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The mechanical failure of hybrid materials made from
polymers and single-wall carbon nanotubes (SWNT) is
primarily attributed to poor matrix-SWNT connectivity and
severe phase segregation. Both problems can be
successfully mitigated when the SWNT composite is made
following the protocol of layer-by-layer assembly.
This deposition technique prevents phase segregation of the
polymer/SWNT binary system, and after subsequent
crosslinking, the nanometre-scale uniform composite with
SWNT loading as high as 50 wt% can be obtained. The free-
standing SWNT/polyelectrolyte membranes delaminated
from the substrate were found to be exceptionally strong with
a tensile strength approaching that of hard ceramics.
Because of the lightweight nature of SWNT composites, the
prepared

free-standing membranes can serve as

components for a variety of long-lifetime devices.
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(SWNT)'* have prompted intensive studies of SWNT composites.

However, the present composites have shown only a moderate
strength enhancement when compared with other hybrid materials™.
Although substantial advances have been made'’, mechanical properties
of SWNT-doped polymers are noticeably below their highly anticipated
potential. Pristine SWNTs are well known for poor solubilization,
which leads to phase segregation of composites. Severe structural
inhomogeneities result in the premature failure of the hybrid
SWNT/polymer materials. The connectivity with, and uniform
distribution within the matrix are essential structural requirements for
the strong SWNT composites''". Here we show that a new processing
approach based on sequential layering of chemically modified nanotubes
and polyelectrolytes can greatly diminish the phase segregation, and
render SWNT composites highly homogeneous. Combined with
chemical crosslinking, this processing leads to drastically improved
mechanical properties. The tensile strength of the composites is several
times higher than that of SWNT composites made by mixing, and
approaches values seen for hard ceramics. The universality of the layering
approach is applicable to a wide range of functional materials. Successful
incorporation of SWNT into a variety of composites should be possible,
imparting them with the required mechanical properties.

SWNT composites are typically prepared by blending, in situ
polymerization and extrusion. After extensive surface modification, such
as grafting or polymer wrapping'>™, the phase segregation from a
macromolecular matrix is smaller than for pristine SWNT, but still
remains high owing to vastly different molecular mobilities of both
components. For that reason, most commonloadings of nanotubesin the
polymer matrix are within the 1-15 wt% range, whereas more than 50%
of the SWNT content is needed for materials with special mechanical
performance without compromising the homogeneity of the composite
at the nanometre level. The phase segregation between dissimilar

E xceptional mechanical properties of single-wall carbon nanotubes
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Figure 1 Structural characterization of SWNT multilayers. a, Sequential
ultraviolet-visible optical density (0.d.) spectra of a glass substrate in the course of the LBL
deposition of SWNT. The spectra were taken for a total number of (PE/SWNT) bilayers
indicated in the graph. b, Raman scattering spectra of SWNT dispersion (1), LBL fimona
glass substrate (2), and free-standing film (3). ¢, Tapping-mode AFM image (DI, Multimode
[lIA) of a silicon wafer bearing (PEI/PAA)(PEI/SWNT),.
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materials can be circumvented by applying a new deposition technique
often called layer-by-layer assembly (LBL)". This technique is based on
the alternating adsorption of monolayers of individual components
attracted to each other by electrostatic and van der Waals interactions.
The immobilization of the macromolecular compounds and strong
interdigitation of the nanometre-thick film allows for the close-to-perfect
molecular blending of the components'®"7.

The SWNT/polyelectrolyte composites produced in this study were
assembled on to a solid support by alternate dipping of a solid substrate
(glassslides, silicon wafers) into dispersions of SWNT and polyelectrolyte
solutions'®". The individual assembly steps, that is, adsorption of SWNT
and polyelectrolyte monolayers, were separated by rinsing steps to remove
the excess of assembling materials. When the LBL procedure was
complete, the multilayer films were lifted off the substrate to obtain
uniform free-standing membranes that can be handled as regular
composites®. Such films make straightforward testing of their mechanical
properties possible.

