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Biological materials fascinate us with their ability to with-
stand extreme mechanical forces under complex conditions.
Their excellent performance originates from a multilevel
hierarchical structure; understanding these structures is
pursued in structural biology and biomechanics research. A
common feature in many biological materials with superior
mechanical properties is the combination and ordered
arrangement of hard and soft building blocks.[1–3] Therein,
the hard matter serves as the load bearing and reinforcing
part, whereas energy can be dissipated into the soft segments.
Many of these materials combine good toughness with
admirable strength and stiffness. For instance, in nacre, the
layered arrangement of platelet-shaped CaCO3 crystals and
proteins into a brick and mortar structure leads to a
synergistic performance with respect to the mechanical
properties.[5] The Young�s modulus and stress at break can
reach 40–70 GPa and 80–135 MPa, respectively.[6–8] The
material is remarkably tough under wet conditions. Dynamic
processes, such as sacrificial (dynamic) bonds and hidden
length scales contribute significantly to toughness improve-
ments or the ability of a material to undergo self-healing.
Recently, it was shown that infiltration of metal ions
drastically increase the toughness of silk dragline or increase
stiffness and strength in layer-by-layer (LbL) materials.[9,10]

Moreover, modeling by Fratzl and co-workers showed how
randomly distributed multivalent binding sites in layered
materials can lead to sacrificial bonds and provide shear
deformability and larger deformations similar to that found in
natural materials.[12] Thus, ionic bonding is a promising tool
for tailoring the mechanical properties of biological or
biomimetic systems, and to access important features such
as sacrificial bonds and hidden length scales.

Considering the lightweight character of the mechanically
strong and tough biomaterials, a large-scale preparation of
biomimetic materials is of preeminent importance for future
construction and coating applications. However, this is a

major scientific challenge. Various efforts have been under-
taken to mimic the layered hard/soft composite structure of
nacre by synthetic means. Nacre mimics can be obtained by
several sequential approaches, such as layer-by-layer
(LbL)[13–16] and other multilayer deposition strategies,[17] ice-
templating and sintering of ceramics,[18, 19] uncontrolled co-
casting of polymer/clay mixtures,[20–22] or processes at inter-
faces.[23–25] Unfortunately, most of the approaches are limited
to the structural characterization of the materials at very
small scales, and often there have been challenges in even
producing large enough specimens for mechanical character-
ization beyond nanointendation. Using LbL[26] deposition of
polymers and nanoclay, the maximum stiffness and strength
could even exceed those of natural nacre,[13–16] thus demon-
strating how valuable such layered polymer/clay structures
can be. Toughness could be increased by repeated spin
coatings of chitosan and monolayer transfer of Al2O3 platelets
for the generation of ordered hybrid composite materials.[17]

These techniques, despite yielding very interesting materials,
are however very laborious and time-consuming, as they
require the repeated and sequential deposition of individual
layers for the build-up of multilayered structures. Even the
achievement of thicknesses of several micrometers will
typically take several days, and only finite-sized specimens
can be addressed. Clearly, the unfortunate combination of
very appealing properties and challenging production calls for
conceptually novel strategies that enable for a scale-up and a
continuous production.

Recently, we introduced paper-making, doctor-blading,
and simple painting as methods for the simple and fast
production of nacre-mimetic sub-millimeter thick films,
laminates, and coatings toward specimens with potentially
infinite lateral dimensions and excellent mechanical proper-
ties.[27] A key step is the fact that the generation of self-
assembled hard/soft layered composites is not restricted to
sequential depositions. On the contrary, we can prefabricate
core/shell hard/soft building blocks on a large scale in water
by borrowing concepts of colloid science. The generation of
such bricks relies on the polymer coating of individual hard
platelet-shaped nanoclays, montmorillonite (MTM, Na-Cloi-
site, thickness ca. 1 nm, diameter ca. 50–1000 nm), by
polymers that specifically adsorb onto the nanoclays to form
a soft layer. The completely exfoliated platelets are then
forced to self-assemble on a second length by a process similar
to paper-making (Scheme 1, top). Paper-making is a well-
understood, robust, and up-scalable technique in which paper
pulp is sucked on a filtration mat, treated with various
additives, heated and pressed, and finally collected on giant
rolls. The overall strategy represents most likely the fastest
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and simplest access to nacre-mimetic thick films with
excellent material properties. It is environmentally friendly
and economic, and is ready for scale-up towards real
applications.

