interesting aspect of the assembly was rapid swelling of the films in 

aqueous conditions. As can be seen in Figures 60A, 60B, and 60E, the films have swollen 

ca. 2500% in thickness in just 10 minutes of exposure to acidic water (pH ~2, adjusted 

with hydrochloric acid). This strong swelling can be explained by protonation of –COOH 

groups which decreases the charge density along PAA’s backbone and thus loosens the 

strength of interaction with the permanently charged PDDA. The degree of swelling also 

appears to be pH-dependent since in our previous demonstration of reversible loading of 

NPs, swelling of the films at pH = 9 took ca. 7 hours.29 This pH dependent swelling also 

means that during assembly, the films undergo continuous cycling through expansion and 

contraction of volume since the pH of MTM is ca. 9.5 and that of PDDA is only ca. 4.4. 

Keeping these results in mind, one can quickly realize that the internal structure of 

the dried film incorporating MTM platelets should have appearance of a rather well 

mixed blend. This is in fact what we have observed for the PEI-e-LBL films 

incorporating MTM.11 Contrary to those findings, characterization of the PDDA-e-LBL 

films’ cross-sections with SEM showed most remarkable results (Figure 61). While the 

purely polymeric PDDA/PAA films displayed a homogeneous cross-section with vertical 

striations (Figure 61C), the PDDA/MTM/PDDA/PAA films revealed exceptionally well 

organized and stratified architecture with few-micrometers thick polymer layers 

alternated by thin MTM strata (Figures 61A and 61B). The vertical striations were also 

found in the MTM containing films, in each of the polymer layers, suggesting that it is 

characteristic to the PDDA/PAA films. This architecture is strikingly different from 

PDDA/MTM films presented in the past, which were found to have total thicknesses of 
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only ~5 µm for 200 bilayers. To our knowledge, this is the first time this type of structure 

has been observed for any LBL films. 
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Figure 61. SEM images of cross-sections for free-standing films of: (A) 
(PDDA/MTM/PDDA/PAA)100 with 10 min depositions; (B) magnified image of structure 
in (A); and (C) (PDDA/PAA)100 with 5 min depositions. Arrows indicate span of the 
cross-section and the direction of film growth. 
 

The question which quickly arises is how is this level of ordering possible in such 

a dynamic system? Further SEM characterization gave some clues to understanding the 

underlying mechanism. Counting the number of strata in this structure gave 

approximately 90 polymer- and 90 MTM-layers which is just 10 less than the total 

number of deposition cycles. Closer examination of 10- and 20-cycle films (Figure 62) 

showed that this difference comes from the fact that the strata do not become visible until 

more than 10 cycles of the film are deposited. As can be seen in Figure 62A the first 10 

cycles showed a rather homogeneous structure with total thickness being comparable to 

the thickness of just one layer in a 100-cycle film. This is also directly related to the 

mechanism of exponential growth in e-LBL films composed of high molecular weight 

polymers. For e-LBL films, Porcel et al. have recently shown that for high molecular 

weight polymer pairs after initial exponential increase, the growth becomes linear with 

thick individual bilayers.13 Evidence of this process can be especially seen in Figure 62B 

where the strata gradually increase in thickness until they reach a steady thickness of ~2 

µm. Hence the number of strata is in fact equal to the number of deposited MTM layers. 

This suggests that during each deposition, MTM platelets remain localized in a thin layer 

while the polyelectrolytes diffuse around the platelets to form the polyelectrolyte 

complex atop of the adsorbed MTM sheets. This leads to the formation of the stratified 

structure. 
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Figure 62. SEM images of cross-sections for e-LBL films atop of microscope glass 
slides: (A) (PDDA/MTM/PDDA/PAA)10 and (B) (PDDA/MTM/PDDA/PAA)20 prepared 
with 10 min depositions. Small arrows in (B) show that a small film is still attached to the 
surface of the glass slide. Large arrow indicates the direction of film growth. 

 

Proof of the exponential process was also obtained from ellipsometric 

measurements of film growth on top of polished silicon surfaces (Figure 63). 

 

Figure 63. Comparison of l-LBL and e-LBL film-growth with and without MTM grown 
on a silicon wafer with thickness measured using ellipsometry. The deposition interval 
for e-LBL films was 2 min. 
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Similarly to the observations made for PEI-e-LBL films, both of the PDDA-e-

LBL films: with and without MTM showed a clear upswing, especially when compared 

to the (PDDA/MTM)n reported previously.
3,11 Again, while exponential trend is 

unmistakable, it is less pronounced in film with MTM than for the (PDDA/PAA)n. The 

ellipsometry results seem to show that exponential increase in films thicknesses with the 

increasing number of layers should continue indefinitely. However, the SEM images in 

Figures 61 and 62B show that strata thicknesses are rather constant after initial 

exponential increase. The later is in fact consistent with thickness measurements 

performed on the different sets of films using SEM and the observations made by Porcel 

et al..13 (Figure 64) Being consistent with a diffusion-limited process, the curves show 

increasing steepness of the slope with increasing deposition time. This is also consistent 

with thicknesses of the polyelectrolyte complex layers found in the different films. For 30 

sec depositions the thicknesses are only ca. 900 nm while for 10 min they are ca. 2.2 µm. 

 

Figure 64. Compilation of thicknesses evolution of e-LBL and l-LBL films as a function 
of number of deposited layers and with different deposition intervals. (A) Comparison of 
thicknesses from SEM for (PDDA/MTM/PDDA/PAA)n  films with the specified 
deposition intervals prepared on microscope glass slides. The (PDDA/MTM)n regression 
is based on the values obtained by Tang et al..3 (B) Comparison of 
(PDDA/MTM/PDDA/PAA)n  with and without MTM following 5 min depositions. 
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Previously, for PEI-e-LBL films, we showed that both PEI and PAA diffused 

through the film thickness, which if similarly occurring here, should have resulted in 

distorting of the internal structure. This is clearly not the case. Investigation of the 

diffusion mechanism using similar procedure to previous reports46 showed very different 

results. Since PDDA could not be easily conjugated, PEI- and PAA-fluorescent dye 

conjugates were used instead. The polymers have been conjugated as described in 

previous section, with FITC and LYC fluorescent dyes, respectively, and their diffusion 

through the films was observed with confocal microscopy. In this experiment, we have 

immersed a glass slide coated with a 200-bilayer, e-LBL film of each structure into a dye-

labeled polyelectrolyte for 30 min, and after rinsing and drying, we have imaged the 

cross-section of the film. (Figure 65) All of the films showed diffusion of the polycation 

(Figures 65A and 65C), which certainly confirms the e-LBL mechanism for MTM-

containing multilayers. After the 30 min, the diffusion extended only through a portion of 

the film and between the two systems the depth of diffusion was nearly identical at ~28 

and 30 µm. This is consistent with the molecular weight dependence of the diffusion and 

inability of the multilayer matrix to reach saturation of PDDA accumulation, which leads 

to the seemingly linearly growing e-LBL producing very thick films.13 
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Figure 65. Laser scanning confocal microscopy characterization of dye-labeled polymer 
diffusion in the e-LBL systems. (A) and (B): (PDDA/MTM/PDDA/PAA)100 with top 
layers of FITC-PEI and LYC-PAA, respectively. (C) and (D): (PDDA/PAA)200 with top 
layers of FITC-PEI and LYC-PAA, respectively. 

 

While PEI has clearly diffused through the films, after the 30 min the negatively 

charged PAA seems to be localized only in a very thin layer at the surface. (Figures 65C 

and 65D) This is very much reminiscent of the negatively charged MTM separation into 

distinct layers. Hence one can suggest that the unique organization of the PDDA-e-LBL 

films with MTM stems from the fact that negatively charged species will not diffuse into 

the film in PDDA-PAA structure. This suggests that organization of e-LBL films will be 

dependent on the choice of polymer pairs, and thus internal structure can have variety of 

interesting physico-chemical properties. 

