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In recent years, there has been considerable interest in
developing methods for assembling nanoscale building blocks into
periodic, functional materialsThese methods rely on access to
both novel building block compositions and assembly strategies.
With regard to the former, both inorganic and organic composi-
tions are now available. Importantly, some of these building blocks

are accessible in macroscopic quantities and in monodisperse

form. For example, a variety of methods exist for preparing
monodisperse samples of CA€,dSe? and AR particles with
diameters ranging from 1 to 40 nm. Studies involving these well-
defined inorganic particles have led to not only a greater under-
standing of quantum confinement effects but also the developmen
of new and useful spectroscopic methfbaisd detection technolo-
gies® Similarly, a great deal has been learned from the synthesis,
characterization, and study of polymer particle compositfons.
However, far less is known about such systems with nanoscale
dimensions €100 nm). The development of synthetic methods
for preparing structures consisting of inorganic cores and organic
polymer shells on this length scale could give entry into a new
and versatile class of hybrid metadrganic nanoparticle building
blocks. Herein, we wish to report the use of transition-metal-
catalyzed ring-opening metathesis polymerization (ROMP) and
surface-functionalized gold nanoparticles (GNPs) for the prepara-
tion of a new class of nanoparticles with chemically tailorable
shell properties (Scheme 1).

Our method takes advantage of several recent advances in bot
polymer chemistry and materials synthesis. Specifically, it relies
on the recent development of a family of functional-group-tolerant
ruthenium carbene catalysts for ROMP, such aiR@PCy)»-
CHPh,1." It also draws on new synthetic methods for preparing
3 (£1)-nm-diameter GNPs, which are soluble in organic média.
Furthermore, in immobilizing the norbornenyl initiation sites on

the surface, we have taken advantage of well-established chemistnf
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Scheme 1
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2) x equiv. of 3 and
y equiv. of 4

3) one equiv. of

involving alkanethiol adsorption on gofdThese immobilized
norbornenyl groups allow one to selectively grow polymer blocks
off the surface of a GNP with a surface-immobilized ROMP

icatalyst. Since this is a living polymerization procéste

attributes of this strategy are numerous, including exceptional
control over polymer length and chemical composition as well
as particle size, solubility, and shape.

There are two key steps in the synthesis of metathesis-ready
GNPs. The first involves the synthesis and characterization of
1-mercapto-10€xa5-norbornen-2-oxy)decane? (Supporting
Information), which contains a ROMP-active norbornene segment
attached to a long-chain alkanethiol. Tée rather than thendo-
isomer was chosen to optimize ROMP actiVityhe second step
involves immobilization of2 on 3-nm Au particles. Here, we
modified the method of Schiffrin et &lfor preparing GNPs
capped with linear alkanethiols by reducing HAw(.24 mmol)
in the presence of a 3:1 mixture of 1-dodecanethiol (1.68 mmol)

jand 2 (0.56 mmol) to yield GNPs modified with the two

adsorbates. The dodecanethiol diluent molecule was employed
to minimize surface cross-linking of norbornenyl groups and
propagating polymer. ThéH NMR spectrum of the modified
particles in CDC confirms that the norbornene adsorbates are,
indeed, attached to their surfaces (Figure 1A,B). The two
resonances at approximateiys.9 and 6.2 are highly diagnostic

f the two norbornenyl olefinic protons and compare well with

those observed in théd NMR spectrum of2 (6 5.9 and 6.2) in
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Metathesis of the norbornene rings on the GNPs with catalyst
1 (1 equiv)?is achieved in less than 10 min in CRCEvidence
for this activation process is the loss of the olefinic resonances
ato 5.9 and 6.2 (Figure 1C). Subsequent addition of 20 equiv of
the redox-active compleXto this solution leads to polymerization
of 3, as evidenced by the appearance of broad resonandes at
5.7-5.2 in theH NMR spectrum of the particlepolymer hybrids
(GNP—poly3) (Figure 1D). These resonances are characteristic
of polymers synthesized from norbornenyl-containing starting

(7) (@) Schwab, P.; France, M. B.; Grubbs, R. H.; Ziller, J. Mhgew.
Chem., Int. Ed. Engl1995 34, 2039-2041. (b) Lynn, D. M.; Mohr, B.;
Grubbs, R. HJ. Am. Chem. S0d.998 120, 16271628.

