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The synthesis of nanostructured organic/inorganic hybrid
materials is an area of increasing research activity due to the
beneficial synergism of properties these materials possess.1 An
interesting approach to prepare these materials has been the growth
of tethered (co)polymers from flat and curved surfaces.2 A special
class of organic/inorganic hybrids is nanoparticles with the
polymer chains that encapsulate or are tethered3 to colloidal
materials. A variety of techniques have been developed to prepare
inorganic colloids.4 In the synthesis of hybrid organic/inorganic
nanoparticles, these techniques can be applied where the properties
of these hybrids can be tuned by introducing functionality to the
composition of either the polymeric component or the particle.
Modification of the particle composition has been elegantly
demonstrated in the synthesis of hybrid silica particles with
tethered polystyrene chains.5

Herein, we report the synthesis of functional nanoparticles,
followed by their use as initiators in atom transfer radical
polymerization (ATRP)6 to prepare hybrid organic/inorganic
nanoparticles. In contrast to previous reports, we have focused
on the synthesis of core-shell nanostructures via the covalent
attachment of block copolymers to inorganic nanoparticles. While
various techniques have been reported to synthesize core-shell
colloids,4b the use of controlled/living polymerization processes
to prepare hybrid nanoparticles is a versatile approach enabling
the engineering of particle properties by controlling composition
and molar mass of the tethered block copolymer. Atomic force
microscopy (AFM) studies of these materials revealed the direct
impact of the tethered copolymer composition on the nanoscale
morphology of hybrid nanoparticle (sub)monolayer films. In
particular, the use of AFM was advantageous as both the
morphology and volume of hybrid nanoparticles could be
determined, as opposed to transmission electron microscopy
(TEM) where only two-dimensional information of ultrathin films
could be obtained.

In the preparation of colloidal initiators, 2-bromoisobutyrate
(BiB) groups were bound to the colloid to ensure efficient
initiation of styrenes and (meth)acrylates by ATRP.7 In the
synthesis, a modified microemulsion process8 was employed
resulting in polysilsesquioxane (SiO1.5)9 nanoparticles (Scheme
1). Elemental analysis of BiB functional nanoparticles indicated
that ATRP-initiating groups were incorporated ([Br]) 0.36
mmol/g of particle, 2.9 wt %). Dynamic light scattering (DLS),
TEM and AFM of the BiB functional colloids confirmed that
discrete particles with nearly uniform effective diameters (Deff)
were prepared (Deff DLS ) 27 nm,Deff TEM ) 18 + 2 nm,10 Deff

AFM ) 19 ( 1 nm.11 The reasonable agreement of particle sizes
obtained from AFM, TEM, and DLS also confirmed proper
calibration of AFM measurements.

Size-exclusion chromatography (SEC) of colloidal initiators and
hybrid nanoparticles assayed the grafting of (co)polymers by
monitoring hydrodynamic volume differences of colloidal initia-
tors and hybrid nanoparticles (Figure 1a). SEC of colloidal initiator
revealed a narrow molecular weight distribution, indicative of
discrete particles with relatively uniform size. Although molar
masses using SEC against linear pS standards were inaccurate
due to the higher density of the nanoparticles, SEC enabled facile
determination of increases in hydrodynamic volume after the
grafting of (co)polymers to the colloidal initiators. SEC traces
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Figure 1. (a) SEC ofColloidal Initiator ; pS-grafted particles pre-
pared by ATRP using [S]o ) 8.68 M; [Br]o ) 0.017 M; [Cu(I)Br]o )
0.008 M; [dNbpy]) 0.017 M at 90°C; monomer conversion) 5% (1H
NMR); pS-b-pBzA grafted particles made using [BzA]o ) 6.18 M; [Br]o
) 0.008 M; [Cu(I)Br]o ) 0.061M; [Cu(II)Br2]o ) 0.002 M; [dNbpy])
0.127 M at 80°C, monomer conversion) 5% (1H NMR); cleavedpS
homopolymer Mn SEC ) 5230; Mw/Mn ) 1.22; cleavedpS-b-BzA
copolymer Mn SEC ) 27280; Mw/Mn ) 1.48). (b) TEM image of
polysilsesquioxane colloidal initiators. (c) TEM image of pS hybrid
nanoparticles (Mn pS ) 5230;Mw/Mn ) 1.22) Black bar) 100 nm.

Scheme 1.Synthesis of 2-Bromoisobutyrate Functional Nanoparticles
and pS-b-pBzA Hybrid Particles Using Microemulsion and ATRP
Processes
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of BiB functional particles shifted to higher apparent molar
mass after the ATRP of styrene. Further use of the pS hybrid
nanoparticle as a macroinitiator for the ATRP of benzyl acryl-
ate (BzA), yielded a pS-b-pBzA block copolymer hybrid particle,
as evidenced by an additional increase in apparent molar mass.

To verify the successful synthesis of homo- and block (co)-
polymers by initiation from the nanoparticles, colloids were
destroyed by treatment with hydrofluoric acid (HF), and the
remaining (co)polymers were characterized by SEC (Figure 1).
The molar mass increase of pS (Mn ) 5,230;Mw/Mn ) 1.22) and
pS-b-pBzA (Mn ) 27,280; Mw/Mn ) 1.48) recovered after
hydrolysis of the core also indicated the successful consecutive
ATRP of S and BzA from the colloidal initiator. The increase in
polydispersity of the cleaved pS-b-pBzA copolymer was due to
the presence of terminated pS chains formed in the polymeriza-
tions (Mn main peak) 34,810;Mw/Mn ) 1.22).