 Last, we have investigated mechanical properties of the e-LBL films as they are 

of great interest for accelerating the preparation process of the ultra-strong 

nanocomposites. We have performed standard tensile tests as well as nanoindentation 

experiments. This allowed us to make a comparison with previous studies on 

PDDA/MTM and PEI-e-LBL with MTM.3,11,15 Tensile tests gave remarkable results 
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(Figure 66 and Table 8). The e-LBL films showed strengths over 100 MPa, which is 

actually higher than the PDDA/MTM composite. This is remarkable since the e-LBL 

composites contain only ~3 wt.% of MTM or ~10 wt.% when normalized for the loss of 

weight in pure MTM, as was determined from the thermo-gravimetric analysis (Figure 

67). Overall, ultimate tensile strength (σUTS) and Young’s modulus, (E) of the composite 

increased by an order of magnitude in comparison to the pure PDDA, while the ultimate 

strain decreased 5-fold (Table 8). Also the toughness of the composite has increased by 

nearly 2-fold. In comparison to PDDA/MTM, σUTS is almost the same while E is 5 times 

smaller. The difference in E is directly related to the loading of the MTM. Since 

PDDA/MTM contains nearly ~70 wt.% of the stiff reinforcing filler, MTM, with 

homogeneous distribution, it is expected to have much greater stiffness when compared 

to a composite with only ~10 wt.% of the reinforcement. 
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Figure 66. Representative results from tensile and nanoindentation tests for PDDA 
polymer, (PDDA/MTM)300 with 5 min depositions, (PDDA/PAA)200 with 30 sec 
depositions, (PDDA/MTM/PDDA/PAA)100 with 30 sec depositions, and 
(PDDA/MTM/PDDA/PAA)100 with 5 min depositions films. (A) and (B): Representative 
stress-strain curves. (C) Modulus as a function of penetration depth. (D) Hardness as a 
function of penetration depth. The nanoindentation results are from the “loading” 
(penetration as opposed to retraction of the tip) part of the experiment and the maximum 
load-to force was set at 2 mN, hence the different number of experimental points. 
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Figure 67. Thermo-gravimetric analysis results for: 1) pure MTM powder, 2) 
(PDDA/MTM)300, and 3) (PDDA/MTM/PDDA/PAA)100 with 30 sec deposition. 
 

Table 8. Comparison of the mechanical properties for composites and pure polymers. 
Toughness values were obtained from integration of the area under the stress-strain 
curves. 
 

Sample 

Yield 
Strength, 
σY (MPa) 

Ultimate 
Tensile 

Strength, σUTS 
(MPa) 

Young's 
Modulus, 
E (GPa) 

Ultimate 
Tensile Strain, 
εUTS (%) 

Toughness 
(MJ/m3) 

PDDA - 12 ± 4 0.2 ± 0.03 48 ± 9 4.7 ± 2.0 
PDDA-MTM - 100 ± 10 11 ± 2 10 ± 2 ~0.5 
PDDA-PAA 76 ± 11 70 ± 8 1.7 ± 0.5 17 ± 1 10.1 ± 2.5 

PDDA-PAA-MTM 30 sec - 106 ± 7 1.9 ± 0.1 10 ± 2 7.2 ± 1.6 

PDDA-PAA-MTM 5 min - 120 ± 13 2.2 ± 0.4 11 ± 3 8.0 ± 2.9 

 

 Nanoindentation experiments also showed interesting results. Previously, 

Advincula et al demonstrated that the PDDA/MTM films posses modulus of  E = 9.5 GPa, 

and hardness of  H = 0.46 GPa.15 In that study, the authors found that the hardness of 

(PDDA/MTM)100 films was higher than the hardness of some of the high strength 

polymers, e.g. isotactic polypropylene (H = 0.125 GPa) and high density polyethylene (H 

= 0.06 GPa), and it was on par with a soft metal, copper, (H = 0.46 GPa).15,27 Our results 

1 

2 

3 
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for PDDA/MTM films showed nearly identical values, with slightly lower hardness. 

(Table 9) Similarly to the tensile results, the e-LBL films showed lower modulus when 

compared to PDDA/MTM. On the other hand, the hardness of the e-LBL films was found 

to be nearly the same in spite of having much lower content of the very stiff MTM 

platelets. This trend is also different from the results obtained for PEI-e-LBL films which 

showed exceptional stiffness and hardness, much higher than the PDDA/MTM. 

Table 9. Experimental results from comparison of the mechanical properties of 
(PDDA/MTM), (PDDA/PAA), and (PDDA/MTM/PDDA/PAA) LBL films using 
nanoindentation. *Data for (PDDA/MTM) are taken from Fan et al..15 
 

  Loading Unloading 

Sample Type 
Modulus, E 

(GPa) 
Hardness, H 

(GPa) 
Modulus, E 

(GPa) 
Hardness, 
H (GPa) 

PDDA/MTM* 9.5 0.46 - - 
PDDA/MTM 8.0 ± 2.9 0.28 ± 0.14 10.2 ± 2.2 0.22 ± 0.07 
PDDA/PAA 6.0 ± 0.2 0.22 ± 0.01 5.7 ± 0.4 0.21 ± 0.02 

PDDA-PAA-MTM 30 sec 6.5 ± 1.5 0.26 ± 0.10 6.2 ± 1.6 0.25 ± 0.11 

PDDA-PAA-MTM 5 min 6.5 ± 0.7 0.25 ± 0.04 6.6 ± 0.5 0.25 ± 0.03 

 

4. Conclusions 

 We presented here results from exponential LBL assembly of a hybrid 

organic/inorganic system which contrary to the expectations displayed remarkable 

structural organization. This observation suggests that e-LBL films are capable of 

forming unique structures which could not have been predicted from simple 

understanding of LBL assembly. The explanation for the stratification can come from 

strong adsorption of MTM on PDDA and inability of MTM to diffuse through the e-LBL 

structure, thus becoming localized to individual strata. The PDDA is still able to diffuse 

around the MTM platelets to form a polyelectrolyte layer with incoming PAA atop of the 



218 

adsorbed MTM. The films also possess exceptional mechanical properties with σUTS 

reaching 130 MPa at a MTM loading of only ~10 wt.%. The mechanism(s) described 

here have great importance for acceleration of the manufacturing of layered composites 

with unique mechanical properties. 

 

D. Highly Flexible Nanostructured Multilayered Thin Films from LBL 

Assembly of Oppositely Charged Polyurethanes 

 

1. Introduction 

As we have pointed out in the introduction to this chapter, the LBL films 

presented until today can be considered in general as rigid structures, while many 

applications, such as flexible electronics or biomedical coatings, would benefit from 

flexible and tough nanostructured coatings/free-standing membranes. In this section we 

focus on preparation of LBL composites using a new assembly component: water-soluble 

polyurethanes (PUs). PUs are well-known for their strength and toughness and they 

found broad applications in construction, transportation, household appliances, packaging, 

electronics, and implantable biomedical devices, to name a few. PUs have never been 

used in LBL assembly, and thus, represent an important new component of LBL 

technique with a variety of potential research venues. 

 Here, we demonstrate for the first time preparation of highly flexible 

nanostructured thin films from LBL assembly of oppositely charged PUs. Film buildup 

was characterized with UV-vis spectroscopy and ellipsometry, revealing uniform and 

steady growth. Composition of the film’s surface was analyzed with x-ray photoelectron 

spectroscopy (XPS) and it revealed the two polymers to be present in a 7:1 ratio of the 
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anionic-to-cationic PUs. Internal structure was characterized with scanning electron 

microscopy (SEM) and phase-contrast atomic force microscopy (AFM). SEM of cross-

section revealed layered architecture while AFM showed cellular organization of the hard 

and soft domains on the surface of the LBL film. The cellular structure shows a striking 

contrast when compared to the chaotic organization in the blend of the two polymers 

prepared by mixing of the two in the same wt.% ratio. Further, we show preparation of 

free-standing films and the results from evaluation of their mechanical properties. The 

LBL films were found to be highly robust and flexible with ultimate strains reaching as 

high as 680 %. This result is more than 2 orders of magnitude greater than any LBL 

assemblies prepared thus far. The presented results open up a new research avenue into 

preparation of highly flexible and multifunctional nanostructured thin-films. 

 

2. Experimental Procedure 

 With the exception of the materials and techniques listed here, all experiments 

were performed as described in Sections B2 and C2. 

 

Materials and LBL Assembly 

 Aqueous dispersions of the cationic (Cat PU, ~35 wt.%, MW ≈ 92,000) and 

anionic (An PU, ~35 wt.%) polyurethanes were obtained from Hepce Chem Co., South 

Korea and used as received. Solutions used in the LBL assembly were 10x dilutions of 

the stock polymers, yielding approximately ~3.5 wt.% solutions. The LBL assembly was 

performed on microscope glass slides and silicon wafers either by hand for initial 

characterization or using a StratoSequence IV automated dipping robot, from nanoStrata 
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Inc. (Tallahassee, FL). The films were assembled using 2 min dips into the PUs solutions 

followed by 2 - 1min rinses with pure deionized water and a single, 1 min drying with 

compressed air. Free-standing films consisting of 300 bilayers were isolated by etching of 

the glass slides with 1% hydrofluoric acid. After thorough rinsing with pure water, the 

films were dried in an oven at 80 °C. Pure PUs films were prepared by dry-casting of the 

diluted solutions. Blended sample was prepared by mixing of the two components in the 

7:1 wt.% ratio, dry casting, and hot-pressing to obtain a flat sample for AFM 

characterization. 