The mechanical properties of such assemblies critically
depend on the connectivity of the polymeric shells, as shown
for the covalent cross-linking of poly(vinyl alcohol) (PVA)
chains.[27] By contrast, we explore herein how ionic supra-
molecular bonds instead of covalent bonds can be used to
tailor and strengthen the mechanical properties. Supramolec-
ular and dynamic bonds are a key feature in biological
materials, and we need to broaden our understanding in using
them for synthetic biomimetic materials. Our system utilizes
well-defined, single polycation-coated nanoclay platelets, as
shown by a near-constant size distribution by dynamic light
scattering (Supporting Information, Figure S1). We chose
PDADMAC (poly(diallyldimethyl-ammonium chloride)) for
its ease of availability and because we can compare our
materials to previous nacre-mimetic composites obtained by
sequential LbL assembly.[9,16]

Research into polyelectrolytes (PEs) has shown how
counterions of different valencies, architectures, and sizes can
be used to manipulate the interactions, molecular structures,
and the attractions between charged macromolecules.[28–32]

Scheme 1 (bottom) shows how counterions with different
architectures and valencies can mediate the interactions
between the polymer-coated MTM stacks and are able to
strengthen the assembly. Note that our nacre-mimetic paper
has more ionic groups available at the surface compared to
LbL-based materials (Supporting Information, Figure S4).
Thus the effect of modulating the supramolecular interactions
should have a significant influence and reduce a potentially
slippery interface between MTM stacks. Importantly, the

internal cohesion and strength in a PE
can be multiplied by increasing the
valency of the counterions.

Figure 1 shows an overview of differ-
ent nacre-mimetic papers. The overall
thickness can easily be tailored, and so
far we have usually prepared films up to
a fraction of millimeters in thickness.
The highly aligned self-assemblies are
maintained throughout the complete
sample despite the rapidness of the
process. The photographs in Figure 1c,d
demonstrate the high optical quality
(translucency) and reasonable flexibility.
The resulting structures contain a major-
ity fraction of clay (70 wt %) as in nacre.
Importantly, using LbL assembly to
achieve such large thicknesses and high
contents of inorganic materials would
require weeks or months, whereas we
can prepare those in a fraction of that

Scheme 1. Top: Multilevel self-assembly to form a nacre-mimetic brick and mortar structure by
core/shell hard/soft building blocks consisting of hard inorganic MTM cores and soft polymer
coatings. Bottom: Supramolecular manipulation of the interaction between the polyelectrolyte-
coated clay platelets as shown for one MTM interstitial space. The amount of counterions is
decreased whilst their connectivity is increased for counterions with higher valency. The
polymeric counterion is shown schematically on the left.

Figure 1. Various low- (a) and high-resolution (b) SEM images demon-
strating the size tunability and strongly aligned layered arrangement.
The photographs show good optical translucency (d) and reasonable
flexibility ((c), image taken with flash) of a layered composite of
0.03 mm thickness. The picture in (d) shows the printed university
logo placed behind a nacre paper.
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time. The molar ratio of chlorine to nitrogen, based on
elemental analysis (EA), indicates that 20–25 % of the ionic
groups are not bound to the clay surface and are thus
available for supramolecular interaction between the nano-
clays. The detailed element-sensitive mapping of the cross
section by energy-dispersive X-ray (EDX) analysis shows a
homogeneous distribution of the various components (Fig-
ure 2a–c). Carbon and nitrogen and also silicon and oxygen
locations correspond to the locations of PDADMAC and the
clay platelets, respectively. The chlorine map displays a
uniform distribution of the counterions within the polymer
phase. The corresponding EDX spectrum (Figure 2d) does
not show any signal for sodium (the original nanoclay
counterion), indicating the tight anchorage of the PDAD-
MAC ionic groups onto the MTM.

High-resolution TEM (Figure 2e) reveals well-ordered
stacks with alternating hard clay and soft polymer layers,
which is further confirmed by small-angle scattering (SAXS;
Supporting Information, Figure S2). Therefore, the prefabri-
cated well-defined hard/soft bricks lead to a very regular self-
assembly. In contrast, simple applications of uncontrolled and
unbalanced mixtures of nanoclay and polymer without their
preassembly can result in an unequal distribution of the
components. The structure of the composites is thus reminis-
cent of nacre, albeit with a smaller thickness of the inorganic
platelets.

