COMMUNICATION www.rsc.org/chemcomm | ChemComm
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Functional, conjugated molecular structures have been fabri-
cated on Au nanoparticles via the Sonogashira coupling
reactions.

Monolayer protected metal nanoparticles (NPs)! have been an
active research subject” in nanoscience and nanotechnology since a
seminal report from Brust® et al on the preparation of the first
alkanethiol-protected Au NP system. The attachment of different
monolayers by using the strong affinity of thiols to metal NPs
provides not only the solubility of these nanoentities in various
solvents, but also the desired functionality on their surfaces.
Additionally, chemical coupling of a functional species to the end
group of monolayers on particle surfaces offers an alternative
route to further tailor the functionality of NPs.* Here, we report a
new approach to functionalize monolayer protected Au NPs with
conjugated molecules by using the Sonogashira coupling reaction.’
We expect that this method provides a facile way to modify NPs
with fully conjugated molecular species, yielding a new type of
hybrid nanomaterials for potential applications in opto-, electronic
and sensing devices.

Ligand place-exchange® of 4-mercaptophenol on Au NPs’ with
4-iodobenzenethiol (supporting informationt) in methanol resulted
in Au NPs protected by a mixed monolayer of 4-mercaptophenol
and 4-iodobenzenethiol (denoted as mAuNPs). The mAuNPs were
very stable in polar organic solvents, such as methanol and
tetrahydrofuran (THF) as verified by a photon correlation
spectroscopic (PCS) study.®f The elemental analysis showed that
one out of every four surface-anchored molecules is 4-iodobenze-
nethiol. A model of mAuNP is shown in Scheme 1. Three model
compounds (Chart 1) were selected to test the feasibility of the
Sonogashira coupling reaction on mAuNP surfaces.
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Scheme 1 Sonogashira coupling reactions at mAuNP surfaces.

1 Electronic Supplementary Information (ESI) available: detailed pre-
paration and characterization of surface-modified Au NPs and the
Sonogashira coupling reactions (PDF). See http://www.rsc.org/suppdata/
cc/b4/b415652h/

*jlanliu@mtu.edu (Jian Liu)

In a typical preparation (Scheme 1, supporting information ),
500 mg of mAuNPs reacted with one of the terminal alkynes
(excess in molar ratio as compared with available iodo reacting
sites on particle surfaces) in THF under a N, atomsphere.
Pd(PPh;),Cl, and Cul were used as the catalyst and co-catalyst
respectively. PPh; was selected as the stabilizing ligand for the
catalyst and i-Pr,NH was used as the base. The reaction mixture
was stirred at room temperature for 24 h. The solvent was then
removed and the solid residue was redissolved in CH,Cl,, washed
with saturated NH4Cl and NaCl aqueous solutions. The final
product was purified by slow precipetation from a CH,Cl,-hexane
mixed solvent several times and dried under vacuum. The removal
of uncoupled organic species was verified by thin layer
chromatography (TLC).? The final product obtained was a deep
brown powder.

A noticeable change in these particles after the coupling reaction
was that they became more soluble in non-polar solvents, such as
CH,Cl, and CHCl;. This can be attributed to the modification of
particle surfaces with non-polar groups through the coupling
reaction. The 'H NMR of I-modificd mAuNPs (denoted
1-mAuNPs) in CDCl; is shown in Fig. 1B. The disappearance
of a proton signal at 3.01 ppm, which originates from the proton of
triple bond in free 1 (Fig. 1A), confirms that purified 1-mAuNPs
does not contain free 1. This result is consistent with the TLC
result. Meanwhile, a set of broadened signals around the 1 ppm in
this spectrum clearly indicates the presence of methylene chain of 1
on the particle surface.* It was observed that the average particle
size of Au NPs (TEM) remained the samet after the Sonogashira
reaction. The energy dispersive spectroscopic (EDS)’ analysis
(supporting informationt) revealed that the Pd catalyst was
completely removed. The possible unreacted iodine on the particle
surface was not detected by EDS. The above study showed that
the Sonogashira reaction was successfully applied to couple the
molecule with a terminal alkyne on the aromatic ring on mAuNPs.

Coupling of 2 to the surface of mAuNPs rendered Au NPs
functionalized with electroactive species (denoted as 2-mAuNPs).'°
As expected, the particle-bound ferrocene exerted a one redox
wave,'! which was 40 mV less positive than that of its free form
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ethynylferrocene, 2 1-ethynylpyrene, 3

Chart 1 Molecular structures for surface coupling reactions.
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Fig. 1 'H NMR of (A) free 1 and (B) 1-mAuNPs in CDCl,.

(Fig. 2). Coupling of 2 to the aromatic ring on the particle surface
resulted in a larger conjugated ferrocene system.'” Thus, the
oxidized form of particle-bound ferrocene is thermodynamically
more stable, as compared with free 2.

The attachment of 3 to the surface of mAuNPs resulted in
Au NPs modified with a fluorophore-terminated monolayer
(denoted 3-mAuNPs)."”* The steady-state absorption spectrum of
3-mAuNPs in chloroform is shown in Fig. 3A. The lack of the
plasmon band around 520 nm is attributed to the small particle
size. Three distinct absorption bands from free 3 (line A in Fig. 3A)
merge into a broad peak of particle-bound pyrene which is
superimposed on the absorption of Au NPs. This is probably due
to the rigidity of particle-bound pyrene after it is coupled to the
aromatic ring on Au NPs. Coupling of 3 to 4-iodobenzenethiol on
Au NPs leads to a larger conjugated system of pyrene, which in
turn, decreases the electronic energy for the absorption. Thus, the
particle-bound 3 shows a longer wavelength for its characteristic
absorption energy levels. The enlargement of conjugation also
results in a red shift for the fluorescence emission of the particle-
bound pyrene (line B in Fig. 3B). The prominence of the emission
peak of the particle-bound pyrene at 445 nm over other peaks at
lower wavelength suggests that the local environment of pyrene is
fairly nonpolar. In addition, a broad band at 500 nm extending to
longer wavelength was observed. This small degree of excimer
emission may result from the interaction of neighboring pyrene
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Fig. 2 Square wave voltammgrams (SWVs) of (A) free 2 and (B)
2-mAuNPs in THF.
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Fig. 3  Electronic absorption of free 3 (line A, Fig. 3A) and 3-mAuNPs
(line B, Fig. 3A) as well as fluorescence (Zexe = 325 nm) of free 3 (line A,
Fig. 3B) and 3-mAuNPs (line B, Fig. 3B).

a

moieties,” although on average, only 25% of surface-bound
molecules were connected to the pyrene (according to the
elemental and EDS analysis)i

In summary, we have demonstrated a facile approach to
construct fully conjugated molecular structures on Au NPs by the
Sonogashira reaction. Coupling of functional groups, such as
electroactive or photoactive species, to the surface of NPs tailors
not only the functionality of the particle, but also the electronic
and optical properties of the organic molecules. These metal NPs
may find their applications in the development of new types of
opto, electronic and sensing devices.
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