 

Mechanical Properties Evaluation 

 The films were subjected to uniaxial tensile tests using a vertical tensile testing 

machine from Test Resources. Dog bone shaped test specimens were lightly airbrushed 

with a random, black speckle pattern before being cut with an elliptical punch to a gauge 

length of 13mm and a width of 2mm to 3mm. The specimens were pulled apart at a 

displacement rate of 80 µm/s and images of the center gage section were collected every 

5 seconds, using a Nikon D2x camera equipped with a 300mm macro lens. The reactive 

tensile load on the specimen was measured using a 4.9 N load cell. The collected speckle 

images were analyzed using ImageJ software equipped with a MetaJ tracking macro. The 

X and Y coordinate data of two neighboring speckles as a function of specimen load, was 

then processed with a MATLAB script to produce Green-Lagrange strain data 

corresponding to each load state. The Green-Lagrange strain E11 in the direction of the 

axial force is defined as 2
11 1

1
[(1 ) 1]

2
E e= + − , where 1

dx dX
e

dX

−
= , is the change in length 

per unit length of a line element that is parallel to the direction of axial stretching.29 The 
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force measurements from the load cell were divided by the measured initial thickness and 

initial width of the sample gage section to give engineering stress. This procedure results 

in a plot of engineering stress vs. e1. Three to five samples were tested for each stack. 

 

Film-Structure Characterization 

 SEM images were obtained with an FEI Nova Nanolab dual-beam FIB and 

scanning electron microscope operated at 15 kV beam voltage. Ellipsometry 

measurements were obtained using a BASE-160 Spectroscopic Ellipsometer produced by 

J. A. Woollam Co., Inc. The instrument was calibrated to the standard silicon wafer with 

a thin layer of silicon dioxide and the subsequent calculations were fitted using a 

Cauchy’s model. AFM experiments were performed in tapping mode using NanoScope 

IIIa instrument from Veeco Instruments (Santa Barbara, CA). Differential Scanning 

Calorimetry (DSC) analysis was performed using a Perkin-Elmer DSC-7 (PerkinElmer, 

Wellesley, MA). A small amount (5 mg) of the sample was encapsulated in an aluminum 

pan and was first heated from 10 ºC to 300 ºC at a scan rate of 10 ºC/min. The sample 

was then cooled from 300 ºC to 10 ºC at the same rate. Data acquisition and processing 

was done with PerkinElmer Pyris software. X-Ray powder diffraction (XRD) patterns 

were collected on a Rigaku Miniflex (Rigaku, The Woodlands, TX). The diffractometer 

is equipped with a Cu X-ray tube (Cu Ka, l ¼ 1.54059 Å) with an operating voltage of 30 

kV and current of 15 mA. Scans were performed continuously from 2° to 90° 2θ in 

increments of 5° per min. 
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Composition Analysis by XPS 

 XPS characterization was carried out using a Kratos Axis Ultra. A 

monochromated Al K alpha X-ray source was used to irradiate the sample using a power 

of 140 W (14 kV, 10 mA). Top surfaces of Cat PU and An PU were analyzed with survey 

scans performed using a pass energy of 160 eV, a step size of 1 eV, and a dwell time of 

200 ms. Detailed scans were acquired with a pass energy of 20 eV, a step size of 0.1 eV, 

and a dwell time of 200 ms. A flood gun was used for charge compensation. All of the 

spectra acquired are referenced to the C 1s band at 285.0 eV, associated with the -CH2 

species. 

 Survey scans of Cat PU, An PU, and the LBL films are shown in Figure 68A. 

Carbon, oxygen and nitrogen were detected in all samples, however, only a trace of N 

was detected in the Cat-PU sample. The Cat-PU sample had silicon impurities. The LBL 

film also had silicon and fluorine present. The integrated areas of the detailed spectra of 

C 1s, O 1s, and N 1s were used to calculated the atomic percentage of each element by 

using Wagner’s sensitivity factors.30 The atomic composition of the LBL film is close to 

that of the pure An PU film. This suggests the LBL film surface is predominately An PU.  

However, we shall consider the detailed spectra of C 1s, N 1s, and O 1s for further 

confirmation of this. 
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Figure 68. (A) XPS survey spectrum of Cat PU, An PU, and LBL films. The data have 
been vertically transposed for viewing purposes. (B) XPS spectra of the N 1s region. (C) 
XPS spectra of the O 1s region. (D) XPS spectra of the C 1s region. 
 
 

Table 10. Atomic percentages of the main elements detected. 

  C 

/atm. % 

O 

/atm. % 

N 

/atm. % 

Cat PU 91.3 8.6 0.1 

An PU 75.7 21.2 3.1 

LBL Film 76.2 20.8 3 
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 Figure 68B shows the N 1s spectra for Cat PU, An PU, and the LBL sample. The 

Cat PU has only a trace of nitrogen present. The LBL sample has N which indicates that 

the An PU component is present. Figure 68C shows the O 1s spectra for all three samples. 

The predominate source of the O 1s signal is from -CH2-O-CH2- species in all three 

samples. The C1s spectra are shown in Figure 68D. The Cat PU and An PU curves have 

different shapes, suggesting the composition of the carbon species is different. The An 

PU sample has a much higher fraction of -CH2-O-CH2 species with respect to -CH2- 

species. The LBL sample has a similar appearance to the An PU sample suggesting that 

more An PU monomers are present at the surface of the LBL sample. The ratio of -CH2- 

to -CH2-O-CH2 is larger for the LBL sample as compared to the An PU sample. 

 Figure 69 shows the curve fitting of the C1s of the LBL sample. The data are 

fitted to two synthetic curves representing An PU (red lines) and Cat PU (blue lines), to 

determine the fraction of An PU to Cat PU present in the LBL sample. Taking the area of 

the An PU and Cat PU components and normalizing them by the number of carbons in 

each monomer, respectively, can be used to determine the percentage of each monomers 

present at the surface of the film (see Table 11). Note XPS is surface sensitive and the 

composition may differ deeper into the film. 
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Figure 69. X-ray Photoelectron spectra of the C 1s region of the PU- LBL film fitted to 
the components of the An-PU film and Cat-PU film.  The red lines represent the Cat-PU 
fit and the blue lines represent the An-PU fit. 
 

Table 11. Compilation of compositional analysis results from XPS. 

 

Component 
in the LBL C 
1s spectra 

Area 
/CPS.eV 

Number of 
Carbons in 
monomer 

Normalized 
area 

Percentage of 
monomers 
present /% 

MW 
/% 

An PU 14598 371 39.3 85.4 88.6 

Cat PU 1916 285 6.72 14.6 11.4 
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3. Results and Discussion 

 

 Polyurethanes represent a very large family of polymers with a common structural 

feature being the urethane linkers connecting its subunits. In this work we used two, 

commercially available PUs with chemical compositions shown in Figure 70. We note 

that the particular compositions are by no means the only possible choices; however, they 

satisfy two important parameters for LBL assembly: (1) they are soluble in aqueous 

conditions due to high density of hydrophilic groups and (2) they have charged units 

(Figure 70, red groups) in the form of a short tertiary ammonium side chain in the 

cationic PU and a carboxylic acid group in the anionic PU. Furthermore, we chose the 

particular structures because of fairly long “soft” segments (Figure 70, green groups), (-

CH2-CH2-CH2-CH2-O-)28 and (-C2H4-CH2-O-)51, for Cat and An PUs respectively, which 

impart these polymers with high ductility at the molecular and nanoscale levels. 