The positively charged sites of PDADMAC having
chlorine counterions are available for tailoring the supra-
molecular interactions between the layered polymer-coated
nanoclay. Exchanging the monovalent chloride ion to bi- or
trivalent ions (SO4

2� or PO4
3�) or creating an interpenetrating

network of the counterions aimed to strengthen the cohesion

between the layers and to increase the stiffness of the
materials. An interpenetrating network can be created using a
polymerizable counterion, such as styrene sulfonate (StSO3

�),
which can be thermally polymerized similarly to styrene
(denoted as (StSO3

�)x).[33]

The counterion exchange can be accomplished by infil-
tration of the self-assembled layers of the nacre-mimetic
paper. Its success can be followed by the elemental compo-
sition (EA) and mapping (EDX). After infiltration, the
chloride content is strongly diminished, and new counterions
can be detected (Figure 3d–f). The elemental mapping of the
infiltrated counterions reveals a uniform distribution through-
out the cross-section, independent of the counterion used (see
Supporting Information, Figure S5 for additional EDX
images). Furthermore, the EDX spectra show no indication
of additional cations (Na, Cu) of the salt solutions used for the
counterion exchange. Therefore, the layered composites are
well-defined and free of impurity salt contaminations. Com-
paring the molar percentages (EA) of counterions upon
exchange points to a near-quantitative replacement. The
molar ratio between chlorine in the initial material and
StSO3

� , SO4
2�, and PO4

3� are 0.94, 0.54, and 0.40, and thus
very near the ideal values of 1, 0.5, and 0.33, respectively. The
exchange of the counterion has only a minor influence on the
stacking distance of the platelets as determined by SAXS.
However, the incorporation of the larger organic counterion
StSO3

� leads to a slight growth of the interlayer distance. The
exchange also goes along with a slight alteration of the
thermal characteristics of the materials (Fiure 3a). The most
pronounced increase can be seen for the organic counterion,
StSO3

� , which leads to slightly enhanced degradation.

Figure 2. a–c) Energy-dispersive X-ray (EDX) mapping of the different components: a) Carbon and nitrogen (inset) for PDADMAC, b) silicon and
oxygen (inset) for MTM, and c) the chloride counterion. Some darker spots are caused by the uneven cross-section of the material and the
orientation of the EDX detector, which leads to some shadows, and is more pronounced for low-energy X-rays when comparing the silicon and
oxygen maps originating from the MTM. d) The full EDX spectrum with the corresponding elements. The high-resolution TEM image (e) reveals
an equal spacing of the MTM platelets and alternating hard and soft layers, which can also be seen from the section analysis (f).

Communications

6450 www.angewandte.org � 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2010, 49, 6448 –6453

http://www.angewandte.org


We analyzed the influence of the connectivity of the
supramolecular bonding motifs on the mechanical properties
by tensile testing. Table 1 and Figure 3 show the material
characteristics, including their strength, stiffness, and elonga-
tion at break and the nanoclay platelet spacing. The strength
and stiffness reveal excellent values. The Young�s modulus
approaches half of that of nacre, whilst the strength is already
in the range or exceeds that of nacre.

Our composites largely outperform some of the best high-
performance and yet reasonably easily processible polymers,
such as polyparaphenylene or polyimide, and also traditional
clay/polymer composites. The specific materials property
selector chart, adapted from Reference [4], demonstrates that
our nacre mimics are near the high-performance biocompo-
sites and compete with metals, porous ceramics, and unidirec-
tionally reinforced polymer composites.[3–5, 11] All of those
require sophisticated and energy-intensive preparation path-

ways. Turning to the detailed supra-
molecular tuning of the material prop-
erties, we can see that the non-modified
PDADMAC(Cl)/MTM nacre mimic
exhibits a stiffness of about 13 GPa
and an ultimate strength of 106 MPa,
which is nearly two orders of magni-
tude larger than the pure polymer. The
stiffness in our material is almost 20%
better than for the materials obtained
by LbL assembly[9] (E = 11 GPa, suts =

