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Ultrastrong and Stiff Layered
Polymer Nanocomposites
Paul Podsiadlo,1 Amit K. Kaushik,2 Ellen M. Arruda,2,3 Anthony M. Waas,2,4 Bong Sup Shim,1
Jiadi Xu,5 Himabindu Nandivada,1 Benjamin G. Pumplin,2 Joerg Lahann,1,3,6
Ayyalusamy Ramamoorthy,5 Nicholas A. Kotov1,6,7*

Nanoscale building blocks are individually exceptionally strong because they are close to ideal,
defect-free materials. It is, however, difficult to retain the ideal properties in macroscale composites.
Bottom-up assembly of a clay/polymer nanocomposite allowed for the preparation of a homogeneous,
optically transparent material with planar orientation of the alumosilicate nanosheets. The stiffness and
tensile strength of these multilayer composites are one order of magnitude greater than those of
analogous nanocomposites at a processing temperature that is much lower than those of ceramic or
polymer materials with similar characteristics. A high level of ordering of the nanoscale building blocks,
combined with dense covalent and hydrogen bonding and stiffening of the polymer chains, leads to
highly effective load transfer between nanosheets and the polymer.

Acritical challenge in nanocomposite fab-
rication is the ability to realize materials
that allow the transfer of the exceptional

mechanical properties (i.e., tensile strength, sUTS,
and Young’s modulus, E) of the nanoscale ma-
terials to the macroscale properties of the bulk

materials. Nanoparticle-filled polymer composites
based on these structural elements have mechan-
ical properties that fall far below the expected
theoretical and experimentally determined values
of the individual building blocks, except at low
volume fractions of the reinforcement (1–9). The
deficiency in the properties of the composite is
largely related to the difficulty of obtaining well-
dispersed large volume fractions of the reinforc-
ing nanomaterials and a lack of structural control.
The difficulty is also associated with realizing an
effective load transfer from the polymeric matrix
to the nanoscale components and the insufficient-
ly understood mechanical interactions of the two
constituents at the nanoscale.We demonstrate that
it is possible to produce composites with proper-
ties that approach the theoretical maxima using
spatial and orientational control of clay platelets
in a polymer matrix at the nanoscale and retain-
ing this order at the macroscale.

Hybrid organic-inorganic nanocomposites of
polymer and clay nanoplatelets have received spe-
cial attention because of the very low cost of the
inorganic component, relatively simple prepara-
tion, and fairly predictable stiffening behaviorwhen
introduced into polymers (9, 10).Montmorillonite
(MTM) clay (~1–nm–thick-by-100– to 1000–nm–
diameter sheets) has been extensively used for this
purpose because it is readily available and has ex-
ceptionalmechanical properties. The in-planemod-
ulus of elasticity has been estimated by Monte
Carlo simulations to be ~270 GPa (6). Although
composites incorporating 50 volume % of MTM
should theoretically have stiffness values on the
order of 100 GPa, values achieved to date with
MTM platelets are at least one order of magni-
tude lower. This is because, in general, less than
~10 weight % (wt %) of the clay can be incor-
porated homogeneously as completely dispersed
silicates rather than intercalated structures into the
polymer because of the strong tendency of the
clay to aggregate and phase separate. Further in-
creases in the volume of the clay content have
either marginally increased or even reduced both
the strength and stiffness (9, 11).

We approached preparation of the clay nano-
composite by using a bottom-up assembly pro-
cess called layer-by-layer (LBL) assembly (12).
The LBL process is based on sequential adsorp-
tion of nanometer-thickmonolayers of oppositely
charged compounds (such as polyelectrolytes,
charged nanoparticles, and biological macro-
molecules) to form a multilayered structure with
nanometer-level control over the architecture. In
the past, we have used the LBL technique to pre-
pare nanocomposites from carbon nanotubes
(CNTs) that have sUTS ~ 220 MPa (13, 14). We
have also shown that the organization of LBL
composites has many analogies with the structure
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of one of the toughest natural mineral-based ma-
terials, nacre (15). In this respect, LBL assembly
of negatively charged nanosheets of hectorite or
MTM clays with a poly(diallyldimethylammo-
nium chloride) (PDDA) polycation led to the for-
mation of a material with sUTS ~100 MPa and a
tangent stiffness after strain stiffening of ~11 GPa
(15, 16). Although fairly high, these values are
still below the theoretical limits for these mate-
rials, based on the mechanical properties of indi-
vidual nanotubes and/or clay sheets.

A traditional LBL process of sequentially
coating a surface with nanometer-thick layers of
poly(vinyl alcohol) (PVA) andMTMby immersing
a glass substrate in dilute solutions of the compo-
nents was used in this study (17–19). Ellipsometry
and ultraviolet/visible (UV/VIS) spectroscopy (Fig.
1 and fig. S1) revealed linear and uniform growth.