DLS confirmed the grafting of pS (Deff DLS ) 52 nm) and pS-
b-pBzA (Deff DLS ) 106 nm) to the nanoparticle initiator and a
progressive increase in theDeff after each ATRP reaction.

To obtain particle sizes in the solid state, TEM of SiO1.5

colloidal initiators, pS and pS-b-pBzA hybrid nanoparticles was
conducted. TEM confirmed an increase ofDeff from colloidal
initiators (Deff ) 18( 2 nm, Figure 1b) to pS hybrid nanoparticles
(Mn pS ) 5,230; Deff ) 27 ( 2 nm, Figure 1c) and to higher
molar mass pS hybrid nanoparticles (Mn pS ) 9,850;Deff ) 31 (
2 nm).24 However, particle sizes for the pS-b-pBzA hybrid
nanoparticle (Mn pS-b-pBzA ) 27,280) were significantly lower than
expected (Deff ) 29 ( 2 nm). The discrepancy in theDeff of the
pS-b-pBzA hybrid nanoparticle was attributed to the different
spreading behavior of tethered pS and pBzA segments on the
surface of TEM sample grid. Thus, the particle size of the pS-
b-pBzA hybrid nanoparticles may have been underestimated using
TEM, as theDeff TEM determination relied on two-dimensional
area information of the submonolayer patches.10 To determine
accurate particle sizes, volume measurements of hybrid nanopar-
ticle (sub)monolayers were conducted using AFM.

Tapping mode AFM measurements first verified the successful
grafting of polymers to nanoparticles and morphology changes
of (sub)monolayers of particles on mica after each ATRP reaction
(Figure 2). TheDeff from AFM images were ascertained from
the measured volumes of the colloidal initiator (Deff AFM ) 19 (
1 nm, Figure 2a) pS (Mn pS ) 5,230;Deff AFM ) 27 ( 1.5 nm,
Figure 2b) and pS-b-pBzA (Deff AFM ) 56 ( 3 nm, Figure 2d, e)
hybrid nanoparticles. The number of tethered polymers per particle
(Nt) was calculated by plotting the apparent volume (Vapp, obtained
from AFM) of colloidal initiators, pS and pS-b-pBzA hybrid
particles versus the number average volume of the cleaved
polymer chain (Vn ) Mn/NaFpolymer, Na ) Avogadro’s number)
with the slope being equal toNt. The linear correlation between

these variables indicated thatNt remained constant after each
ATRP reaction. Depending on the model of particle packing in
AFM analysis, this value was estimated to be between 680(
100 and 1250( 40 chains per particle.10

Ultrathin films of (hybrid) nanoparticles displayed unique fea-
tures in AFM tapping mode images. Bare particles formed tightly
packed arrays, with clearly discernible individual nanoparticles.
Regular particle arrays were also observed after the ATRP of
styrene from the nanoparticle; however, the contours of individual
particles were smeared due to the presence of tethered pS chains
forming a glassy matrix (Figure 2b). Such smearing of particle
contours was not observed in a control experiment, conducted
with a (sub)monolayer blend of colloidal initiators and untethered
pS standards (Mn ) 10000). In contrast, nanoparticle (sub)-
monolayers formed tightly packed aggregates surrounded by a
matrix of untethered polymer, due to depletion demixing (Figure
2c).12 Contours of individual nanoparticles were of comparable
sharpness as those in experiments with bare particles due to
corrugations in the ultrathin film. AFM images of (sub)monolayers
formed by pS-b-pBzA particles revealed strikingly different
features, indicating the successful extension of the pBzA segment
from the pS particles (Figure 2b, d). The pS-b-pBzA hybrid
particles appeared as core-shell spots with distinctly different
shells embedded in a continuous phase (Figure 2e) in AFM phase
images, mapping the phase shift between the oscillation of the
drive and cantilever. Such contrast resulted presumably from the
differences in the energy dissipation by the inorganic phase (dark
center spots), the glassy pS inner shell (round halos) and the
rubbery outer shell of pBzA comprising the matrix.

In conclusion, we have prepared hybrid nanoparticles using
ATRP possessing well-defined tethered homopolymers of pS and
block copolymers of pS-b-pBzA. The ability to use ATRP enables
a wide range of functional copolymers to be incorporated onto
colloids with the potential to form a variety of layered core-
shell structures.
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Figure 2. Tapping mode AFM images of nanoparticle (sub)monolayers on mica: (a) colloidal initiators, (b) pS-tethered particles, (c) colloidal initiators
blended with untethered pS (Mn ) 10,000) (2:1 by wt. of pS to colloid), (d) pS-b-pBzA) tethered particles. (e) phase image of a submonolayer patch
of pS-b-pBzA hybrid particles shown in (d); regions of different phase contrast were identified tentatively as: particle cores (dark spots), pS segment
shells (dark halos around particles), pBzA segment (brighter matrix).
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