100 MPa).
A further increase in ultimate

strength is prevented because brittle
failure is more likely to appear in
larger-scale materials. Our typical test
specimens are about 50 times thicker
and also somewhat longer than the
minimally sized specimens previously
used in LbL-based nacre mimics.[13–16]

Thus we regard our tensile data to be
more relevant to estimate bulk values,
as our thick samples have a higher
chance for cracks typically existing in
bulk matter. We suggest that the better
performance in stiffness mostly relates
to well-interlocked self-assemblies.
This may hinder pullout of the clay
nanoplatelets as compared to the near
perfect layers in LbL assembly. (Differ-
ences between LbL-based materials
and the nacre-mimetic paper are fur-
ther discussed in the Supporting Infor-
mation.) Comparing the various com-
posites with Al2O3/chitosan multilayer
systems, we can reach higher stiffness
values, but cannot yet accomplish the
same ductility.[17]

The effect of the different valencies
of the counterions and their connectiv-
ity on the mechanical properties is
remarkable. Increasing the charge of

Figure 3. a) TGA analysis of the composites after counterion exchange. b) Specific materials
selection chart for various materials ranked according to their density, as adapted from Ashby,
Wegst, and co-workers.[4] The data for the classical polymer/clay composites was drawn based on
a recent review.[11] c) Stress–strain curves (s versus e) obtained by tensile testing of various
samples indicated in the figure. d–f) SEM-EDX elemental mapping. d) EDX traces of the various
composites indicated in the figures. e,f) Elemental maps of sulfur (e) and silicon (f), showing the
homogenous infiltration with counterions in the case of sulfate. (EDX maps for all samples are
given in the Supporting Information, Figure S5.)

Table 1: Overview of material characteristics obtained by tensile testing
and SAXS for various PDADMAC/MTM nacre papers.

Counterion[a] Young’s
modulus E
[GPa]

Ultimate stress
sUTS [MPa]

Ultimate
strain e [%]

MTM
spacing
[nm] [b]

Cl� 12.9�2.8 106�13.7 2.1�0.5 1.86
SO4

2� 24.2�2.7 110�8.7 0.7�0.1 1.85
PO4

3� 32.9�2.2 151�17 0.8�0.1 1.90
(StSO3

�)x
[c] 29.3�2.4 119�8.7 0.6�0.1 2.33

pure[d]

PDADMAC
0.16�0.03 12�4 48�9 –

[a] Average of 5–7 samples. [b] Determined from the first-order diffrac-
tion peak in SAXS (Supporting Information, Figure S2). The basal
spacing of pure MTM is 0.97 nm in the dry state and 1.21 nm in the wet
state. [c] Cross-linked. [d] Data for a cast polymer film.[16]
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the counterion from monovalent to di- or trivalent leads to a
doubling and even tripling of the materials� stiffness. An
exchange to the divalent SO4

2� amplifies the Young�s modulus
to 24 GPa. An increase in charge to the trivalent PO4

3�

further fortifies the stiffness to 33 GPa and also the ultimate
strength to 151 MPa. The strength already surpasses that of
nacre significantly. Clearly, the increasing valence is respon-
sible for a stronger physical cross-linking within the polyelec-
trolyte layers. In particular, the adhesion between the
polycation-coated platelets can be improved, as free ionic
groups are located at the outer side of the core/shell building
blocks. An increase in mechanical properties can also be
achieved by polymerization of the counterions, as in the case
of StSO3

� . The connection of the monovalent ions leads to a
stiffening of the materials to 29 GPa in Young�s modulus and
a moderate increase in strength to 119 MPa. Therefore, the
preparation of an interpenetrating network of counterions is
another efficient means to strengthen the mechanical frame-
work. A main advantage of the ionic cross-linking of the
counterions lies in the easy post-processing possibilities.

Therefore, the mechanical performance of our PE-based
nacre mimics can be tuned to a large extent by ionic
supramolecular interactions. Both the architecture and con-
nectivity of the ions and the charge of the counterions can be
used to tailor the mechanical properties. Compared to the
efforts that can be spent in tuning the polymer structure, this
is a facile approach to improve the mechanics on-demand. It
also shows an important design principle for future nacre-
mimetic materials using our concept of prefabricated core/
shell hard/soft building blocks. Furthermore, considering that
the mechanical properties can be altered by thermal poly-
merization of counterions or possibly by photoinduced
valency change,[34–36] these methods can give rise to films
with patterned mechanical properties by masked exposures.