 

Figure 70. Chemical structures of: (A) cationic and (B) anionic polyurethanes. Charged 
groups are highlighted in red, counterions in blue, and soft segments in green colors. 
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 The PUs multilayers were prepared using similar conditions to those used for 

MTM clay and CNRs multilayers presented in Chapters II and III. In a typical assembly, 

piranha cleaned substrates (microscope glass slides or silicon wafers) were first immersed 

into a ~3.5 wt.% solution of Cat PU for 2 min, rinsed with DI water, and dried with 

compressed air. In this stage Cat PU adsorbs onto the charged substrate via electrostatic 

and hydrogen bonds and under optimal conditions reverses surface charge to 

accommodate adsorption of a negative species. After adsorption of the polycation, the 

substrates were immersed into a ~3.5 wt.% solution of An PU for 2 min, and again rinsed 

with DI water, and dried with compressed air. Similarly to the polycation adsorption, the 

adsorbing polyanion reverses the surface charge to negative and returns the substrate to 

the original state. At this point the substrate is covered with a pair of cationic and anionic 

layers, which from this point forward will be referred to as bilayers. Reversal of the 

surface charge to the starting point allowed for adsorption of new bilayers, thus allowing 

incremental growth of the multilayers to a desired final thickness. 

 Film buildup was characterized with UV-Vis spectroscopy and ellipsometry. 

(Figure 71) Figure 71A shows compilation of spectra collected after successive 

adsorption of (Cat PU-An PU)1 bilayers up to a total of 10 bilayers, denoted as (Cat PU-

An PU)10. Similarly to previous demonstrations of multilayer buildup, the assembly 

conditions described above showed uniform and regular growth. Plotting of absorbance 

vs. bilayers number for different wavelengths of light (Figure 71B) revealed steady and 

nearly linear growth with some evidence of an upswing when 10 bilayers were 

approached. Interestingly, ellipsometry showed complete linearity up to 20 bilayers with 

incremental growth of nearly ~10 nm per bilayers. (Figure 71C) 
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Figure 71. (A) Compilation of UV-Vis absorbance spectra for Cat PU-An PU assembly 
for the first 10 bilayers. (B) Absorbance vs. bilayer number regressions for Cat PU-An 
PU assembly from (A) showing uniform growth. (C) Ellipsometry results for Cat PU-An 
PU assembly on silicon substrate. 
 

  Having established successful growth of the multilayer, we proceeded with 

growing thick films on microscope glass slides using automatic dipping robots from 

nanoStrata (Tallahassee, FL). A set of 300-bilayer films was prepared and free-standing 

films were separated using the substrate etching with HF solution described in our 

previous publications.3 (Figure 72A) Compared to the previous publications, we allowed 

the detached films to float in pure DI water to remove any excess of HF. The films were 

then lifted out from water using a rigid Teflon substrate. 

A B 

C 
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Figure 72. (A) Photograph of a free-standing, 300-bilayer Cat-An PUs LBL film. (B) 
SEM cross-section of pure cationic PU. (C) SEM cross-section of pure anionic PU. (D) 
and (E): Cross-sectional SEM images of the free-standing, 300-bilayer Cat-An PU LBL 
film showing regular stratification. 
 

 Upon removal from water, films supported on the Teflon were placed in a 

convection oven at 80 °C and allowed to dry. Using Teflon substrates allowed for easy 

detachment of free-standing films. The films were found to be thin, highly robust, and 

1 cm 

100 µm 100 µm 

10 µm 5 µm 

A 

B C 

D E 
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flexible. Careful handling was required as the films showed substantially lower stiffness 

when compared to the films incorporating nanoparticles.2-4 

 SEM characterization of the free-standing film revealed uniform cross-section 

however with much greater thickness then expected. Extrapolation of the data obtained 

from ellipsometry suggested that the thickness should not be more then ~3 µm for the 

300-bilayer film, while the SEM revealed approximately 4x greater thickness of ~13 µm. 

This translates into an average of ~40 nm per bilayer. This could potentially be a result of 

incomplete rinsing of the films; however, a closer look at the SEM images revealed a 

well defined stratified structure throughout the entire thickness which was not observed 

in the pure polymers. (Figures 72B – E) An explanation may come from the fact that the 

charge density along the polymers’ backbones is small and it is already well established 

that weakly charged polyelectrolytes can have nonlinear and even exponential growth 

leading to structures having thicknesses in excess of 100 µm for 200 bilayers.11,14 

 An important question that one needs to ask is how the molecular and nanoscale 

organization of the polymers is affected by nanostructuring via alternating layering of 

nanometer-thick strata in LBL. This is an especially important question because the 

exceptional ductility of the PUs is attributed to the ability of formation of “hard” 

(crystalline) and “soft” (amorphous) domains. In the case of our polymers, the hard 

domains contain charged groups which are primarily responsible for formation of 

electrostatic interactions (cross-links) between each other and may compromise the 

ability of the two polymers to form ductile and flexible material. To help answer this 

question we characterized chemical composition of the LBL film using XPS. (see 

Experimental Procedures) Note that because of close similarity between the two 
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polymers, it would be difficult to accurately characterize composition of the LBL films 

using elemental analysis. The results revealed that surface of the film is composed in 

~7:1 wt.% ratio of An PU : Cat PU. DSC characterization of the pure polymers and the 

LBL film (Figure 73A) showed that the characteristic transition peak of Cat PU present at 

~300 °C was greatly suppressed when compared to the peak of An PU at ~375 °C. This 

suggested that the chemical composition of the film may in fact overall be 7:1 by weight. 

Characterization of the polymers and LBL film by wide angle x-ray scattering (WAXS) 

showed that the multilayer film in fact contains crystallites characteristic to both 

components. (Figures 73B and 73C) Comparison of a Cat PU-An PU polymer blend 

(prepared by simple mixing of the two in 7:1 ratio) and the LBL film showed very good 

overlap, suggesting that the conclusions drawn from DSC analysis may in fact be correct. 

(Figure 73D) 
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Figure 73. (A) Differential scanning calorimetry spectra comparison for pure polymers 
and LBL film. (B) – (D) Wide-angle x-ray scattering spectra comparison of pure 
polymers, LBL film, and a 7:1 blend of An PU : Cat PU. The spectra in DSC and WAXS 
are normalized to the same height due to large differences in the thickness of the samples. 
Because of small thickness of the LBL film, the spectrum shows lower signal-to-noise 
ratio when compared to pure polymers. 
 

 AFM characterization of top surface morphologies with phase contrast imaging 

mode showed dramatic differences between the different films, and especially between 

the LBL and the blend composites. (Figure 74) First, the two oppositely charged PUs 

showed very different morphologies: Cat PU (Figure 74A) showed a distinctly granular 

structure with hard domains clearly contrasting the soft regions while An PU showed 

very little contrast between the hard and soft domains. The hard domains in Cat PU have 

mainly oval shapes with widths up to ~150 nm and lengths as large as 2 µm (typical 

A B 

C D 



233 

lengths are less than 1 µm). The LBL film also showed evidence of hard and soft domains 

as in the Cat PU (Figure 74C), but with very different morphology. The hard domains 

appear to form a cellular structure with hard domains having spherical shape and 

diameters up to ~150 nm. This morphology can be further contrasted with the structure of 

the blend, which shows clear phase separation between the two polymers and very 

different internal organization. Overall, evidence of domain formation was encouraging 

for the ultimate goal of this work, i.e. preparation of flexible multilayered films. 
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Figure 74. Phase-contrast atomic force microscopy (AFM) images of surface 
morphologies for: (A) Cat PU, (B) An PU, (C) Cat-An PU LBL film, and (D) a 7:1 An 
PU-Cat PU mixture. The images were obtained in tapping mode. 

 

 Evaluation of tensile mechanical properties of the films showed high level of 

elasticity with properties being intermediate between the two components. (Figure 75 and 

Table 12) The Cat PU showed yield strength of, σY ~2 MPa, ultimate strength, σUTS ~30 

MPa, modulus of, E ~26 MPa, and ultimate strain of, ε ~540 %. The An PU showed no 

evidence of yield strength, lower σUTS ~10 MPa and E ~2 MPa, however it showed much 

higher ε at ~1200 %. Comparing to the two, the LBL film showed improvement in σY to 

~3 MPa, but significant reduction of σUTS to ~6.5 MPa. The modulus and strain showed 

intermediate values between the two polymers: E ~15 MPa and ε ~630 %. The significant 

reduction in σUTS may be explained with fragility of the thin films to handling. While not 

visible with naked eye, very soft nature and small thicknesses of the films can be easily 

prone to defects from handling and the ultimate strength and strain can be reduced by 

premature failure. This can be especially seen from the significant variations in stress-

strain responses of the films in Figure 75E. 
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Figure 75. Mechanical properties of polyurethanes and LBL film. (A) Photograph of a 
dog-bone specimen of a 300-bilayer LBL sample prior to tensile test. (B) Photograph of 
the dog-bone specimen from (A) prior to rupture. Both images were taken at the same 
magnification and focal distance. The black dots on the surface of the specimens are paint 
marks which were used to accurately track the strain response. (C) Stress-strain responses 
for pure cationic PU. (D) Stress-strain responses for pure anionic PU. (E) Stress-strain 
responses for the 300-bilayer LBL film. (F) Comparison of cationic, anionic, and LBL 
films of polyurethanes. 
 

