
pubs.acs.org/MacromoleculesPublished on Web 07/19/2010r 2010 American Chemical Society

Macromolecules 2010, 43, 6549–6552 6549

DOI: 10.1021/ma101054w

Cross-Linked “Matrix-Free” Nanocomposites from

Reactive Polymer-Silica Hybrid Nanoparticles

Benjamin I. Dach,
†,‡

Hern�an R. Rengifo,
‡
Nicholas

J. Turro,†,‡ and Jeffrey T. Koberstein*,‡

†Department of Chemistry and ‡Department of Chemical
Engineering, Columbia University, 3000 Broadway, New York,
New York 10027

Received May 12, 2010
Revised Manuscript Received June 21, 2010

Nanoparticles have been used to reinforce polymers for at least
150 years, beginning perhaps with the development of carbon
black filled elastomers for the tire industry.1 The incorporation of
nanoparticles generally brings about significant improvements in
a number of important polymer properties.2,3 Silica nanoparticles
dispersed homogeneously within polymer matrices, for example,
have been reported to enhancemechanical properties4,5 including
modulus, flexural, tensile, and impact strength up to a silica
content of about 2.5%.6 As a result, fracture toughness7 and
thermal stability8,9 were also improved.

More recently, the advent of strategies for the synthesis of
nanoparticles10 with unique photonic, magnetic, electrical, and
catalytic properties11 has brought excitement and promise for
new nanoparticle applications in a broad range of emergent areas
including sensors, optics, membranes, biology, medicine, and
microelectronics. While these new properties and applications
have garnered great interest, it has not been widely appreciated
that these nanoparticles must generally be combined with some
organic material, usually polymeric in nature, in order to realize
macroscopic materials with useful properties.

The direct dispersion of nanoparticleswithin a polymermatrix,
however, is a process prone to aggregation,2,3 a phenomenon that
cannot be readily overcome by more intensive mixing12 and that
negates many desired property enhancements. Much effort
has therefore focused on the modification of nanoparticle-
nanoparticle interactions to improve dispersion quality. For
example, decorating the nanoparticle surface with a polymer
brush screens particle-particle interactions and creates a poly-
mer-inorganic hybrid that disperses more readily into a homo-
polymermatrix.Unfortunately, nanoparticle aggregation, a dele-
terious effect that negates many of the desirable nanocomposite
properties, is only avoided when the brush molecular weight
exceeds that of the polymermatrix, a condition that does not lead
to optimal physical properties.13-15

We report herein a supramolecular building block approach
for the preparation of a new family of nanocomposites that
comprise nanoparticles cross-linked by polymer bridges but that
do not require a polymer matrix. These “matrix-free” nanocom-
posites (MFNs) are not prone to the nanoparticle aggregation
effects that plague conventional nanocomposites and hold pro-
mise to provide exceptionally high strength and toughness owing
to the formation of covalent polymer bridges linking nanoparti-
cles. Our novel modular approach is based upon the construc-
tion of complementary reactive supramolecular building blocks:
nanoparticles decorated with heterobifunctional polymer brushes
that provide reactive functionality at their periphery as depicted in

Figure 1. These hybrid building blocks are somewhat analogous
to block copolymers, specifically star block copolymers, wherein
covalent bonding between different polymer sequences of the
block copolymer prevents the aggregation or phase separation
that usually occurs in the physical blend of the corresponding two
homopolymers. In a similar fashion, covalent bonding between
the polymer and a nanoparticle can prevent nanoparticle aggrega-
tion in aMFN. In the present case, nanoparticles with covalently
bound azide-terminated polymer brushes and nanoparticles with
covalently bound alkyne-terminated polymer brushes constitute
hybrid building blocks that are simply “clicked” together like
molecularLegos orTinkerToys to formcross-linkednanoparticle
assemblies as shown in Figure 1. Reinforcement is provided by
polymer bridges joining adjacent nanoparticles, yet aggregation is
avoided because a polymer matrix is not employed. “Click”
chemistry, specifically the 1,3-dipolar cycloaddition of alkyne
and azide end groups to produce triazole cross-links,16 is chosen
as the curing chemistry because its quantitative and chemoselec-
tive nature allows nanoparticles to be decoratedwith virtually any
polymer. Polymer brushes on the azide- and alkyne-functional
supramolecular building blocks need not be the same polymer
species (two different polymers are illustrated inFigure 1), and the
nanoparticles may also differ in chemical nature (identical nano-
particles are shown).