SWNTs were manufactured by laser vapourization of carbon rods
doped with Co, Ni and Fe$ in an atmosphere of Ar:H,. A suspension of
SWNT raw material was refluxed in 65% HNO, and subsequently
purified by centrifugation. Supplemented by sonication, this treatment
results in the partial oxidation of about 5% of the total number of carbon
atoms both in the caps and walls of SWNT?'. The presence of carboxylic
acid groups allows the preparation of metastable SWNT dispersions after
1 min of sonication in deionized water without any additional surfactant.
These negatively charged SWNTs with a zeta-potential of —0.08 V can be
assembled layer-by-layer with positively charged polyelectrolyte, such as
branched poly(ethyleneimine) (PEI, Aldrich), of molecular weight
M, = 70,000. Because the overall negative charge of the SWNT used here
was fairly small, after every fifth deposition cycle, a layer of SWNT was
replaced with a layer of poly(acrylic acid) (PAA, Aldrich), M = 450,000.
These additional layers improve the linearity of the deposition process,
and present a convenient chemical anchor for subsequent chemical
modification. For the same reasons, a single PEI/PAA bilayer was
deposited on a bare glass or silicon substrate before the SWNT assembly.
All solutions were made in 18 MOhm deionized water. Deionized water
was also used for rinsing at pH 8.5 adjusted by NaOH. Wafers/glass slides
were cleaned in piranha solution (a 1:3 mixture of 30% H,O, and
concentrated H,SO,; note that this mixture is dangerous as it violently
reacts with organics), rinsed with deionized water, sonicated for 15 min
and again thoroughly rinsed with deionized water. They were then coated
with a precursor layer: PEI (10 min) + PAA (15 min, pH 3), followed by
the deposition of (PEI/SWNT),. The 1% PEI solution was at pH 8.5;
1% PAA solution was at pH 6 (pH 3 for wafer coating); SWNT solution
was at pH 6.8. The layer sequence of (PEI/PAA)(PEI/SWNT), was
repeated until the desirable thickness was obtained. Exposure times of
10and 60 min were used for polylectrolytes and SWNT baths,
respectively. Theassembly conditions of the entire procedure (suchas pH,
ionic strength and concentrations) were optimized so that the dipping
cycles could be repeated as many times asneeded with linear growth of the
multilayers (Fig. la). This enables the preparation of films with any
desirable thickness and architecture tailored to different applications.
Multilayer stacks with a cumulative structure of ((PEI/PAA)
(PEI/SWNT),), and ((PEI/PAA)(PEI/SWNT),), containing 30 and
40 (PEI/SWNT) bilayers, respectively, were typically used in this study.

Similarly to other polyelectrolyte LBL systems's, an interdigitated
layer of SWNT is deposited in each deposition cycle. The final
morphology of the multilayers can be described as a mixture of
individual carbon nanotubes and their 4-9 nm bundles intricately
interwoven together in a fine fabric (Fig. 1c). Two important structural
characteristics should be pointed out. SWNT uniformly cover the entire
surface of the substrate withoutany evidence of phase separation. Also, in
our experiments, the presence of oxidized flat graphite sheets, and other
forms of carbon colloids, was minimal. Both these factors contributed to
themechanical properties of the composites. The quality of the nanotube
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Figure 2 Electron microscopy of the rupture region in SWNT multilayers. a, SEM image of the surface and broken edges of ((PEI/PAA)(PE/SWNT),),. b, and ¢, TEM images of ruptured
areas of the free-standing films. The arrows indicate the possible positions of the stubs of the broken nanotube bundles. They were identified as such because the diameter of both of them
is similar to that of the actual SWNT bundle bridging the gap, and their mutual positioning presents an almost perfect match with the expected location of the ends of a bundle broken

during gap opening.

