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Abstract: Surface-initiated atom-transfer radical polymerization
is used to synthesize particle brushes with controlled fraction of
extended and relaxed conformations of surface-grafted chains.
In the semidilute brush limit, the grafting of polymeric ligands is
shown to facilitate the formation of ordered yet plastic-compliant
particle array structures in which chain entanglements give rise
to fracture through a polymer-like crazing process that dramati-
cally increases the toughness and flexibility of the particle
assembly.

Current interest in the assembly of ligand-coated nanoparticles
into 2D and 3D array structures is driven by the opportunities for
novel material technologies that derive from the interactions within
nanoparticle superlattice structures.1 A common challenge in the
solution-based assembly of particle superlattice structures is the
propensity of hard-sphere-type particle assemblies to crack forma-
tion and brittle fracture during solvent evaporation.2 Recent progress
in controlled radical polymerization offers novel opportunities for
polymer-stabilized colloidal systems as building blocks of particle
superlattice structures.3 Here we demonstrate that the grafting of
polymeric chains can facilitate the formation of (short-range)
ordered yet plastic-compliant particle array structures in which chain
entanglements give rise to fracture through polymer-like crazing,
thus dramatically increasing the toughness and flexibility of the
particle assembly.

The particle systems in our study consist of polystyrene (PS)-
grafted silica particles with average core radius r0 ) 7.7 ( 2 nm
with the following grafting characteristics: F ) 0.71 nm-2, N )
10, Mw/Mn ) 1.08 (SiO2-S10); F ) 0.84 nm-2, N ) 149, Mw/Mn )
1.21 (SiO2-S150); F ) 0.5 nm-2, N ) 773, Mw/Mn ) 1.32 (SiO2-
S770); and F ) 0.52 nm-2, N ) 1363, Mw/Mn ) 1.79 (SiO2-S1360);
where F denotes the grafting density, N the degree of polymeriza-
tion, and Mw/Mn the molecular weight distribution of surface-grafted
chains. Grafting of PS ligands was performed using atom-transfer
radical polymerization (ATRP) as described in our previous work
(see Figure 1a).4

Densely polymer-grafted particles (or particle brushes) are
categorized depending on the polymer grafting density and degree
of polymerization.3,5 In the limit of high grafting densities, the
“concentrated particle brush” (CPB) regime is observed when
segmental interactions give rise to extended chain conformations.3

As F decreases, a transition to the “semidilute particle brush”
(SDPB) regime is observed in which reduced segmental interactions
give rise to more relaxed chain conformations.3 A generic illustra-
tion of the CPB/SDPB transition is presented in Figure 1b. Since
for spherical particle brushes the effective area per chain increases

with increasing distance r from the particle center according to seff

) s0(r/r0)2, where r0 denotes the particle core radius and s0 ) 1/F
the surface area per chain, a transition from the CPB to the SDPB
is expected if the brush height exceeds a critical distance rC. The
latter was first proposed by Daoud and Cotton for (conceptually
similar) star polymer systems as rC ) 2υ-1ar0(πF)1/2, with υ the
excluded volume parameter and a ) 0.252 nm the length of one
repeat unit (here the dependence of rC on N is neglected).6 For the
present system, the scaling of the particle surface-to-surface distance
d with N of surface-grafted chains (determined by electron
microscopy from particle monolayers, results not shown here) is
depicted in Figure 1c, revealing that samples SiO2-S10/S150
represent the CPB regime and samples SiO2-S770/S1360 the SDPB
regime.

In order to evaluate the effect of polymer graft modification on
the cohesive properties of particle assemblies during deformation,
the fracture characteristics of thin and thick particle films were
elucidated using transmission electron microscopy (TEM). Thin
(approximately monolayer) films were prepared by casting of dilute
particle solutions (c ) 3 mg/mL in toluene) on poly(acrylic acid)
(PAA) substrate and subsequent thermal annealing in a vacuum
for 24 h at T ) 120 °C. Equilibrated films were lifted off by water
immersion and transferred onto Cu grids. Cracks that formed during
the film transfer were imaged by TEM using a JEOL FX2000
electron microscope. Films of 5-100 µm thickness were prepared
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Figure 1. (a) Illustration of polystyrene grafting procedure. 1-Chlorodim-
ethylsilylpropyl-2-bromoisobutyrate initiator is bound to the surface of
silanol-functionalized silica particles. Subsequently styrene is polymerized
from the surface using atom-transfer radical polymerization. (b) Illustration
of “concentrated particle brush” (CPB, red) and “semidilute particle brush”
(SDPB, yellow) regimes. (c) Dependence of particle surface-to-surface
distance d on the degree of polymerization N of polymer grafts determined
by TEM of particle monolayers (not shown). The scaling of the chain end-
to-end distance RE ∼ Nxa of grafted chains is x ) 0.81 (CPB) and x ) 0.52
(SDPB). Colored regions correspond to predicted particle brush regimes.
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analogously by casting of particle solutions (c ) 15 mg/mL in
toluene) on PAA-coated silicon substrates.

