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Nanoparticle research has received much attention in recent
years due to the unique properties and applications of these
species. Metallic nanoparticles, in particular, have diverse
application areas including imaging agents, nonlinear optics,
microelectronics, separation science, diagnosis, targeted biologi-
cal labeling and delivery systems, cell therapy or destruction,
and catalysis.1 Various methods have been examined for the
preparation of metallic nanoparticles using polymeric templates.
This includes self-assembled block copolymer reverse
micelles2a-c and networks of amphiphilic polymers.2d The use
of dendrimers and hyperbranched polymers as unimolecular
scaffolds has also been successfully demonstrated.3 We have
investigated a new method for the preparation of metallic
nanoparticles using a class of amphiphilic graft copolymers with
a dendritic architecture, the arborescent polymers, as templates.
Specifically, arborescent polystyrene-graft-[poly(2-vinylpyri-
dine)-block-polystyrene] copolymers were applied to the prepa-
ration of gold nanoparticles. To this end, linear and branched
polystyrene (PS) substrates were functionalized with acetyl
coupling sites and grafted with “living” polystyrene-block-
poly(2-vinylpyridine) chains. The resulting dendritic species
have a covalently bonded, layered structure with an inner poly(2-
vinylpyridine) (P2VP) shell that can be loaded with metallic
salts or acids such as tetrachloroauric acid (HAuCl4). The
research to date has focused on HAuCl4 because it is a well-
documented nanoparticle precursor and is easily loaded within
the P2VP phase. This system is compatible with different
reduction methods, but we investigated solution reduction using
hydrazine (N2H4) so far.

The unimolecular micelle architecture is a much more stable
template for loading polar compounds than micelles formed by
linear block copolymers, as it has no critical micelle concentra-
tion. Aside from their inherent stability, arborescent polymer
templates have the potential to offer other important advantages
over established methods. For example, variation in the degree
of polymerization of the side chain building blocks and the
number of grafting cycles (generation) provides control over
the characteristics of the templates (e.g., core size, chain
mobility, stabilizing layer thickness) beyond what is achievable
by the self-assembly of block copolymer chains. These char-
acteristics may be important to tailor the activity of these
nanospecies in catalytic applications4 or their optical properties
relevant to biological applications such as cell therapy.1a,e-g This

Communication focuses on preliminary results obtained with
G0 [PS-g-(P2VP-b-PS)] and G2 [G1PS-g-(P2VP-b-PS)] ar-
borescent copolymer templates loaded with HAuCl4 at various
levels and subsequently reduced in solution with hydrazine. A
schematic representation of the grafting reaction and loading
procedure is provided in Figure 1, while detailed synthetic
procedures and characterization data for the templates can be
found in the Supporting Information.

The grafting reaction was carried out under conditions
previously reported by our group;5 however, it was determined
that the inherent characteristics of the PS-b-P2VP side chains
make the outcome of the grafting reaction less favorable. We
believe that the grafting yield for these reactions is unexpectedly
low due to the ability of the living PS-b-P2VP- chains to
assemble into micellar structures. Diffusion of the P2VP living
centers to the coupling sites on the substrate would be hindered
if micelles are formed, consequently reducing the grafting yield
(defined as the fraction of the side chains generated becoming
attached to the substrate). The grafting yield attained for the
G0 and G2 templates used in the current investigation was 17%
and 20%, respectively. This contrasts with the grafting yields
previously reported for G0 and G2 species with side chains of
comparable dimensions, namely 87% and 55% for PS ho-
mopolymers6 and 86% and 34% for copolymers obtained by
grafting P2VP chains onto PS substrates.5

Prior to the dendritic templates, reverse micelles derived from
the self-assembly of linear PS-b-P2VP copolymers were loaded
with HAuCl4 to ensure that our loading procedure replicated
published results.7 Initial loading attempts for arborescent
copolymer molecules with short polystyrene segments in the
corona (number-average degree of polymerization DPn ) 66)
led to extensive aggregation of the metal-loaded templates. This
was attributed to the inability of short polystyrene segments to
shield the interactions of the charged, metal-loaded P2VP shell
of the arborescent copolymers. Aggregation could be reduced
to some extent by loading the templates in a polar solvent such
as tetrahydrofuran, but this would likely reduce the loading level
attained because of the high solubility of HAuCl4 in polar
solvents. Better results were obtained for templates incorporating
longer PS segments in the corona. The DPn of the polystyrene
segments in the G0 and G2 templates reported herein was 108
and 192, respectively. The longer PS chains of these templates
were able to shield interactions between charged cores and thus
hindered aggregation more effectively.

Variations in the loading level revealed that higher loadings
led to increased intertemplate separation and a more uniform
dispersion of the templates within films cast from the solutions.
The size of the gold salt-loaded domains within the templates
did not appear to depend on the loading level. The average
diameter of these domains was quite different for the two
template generations investigated as expected, however, being
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Figure 1. Schematic representation of the arborescent (G2) copolymer
template synthesis, metallic salt loading, and reduction.
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19 ( 2 and 30 ( 3 nm for the G0 and G2 templates,
respectively.