Characterization of the assembly with the use
of atomic force microscopy (AFM) (Fig. 1) and
scanning electron microscopy (Fig. 2) verified
dense coverage of the nanoplatelets and their
strictly planar orientation. The electron micros-
copy characterization provided thickness measure-
ments of 1.0 ± 0.1 mm (SEM) and 1.5 ± 0.1 mm
(SEM) for 200- and 300-bilayer films, respective-
ly, indicating an average of ~5 nm of thickness per
bilayer (Fig. 2A). Nearly identical thickness was
obtained from ellipsometry for a 300-bilayer film
grown on a silicon wafer: 1.480 ± 0.004 mm
(SEM). The cross section also revealed a well-
defined layered architecture.

We note that PVA is uncharged, unlike
many other polymeric materials used in LBL.
Nevertheless, it produces a stronger composite
than do other polymers that undergo electrostatic
attraction to the clay sheets (19–21). 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 tet-
rahedrons on the surface of the alumosilicates is
conducive to cooperative hydrogen bonding (the
Velcro effect). The distances between theO atoms
of clay and H atoms of PVA are 2.75 and 2.65 Å,
respectively, which makes hydrogen bonding ep-
itaxial (fig. S3). Second, a substantial 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 lo-
cated along the edges of the MTM platelets (22).
These Al atoms are easily accessible (Fig. 3A) to
the macromolecules, unlike similar groups in the
middle of the sheets. An atom of Al, two atoms
of O, and three atoms of C from PVA participat-
ing in this bond form a six-membered ring struc-
ture, which is known to be particularly stable
(Fig. 3A). Experimental data from Fourier trans-
form infrared (FTIR) spectroscopy, nuclear mag-
netic resonance (NMR), and x-ray photoelectron
scattering (XPS) spectroscopy, point to the for-
mation of theAl–PVAcovalent linkages. As such,
we see a characteristic shift in the XPS spectra of
Al from 74.4 to 74.9 eV (1 and 2 in Fig. 3B);

concomitantly, a change in the ratio of carbon
XPS peaks at 284.8 eV (–C–H2) and 286.2 eV
(–C–O–H) was observed (Fig. 3C). The forma-
tion of Al–PVA bonds can be further confirmed
by the appearance of the characteristic FTIR vi-
bration of Al–O–C (Fig. 3D, inset) at 848 cm−1

(22) and the strong suppression of the C–O–H
band at 3290 cm−1 (Fig. 3E), which correlate
well with the condensation of hydroxyls at Al
sites with those from PVA groups. The NMR
spectra of 27Al (fig. S4) remain the same as ex-
pected because the coordination environment of
Al (octahedral) did not change. The nanometer-
scale organization and the layered structure of the
composite provide the necessary conditions for the
formation of multiples of such cyclic linkages.

Films were treated with glutaraldehyde (GA)
after LBL assembly to further the bonding and
load transfer between the –OHgroups and the clay
surface. GA is a highly efficient cross-linking
agent for PVA (23, 24) that forms covalent acetal
bridges between –OH groups of the polymer
chains (fig. S5), as well as the hydroxyl groups
present on the MTM sheets and particularly on
their edges. Solid-state NMR techniques revealed
dramatic changes in the spectra before and after
GA treatment (fig. S4). We can also see clear
evidence of a reaction between GA and clay from
NMR (fig. S5) and FTIR spectra (fig. S6), which
indicates that this type of cross-linking further
increases connectivity between PVA and clay
sheets as well as the clay particles themselves.

Cross-linked free-standing films showed high
uniformity, strength, flexibility, and remarkable
transparency (Fig. 1D). UV/VIS spectra of the
300-bilayer free-standing films showed 80 to 90%
transparency across the visible light spectrum,
whereas pure PVA showed 90 to 95% trans-
parency (fig. S7). Thermogravimetric analysis
showed that the same films were composed in
~70 wt % (~50 volume%) of theMTM (fig. S8).
This can be explained by the nanoscale dimen-
sions of the inorganic phase and the nearly
perfect orientation and fine dispersion of the
nanoplatelets. UV/VIS spectroscopy also showed
Fabry-Perot patterns (25, 26), which are a further
indication of high uniformity in the film.

Evaluation of mechanical properties by mi-
crotensile tests yielded remarkable results even

Fig. 2. Scanning electron microscopy charac-
terization of a 300-bilayer, free-standing PVA/
MTM nanocomposite. (A) Cross section of the
film. Arrows indicate the span of the cross sec-
tion. (B) Close-up of the cross section showing
the separation of layers. (C) Top-down view of
a fracture edge of the composite after tensile
testing. Dashed line indicates edge of the sam-
ple. (D) Top-down view of the composite’s sur-
face. The 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 scanning electron microscopy sample
preparation.
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Fig. 1. Preparation of PVA/MTM nanocomposites. (A) Schematic representa-
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on top of a silicon wafer. (Inset) Close up of the main image showing
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without GA cross-linking (Fig. 4, Table 1, and fig.
S2). The nanocomposite displayed ~four times
higher strength and nearly one order of magnitude
higher modulus when compared with pure PVA
polymer. GA cross-linking increased the strength,
stiffness, and brittleness of both pure PVA and the
PVA/MTM composite. (Fig. 4, A and B) The ul-
timate tensile strength increased by nearly a factor
of 3 over the uncross-linked PVA/MTM strength
and 10 times in comparison with 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
that of pure PVA by two orders of magnitude, with
the highest values reaching 125 GPa. The modu-
lus of PVA/MTM with GA is comparable to that
of various grades of Kevlar (27–29), E ~ 80 to
220 GPa, and exceeds the stiffness of the stron-
gest CNT-based fibers (30). Additionally, unlike
PDDA-MTM composites, the PVA/MTM films
with GA cross-linking showed exceptional sta-
bility under humid conditions (fig. S9), which is
consistent with the covalent character of the bonds
responsible for load transfer.