 Furthermore, the improvement in σY can be attributed to the formation of 

electrostatic cross-links between the two polymers. The same cross-links can also be 

responsible for decreasing the ultimate strain to values closer to those of the Cat PU. 

Overall, these are excellent results given that all of the previously reported LBL films 

showed two orders of magnitude lower strains.3,4,7,8,31,32 They open new opportunities for 

research and applications, especially when the assemblies will be combined with different 

nanomaterials, for preparation of mechanically responsive and flexible nanostructured 

thin films. 
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Table 12. Experimental results from comparison of the mechanical properties of cationic, 
anionic, and Cat-An PU LBL films. 
 

Sample 
Type 

Yield Strength, 
σY (MPa) 

Ultimate Tensile 
Strength, σUTS 

(MPa) 

Young's 
Modulus, 
E (MPa) 

Ultimate 
Tensile Strain, 

ε (%) 
Toughness, 
(MJ/m3) 

Cationic PU 2.3 ± 0.7 29 ± 2 26 ± 15 540 ± 40 43 ± 4 
Anionic PU - 10 ± 1 2.4 ± 0.6 1220 ± 100 55 ± 9 

Cat-An LBL 3.1 ± 0.4 6.5 ± 1.7 15 ± 6 630 ± 50 29 ± 8 

 

 

4. Conclusions 

 In conclusion, we presented here the first preparation and characterization of 

highly flexible and free-standing LBL films. The films showed ultimate strains of several 

hundred percent, which is at least two orders of magnitude greater than all previous LBL 

assemblies. A new assembly component, i.e. charged polyurethanes, was instrumental to 

this demonstration and this work represents the first use of PUs in multilayered 

assemblies. Polyurethanes constitute a large family of polymers with wide range of 

compositions and when combined with the wide array of already available assembly 

components they represent a fundamentally novel material and open new research 

directions. 

 

E. Hierarchically-Made, High-Toughness Macroscale Layer-by-Layer 

Assembled Laminates 

 

1. Introduction 

The layer-by-layer assembly (LBL) technique is currently one of the most widely 

utilized methods for the preparation of multifunctional, nanostructured thin films with 

applications ranging from nanocomposites,2-4 drug delivery platforms,21 
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superhydrophobic coatings,33 and onto solid-state memory devices.34 While quite 

beneficial in some areas of technology, for instance sensing, electronic materials, and 

transport phenomena, the typical nano- to microscale thickness of the LBL sheets and 

coatings limits its application in technologies where mechanical stresses exerted on the 

material are fairly high. This is an impeding factor, for instance, for production of the 

ultra-strong composites made by LBL of interest for a variety of industries.2-4 Modified 

LBL processes that accelerate the composite accumulation process have been proposed, 

including spraying,35 spin-coating,36,37 and dewetting LBL38. However, all of these 

techniques have yet to show to have the ability to form macroscale structures. Another 

solution can be found in the “exponential” LBL (e-LBL), which we have discussed in 

Sections B and C.14 

 Here we demonstrate that (1) materials with macroscale thicknesses, suitable for 

different forms of manufacturing, can be produced by LBL technique and (2) that they 

exhibit novel mechanical (and other) properties. We also realized that in order to 

accomplish these tasks one will need to engineer these materials as hierarchically 

organized structures. Multiscale hierarchy is one of the fundamental principles in 

nature.39 Compounding different levels of organization and functional engineering from 

nanoscale to macroscale is taken advantage of in production of materials with exceptional 

strength, stiffness, hardness, and toughnes.39 Such materials are exemplified by seashell 

nacre,40 teeth,41 bones,42 spider silk,43 and squid beak44, which  are being studied as 

model systems for development of advanced, high-performance composites. The 

challenge in utilization of this principle and achieving similar mechanical and structural 

features in synthetic materials lays in difficulty of robustly traversing different length-
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scales and retaining the specific order at each level.39 Consequently, the development of a 

new method that can show a fairly universal route to manufacturing of hierarchically 

structured materials is fundamentally important and here we give a first example of 

hierarchical structures derived from LBL films made by a simple lamination process. 

Along with simplicity of preparation, the resulting materials display high-toughness and 

ductility substantially exceeding the original polymeric materials. 

 

2. Experimental Procedure 

 Materials, LBL assembly, and chemical composition characterization used in this 

section are the same as in previous sections, unless stated herein. 

 

Materials, LBL Assembly, and Consolidation 

 Cationic polyurethane aqueous dispersion (PU, ~35 wt.%, MW ≈ 92,000) (Hepce 

Chem Co., South Korea) and poly(acrylic acid) (PAA, 35 wt.%, MW = 250,000, pH = 

2.9) were used as-received by diluting to ~3.5 wt.% and 1 wt.% solutions, respectively, in 

deionized water. Fluorescein isothiocyanate isomer I (FITC) and tetramethyl rhodamine 

isothiocyanate (TRITC) fluorescent dyes were obtained from Sigma-Aldrich. PU/PAA 

multilayer films were prepared by conventional dipping LBL method using Midas II 

programmable slide stainers (EMD Chemicals. Inc.). In a typical assembly, 100-bilayer 

films of PU/PAA were prepared on microscope glass slides using 30 sec dips in each of 

the solutions and 1 min rinses with water between each dipping. Free-standing films were 

isolated by etching of the glass slides with 1% hydrofluoric acid. After thorough rinsing 

with pure water, the films were dried in an oven at 100 °C. Laminated samples were 
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prepared by hot-pressing overlaid stacks of films at 100 °C and < 1 ton of pressure for at 

least 30 min, depending on stack thickness. Blended sample was prepared by mixing of 

the two components in the 9:1 wt.% ratio, dry casting, and hot-pressing using the same 

conditions. IR spectra were obtained using a Nicolet 6700 spectrometer utilizing the 

grazing angle accessory (Smart SAGA) at a grazing angle of 85º. 

 

Compositional Characterization of e-LBL Films 

a) Elemental Analysis 

 Carbon and nitrogen concentrations were found using a Perkin-Elmer 2400 Series 

II combustion analyzer. The results of the analysis are summarized in Table 13. 

Theoretical concentrations of the elements in pure polymers were determined from their 

chemical structures. 

 

Table 13. Summary of elemental analysis for pure polymer and e-LBL samples. 
Reported values are in wt.%. 
 

  
PU 
  

PAA 
  

(PU/PAA)100 
  

(PU/PAA)100, 
40-film stack 

 C N C N C N C N 
Theoretical 63.24 3.88 50.00 0 - - - - 

Experimental 61.72 5.45 46.51 0.14 60.14 4.8 60.45 4.76 

 

 Using the results obtained for pure polymers, the wt.% of PU in the LBL samples 

was calculated at 88 – 92 wt.%. A median of the range was taken at ~90 wt.% PU and 

~10 wt.% PAA. 
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b) XPS Analysis 

 The XPS spectra were collected on cast samples of PU and PAA, and on a cross-

section of the ~4.1mm thick composite stack. Scan of the cross-section ensured correct 

interpretation of the data as the bulk chemistry, as opposed to the surface which could be 

rich in one of the components due to LBL deposition.  

 

Figure 76. (A) XPS survey spectrum of PAA, PU and PU-PAA films. The data have 
been vertically transposed for viewing purposes. (B) XPS spectra of the N 1s region of 
PAA, PU, and the PU-PAA LBL film. (C) XPS spectra of the O 1s region of PAA, PU, 

A 
B 

C D 
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and the PU-PAA LBL film. (D) XPS spectra of the C 1s region of PAA, PU, and the PU-
PAA LBL film. 
 

 Survey scans of PAA, PU and the LBL PU-PAA films are shown in Figure 76A. 

Carbon, oxygen and calcium were detected at the surface of the PAA. Calcium was an 

unexpected contaminates which was not present in the other two samples. Carbon oxygen 

and nitrogen along with some silicon impurities were present in both the pure PU sample 

and the LBL sample. In the case of the pure PU there were also peaks associated with 

sulfur, which is inductive of the presence of the PU counter ion; however, no evidence of 

sulfur was found in the PU-PAA LBL sample. It should be noted that the relative heights 

of the C:O:N are similar for the PU and PU-PAA samples suggesting that the 

composition of the LBL film is closer to that of pure PU than PAA. 

