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Amphiphilic cadmium selenide (CdSe) nanoparticles were
prepared by surface functionalization with novel ligands 1
and 2, composed of pyridine moieties substituted in the
4-position with polyethylene glycol (PEG) chains.

Colloidal nanoparticles, especially those with active electronic
and luminescent properties, have attracted a great deal of
interest for their fundamental properties based on quantum
confinement,* aswell asfor use as componentsin electronically
active device applications,2 and in exploratory biotechnology
research as fluorescent tags.3 Semiconducting nanoparticles, or
quantum dots (QDs), possess significant advantages over
conventional organic fluorophores in terms of narrow lumines-
cence emission profiles (ca. 2030 nm fwhm), resistance to
photobleaching, and continuous absorption above the band-
gap.1a These unique properties allow multiple nanoparticles of
various emission wavel engthsto be excited simultaneously by a
single light source for extended periods of time.

As nanoparticle solubilization depends critically on the
ligand environment, ready access to awide range of solubilities
and miscibilities is desired, including materials that are
hydrophabic, hydrophilic, neutral, charged, and conductive. In
the case of CdSe nanoparticles, conventional synthetic proce-
dures afford hydrophobic material (e.g., tri-n-octylphosphine
oxide (TOPO)-covered CdSe),4 and ligand exchange processes
are typically used to obtain hydrophilic, water soluble samples,
through the use of «,m-thiocarboxylic acid ligands.> The most
stable water-soluble CdSe samples are prepared by inorganic
encapsulation (overcoats of ZnSe followed by silica), an
effective but synthetically involved procedure for producing
water-soluble CdSe nanoparticles.® New procedures that offer
simple, effective, and stable ligand environments continue to
present important targets in the field.

We are interested in developing novel polymeric encapsula-
tion strategies for nanoparticles’ that enable the preparation of
adiverse range of materials in a fashion amenable to scale-up.
Encapsulation of nanoparticles with poly(ethylene glycol)
(PEG) would significantly diversify properties and potential
applications, as this ligand environment carries the potential to
satisfy multiple requirements, including organic solubility,
water solubility, and biocompatibility.8 However, PEG itself
(i.e, HO(CH,CH,0),OH) does not solubilize CdSe nano-
particles, as the hydroxy chain-ends do not coordinate suffi-
ciently to the CdSe surface. Thus, we set out to provide arapid
route to amphiphilic CdSe nanoparticles, using a new set of
encapsulating molecules, ligands 1 and 2, composed of pyridine
moieties that serve as the surface active ligands, and covalently
attached PEG tails that provide the amphiphilic environment.

Ligands 1 and 2 were synthesized by Mitsunobu coupling of
4-hydroxypyridine with hexaethylene glycol and hexadecyl-
ethylene glycol monomethylether, respectively. These reac-
tions were performed at room temperature in tetrahydrofuran,
using diisopropylazodicarboxylate (DIAD) as the coupling
agent, as depicted in Scheme 1. Notethat 1 and 2 are not single
molecules, rather they possess an average number of ethylene

T Electronic supplementary information (ESI) available: TEM images and
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glycol repeat units dictated by the inherent (albeit low)
polydispersity of commercia poly(ethylene glycal).

In the case of mono-substituted hexaethylene glycol 1, an
excess of the PEG-diol was used in the coupling reaction, in
order to minimize the formation of «,w-dipyridine; when kept
to a minimum, the dipyridine was removed easily from the
desired product by column chromatography on silica gel.
Ligands 1 and 2 were prepared in multigram quantities, and
typicaly isolated in pure form in 50 and 80% yield, re-
spectively. Distinctive features in the *H NMR spectra of 1 and
2 include triplets at 6 4.1 and 3.8, assigned to the two PEG
methylene groups nearest the aromatic ring; these are shifted
downfield from the terminal methylene groups of the starting
unsubstituted PEGs. The 13C NMR spectra of 1 and 2 showed
the expected aromatic and aliphatic resonances, while the
spectrum of 1 includes a resonance at ¢ 61.4 for the CH,OH
chain-end, absent in the carbon spectrum of monomethyl ether
2, and indicative of complete end-group substitution.