Theoretical estimates for nanocomposite prop-
erties with nanometer-scale spacing of con-
stituents 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 (31).

Fig. 3. Characterization of PVA and MTM molecular inter-
actions. (A) Energy-optimized geometry of bonding between PVA
and MTM via Al substitution sites obtained by computer cal-
culations with the AM1 semi-empirical algorithm. (Right) Enlarged
portion of the six-membered cycle formed between PVA and
MTM. Al, purple; O, red; H, light gray; Si, dark gray; C, green. (B)
Al 2p orbital XPS spectra for (1) MTM, (2) PVA/MTM nano-
composite, and (3) PVA/MTM nanocomposite with GA cross-
linking. A positive energy shift is indicative of the increased
oxidation state of the Al. (C) C 1s orbital XPS spectra for (1) PVA,
(2) PVA/MTM composite, and (3) PVA/MTM composite with GA
cross-linking. XPS spectra were deconvoluted in component peaks
corresponding to the different oxidation states of C. The major
peaks at 284.8 and 286.2 eV correspond to –C–H2 and –C–O–H
carbons, respectively. (D) Comparison of FTIR spectra for (1)
PVA/MTM composite and (2) MTM. (Inset) Close-up of the major
peaks. Arrow points to the characteristic vibration peak at
848 cm−1. (E) Comparison of FTIR spectra for pure (1) PVA and
(2) PVA/MTM composite. The spectrum of PVA/MTM shows sup-
pression of the C–O–H vibrations because of covalent binding
with the MTM surface.
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We believe that the explanation of these results
lies in the effective stiffening of the PVA matrix
(due to constrainedmotion of the polymer chains)
because of its close proximity to and many inter-
actions with the MTM platelets. The evidence of
this reinforcementmechanism comes from differ-
ential scanning calorimetry (DSC) analysis (Fig.
3, C to F), which shows suppression of the ther-
mal motion of the PVA when it is constrained
between dispersed nanoplatelets. This effect should
result in a shift in glass transition temperature (Tg)
toward the higher values. However, the overall
suppression of motion 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. A similar effect can be seen from a
comparison of polymermelting temperatures (Tm)
between pure PVA (Fig. 4C) and PVA/MTM
(Fig. 4E). Whereas the Tm in PVA is sharp and
very well defined, PVA/MTM shows strong sup-
pression and broadening of the peak. An ad-
ditional 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 like-
lihood 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.

In conclusion, 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 plate-
lets 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.
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Major Australian-Antarctic
Plate Reorganization at
Hawaiian-Emperor Bend Time
J. M. Whittaker,1* R. D. Müller,1 G. Leitchenkov,2 H. Stagg,3 M. Sdrolias,1
C. Gaina,4 A. Goncharov3

A marked bend in the Hawaiian-Emperor seamount chain supposedly resulted from a recent major
reorganization of the plate-mantle system there 50 million years ago. Although alternative mantle-
driven and plate-shifting hypotheses have been proposed, no contemporaneous circum-Pacific plate
events have been identified. We report reconstructions for Australia and Antarctica that reveal a major
plate reorganization between 50 and 53 million years ago. Revised Pacific Ocean sea-floor
reconstructions suggest that subduction of the Pacific-Izanagi spreading ridge and subsequent
Marianas/Tonga-Kermadec subduction initiation may have been the ultimate causes of these events.
Thus, these plate reconstructions solve long-standing continental fit problems and improve constraints
on the motion between East and West Antarctica and global plate circuit closure.

Along-standing controversy in global tec-
tonics concerns the ultimate driving forces
that episodically cause major plate tec-

tonic reorganizations. Proponents of “top-down”
mechanisms [e.g., (1, 2)] argue that plates them-

selves drive instabilities of the plate-mantle
system, whereas others [e.g., (3)] have argued
that major mantle overturns drive plate tectonic
punctuations. The most prominent manifestation
of this controversy is the Hawaiian-Emperor sea-

Table 1. 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 (fig. S2). Themoduli were obtained using the custom-
built tensiometer. N indicates the minimum number of experimental data
points that we used in the statistical calculations.

Sample type (N) Tensile strength
sUTS (MPa)

Modulus
E′ (GPa)

Ultimate strain
e (%)

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
*Data are the previously published results by Tang et al. (15) for 1.2-to-4.9–mm–thick (50 to 200 bilayers) samples tested at relative humidity of 32%.
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