material was also assessed by Raman spectroscopy (Fig. 1b).
Raman measurements were performed in a backscattering
configuration with a 50 mW laser light at 514.5 nm incident on the
samples. The characteristic Raman peaks for SWNTs, for example, the
radial breathing mode (RBM) at ~182 cm™, in which carban atoms are
undergoing radial displacement, and the tangential C-C stretching
modes located at ~1560 cm™ (G, mode) and ~1583 cm™ (G, mode),
which result from the splitting of the E,, stretching mode in graphite,
were very sharp and narrow indicating the high uniformity of the SWNT
and low level of impurities present in the films. A barely visible peak at
~1340 cm™ (D mode) resulting from disordered-inducing Raman

scattering from sp?carbons. Using the correlation between the frequency
of the radial breathing mode, v, and the SWNT diameter, d, expressed as
d=223.75/v (ref. 22), a value of d= 1.2 nm was obtained, which is in a
good agreement with the SWNT diameters obtained from AFM (atomic
force microscopy) images of many individual nanotubes. From these
images, the length of the nanotubes was estimated to be 2—7 wm.

PEI was used as the LBL partner of SWNT because of the terminal
-NH, and backbone-NH-groupsin the main chainand branches, which
are suitable for the subsequent chemical modification of the composite®.
The PEI chains can be either crosslinked with each other or with carboxyl
groups on SWNT and PAA. Chemical stitching increases the connectivity

1,000 nm

Figure 3 Examination by TEM of the homogeneity of the SWNT LBL film. a, Survey and b, close-up TEM images of SWNT film cross-sections. The top and bottom sides of the film are
slightly differentin roughness: the one that was adjacent to the flat substrate is smoother than the ‘growth’ surface of the film.
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Figure 4 Typical tensile strength curves of the SWNT LBL films. Stress (o)—strain (¢)
dependence for: a, ((PEI/PAA)(PEI/SWNT),),, and b, a similar free-standing multilayer
film made solely from polyelectrolytes (PEI/PAA), . The dependence of the mechanical
properties of the SWNT LBL composites on humidity was tested in the range of relative
humidity of 30—100%, at a temperature of 298 °C, and was found to be negligible.

of the polyelectrolyte matrix with SWNT, and therefore the load transfer
in the composite'. Here we used the combination of both modification
pathways. Partial covalent SWNT-PEI-PAA crosslinking wasachieved by
heating the films to 120 °C after the deposition of each layer, resulting in
amide bonds between a variety of protonated and non-protonated
functional groups of PEIL, PAA and SWNT, which complemented the
intrinsic ionic crosslinking of the LBL films*. Subsequently, the film was
crosslinked in 0.5% glutaraldehyde (OCHCH,CH,CH,CHO) solution
in phosphonate buffer (0.054 M Na,HPO,, 0.013 M NaH,PO,, pH 7.4)
for 1 h at room temperature. To remove unreacted glutaraldehyde, the
film wasrinsed with tap water for3 x 10 minutes.and then with deionized
water for the same period. This reaction produces a tight network of
polymeric chains and nanotubes connected by dialdehyde linkages. It was
found thatif only 1% ofall carbon atoms of SWNT are chemicallybonded
to the polymer matrix, such crosslinking drastically increases the sheer
between them by an order of magnitude®. Therefore, a 5% density of
—COOH groups on the SWNT surface described above should be
sufficient to obtain good connectivity with the polyelectrolyte matrix.
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Note thataminor part of these groups is probably utilized at the moment,
because of the relativelylow temperature of amide bond crosslinking step.

The mechanical properties of the LBL-assembled SWNT thin films
were studied in their free-standing form, which was prepared by the
chemical delamination from the substrate?. SWNT multilayers were
separated from the silicon wafers by immersion into 0.5% aqueous
hydrofluoric acid for 3 min. The Raman scattering spectrum of the
separated filmis almostidentical to that of the supported film and original
nanotubes (Fig. 1b), demonstrating that the structure of SWNT remains
mostly unaltered during the crosslinking and delamination.
The breathing-mode frequency shifts from 183 cm™ in the assembled
film to 181 cm™ in the crosslinked self-standing films, which indicates a
small compression of the tube diameters.