 The integrated areas of the detailed spectra of C 1s, O  1s, N 1s were used to 

calculated the atomic percentage of each element by using Wagner’s sensitivity factors.45 

The composition of PAA and PU were found to be close to that expected. Interestingly, 

the composition of the PU-PAA film resembles the pure PU sample. 

 

Table 14. Atomic Percentages of the main elements detected.  Expected values are in 
brackets. 
 

  C /atm. % O /atm. % N /atm. % 

PAA 63.0 (60.0) 35.9 (40.0) 1.1 (0.0) 

PU 74.2 (76.2) 21.4 (19.8) 4.4 (4.0) 

PU-PAA LBL 76.5 18.9 4.6 
 

 

 Figure 76B shows the N 1s region in detail for the pure PAA and PU materials 

along with the PU-PAA LBL film. Although we were not expecting any nitrogen in the 
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PAA, we found a trace amount (quantified in Table 14). For the PU and PU-PAA 

samples, a shoulder is observed on the higher binding energy side of the main peak 

suggesting that that there more than one N species present in these samples. 

 The shape of the O 1s band of PAA differs from both the PU and the PU-PAA 

LBL film (Figure 76C). For PAA we expect a peak associated with the O=C-OH and 

O=C-OH species. However, these are not at a ratio of 1:1, which would suggest that there 

are more oxygen groups, perhaps due to impurities or contaminants. Not withstanding 

this, it is clear that the O 1s spectra of PU closely resemble the PU-PAA LBL film. 

 For certain polymers the C 1s region can be considered as like a finger print 

region since the binding energy of carbon is relatively sensitive to the chemical bond with 

other elements, and in particular, oxygen. We can identify the -CH2-, the –CO-, the C=O, 

and the COOH bands within the PU, PAA and PU/PAA LBL samples (Figure 76D). 

Assignments of each peak can be made. However, for the purposes of this work we shall 

use the shapes of the PAA and PU C1s spectrum to form synthetic curves in order to fit 

these to the LBL PU/PAA film to determine the relative quantities of PAA and PU in the 

PU-PAA LBL film. In doing this, the assumptions are that no new covalent bonds occur 

in the LBL process and that the change in local environment of the covalent bonds has 

minimal effect on their binding energies. Figure 77 shows the fit used to assess the 

relative quantities of PAA and PU in the LBL sample. In effect, the PAA and PU C1s 

spectrum were used to produce synthetic curves to fit to the LBL C1s region. The best fit 

is shown in Figure 77. By normalizing the sum of areas under the curves, by the total 

number of carbons in a PU monomer and a PAA monomer one can assess the percentage 

of PAA monomers to PU monomers to be 90% to 10%, respectively. The molecular 
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weights of the PAA and PU monomers are 72.05 g/mol and 5412.33 g/mol, respectively, 

giving the ratio of PAA to PU in terms of molecular weight to be approximately 1:9. This 

result correlates well with the elemental analysis data. 

 

 

Figure 77. The C1s region of the PU-PAA sample. The black line represents the data 
collected. The blue lines are the curves used to fit the PU, and the red lines represent the 
curves used to fit the PAA. By fixing the relative ratios of each set of curves, a synthetic 
curve is produced for assessing the relative quantities of PAA and PU in the LBL sample. 
 

3. Results and Discussion 

 Following the idea of hierarchical design we started with the molecular level of 

organization. One of the classes of materials well-known for their strength and toughness 

are polyurethanes (PU’s), which found broad applications in construction, transportation, 
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household appliances, packaging, electronics, and implantable biomedical devices, to 

name a few. PU’s have never been used in LBL assembly and in Section D of this chapter 

we showed the first preparation of LBL assemblies from oppositely charged PUs. For the 

purpose of this work we turned to the cationic PU presented in section D. (Figure 78A) 

 

Figure 78. LBL assembly components, growth characterization, and free-standing LBL 
films. (A) Chemical structure of the cationic polyurethane copolymer. The cationic 
functional group of the polymer is highlighted in red, the counter-ion in blue, and the soft 
segments in green. (B) Chemical structure of poly(acrylic acid). (C) Ellipsometry results 
for film growth on top of polished silicon substrate showing rapid increase in thickness. 
Opaque appearance of the film prevented further measurements. Error bars for 1- and 2-
bilayers are small and not visible in the graph due to difference in the magnitude of the 
values with the size of the y-axis. (D) Photograph of a 200-bilayer, hydrated PU/PAA 
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free-standing sheet grown on 12 in x 12 in glass substrate. (E) Photograph of a 100-
bilayer, dried PU/PAA free-standing sheet grown on the same 12 in x 12 in glass 
substrate as in (C). 

 

LBL assembly of this PU was carried out by sequentially dipping a glass 

microscope slide for only 30s intervals into aqueous solutions of negatively charged 

poly(acrylic acid) (PAA, 1 wt.%) and ~3.5 wt.% PU (Figures 78A and 78B) using an 

automated dipping robot. The pattern of the multilayer accumulation showed clear 

evidence of e-LBL growth: ellipsometry showed rapid exponential increase in the film 

thickness additional bilayers (Figure 78C). The film was strongly hydrated, which is 

typical for e-LBL, and had a cotton-like appearance. Its opaqueness in this swollen state 

prevented us from performing ellipsometry studies beyond few layers. Cross-sectional 

scanning electron microscopy (SEM) clearly indicated successful growth of PU and PAA 

films with the thickness of 10 ± 3 µm and 70 ± 10 µm for (PU/PAA)18 and (PU/PAA)100 

respectively, where (PU/PAA)n represents the film obtained after n deposition cycles. 

Interestingly, although strongly swelling and hydrating, the films were easily separated 

from the substrate and handled (Figure 78D).3 The free-standing films were found to be 

robust and strong allowing for easy scale-up to much larger substrates and film sizes. 

(Figures 78D and 78E) 

Continuing with hierarchical design of the materials and entering the 

micron/macro scale, we have exploited the swelling characteristic of the e-LBL films to 

combine together individual sheets into a hierarchical, laminated composite according to 

the schematic in Figure 79. In this simple strategy, dried films are first allowed to swell in 

water to increase their flexibility and then they are overlaid on top of each other to 

achieve conformal overlap. 



246 

 

Figure 79. Schematic of consolidation of free-standing e-LBL films. (A) Experimental 
procedure for consolidation of free-standing PU/PAA films: (1) The films are allowed to 
swell in water for ~1h; (2) Any number of films are stacked together into a sandwich 
structure to achieve conformal overlap; (3) The stack is dried at 100 °C under vacuum to 
remove any bubbles; (4) The dried stack is hot-pressed at 110 °C and < 2 tons of 
pressure; (5) Final consolidated stack is removed from the press. (B) Photograph of a 
free-standing, 100-bilayer PU/PAA film before swelling. (C) Photograph of 100 – 100-
bilayer, 1 in x 1 in, free-standing films combined into a stack after swelling and drying. 
(D) Photograph of a final hot-pressed stack from (C). The total thickness of this stack is 
~4.1 mm and the total number of bilayers is 10,000. (E) SEM image of cross-section of a 
free-standing 100-bilayer PU/PAA film grown on microscope glass slide. Arrows 
indicate the span of the cross-section. (F) SEM image of the single 100-bilayer film in (E) 
revealing high surface roughness. (G) SEM image of cross-section of a consolidated 
sample composed of 5 x 100-bilayer PU/PAA films. The image shows complete 
coalescence of the interfaces between individual films. (H) SEM image of the top surface 
of the consolidated sample in (G). 
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 The swollen and hydrated interfaces interdigitate between adjacent films and 

promote consolidation of the stack into a homogeneous structure. The stack is further 

dried in order to remove water, and the structure compacts. Once dried, the stack is 

finally compressed under mild pressure, <1 ton and at a temperature of 230 °F. The 

applied pressure is necessary in order to provide intimate contact between individual 

sheets. We found that temperatures in the range of 230 °F – 250 °F are optimal for 

successful consolidation. Below 230 °F there was no consolidation and films were easily 

pealed apart and above 250 °F the stacks showed signs of decomposition. Differential 

scanning calorimetry analyses revealed that this temperature range corresponds to a broad 

peak which can be attributed to the melting point of the LBL composite. (Figure 80) 

 

Figure 80. Differential scanning calorimetry analyses of: PU, PAA, (PU/PAA)100, 
(PU/PAA)100 - 40-film stack, and PU-PAA blend. 
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 Successful consolidation resulted in a homogeneous and transparent material. 