Comparison of the upper (G2) and lower generation (G0)
templates is interesting, since higher generation polymers have
a larger PS core and a core-shell morphology that is better
developed.8 A nonuniform distribution of gold salt within the
G2 templates was indeed observed in some cases, the periphery
being more densely loaded than the center, as seen in Figure
2A. This quasi-ring-like organization of the metal within the
P2VP shell of the G2 templates is indicative of the layered
morphology of the molecules and could potentially open the
way to the preparation of “hollow” metallic nanoparticles. The
G0 templates, in contrast, were characterized by a homogeneous
distribution of gold salt in the center of the micelles (Figure
2B) due to the small and ill-defined hydrophobic core comprised
of a single polystyrene chain. The results for the G0 template
are similar to gold-loaded block copolymer micelles2a since these
have a fully loadable interior. The better defined, larger G1 PS
core within the G2 template at the center of the structure would
necessarily lead to more important contrast variations in the
TEM measurements.

It is understood that the gold salt contained within the
template molecules shown in Figure 2 is reduced to elemental
gold by the electron beam in the TEM measurements.7 Solution
reduction of the templates is obviously more convenient for the
production of gold nanoparticles on a large scale, however.
Consequently, solution reduction of the nanoparticles with
hydrazine was examined in two different regimes, namely near
equivalence and excess stoichiometry. The excess regime (10:
1, N2H4:Au) led to the collapse of the very small (<1 nm) gold
salt clusters into one or multiple larger, somewhat narrowly
dispersed solid particles within each template. This is shown

in Figures 3A,C. The size and size distribution of the collapsed
nanoparticles remained consistent across all loading levels for
each template within this regime. Surprisingly, the size of the
gold nanoparticles obtained under these conditions from the G0
and G2 templates was essentially identical within error limits,
being 10 ( 3 and 8 ( 3 nm, respectively.

Solution reduction in the near-equivalency regime (1.2:1,
N2H4:Au) also induced collapse of the gold particles into solid
nanoparticles; however, the aggregation of these nanoparticles
was more obvious since a larger average size and a broader
size distribution were observed. This phenomenon is illustrated
in Figures 3B,D. In analogy to the excess regime and the

Figure 2. Example of TEM micrographs obtained for G2 (A) and G0
(B) templates loaded with HAuCl4 at 0.25 and 0.50 equiv relative to
2VP residues, respectively.

Figure 3. Reduced gold nanoparticles obtained from the G2 template
(A, 10:1 N2H4:Au; B, 1.2:1 N2H4:Au) and the G0 template (C, 10:1
N2H4:Au; D, 1.2:1 N2H4:Au).
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nonreduced systems, the size and size distribution of the
nanoparticles were insensitive to the loading level. These results
for the reduction reaction are consistent with those of Chiang
for gold nanoparticles constructed within surfactant reverse
micelles,9 who reported larger and less uniform gold particles
when the molar ratio of hydrazine to HAuCl4 was decreased. It
should be noted that in the near-equivalency regime apparently
less than 100% of the gold collapsed into solid nanoparticles:
a faint shadow of the same size as the nonreduced particles
remained in the background. Detailed size information extracted
from TEM micrograph analysis can be found in Table 1.

In summary, it was found that the characteristics of the
arborescent PS-g-(P2VP-b-PS) copolymer templates govern the
distribution of the gold salt loaded within the molecules.
Templates containing large, better defined hydrophobic cores
such as G1PS-g-(P2VP-b-PS) appear to have lighter salt loading
near the center of the molecule, while smaller G0 templates
such as PS-g-(P2VP-b-PS) are characterized by uniform loading
within the core. The solution reduction studies revealed that
the size and uniformity of the gold nanoparticles obtained were
independent of template generation and rather reliant on the
amount of reducing agent used. Excess reducing agent prevented
aggregation and led to a more uniform size distribution of the
gold nanoparticles.

Ongoing research includes an investigation of the influence
of the P2VP chain length in the molecules as well comparisons
for a full range of template generations (G0-G4). It is expected
that higher generation templates will have a more distinct core
and a better defined ring structure.
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Table 1. Size Analysis from TEM Micrographs of Gold-Loaded
Templates

diameter (nm) at loading levelb

sample
reduction

(N2H4:Au) featurea
0.125
equiv

0.25
equiv

0.50
equiv

1.00
equiv

G2 + Au none 31 ( 2 30 ( 3 30 ( 3 28 ( 2
G2 + Au 10:1 solid 8 ( 2 8 ( 2 8 ( 2 9 ( 3
G2 + Au 1.2:1 solid 13 ( 3 15 ( 5 17 ( 9 15 ( 7
G2 + Au 1.2:1 shadow 31 ( 3 30 ( 3 30 ( 2
G0 + Au none 20 ( 2 22 ( 2 20 ( 3 20 ( 3
G0 + Au 10:1 solid 9 ( 2 10 ( 3 10 ( 3 11 ( 3
G0 + Au 1.2:1 solid 20 ( 8 12 ( 4 10 ( 6 21 ( 2
G0 + Au 1.2:1 shadow 18 ( 2 18 ( 2 18 ( 2 20 ( 2

a Refers to the feature dimensions when more than one feature present;
solid (black), shadow (gray) as seen in Figure 3. b Equivalents of HAuCl4
relative to 2VP units.
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