The delaminated thin films (Fig. 2a),canbeeasilyhandled ina variety
of ways. They can be made of any desirable size or shape determined only
by the dimensions of the substrate. The films that we routinely prepare in
this study were 1cmby3cm. Assemblies with a structure of
((PEI/PAA)(PEI/SWNT),), and ((PEI/PAA)(PEI/SWNT),), displayed
an SWNT content of 50 + 5 wt% as calculated from carbon and nitrogen
energy dispersive X-ray analysis peak integrals. Previously reported
composites made with modified SWNT revealed strong
inhomogeneities®® even at SWNT loadings as low as 6-8% wt%.
The cross-sectional images of the free-standing film (Fig. 3a,b) clearly
demonstrates the absence of micrometre-scale inhomogeneities,
although the occasional inclusion of round 30-60 nm particles can be
seen (these are possibly dust). The slight variations in the grey-scale
contrast between different strata show the actual variations in SWNT
distribution within the sample. They originate from small deviations in
SWNT adsorption conditions, such as dispersion concentration and pH,
during the build-up procedure. In scanning electron microscopy (SEM),
the surface of the sample also appears smooth and continuous (Fig. 2a).
Typically, the separation of single/multiwall carbon nanotubes and their
bundles in mixed polymer composites can be observed as whiskers clearly
visible in images from transmission electron microscopy (TEM) and
SEM**. TEM examination of the initial stages of rupturing showed that
virtually no fibre pullout occurs in the LBL multilayers (Fig. 2b). This can
be contrasted by extensive nanotube pullout reported before by several
groups**. For many TEM images obtained in different areas of the self-
standing films, we were able to observe only one SWNT bundle bridging
thebreak region (Fig. 2¢). The same image also shows two broken carbon
fibre stubs imbedded in the walls of the crack (marked by arrows in
Fig. 2¢). Scanning and transmission electron microscopy results indicate
the efficient load transfer in the LBL composite.

The mechanical properties of the layered composites were tested on a
custom-made thin-film tensile strength tester (McAllister) recording the
displacement and applied force by using pieces cut from
((PEI/PAA)(PEI/SWNT),), and ((PEI/PAA)(PEI/SWNT),), free-
standing films. The tester was calibrated on similar pieces made from
cellulose acetate membranes and nylon threads.
((PEI/PAA)(PEI/SWNT),), and ((PEI/PAA)(PEI/SWNT),), samples
had an average thickness, measured by TEM, of 0.75 and 1.0 um
respectively. Their typical stress (9) versus strain (&) curves differed quite
markedly from stretching curves seen previously for SWNT composites'
and for LBL films made solely from polyelectrolytes, (PEI/PAA),;,
obtained by the same assembly procedure (Fig. 4b). They displayed a
characteristic wave-like pattern,a gradual increase of the d/ de derivative,
and the complete absence of the plateau region for high strains
corresponding to plastic deformations (Fig. 4a). The latter correlates well
with the enhanced connectivity of SWNT with the polymer matrix
(Fig. 2). Other stretching features indicate the reorganization of the
layered composite under stress. A process similar to the sequential
breakage of crosslinked parts of coiled molecules (see AFM image in
Fig. 1) observed in natural nanocomposites, such as seashells and
bones®?, is likely to be responsible for the wave-like pattern and the
increase of the slope of the stretching curve. Considering the complexity
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of the deformation process, the assessment of elastic and inelastic
behaviourin each partof the curve will be possible by detailed microscopy
investigation. Meanwhile, the values of dd/de exceeding 35 GPa should
be noted.