SEM characterization of the individual and consolidated structures revealed that the 

origin of the opaque appearance in single films is due to large surface roughness. (Figures 

79E and 79F) This roughness can be attributed to the non-uniform volume changes 

during drying of the swollen films as well as partial degradation of the films from 

shearing forces during rinsing. In comparison, the consolidated samples showed uniform 

and homogeneous cross-section and surface, indicating that the hot-pressing procedure 

removes defects originating from LBL assembly. 

 Investigation of mechanical properties gave some unexpected results. (Figure 81 

and Table 15) Tensile mechanical properties of the base PU gave: yield strength, σY = 4.3 

± 0.5 MPa; ultimate strength, σUTS = 30 ± 3 MPa; Young’s modulus, E = 55 ± 5 MPa; and 

ultimate strain, ε = 420 ± 30 %. The available literature data for PAA give: σUTS = ~4.5 – 

12.3 MPa and ε = ~2 - 116 %; and they correspond to the hydrated state due to the highly 

hydroscopic nature of the polymer.46,47 Compared to the pure PU, in-plane tensile 

properties of single LBL films showed 3x increase in σY to 12 MPa, no change in σUTS, 

and ~4x improvement in E ~230 MPa. The ultimate strain (ε), however, showed a 

reduction in nearly 50%, in comparison to PU, down to only ε ~250% and substantial 

improvement compared to PAA. This was an encouraging result, since none of the 

previously reported LBL films showed this level of ductility, thus establishing 

precedence for preparation of highly flexible multilayered films.31 
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Table 15. Summary of mechanical properties for PU, PAA, single e-LBL sheet, 
consolidated PU/PAA e-LBL structures, and a PU-PAA blend in 9:1 proportion by 
weight. *Mechanical properties for PAA are taken from Nam et al.46 and Huang et al.47. 
 

Sample Type 

Yield 
Strength, σY 

(MPa) 

Ultimate Tensile 
Strength, σUTS 

(MPa) 

Young's 
Modulus, E 

(MPa) 

Ultimate 
Tensile 

Strain, ε (%) 
Toughness, 
(MJ/m3) 

PU 4.3 ± 0.5 30 ± 3 55 ± 5 424 ± 31 49 ± 6 
PAA* - ~4.5 – 12.3  - ~2 - 116 - 
1 Film 12 ± 1 29 ± 8 228 ± 135 250 ± 32 48 ± 14 

1 Film Hot-Pressed 15 ± 2 29 ± 7 126 ± 133 172 ± 55 39 ± 18 
2-Film Stack 13 ± 0.5 54 ± 18 310 ± 45 366 ± 74 105 ± 40 
3-Film Stack 13 ± 1 53 ± 5 333 ± 48 344 ± 46 92 ± 12 
4-Film Stack 14 ± 0.5 61 ± 13 343 ± 123 362 ± 65 111 ± 32 
5-Film Stack 15 ± 1 86 ± 4 237 ± 19 361 ± 10 140 ± 2 

10-Film Stack 14 ± 0.4 85 ± 3 325 ± 157 356 ± 10 132 ± 4 

9:1 PU/PAA Mixture 6.4 ± 0.3 39 ± 12 58 ± 6 353 ± 47 66 ± 23 

 

Tensile tests on consolidated samples with hierarchical organization showed 

marked improvement of the modulus (E to ~340 MPa), and dramatic improvements in 

both the strength (σUTS ~85 MPa) and the strain (ε ~360 %) over the pure PU and even 

single LBL film. The toughness of the composite stacks composed of 5- and 10-sheets 

was nearly ~3x greater than that of the pure PU. 
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Figure 81. Mechanical properties of PU/PAA e-LBL composites. (A) Photograph of a 
dog-bone specimen of a 10-film consolidated sample prior to tensile test. (B) Photograph 
of the dog-bone specimen from (A) prior to rupture. Both images were taken at the same 
magnification and focal distance. The black dots on the surface of the specimens are paint 
marks which were used to accurately track the strain response. (C) Comparison of stress-
strain responses for pure PU and consolidated samples composed of 1, 2, 3, 4, 5, and 10 
films. (D) SEM image of the single, 100-bilayer film revealing cavities in the interior of 
the film. (E), (F), and (G), Phase-contrast atomic force microscopy (AFM) images of 
surface morphologies for: PU, 9:1 PU-PAA mixture, and a 5-sheet hot-pressed stack of e-
LBL films, respectively. Each image represents a 5µm x 5µm area. Each sample was 
subjected to the same hot-pressing conditions. 
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hierarchical organization: molecular, nano-, and macro-scale. At the molecular scale, the 

chemical composition of the LBL films was found by elemental analysis and x-ray 

photoelectron scattering spectroscopy (XPS) to be ~90 wt.% PU and ~10 wt.% PAA. 

This large dominance of PU explains high ductility of the composite. Based on the 

molecular weights of the repeat units, the ratio of the charged groups between PU and 

PAA is actually 1:9, which suggests that they form a complicated electrostatic- and 

hydrogen-bonding network between each other in order to achieve electrostatic neutrality. 

The XPS analyses also revealed complete absence of sulfur (present in the sulfur-

containing counterion, Figure 78A, blue color) in the LBL samples, which further 

suggests that the cationic groups directly interact with PAA via ionic and charge-dipole 

bonds. These cross-links, which are predominantly formed with the hard segments of the 

PU (Figure 78A, red and black groups) give rise to the improved mechanical properties 

without significantly perturbing the elastic soft domains. FTIR analysis further showed 

that hot-pressing of the films does not change the chemical signature of the material, i.e. 

by formation of new bonds from covalent cross-linking, thus further supporting the idea 

of ionic cross-linking reinforcement. (Figure 82) Our observation bears similarities with a 

recently presented work on selective reinforcement of hard domains in polyurethanes 

with clay nanosheets.48 
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Figure 82. FTIR comparison of chemical composition and hot-pressing effect on 
chemical composition of PU/PAA e-LBL films. a, Comparison of all materials. b, 
Comparison of a single sheet and a 5-sheet stack. c, Comparison of PU and a 5-sheet 
stack. d, Comparison of PAA and a 5-sheet stack. e, Comparison of a 5-sheet stack and a 
9:1 PU-PA mixture. Some peak assignment can be made as indicated in the images: (PU) 
-NH- peak at ~3370 cm-1, alkyl double peak at ~2930 cm-1, a -C=O- peak of urethane at ~ 
1740 cm-1, and a -C-O-C- peak at ~1240 cm-1; (PAA) -OH peak at ~3320 cm-1 from 
hydrogen bonding and possible presence of water, alkyl double peak at ~2920 alkyl 
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double peak at ~2930 cm-1 and 2850 cm-1, a -C=O- peak of carboxylic acid group at ~ 
1740 cm-1, and a -C-O- stretch at 1230 from -C-OH group. 

 

Comparative characterization of a blend of the two polymers prepared by simple 

mixing showed slight improvement of E and σUTS over the bare PU, and similar reduction 

in ε when compared to e-LBL material. (Figure 81C and Table 15) The σY and σUTS are 

however significantly lower than those of the e-LBL composite. This suggests that the 

nanostructuring imparted by LBL deposition process significantly alters morphology and 

crystalline structure of the composite. Atomic force microscopy (AFM) comparison of 

PU, PU-PAA blend, and PU/PAA e-LBL materials showed that they have dramatically 

different patterns and domain connectivity. (Figures 81E, 81F, and 81G) The nanoscale 

morphology in LBL films can be described as cellular network of soft (light) and hard 

(dark) molecular compositions with the presence of linear domains oriented parallel to 

the dipping direction. The approximate size of domains in the blend is 80 - 300 nm while 

the cellular network domains in LBL films have approximate diameter of 150 nm with 

the elongated domains having width of 30-50 nm and length as long as 5 microns and 

above. The difference in hardness contrast is also much greater in mixed film than in the 

LBL film suggesting that the multilayer is significantly more uniform. The pattern of 

domains in the LBL films has also some similarities with that of pure PU. The size of 

cells is substantially larger in PU and there are no linear features. 

At the macro-scale, one additional mechanism plays a crucial role: elimination of 

defects in the lamination process. The defects in free-standing LBL films can be seen in 

the non-uniform thickness in Figures 79E and 79F, and in apparent cavities in the cross-

section (Figures 81D). They likely originate from shearing forces during rinsing stage of 
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the film preparation, and in the dried material they lead to premature rupture and thus 

decreased strain and strength of the individual film. Consolidation of the films gradually 

removes the defects with increasing thickness of the stack by: (a) compressing the 

cavities into continuous, solid material, (b) partial melting of the material and healing of 

the defects and, (c) cooperative sealing of the surface defects by adjacent films. This can 

be especially seen from the comparison of 1- to 5-film structures, in which the ultimate 

strain and stress gradually increase and asymptote to ε ~360 % and σUTS ~85 MPa. 