(8) Brust, M.; Walker, M.; Bethel, D.; Schiffrin, D. J.; Whyman, B.
Chem. Soc., Chem. Commur®94 801-802.

(9) For reviews on monolayer films, see: (a) UimanGhem. Re. 1996
96, 1533-1554. (b) Dubois, L. H.; Nuzzo, R. GAnnu. Re. Phys. Chem.
1992 43, 437-463. (c) Uiman, AAn Introduction to Ultrathin Organic Films:
From Langmuir-Blodgett to Self-AssemblAcademic Press: Boston, MA,
1991.

(10) Wolfe, P. S. Ph.D. dissertation, University of Florida, 1997.

(11) Wu, Z.; Nguyen, S. T.; Grubbs, R. H.; Ziller, J. \W. Am. Chem.
So0c.1995 117, 5503-5511.

(12) The number of norbornenyl rings on the particles is estimated from
elemental analysis antH NMR spectroscopy.

999 American Chemical Society

Published on Web 12/29/1998



Communications to the Editor

1 mA
A Electrode il
Area
0.26 cm’
s -
k=1 H
s P § 1 100
e a4 o4 % 150
T &5 4pp?n 210 } 200 mV/s
|
‘ 11 ma
B - Electrode +
N Y SN Area
c .| 034cm®
———— — - c
o
i 5 50
PARVAY & 100
D 150
e e e 200 mV/s
62 60 58 56 54 52 -
ppm o H |0.4 mA
Bl Electrode
£ | Area
! 81| o4oem®
| i 200 mVis
E H !
i
= ‘ % 1 1
7 1.0 -05 00 05 1.0
Potential (V) (vs FcH/FcH")

Figure 1. H NMR spectrum (line broadening 1 Hz) of (A) GNPs
functionalized with a 3:1 mixture of 1-dodecanethiol add@o 7 to O
ppm), (B) GNPs functionalized with a 3:1 mixture of 1-dodecanethiol
and2 (6 6.3 to 5.2 ppm), (CR-modified GNPs after treatment with 1
equiv of1 (6 6.3 to 5.2 ppm), (DR-modified GNPs after the addition of
20 equiv of3 to the ROMP-activated GNP# 6.3 to 5.2 ppm), and (E)
the GNP-poly3—poly4 hybrid systemd 7 to 0 ppm). Cyclic voltammetry
of (F) the GNP-poly3 system, (G) the GNPpoly3—poly4 hybrid, and
(H) poly3.

materials’ After 30 min, there is no evidence of mononi&r
indicating that polymerization is complete. The polymers can be
terminated irreversibly by the addition of a slight excess of ethyl
vinyl ether, a known ROMP termination agent for catalysts such
as 1.1 Significantly, the particles treated in this manner can be
precipitatedfrom CDCk with hexanesa solvent in which the
2-modified GNPs areompletelyredispersable. The GNRoly3
hybrids can be redispersed in a variety of more polar organic
solvents such as GBI, and THF. These solubility properties
mirror those of the untethered ferrocenyl homopolymer, which
was independently synthesized frdrand3 under nearly identical
conditions (pol, Supporting Information). As a control experi-
ment, a solution consisting of the untethered ferrocenyl-containing
poly3 and the2-modified GNPs in a ratio comparable to that used
for the GNP-poly3 experiment was prepared. When a precipita-
tion experiment was carried out for this control system, the

