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Significant interest in the controlled synthesis of polymeric
nanoparticles has developed in the past decade. These small particles
have numerous applications, including drug delivery systems,1

photonic crystals,2 and nanoporous materials for low dielectric
applications.3 Methods for synthesizing polymeric nanoparticles
include several approaches, including generation of micro- and mini-
emulsions,4 self-assembly of amphiphilic diblock copolymers into
micelles,5 synthesis of dendrimers,6 and chain collapse through
intramolecular cross-linking.7

Olefin cross-metathesis has been used to cross-link and stabilize
supramolecular assemblies, including cylindrical peptide assem-
blies,8 the shells of polymeric micelles,9 and the peripheries of
dendrimers.10 Metathesis reactions of linear polymer chains with
pendant vinyls give a range of results, depending on reaction
conditions. When the vinyl groups are located at suitable distances
for cyclization, as in 1,2-polybutadiene, formation of rings along
the chain occurs.11 When the vinyl groups are spaced too far apart
for convenient ring-closing metathesis, as in poly(methylenecyclo-
pentane-co-vinyltetramethylene) synthesized from the polymeriza-
tion of 1,5-hexadiene,12 functional groups can be attached through
olefin cross-metathesis.13 In the absence of a cross-metathesis part-
ner, the polymer undergoes cross-linking, which can be limited to
intramolecular cross-linking under dilute conditions.14 We reasoned
that this intramolecular cross-linking would be effective with any
type of linear polymer which contained pendant vinyl groups, in-
cluding aliphatic polycarbonates. Aliphatic polycarbonates have
relatively low and clean thermal decompositions (<250°C), making
them ideal for electronics applications such as nanoporous insula-
tors.

The synthesis of polycarbonates with vinyl functionality was
achieved through the terpolymerization of cyclohexene oxide
(CHO), vinylcyclohexene oxide (VCHO), and CO2 with a â-di-
iminate zinc(II) acetate catalyst ([(BDI)ZnOAc]2) (Scheme 1).15

Reactivity of CHO and VCHO are comparable, such that reaction
of a 70:30 mixture of CHO/VCHO gave a polymer (1) with 38
mol % of vinyl-containing polycarbonate units. The polymer had
a high molecular weight (Mn ) 54 100 g/mol) and narrow molecular
weight distribution (Mw/Mn ) 1.20), representative of the living
nature of the polymerization.

Grubbs’ catalyst (2)16 effectively cross-metathesized the pendant
vinyl groups along the polymer chain, releasing ethylene as a
byproduct (Scheme 1). At high concentrations of polymer (>10
mg/mL), cross-linking occurred both intra- and intermolecularly,
as exhibited by an increase in the apparent molecular weight (Mn)
and a broadening of the molecular weight distribution (Mw/Mn) as
observed by gel permeation chromatography (GPC). However, when

2 was added to dilute polymer solutions (1 mg/mL), the apparent
molecular weight decreased steadily, and the molecular weight
distribution remained narrow, indicating that only intramolecular
cross-linking occurred.

A series of cross-metathesis reactions were performed for
different amounts of time (Table 1). The cross-metathesis reaction
progressed quickly in the beginning, with 42% of the pendant vinyl
groups forming cross-links within 15 min, but the metathesis slowed
down as the reaction progressed, presumably due to the increasingly
constrained movement of the polymer chain. The apparent molec-
ular weight of the polymer also decreased as cross-links were
formed, dropping from 54 100 to 31 500 g/mol after 4 h, indicating
a decrease of hydrodynamic volume. In addition, the glass transition
temperature (Tg) increases as the chain collapses from an initial
value of 114 to 194°C at 76% cross-linking. This is also consistent
with cross-linking as it hinders segmental chain mobility.