The affinity of para-substituted pyridines for CdSe nano-
particles first attracted our attention when, upon addition of
N,N-dimethylaminopyridine (DMAP) to THF solutions of
TOPO-covered CdSe nanoparticles, we observed complete
displacement of TOPO by DMAP (as judged by solubility
changes and subsequently confirmed by 1H and 31 P NMR). This
rapid exchange is not seen when pyridine is used similarly;
indeed, a large excess of refluxing pyridine is required to
achieve near complete displacement of TOPO from the
nanoparticle surface. We attribute the observed affinity of
DMAP for the CdSe surface to its enhanced basicity relative to
pyridine® due to the electron donating effect of the para-
dialkylamine substituent. As 4-alkoxy-substituted pyridines
exhibit basicity on the order of DMAP, our finding should be
extendable to a number of pyridine derivatives containing
electron-donating substituents in the para position.

Wefound that pegylated pyridines 1 and 2, containing p-ether
substituents, can be utilized effectively in a number of ligand
exchange scenarios for attachment to the CdSe surface, as
depicted in Scheme 2. For example, displacement of TOPO by
conventional pyridine stripping, followed by adsorption of 1 or
2 to the nanoparticlesfrom THF solutions, provided an effective
pegylation method. Alternatively, the exchange process could
be performed directly in water by addition of aqueous solutions
of 1 or 2 to asuspension of pyridine-covered CdSe, whereupon
the suspension became homogenous instantly. An even more
convenient ligand exchange and agueous solubilization was
accomplished by simply adding 1 or 2 to a solution of TOPO-
covered nanoparticles in THF, and alowing the mixture to stir
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at room temperature overnight. The observed changes in
solubility in conjunction with NMR evaluation confirmed the
success of this ligand exchange/pegylation strategy.

Dissolution of 1- and 2-covered CdSe nanoparticlesin either
organic or aqueous media affords optically clear solutions, with
similar absorption and emission profiles in each environment.
Fig. 1 shows an example of approximately 3 nm CdSe
nanoparticles covered with 1, where thefirst exciton absorption
peak isfound at ca. 520 nm, and emission maximum at ca. 530
nm, demonstrating that the optical properties of the same
sample are maintained in either environment. These pegylated
nanoparticles have shown excellent stability to date (about 3
months) with no sign of precipitation when stored in organic
solvents, under ambient conditions (i.e., exposed to air and
light). The stability of nanoparticles solubilized by ligands 1 and
2 proved superior to 3-mercatopropionic acid in aqueous media,
under ambient conditions. Under conditions of irradiation,0
these PEG-covered nanoparticles showed superior stability
relative to the thiol-covered nanoparticles, which precipitated
quickly. We attribute this enhanced photostability to the fact
that the pyridine-covered nanoparticles do not suffer from the
disulfide formation that plagues nanoparticle coverage in thiol-
based systems. In addition, aqueous samples of these PEG-
covered nanoparticles stored in the dark and under nitrogen
continue showed good stability/solubility, similar to that of the
thiol-covered particles Importantly, transmission electron
micrographs of 1 and 2-covered nanoparticles show excellent
dispersion whether cast from organic or aqueous solution (TEM
images provided as ESIT).
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Fig. 1 Absorbance and photoluminescence spectra of 1-covered CdSe
nanoparticle solutionsin (a) dichloromethane and (b) water. The horizontal
lines in the figure aid visualization of the transparency of the solutions.

In summary, we have demonstrated a rapid preparation of
amphiphilic CdSe nanoparticles covered with poly(ethylene
glycol) via attachment through a pyridine end-group, where the
PEG-nanoparticle products show good solubility in both
organic and agueous media. In each environment, the inherent
optical properties of the original nanoparticles are maintained.
This represents the first use of para-substituted pyridines for
nanoparticle passivation, and we expect such methodology to
grow in its usefulness due to the nature of the 4-alkoxypyridine
and 4-aminopyridine moieties, and the diverse range of
substituents that can be attached at the 4-position. While there
have been recent reports that use PEG as a component of the
encapsulation method,12 thisis the first extension to long PEG
chains, and the first report where PEG, used exclusively as the

encapsulating matrix, provides amphiphilic nanoparticles. This
new ligand architecture gives rapid access to both water and
organic soluble CdSe nanoparticles, where neither ionization
nor the use of thiols are required to give water solubility. We
believe the simplicity of this technique, and extensions thereof
in the future, will further stimulate the integration of nano-
particles into both materials science and biology.
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