(Figure 81C and Table 15) 

  Lamination and the hierarchical design of material not only impart exceptional 

mechanical properties but also offer opportunities for incorporation of unique properties 

in the resulting structures. To demonstrate this, we prepared films with addition of FITC 

and TRITC fluorescent dyes. (Figure 83A) The dye-labeled films were further 

consolidated in different sequences and characterized using laser-scanning confocal 

microscopy. Alternate stacking of green- and red-fluorescent films revealed that in spite 

of partial surface melting the films do retain their individuality (Figure 83B). This 

property can be used to manufacture multifunctional materials with a variety of 

applications because the films can equally well incorporate other molecules or 

nanomaterials besides the fluorescent dyes by incorporation into deposition sequence.11 

Here, however, we want to show how this property can be useful for the study of 

mechanical properties. 
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Figure 83. Demonstration of multifunctional potential of the consolidated e-LBL 
structures. (A) Photograph of fluorescent-dye-labeled, 100-bilayer PU/PAA e-LBL films, 
and a consolidated stack under UV light (365 nm) illumination. Top row: left: FITC-
labeled 100-bilayer film, center: consolidated stack composed of 10, 100-bilayer dye-
labeled films, and right: TRITC-labeled 100-bilayer film. Bottom: plain 100-bilayer film. 
The composite was prepared by alternate stacking of the dye-labeled films into a 
(FITC/TRITC)5 structure. (B) Laser-scanning confocal microscopy image of cross-
section of the dye-labeled 10-film alternating stack from (A). (C) A photograph of cross-
section of a consolidated stack composed of alternating layers of FITC- and TRITC-
labeled 100-bilayer films separated at every point by 3, not-labeled 100-bilayer films. For 
demonstration purposes a steel ball has been pressed into the film using a hydraulic press. 
The TRITC-labeled films are clearly visible as red bands. (D) and (E): Confocal 
microscopy 3D images of cross-section around the damage caused by the steel ball in (C). 
(F) Cross-section SEM image of the damaged area from steel ball in (C). (G) Top-down 
SEM image of the damage caused by the steel ball. 
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 A ~1.2 mm thick sample in which the labeled films have been separated by 3 

plain films was impaled with a small steel ball and the resulting damage was imaged 

using the confocal microscopy (Figure 83C). The ability of confocal microscopy to 

generate images at different focal lengths allows the user to generate 3D fluorescence 

images. Using this feature, we were able to generate 3D images of the resulting damage. 

(Figures 83D and 83E) Applying this technique in this context allowed us to visualize the 

structural deformations at different depths of the material, which would not be possible 

using optical or electron microscopes. (Figures 83F and 83G) The confocal microscopy 

imaging offers a noninvasive damage detection method with excellent spatial resolution 

(~1µm) when compared to other widely utilized techniques. Of the different methods 

available, e.g. electrical conductivity, optical fiber detection, or ultrasonic evaluation, 

only high resolution x-ray computed tomography (CT) has capability of approaching 

similar resolution.49 

 

4. Conclusions 

 In conclusion we showed here the first preparation of exponential LBL films from 

polyurethanes having great toughness and flexibility. We further introduced a new 

concept in the LBL assembly, i.e. hierarchical structuring of the composite by 

consolidation of individual sheets. The hierarchical structures show further improvement 

in the mechanical properties when compared to individual films and pure polymers, with 

ultimate strength and toughness showing nearly three times improvement. Finally, we 

showed an application of the composite stack to damage detection as an example of 

potential new research directions for the hierarchically structured LBL composites. 
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Chapter V 

 

Conclusions and Future Research Directions 

 

 The research, presented in this work, has shown that layer-by-layer (LBL) 

assembly provides an extremely versatile method for the preparation of thin films. The 

structure of the growing LBL stack and its physical and chemical properties are tunable 

and customizable through the choice of materials, assembly conditions, dipping order, 

and post-assembly processing. This method can be easily applied to a wide range of 

organic and inorganic materials, which gives the possibility of preparing composite films 

with wide spectra of possible applications. 

 In summary, the versatility of the LBL method for preparation of thin films of 

nanocolloids with unique structural organization and mechanical properties was 

demonstrated. Emphasis was placed on LBL assembly of two natural nanomaterials: 

nanosheets of montmorillonite clay and nanocrystals of cellulose. We used the LBL 

method as a model system to study the mechanics of NCs with high volume fractions of 

NPs and we showed ability of the LBL assembly method to effectively harness the 

exceptional mechanical properties of NPs. We further showed that the thin-film 

fabrication method can be extended to preparation of macro-scale composites via 

hierarchical structuring. 
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 The results presented here are only a tip of the iceberg in terms of potential 

research directions. The results achieved with clay, while exceptional and suitable for 

thin-film applications and coatings, require scaling to macroscale structures. This would 

require development of rapid deposition methods. Potential directions would be spin-

coating or printing technologies involving micro- and nano-fluidics. Spin-coating offers 

not only increased speed of deposition but also a different method for controlling 

organization of the nanomaterials owing to the centrifugal forces. Possible developments 

would be gradient distribution of nanomaterials for biomedical applications or alignment 

of axial colloids, with the latter being important for electronics and mechanics of 

composites. Most likely, the molecular and nanoscale organization of polymer layers 

would also be affected by the centrifugal and shear forces, e.g. organization of the 

polyurethanes or the process of exponential LBL assembly. Similarly, the hierarchical 

structuring presented in the last chapter could be expanded to preparation of laminated 

composites, allowing for greater diversity in terms of structural organization. 

 Another direction would be extension of the results obtained for the clay to other 

nanomaterials, e.g. CNTs, graphene and graphite sheets, silica nanoparticles, or other 

synthetic nanomaterials for preparation of high-performance nanocomposites. Theoretical 

and experimental results show that CNTs are the strongest known materials on Earth, and 

if similar results were obtained to those for clay, the LBL nanosheets would yield 

nanocomposites with incredible mechanical properties, by far surpassing the currently 

available composite materials. Along this line of thought, we have only studied one type 

and one size distribution of clay. It would be interesting to study the effect of platelet size 

on the properties of the nanocomposites. Further modification of clay surfaces to improve 
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cross-linking density and effectiveness of interactions with the polymer matrix would 

potentially improve the mechanical properties even further. Similarly, improving 

exfoliation of the clay particles would further improve mechanical and optical properties. 

 In connection to the cellulose nanocrystals results, thus far we have only shown 

feasibility of LBL assembly and preliminary results on mechanical properties of the 

assemblies. The nanocrystals present a unique reinforcing nanomaterial having natural 

and renewable origins as well as unique surface chemistry, rich in hydroxyl groups which 

unlike inorganic nanosheets, are amenable to chemical modification and cross-linking. 

Extension of the understanding gained with clay to the nanocrystals has a potential to 

generate even stronger nanocomposites in perspective. The assemblies from nanocrystals 

also showed interesting optical properties which should be explored further, including 

their liquid crystal properties. 

 The results presented with the exponential LBL assembly of hybrid 

organic/inorganic structures have opened a new research avenue. Incorporation of other 

nanomaterials besides clay will surely lead to even more interesting structures, in situ 

self-assembly of the nanomaterials, and variety of applications. The currently understood 

mechanism of assembly, while plausible, still does not explain some of the observations, 

e.g. diffusion of just one component in some cases. Understanding of the process will 

require computational tools and presents another research direction. The gel-like 

structures of the swollen films are already being explored for biomedical applications. 

Similarly, the research can be further extended to novel separation membranes or reaction 

centers. 
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 Finally, the results with polyurethanes open yet another research direction into 

highly flexible multilayered membranes. Further combination with the well explored 

polyelectrolytes, e.g. PDDA or PSS, incorporation of different types of nanocolloids, and 

utilization of the viscoelastic properties of the polymers for mechanically and reversibly 

controlling properties of the films will surely lead to many novel applications. 

 In the end, these are just a few thoughts and ideas which come to mind. The 

tremendous diversity of available pool of nanocolloids and the versatility of LBL 

technique to combine multiple components into user-defined architectures hold unlimited 

possibilities for materials design and research for many more years to come. 