MFNs offer unique gelation behavior because the supramole-
cular building blocks from which they are formed provide
exceptionally high reactive functionality. Conventional gels,
typically based on cross-linkers with a functionality of 3-4,
require a reaction conversion in the range of 50-75% to reach
the gel point.17,18 The cross-linkers in MFNs, in contrast, are
hybrid nanoparticles decorated with hundreds of end-functional
polymer brushes, potentially lowering the conversion required
for gelation to 1%or less andminimizing the formationof any sol
fraction. While cross-linked nanoparticle assemblies have been
prepared previously, e.g., by adding bifunctional cross-linkers

Figure 1. Schematic diagram showing the formation of a matrix-free
nanocomposite from azide-functional and alkyne-functional poly-
mer-hybrid nanoparticle building blocks. The red circles represent
nanoparticles, and the black dots are triazole cross-links. The schematic
illustrates the case where different polymers (a blue polymer and a green
polymer) are used to prepare the two complementary building blocks.
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and free radical initiators to graft organic-nanoparticle hy-
brids,19-26 we are not aware of any previous investigation that
has used reactive polymer-nanoparticle hybrids as cross-linkers
as we do herein. This Communication focuses on the chemical
aspects of MFN preparation; reports on their mechanical and
physical properties will follow.

The detailed preparation procedure used to construct the
required complementary supramolecular building blocks is given
in Figure 2. Details of the synthetic methods employed are given
in the Supporting Information. The first step is functionalizing
silica nanoparticles with azide and alkyne groups by treatment
with o-propargyloxy-N-triethoxysilylpropylurethane or 1-bro-
moundecyltrichlorosilane (followed by conversion to azide
by reaction with NaN3), respectively. Heterobifunctional poly-
mers27 are then covalently bound to the nanoparticles by the
appropriate click reactions. Because heterobifunctional polymers
are employed, there is no possibility of loop formation in the
functional polymer brushes. As a proof of concept, we use
different polymers to prepare two complementary azide and
alkyne functional supramolecular building blocks: an azido-
poly(styrene)-silica nanoparticle hybrid and an alkyne-poly-
(tert-butyl acrylate)-silica nanoparticle hybrid. Homopolymers
of polystyrene and poly(tert-butyl acrylate) would normally be
immiscible.

Matrix-free nanocomposites for infrared spectroscopy studies
were prepared according to the following recipe: 50 mg of
azido-poly(styrene)-silica nanoparticles, 50 mg of alkyne-
(tert-butyl acrylate)-silica nanoparticles, and a stir bar were
added to a 100 mL round-bottom flask under an inert atmo-
sphere. 10 mL of dimethylformamide (DMF), 12 mg of Cu(I)Br,
5 mg of Na-L-ascorbate, 5 mg of tris[(1-benzyl-1H-1,2,3-triazol-
4-yl)methyl]amine (TBTA), and 50 μL of pentamethyldiethyle-
netriamine (PMDETA) were then added to the round-bottom
flask, and the solution was stirred under an inert atmosphere at
80 �C for 24 h. After 24 h, the stirring was stopped, and the
materials were heated in the round-bottom flask at 80 �C for an
additional 24 h. At the end of the 48 h period a hybrid gel with a
soft gel-like consistency had formed in the flask. Because “click”
reactions are chemoselective, the polymer grafting reaction and the
MFN curing reaction are both insensitive to the chemical nature of
the polymer, allowing any click functional polymers to be employed.

A polymer matrix is not required because all polymeric consti-
tuents are covalently bound to the nanoparticle surface before
curing. The nanocomposites therefore can, strictly speaking, be
considered “matrix-free”.

The nanoparticle building blocks and their nanocomposites
were characterized by diffuse reflectance infrared Fourier trans-
form spectroscopy (DRIFTS).28 Their thermal and mechanical
properties were investigated by thermogravimetric (TGA) and
rheological analyses, respectively.

Figure 3 shows the results of diffuse reflectance infrared
Fourier transform spectroscopy (DRIFTS) analysis of bare and
modified silica nanoparticles. All spectra show a strong and
broad absorbance band near 1100 cm-1 (Si-O) due to the silica
nanoparticles. The azido-poly(styrene)-silica nanoparticle
hybrids show an additional azide absorbance band at 2100
cm-1 (-NtN), a signature that confirms successful transfor-
mation of the terminal bromine to azide pictured in Figure 2
(left).29 The spectra for azido-poly(styrene)-silica and
alkyne-poly(tert-butyl acrylate)-silica exhibit a band at
2900 cm-1 associated with the C-H stretching vibrations from
organic portions of the surface-bound molecules. A doublet at
1485 cm-1 can be seen in the spectrum for azido-poly-
(styrene)-silica due to the CdC aromatic bonds in polysty-
rene. A band at 1650 cm-1 is observed in the spectrum for
alkyne-poly(tert-butyl acrylate)-silica which can be attribu-
ted to the CdO bond in the acrylate group. Curve d offers
proof that azido-poly(styrene)-silica and alkyne-poly(tert-
butyl acrylate)-silica nanoparticle building blocks have
“clicked” together (i.e., cross-linked) to form the MFN as
evidenced by the decrease in the azide peak intensity upon
1,2,3-triazole formation.