Formation of molecular nanoparticles was confirmed by atomic
force microscopy (AFM) through visualization of individual
molecules17 at different stages of cross-linking. Figure 1a-d shows
height images of samples 1-3 and 5 (Table 1) prepared by spin-
casting from a dilute solution in 1,2,4-trichlorobenzene on a mica
substrate. The unreacted polymer (Table 1, entry 1) in Figure 1a
reveals extended molecules that adsorb as either isolated species
or clusters of overlapped chains. The number average length of
the isolated molecules was measured to beLn ) 58 ( 7 nm. This
is about 3 times shorter thanL0 ) 176 nm, the length of a fully
extended polymer chain with a number average degree of polym-
erization ofNn ) 370 and indicates a coiled microconformation of
the polymer chain. In the course of the cross-linking reaction,
molecules became more compact, occupying a smaller area (Figure
1b-d). The majority of the cross-linked molecules were visualized
as isolated particles, providing further support, along with the GPC
data in Table 1, for predominate intramolecular cross-linking under
dilute conditions.

To characterize the change in elasticity of the molecular particles,
we measured the number average particle area (∑) and determined
the extension ratioλ ) ∑/∑1, where∑1 ) 24 nm2 (the area occupied
by a solid spherical particle with aMn of 54 100 g/mol and dry
volume (V) of 90 nm3). Figure 1e shows that the extension ratio
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Scheme 1. Synthesis of Alkene Cross-Linked Polycarbonate
Nanoparticles
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decreases with cross-linking, while the volume of the particles
remains nearly constant. Furthermore, the square of the extension
ratio (λ2) exhibits linear dependence on the degree of cross-linking.
Extrapolation of the line tox ) 0 givesλ2 ) 102 ( 3 and∑ )
242( 7 nm2, which is consistent with the calculated area of a flat
molecular disk (∑0 ) V/h ) 90 nm3/0.4 nm) 225 nm2).

In order to understand the observed linear dependence, we
considered a cross-linked molecule as an affine network which was
deformed due to attraction to the substrate. Deformation of the
network λ ) ∑/∑1 can be determined by minimization of the
particle’s free energyF ) Fe + Fs + Fvdw. The first term,Fe )
nkT(2λ + 1/λ2 - 3)/2, is the free energy change due to substrate-
caused deformation of the molecule, wheren is the number of
network strands per molecule. The second contribution is the energy
decrease due to spreading on the substrate,Fs ) (γs - γp - γsp)∑,
where γs, γp, and γsp are the surface energies of the substrate,
polymer, and polymer-substrate interfaces, respectively. The third
term represents the long-range van der Waals interactions between
the particle and the substrate,Fvdw = -A∑/12πh2, whereA is the
Hamaker constant andh is the particle thickness. Minimization of
the total free energy forλ > 1 andV = ∑h gives λ2 ) (S∑1 -
nkT)/3A, which explains the linear dependenceλ2(x) since the
number of network strands is linearly proportional to the fraction
of cross-linked vinyl groups,n ∼ x.18

In summary, we have demonstrated a unique way to transform
linear polymers into nanoparticles of controlled dimensions by the

application of olefin metathesis. AFM was demonstrated to be an
effective technique to monitor covalent cross-linking reactions in
polymers, complementary to other previously demonstrated mo-
lecular-scale processes such as formation and scission of covalent
bonds, conformational transitions, diffusion, and flow.19
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Table 1. Intramolecular Cross-Linking of 1 Using 2a

entry
time
(h)

Mn
b

(g/mol) Mw/Mn
b

% vinyls
cross-linkedc

Tg
d

(°C)

1 0 54 100 1.20 0 114
2 0.25 45 700 1.34 42 157
3 0.50 39 500 1.26 59 167
4 2.0 33 000 1.19 70 185
5 4.0 31 500 1.19 76 194

a All reactions were run with 2 mol % of Ru catalyst at 22°C with 1.0
mg polymer/mL toluene.b Determined by GPC in THF at 40°C versus
polystyrene standards.c Determined by1H NMR spectroscopy.d Determined
by differential scanning calorimetry (second heat).

Figure 1. AFM height images for the nanoparticles in Table 1: (a) entry
1, (b) entry 2, (c) entry 3, (d) entry 5. (e) The plot presents the square of
the extension ratioλ ) ∑/∑1 and the particle volumeV = ∑h as a function
of the percentage of cross-linked vinyl groups. The hollow square symbol
corresponds toλ ) ∑0/∑1 of the uncross-linked molecule (see text). The
percent cross-linking was determined using NMR spectroscopy.
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