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ABSTRACT

Molecular engineering of multilayered composites by layer-by-layer assembly (LBL) made possible easy replication of mechanical properties
of nacre. Taking advantage of the ability of LBL to finely control the structure of the composite, one can further improve the mechanical
properties of the multilayers, e.g., increase the strength and stiffness, and gain better understanding of the nanoscale and molecular scale
mechanics of the materials critical for a variety of advanced technologies. In this study, we have replaced poly(diallyldimethylammonium
chloride) (PDDA) ( σUTS ∼12 MPa, E ∼0.2 GPa) with a much stronger polysaccharide polycation, chitosan (CH, σUTS ∼108 MPa, E ∼2 GPa),
considering that its superior molecular strength will improve the macroscale mechanical properties of the nanocomposite: strength and
stiffness. Free-standing films of the CH and montmorillonite (MTM) have been successfully made, and the resulting films revealed high uniformity
with very high loading of MTM closely comparable to that in the natural nacre, ∼80 wt %. Contrary to our expectations and theoretical
predictions, the CH −MTM composite revealed lower strength and stiffness than those of PDDA −MTM and lower strength than CH polymer
itself: σUTS ≈ 80 MPa and E ≈ 6 GPa. Analysis of the morphology of adsorbing CH chains with atomic force microscopy revealed highly
elongated molecules, which is opposite to the observations made for PDDA. Plane-to-plane adhesion showed a factor of ∼4 lower strength
when compared to PDDA −MTM nanocomposite. Altogether these facts support the conclusion that CH lacks flexibility necessary for strong
adhesion and efficient load transfer between the organic matrix and MTM platelets. High rigidity of the CH chains does not allow them to
acquire a conformation necessary for maximizing the interfacial attraction with nanoscale component of the composite. These observations
create an important foundation in the experimental design of the high-performance nanocomposite materials.

The layer-by-layer (LBL) assembly technique, based on
sequential adsorption of oppositely charged compounds, is
one of the most popular and well-established methods for
preparation of multilayered thin films. LBL was first
demonstrated for oppositely charged polyelectrolytes (PEs)
in the early 1990s by Decher et al.,1 and since then there
has been virtually an explosion in the amount of scientific
literature in this field. The technique has gained its popularity
due to its ability to form highly tuned, functional films with
nanometer-level control as well as due to its simplicity,
requiring a minimum of setup and inexpensive equipment.2

The LBL technique is applicable for more than only pure
PE systems. Almost any type of charged species including
inorganic molecular clusters,3 nanoparticles,4 nanotubes and
nanowires,5,6 nanoplates,7 organic dyes,8 dendrimer,9 por-
phyrin,10 polysaccharides,11,12 polypeptides,13 nucleic acids
and DNA,14 proteins,15,16 and viruses17 can be successfully
used as the components to prepare thin films.18 The technique
has led to a number of novel designs and applications, e.g.,
superhydrophobic surfaces,19,20 chemical sensors and semi-
permeable membranes,18,21-23 drug and biomolecules delivery
systems,18,24,25optically active and responsive films,26-28 cell
and protein adhesion resistant coatings,18,29 fuel cells and
photovoltaic materials,30 biomimetic and bioresponsive coat-
ings,20,31 semiconductors,32,33 catalysts,34,35 and magnetic
devices36,37 to name a few.2,18

LBL assembly has proven invaluable in its ability to merge
the functionalities of multiple components. Through creative
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experimental setup, one can, for example, combine the
physical properties of nanoparticles (NPs) and proteins with
the mechanical properties of clays and polymers. 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.38 In fact, 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. At the
molecular level, the assembly of MTM has found several
applications. The monolayers of MTM have been used to
control interactions between layers of gold NPs39 and
combined assemblies of MTM and magnetite NPs have led
to free-standing magnetic films.37 Recently, we have also
shown the ability of the LBL technique to impart additional
functionalities into this material. Taking advantage of its
mechanical properties, we have incorporated biocompatible
silver NPs and thus have generated a strong thin film coating
with excellent antibacterial properties, biocompatibility, and
long term stability.40 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, chemilumi-
nescent thin films for sensory applications, or permselective
membranes.41-46

Altogether, the ability of molecular level control in LBL
assembly allows for preparation of thin films with exceptional
mechanical properties for a variety of applications and study
of the molecular mechanisms of their deformation. In our
research with carbon nanotubes (CNTs), we have shown
preparation of free-standing films from both single-walled
and multiwalled CNTs withσUTS reaching as high as 325
MPa.5,47,48 These results are due to the ability of LBL to
immobilize the high strength material inside of the polymeric
matrix, allowing for more effective load transfer than in many
other composites, and due to the ability of achieving high
loadings without phase segregation. Clearly these results are
encouraging for preparation of novel, high strength materials,
and further improvements are expected. At the same time,
the survey of the field also reveals two quite important
issues: (1) the existing design rules49-51 and theories are not
entirely applicable to high volume fraction composites and
they do not properly address the issue of interfacial interac-
tions of components and (2) the mechanical properties of
the nanocomposites are still much below those for mechan-
ical parameters of individual nanoscale inorganic components
such as nanotubes, nanowires, platelets, etc.