The amounts of polymer grafted to the silica nanoparticles
were determined byTGA30 analysis (TAQ50 ; scan rate of 10 �C/
min; nitrogen atmosphere). Figure 4 shows TGA thermograms
for several of the silica-based nanoparticles heated to 800 �C. For
bare silica the observed weight loss of 5.33% can be attributed
to the loss of water and to silanol group dehydroxylation.31

The alkyne-silica, azide-silica, azido-poly(styrene)-silica,
and alkyne-poly(tert-butyl acrylate)-silica nanoparticles lost
8.95%, 12.48%, 22.58%, and 23.23% of their weights, respec-
tively. These results indicate that both the ligand modification
and subsequent polymer modification steps proceeded as ex-
pected fromFigure 2. Analysis of the weight loss for the polymer-
modified nanoparticles indicates that their polymer grafting
density is ∼0.1 polymer chains/nm2.

Figure 3. DRIFTS spectra of (a) bare silica, (b) azido-poly(styrene)-
silica, (c) alkyne-poly(tert-butyl acrylate)-silica, and (d) nanocompo-
site.

Figure 2. Synthetic route toward polymer-silica nanoparticle hybrids.
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Silica nanoparticles modified with azide-terminated polysty-
rene brushes and silica nanoparticles modified with alkyne-
terminated poly(tert-butyl acrylate) brushes were prepared
according to the procedures described in Figure 2. 50 mg of each
type of nanoparticle, 12 mg of Cu(I)Br, 5 mg of Na-L-ascorbate,
5mg of TBTA, and 50 μLof PMDETAwere codissolved in 1mL
of dimethylformamide solvent and subsequently loaded into a
TA Instruments AR2000 rheometer with a 60 mm diameter steel
parallel-plate geometry and a 25 μm gap. The results in Figure 5
were obtained by applying a 5% oscillatory strain at rate of 1 Hz
to the material at a temperature of 80 �C to follow the curing
reaction. InFigure 5, nonfunctional nanoparticles are the control
group of nanoparticles without “click” functional groups on their
surfaces or bare silica nanoparticles. The same amount of solvent
and catalyst was used for the rheology of nonfunctional and
functional nanoparticles. The crossover of G0, storage modulus,
and G00, loss modulus, at about 40 min indicates the gel point of
the “click” functional nanoparticles.32 The progress of the curing
reaction was also monitored by DRIFTS as shown in Figure 3d.
The absorbance of the azide stretch vibration at 2100 cm-1

decreases upon curing as a consequence of azide-alkyne click
reactions that form triazole-linked polymer bridges between
nanoparticles.

A distinct advantage of MFN’s is that they can incorporate
large amounts of nanoparticle that approach the close-packed
limit. The silica MFNs described herein contain about 75 wt %
silica, based upon the TGA analysis; however, the amount of
polymer required can be vanishingly small. In principle, only
three polymer brushes are required on each nanoparticle to
produce a gel.

TheMFNs prepared in this initial study have a shear modulus
on the order of 0.1 MPa, about 1000 times that of the uncured
hybrid nanoparticles. The modulus is quite low compared to
reported values of Young’s modulus for other silica nanocom-
posites (ca. 1 GPa for polypropylene-silica33 and ca. 3 GPa for
epoxy-silica34), suggesting that the click reaction conversion is
low and that the network formed is far from complete. This result
is not surprising considering that the complementary nanoparti-
cles used were decorated with different, immiscible polymers and
thus were not expected to be well mixed. In fact, we have shown
herein that cross-linked nanocomposites can be obtained even in
the worst case scenario, when complementary nanoparticles are
decorated with immiscible polymer brushes. We expect the
moduli to be much higher for complementary nanoparticles
decorated with brushes comprising the same polymer; however,

it is not obvious howhigh the attainable reaction conversion is for
these systems or how it might depend on system parameters such
as brush molecular weight, aerial density, or nanoparticle size.
While sol fraction is essentially absent in these systems, an
attractive bonus feature ofMFNs,many of the functional groups
will remainunreacted after gelation. This attribute, however,may
be desirable as these functional groups could be used subse-
quently to decorate the gels with a variety of interesting side chain
constituents such as peptides or sugars to expand the applicability
of the gels, particularly in the biological and sensor arenas when
water-soluble brushes are used to prepared nanoparticle cross-
linked hydrogels. Finally, it is interesting to speculate howMFNs
might be processed. While we use a small amount of solvent
herein to prepare copper-catalyzedMFNs, it is possible to simply
deposit mixtures of nanoparticles into a mold and affect a
thermal cure at temperatures as low as 60 �C without copper
catalyst, in a sense mimicking powder metallurgy methods of
processing. Reports to follow will examine in detail how various
molecular parameters affect the reaction conversion and how the
mechanical and physical properties correlate with the associated
network structure for this new family of nanocomposites.

In summary, we have successfullymodified silica nanoparticles
with reactive polymer brushes to present both azide and alkyne
“click” functional groups at their peripheries. Infrared and
rheological analyses document that a cross-linked matrix-free
nanocomposite is formed when a mixture of the two comple-
mentary nanoparticles is cured by a copper-catalyzed alkyne-
azide click reaction.
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