The comparison with stretching curves for polyelectrolytes (Fig. 4b)
shows that the incorporation of nanotubes in the LBL structure resulted
inthetransfer of the SWNT strength to the entire assembly. The stretching
curves of the SWNT multilayers display a clear break point. The ultimate
tensile strength, T, was found to be 220 + 40 MPa with some readings as
high as 325 MPa. This is several orders of magnitude greater than the
tensile strength of strong industrial plastics®, which have T values of
20—66 MPa. It is also substantially higher than the tensile strength of
carbon fibre composites made by mixing: the T value of polypropylene
filled with 50 vol.% carbon fibres is 53 MPa (ref. 29). A recent study'® on
SWNT/poly(vinylalcohol) ribbons with axially aligned nanotubes
reporteda T'of 150 MPa. The Tvalues obtained for SWNT LBL films are,
infact, close to those of ultrahard ceramics and cermets such as tungsten
monocarbide, T'= 340 MPa, silicon monocarbide, T'=300 MPa, and
tantalum monocarbide, T'= 290 MPa. Such strength and failure strain,
greater thanin cermets (>1% in SWNT LBL versus 0.2—0.6% in carbides),
displayed by an organic composite is quite remarkable.

The T values of single carbon nanotubes was experimentally
determined to be between 13 and 50 GPa?>*. The lower values obtained
forthe SWNT multilayers should be mainlyattributed to the contribution
of polyelectrolytesand some uncertaintyin theactual cross-sectionareaat
the breakpoint,and a degree of crosslinking. The mixinglaw predicts that
apolyelectrolyte matrix with T'=9 MPa makes a negligible contribution
to thestrength of the composite, although taking about 50% of its volume
fraction. (For SWNT d=1.14gcm™. Because the density of the
polyelectrolytes used for the preparation of the multilayers—PDDA
d=1.04 gcm,PAA d = 1.14 g cm—is almost the same as d of SWNT,
thevolume fraction of nanotubesin the composite canbe considered tobe
equal to the mass fraction). Additionally, the decrease of the mechanical
strength of the nanotubes in the process of ionic functionalization
(estimated to be 15%)*' is also a factor affecting the strength of these
composites. These issues are pointed out as a means of further
optimization of the multilayers. Tuning of their molecular structure and
composition should lead to vast improvement of their mechanical
properties, which could possibly approach those of pristine
carbon nanotubes.

It is also interesting to compare the T values for SWNT composite
films with those obtained for other LBL films made with other inorganic
components such as montmorillonite platelets, M, and nanoparticles,
NP, for example 8-10 nm magnetite nanoparticles. The free-standing
films (PDDA/NP), and (PDDA/NP/PDDA/M),, prepared as described
elsewhere” revealed T equal to 40 MPa and 72 MPa, respectively.
In conjunction with the T data in Fig. 4, it can be concluded that
inorganic or SWNT components act as a molecular armour in the
layered composites, significantly reinforcing them. The molecular
organization of the material made possible the transfer of a part of their
strength to the entire assembly.

The high structural homogeneity and interconnectivity of the
structural components of the LBL films combined with high
SWNT loading leads to a significant increase in the strength of SWNT
composites. The described technique minimizes the structural defects
originating from phase segregation, and opens up possibilities for the
molecular design of layered hybrid structural materials from different
polymers and other nanoscale building blocks. The prepared free-
standing membranes can serve as a unique component for a diverse
variety of long-lifetime devices including elements of a space station and
advanced prostheses.
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CORRIGENDUM

Molecular design of strong single-wall
carbbon nanotube/polyelectrolyte muitilayer
composites

ARIFA. MAMEDOV, NICHOLAS A. KOTOV, MAURIZIO PRATO, DIRK M. GULDI, JAMES P. WICKSTED
AND ANDREAS HIRSCH

Nature Materials1,190-194 (2002).

In this article, the manufacture of SWNTs was incorrectly described in lines 18 and 19 of the second column on page 191. It should have

read as follows:
The SWNTs were manufactured by laser vaporization of carbon rods, which were doped with Co/Niin a 1:1 ratio in an atmosphere of Ar.

An additional statement should also have appeared in the Acknowledgements section as follows:
The SWNTs used in this work were supplied by M. Kappes and F. Hennrich (University of Karlsruhe, Germany).
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