Owing to the presence of nitrogen, phosphorus, and
chlorine, and a high fraction of clay platelets, we expected an
even better fire-resistance and heat-shield capabilities com-
pared to the previously investigated PVA/MTM system,[27]

and therefore we explored the properties in more detail.
When exposed to high temperature gas flames (ca. 2000 8C),
the materials first catch fire for a short moment as the minor-
fraction polymer burns off, but immediately self-extinguish
upon retraction of the flame. Qualitatively speaking, the
materials develop less flames than the PVA/MTM nacre-
mimetic paper reported recently, and the flammability
decreases in the following order of counterions: SO4

2��
(StSO3

�)x>PO4
3�>Cl� (Supporting Information, Video 1).

This behavior can be ascribed to the typical fire-retardant
effects of the elemental composition. We are convinced that
the flammability of the layered composites can be further
reduced in future by choosing even better tailored polymers,
such as polyphosphazenes. After the intercalated polymer is
removed, the materials largely maintain their shape, even for
prolonged exposure to the flame.

We also observed excellent flame and heat-shield capa-
bilities once the organic component is removed (Figure 4a;
Supporting Information, Video 2). Exposure to a flame
causes a bright red glowing spot on the front of the specimens,
but much less brightness on the back. This heat insulation

originates from the layered micro/nanoporous fully inorganic
structure in the center and a fire-protective dense armored
skin on the outside (Figure 4c). The formation of the porous
structure goes along with a circa fivefold expansion of the
thickness of the material during the burning of the interca-
lated polymer. This response is truly attractive, as it increases
the thermal energy dissipation. This promising observation
prompted us to demonstrate our nacre mimics for the
protection of a flammable biological material. A silk cocoon
placed behind a heat shield (initially less than 0.1 mm thick)
did not catch fire even upon prolonged exposure (Figure 4b,
Supporting Information, Video 3). The composites therefore
act as efficient thermal and flame shields similar to ceramics.
Interestingly, the material keeps its shape and has a reason-
able mechanical stability. Even after the high-temperature
treatment, the specimens can be dropped from over 30 cm,
and no special care is needed when handling them with
tweezers (Supporting Information, Video 4). The condensa-
tion of the silanol groups at the clay surfaces fortifies the
inorganic network into a stable porous framework with a
tightly armored skin where exposed to the flame. Owing to
the wavy and more brittle character of the burned specimens,
standard tensile testing could not be applied. Preliminary
results from nanointendation reveal a complex mechanical
behavior due to an oriented multiscale and porous structure,
which requires to be studied in a dedicated article. Consid-
ering that our approach allows producing these ceramic-like

Figure 4. Flame and heat shielding properties of nacre papers. a) Pho-
tograph of an initially 0.08 mm thick film exposed to a gas burner
from the back side (at ca. 2000 8C) after the polymer is removed. Note
the only slight spot at the front of the sample (the bright red spot in
the background is a reflection). Inset: a photograph from the other
side, showing the exposed surface. b) Nacre-mimetic paper used as a
fire and heat shield to protect a silk cocoon positioned about 8 mm
behind the shield. (For videos, see the Supporting Information.) c) An
SEM image of the nacre paper after flame treatment, showing the
development of a tightly armored skin and mesoporous layered
interior.
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materials from economic starting materials in much more
energy-efficient ways than in case of ceramics, we strongly
believe that they will be of broad interest as fire-protective
films and coatings.

In conclusion, shape-persistent, fire and heat-shielding
capabilities together with the lightweight character and the
excellent mechanical properties, partly exceeding nacre, are
of outmost importance in construction, transportation (air,
sea, land, and space) or the defense sector. The elegant
control of the supramolecular bonding motifs enables us to
tailor and strengthen the mechanical properties on demand
and possibly in a patterned fashion. On a short timescale, such
properties in combination with simple, rapid, scalable and
both economic and green processing strategies can promote
sustainability and fully validate the concept of biomimetics
for modern materials. We imagine the development of a
variety of applications and novel concepts emerging from this
attractive strategy toward nacre-mimetic materials.
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