Figure 2 summarizes the deformation characteristics of thin
(panels a, c, e) and thick (panels b, d, f) particle film assemblies
and reveals the transition from fragile to plastic-type deformation
with increasing degree of polymerization of surface-grafted chains.
In particular, for thin films of SiO2-S10 (Figure 2a), the formation
of multiple microscopic cracks is observed that are associated with
macroscopic crack patterns of thick films during solvent evaporation
(as shown in Figure 2b), similar to previous reports on crack
formation in fragile nanocrystal superlattice structures.2 For sample
SiO2-S150 (representing a more intermediate state between the CPB
and SDPB regimes), a significantly reduced crack density was
observed along with the formation of stent-like undulations across
the fracture surface (Figure 2c). The scratching of supported thick
films (Figure 2d) revealed wax-like characteristics similar to low-

molecular-weight polymeric films. The transition to polymer-like
deformation characteristics with increasing N of surface-grafted
chains is most strikingly demonstrated for sample SiO2-S770, which
reveals the formation of fibrils connecting particle centers across
the fracture surface during the fracture of thin films (Figure 2e) as
well as the formation of flexible thick-film assemblies (Figure 2f).
Analogous deformation characteristics were observed in sample
SiO2-S1360 (not shown here).

The formation of fibrils in SiO2-S770 is reminiscent to the
process of craze formation in the fracture of brittle amorphous
polymers (such as PS). A critical prerequisite for craze formation
to occur is that the polymer molecular weight exceeds the
entanglement molecular weight (Mcrit = 19 000 for linear PS,
corresponding to Ncrit ) 183).7 We hypothesize that the polymer-
like craze formation of SiO2-S770 originates from sufficient
segments in the SDPB regime to facilitate chain entanglement.
In particular, using N ) 770 ) NCPB + NSDPB, where NCPB is
determined from the definition of rC - r0 ) aNCPB

0.81, it follows
that the number of segments of surface-grafted chains in the
SDPB regime is NSDPB ≈ 361, thus exceeding the entanglement
limit.7 Interestingly, the analysis of micrographs such as Figure
3 reveals that the fibril extension ratio λ (defined as the maximum
fibril extension Lmax ) 328.7 nm per particle surface-to-surface
distance d) exceeds the maximum extension ratio of linear PS
such that λ = 1.7 λPS. Since for PS the extension ratio is, in
good approximation, given as the ratio of the contour length to
the equilibrium end-to-end distance of a chain segment between
entanglement points (see Figure 3b), i.e. λPS ) lc

e/RE
e ∼ Ne

1/2,
the results indicate that the effective entanglement density of
particle brush systems in the SDPB regime is reduced as
compared to that of linear polymer analogues, thus raising the
capacity for craze extension.7

The synthesis of particle brush systems that are capable of
forming plastic array structures with sufficient degree of order
to capitalize on particle interactions could provide an important
new pathway toward processable nanomaterials for a wealth of
applications. The extension of the reported approach to a wider
variety of graft architectures and more uniform particle systems
could ultimately facilitate the tailored synthesis of particle brush
systems with controlled combination of particle and polymer
characteristics. Current studies focus on the relevance of particle
and polymer uniformity as well as minor amounts of impurities.
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Figure 2. Deformation characteristics of particle film assemblies. (a) Bright-
field transmission electron micrograph (TEM) revealing multiple crack
formation in SiO2-S10 thin (∼50 nm) films. Inset illustrates crack formation
normal to acting stress direction. (b) Crack pattern in SiO2-S10 thick (∼5
µm) film after solvent evaporation. Inset shows magnification. (c) Crack
formation in thin (∼50 nm) film of SiO2-S10. Stent-like undulations form
across the fracture surface. Inset illustrates crack formation. (d) Scanning
electron micrograph (SEM) of scratched thick (∼5 µm) film depicting wax-
like deformation. Inset shows image of free-standing film (∼50 µm)
revealing fragile characteristics. (e) TEM of fracture crack in thin film of
SiO2-S770 (approximately monolayer). The formation of fibrils is observed
that “bridge” particle cores across the fracture surface. Inset illustrates
proposed mechanism of fibril formation by entanglement of relaxed chain
segments in the SDPB regime. (f) SEM of scratched thick (∼5 µm) film of
SiO2-S770, revealing peeling of film. Inset shows flexible deformation of
free-standing film (∼50 µm). Scale bar in panels a, c, and e is 200 nm.

Figure 3. (a) TEM of SiO2-S770 thin film depicting craze formation. The
fibril length L is determined as the maximum (observable) length of fibrils
formed between two particle centers. Scale bar is 200 nm. (b) Illustration
of the structural parameters of entanglement network. RE

e and lce denote
the end-to-end distance and contour length of a chain segment between
entanglement points, respectively.
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