In an attempt at preparing an even stronger PE-MTM
nanocomposite 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 MPa,E ≈ 2 GPa) in comparison to PDDA
(σUTS ≈ 12 MPa, E ≈ 0.2 GPa) but also has excellent

biocompatibility, biodegradability, nontoxicity, and antibac-
terial properties.52 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,53-55

biodegradable thin films,56,57biosensors,22,58-61 electrochemi-
cal and electrochromic materials,62-64 drug delivery multi-
layered capsules,65 and coatings for improvement of cyto-
compatibility.66,67

In this study we present our results from LBL assembly
of CH with MTM. We show preparation of highly uniform
free-standing films and mechanical strength evaluation of
the resulting nanocomposite. Film homogeneity and deposi-
tion was monitored using UV-vis spectroscopy and scanning
electron microscopy (SEM). Loading of inorganic material
was characterized with thermogravimetric analysis (TGA),
and the strength of free-standing films was determined with
standard stress-strain curves. Contrary to our expectations
and theoretical predictions, the CH-MTM composite showed
significantly lower mechanical properties when compared
to the PDDA-MTM system, withσUTS ) 81 ( 12 MPa
andE ) 6.1( 0.8 GPa. Equally surprisingly, the composite
showed lowerσUTS than the pure polymer itself. Comparison
of “plane-to-plane” adhesion revealed a factor of∼4 stronger
adhesion in PDDA-MTM films than in CH-MTM. In the
case of the 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, lowerσUTS 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 ultrastrong thin film composites,
which may also be applicable to conventional blends.

CH-MTM films were prepared following similar condi-
tions to those of the PDDA-MTM system reported previ-
ously,38 namely, 5 min immersion of a glass slide in CH
solution, 2× 1 min rinse in deionized water, 1 min of air
drying, and 5 min of immersion in a clay dispersion followed
again by rinsing and drying steps (see Supporting Informa-
tion). 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 1).
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
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results in a linear increase of optical density. The same was
observed for the CH-MTM composite (parts A and B of
Figure 2). We have also observed that varying the pH of

MTM or CH solutions can result in substantial changes in
thickness of the films (parts B and D of Figure 2). The most
substantial increase in thickness was observed for low pH

Figure 1. (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.

Figure 2. (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.
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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 and (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.68 When using low pH of MTM solution, the pH of
the CH layer on the glass slide is kept below its pKa value
which helps in adsorption of the aggregated platelets.
Increasing pH of CH deprotonates the amino groups allowing
for more flexible conformation of the chains as was shown
for CH adsorbing on mica and much thicker polymer layers.68

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 2C). Similar results
were also observed from ellipsometry (Figure 2D). 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 bilayer on average. For high pH of
CH and low pH of MTM, the thickness of the composite
increases linearly at∼10 nm per bilayer.

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 h,

and then detached from the surface using an 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 PDDA-MTM
films (Figure 3A). 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( 0.2 µm giving an average

Figure 3. (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 a closeup of the cross section.

Figure 4. TGA comparison of different PE-MTM composites.
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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 2C). Given that there are
no available mechanical properties, data for the PDDA and
high molecular weight CH, we have also cast films of the
two by evaporation of the solutions used for composites
preparation (parts B and D of Figure 2, also see Supporting
Information). 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 4). Nearly identical
loading was found for the PDDA-MTM composite, although
PDDA showed better thermal stability in comparison to CH.

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.
Figure 5 shows typical stress-strain responses of PDDA,
CH, PDDA-MTM, and CH-MTM, and Table 1 sum-
marizes all of the mechanical properties. In the case of PDDA
there is an order of magnitude increase inσUTS and nearly 2
orders of magnitude inE. 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 inE is not as large, only a factor of∼3 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
results for the strength,∼40-100 MPa.69 While direct
comparison cannot 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

Figure 5. (A) Stress-strain curves for CH, PDDA, PDDA-MTM, and CH-MTM. (B) Comparison of CH-MTM and PDDA-MTM
stress-strain curves.

Table 1. Comparison of the Mechanical Properties for Composites and Pure Polymers

Ultimate Strength,
σUTS (MPa)

Young's Modulus,
E (GPa)

Fracture 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

Figure 6. 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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values is still very small in comparison to PDDA-MTM
composite. Furthermore, theoretical predictions using the
well-known Halpin-Tsai’s composite theory51 or the some-
what similar continuum model of Jager-Fratzl49 for “nacre-
like” biocomposites giveE ∼ 101 GPa andE ∼ 110 GPa,
respectively, when applied to the CH-MTM system (see
Supporting Information for calculations). Clearly the calcu-
lated 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 one of the case with
classical polymer/clay nanocomposites. Inclusion of a small
amount of inorganic filler (usually ate5 wt %) results in
increase of ultimate stress, Young’s modulus, and fracture
strain,70-72 while above this threshold mechanical properties
decrease in most cases. This effect is attributed to the
decreased dispersability of clay sheets at high loadings and

formation of large scale nonuniformities. In the case of LBL
films the effect is likely to have a different nature because
the spatial distribution of the components remains uniform.

Mechanical strength of clay nanocomposites is a cumula-
tive 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 (see
Figures 1-4). 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 1D)
and can be contrasted with our results for PDDA, where we
have shown that more than 85% of chains adsorb in highly
coiled conformation.38 This can be attributed to the well-

Figure 7. 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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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 silk73 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 6). 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.

To test this hypothesis we have compared the cohesive
strength between CH-MTM and PDDA-MTM composites
(see Supporting Information). 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 disks (Figure 7) showed that the strength of adhesion
in PDDA-MTM composite is a factor of∼4 higher than
that in the CH-MTM, 2260 ( 570 kPa vs 670( 250 kPa,
which directly proves the fact that CH does not 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.

In conclusion, 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 poly-
mer, 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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