2-modified GNPs remained soluble in hexanes (as evidenced by

H NMR spectroscopy), while the homopolymer precipated as
expected. The difference in solubility between ®enodified
GNPs and the GNPpoly3 hybrids is strong evidence that the
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approximately 220 mV easier to oxidize th&nMoreover, this
methylene group provides a spectroscopic tag that allows one to
follow the polymerization reaction byH NMR spectroscopy
(Figure 1E, note the asterisked resonance). The growth of the
broad resonance at 3.3, coupled with the complete loss of
resonances associated with the starting monofnendicates
complete conversion of to a block of polyl onto the GNP-
poly3 particles (i.e., GNP-poly3—poly4). The living catalyst can

be quenched with ethyl vinyl ether and the GNBbly3—poly4
hybrids isolated as described for the GNbly3 system abové?

Cyclic voltammetry of the GNP poly3 hybrids cast onto the
surface of an Au/Si electrode in 0.1 M TBAFEH;CN exhibits
a reversible wave associated with ferrocenyl oxidation/reduction
at 180 mV vs FcH/FcH (Figure 1F). The GNP poly3—poly4
system also exhibits reversible electrochemistry, with the expected
two distinguishable waves associated with oxidation/reduction of
the two different types of ferrocenyl moieties within the particle-
immobilized block copolymer shelE,s= —40 mV for the block
of poly4 and 180 mV for the block of poBvs FcH/FcH) (Figure
1G). A comparison of the integrated current associated with these
two waves allows one to evaluate the relative amount3 arfid
4 in the GNP-poly3—poly4 structure. Based on this analysis,
we calculate a 1.4:1 ratio f@& and4 in the block copolymet?

The ideal response associated with these waaesl the lack of
evidence for mediated electron transfer between the interior block
of 3 and the electrode surface indicates that, in these structures,
both polymer blocks are accessible to the electrode surface and
solvated to the extent that ions can move in and out of the block
copolymer structure. Significantly, both the homopolymers and
the block copolymers formed from the polymerization3oénd

4 exhibit broad waves characteristic of sluggish electron transfer
and poor polymer solvation (Figure 1H, p8lys given as an
example). Taken together, all of the data presented herein
unambiguously confirm that the polymers grown off the surfaces
of the GNPs remain attached to the patrticle surfaces. Finally, TEM
analysis of the GNPpoly3 hybrids and GNP-poly3—poly4
hybrids indicates that the hybrid particles maintain thefr 3-nm-
diameter Au cores.

These results indicate that the particle synthesis strategy
reported herein can be used to prepare a new class of nanoparticles
that can be functionalized with polymeric layers of virtually any
norbornenyl-containing monomer. Indeed, the strategy could be
easily extended to other inorganic nanoparticle templates as well
as optically active or electroactive norbornenyl groups. Traditional
inorganic nanoparticles already have become the basis for many
useful probe-type applicatiorg:>The hybrid structures presented
herein, with their high degree of synthetic tunability, are likely
to become equally or even more important as diagnostic probes
in chemical and biochemical detection strategies. Moreover, they
are a new and versatile type of building block that chemists and
material scientists can easily incorporate into many existing
particle assembly strategies.
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the solution and allowed to react with the GNPs for 20 min. That
was followed by the addition of 20 equiv dfwith subsequent
stirring for 20 min (Scheme 1). Compouddvas chosen as the
second polymer building block because it can be easily differenti-
ated from3 by cyclic voltammetry. The methylene group located
between the carbonyl and the ferrocenyl moietydimakes it
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(13) Elemental analysis performed on GNBoly3—poly4. Calcd: C, 55.0;
H, 5.1. Found: C, 54.95; H, 5.4.

(14) The reason that this is not a 1:1 ratio may be that there are small
differences in polymer solvation and, therefore, different degrees of electro-
chemical accessibility for the two layers or, alternatively, that there is a
stoichiometry error due to the small amount of reagents used.

(15) The peak current is linearly dependent upon the scan rate.




