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Monolayer-protected metal nanoparticles (NPs) have gained
a great deal of attention in the past decade because of their
unique electronic properties and potential optical-sensing
applications.'!. Gold nanoparticles (AuNPs) exhibit size-
dependent surface plasmon resonance (SPR) absorption
properties when their conducting electrons in both the
ground and excited states are confined to dimensions smaller
than the electron mean free path (ca. 20 nm).! This simple
and practical theory predicts the spectra of AuNPs that have
diameters larger than 3 nm, but fails for smaller particles.”!
Confinement of electrons within metallic nanostructures at
sizes comparable to the Fermi wavelength of the electron
(ca. 0.7 nm) results in electronic energy states that exhibit
molecule-like transitions because the density of these states is
too low to reproduce bulk metallic properties.”) The photo-
luminescence (PL) quantum yields (QYs) of Au monolayer-
protected clusters (MPCs) can be enhanced by up to eight
orders of magnitude with respect to that of bulk gold (107%).[4
Alkanethiol-protected Au nanoclusters ranging in size from
several atoms to small particles (smaller than 1.2 nm)
fluoresce (QY~107°-107%) in the blue to near-IR region.!”
Upon decreasing the sizes of homologous stabilizer-protected
Au nanoclusters, the emission wavelength undergoes a blue
Shift.[Sa,4f,Sa,6]

Recently, AuNPs emitting stronger fluorescence signals
than those of AuMPCs have been prepared.’) With their
exceptional fluorescence properties, these fluorescent AuNPs
are also called Au nanodots. AuNPs that are encapsulated and
stabilized by polyamidoamine (PAMAM) dendrimers or
polyethylenimine (PEI) exhibit stable fluorescence properties
and high QYs (greater than 10 % ), which probably result from
the lower density of energy states present in the very small Au
nanodots (smaller than Aus;), thus minimizing the number of
internal nonradiative relaxation pathways. Additionally, the
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PAMAM dendrimer cage protects these nanodots from
quenchers present in solution.

Although the fluorescence phenomena of AuMPCs and
AuNPs have been recognized for some time, examples of their
application to chemical sensing are rare, mainly because of
problems associated with their chemical and fluorescence
instability.**” Furthermore, it is difficult to prepare AuNPs
with a small size distribution;**** note that their fluores-
cence behavior is highly size-dependent. Herein we report
that the introduction of various alkanethiol ligands onto the
surfaces of 2.9 (+0.5)-nm AuNPs can be used to control their
fluorescence properties (excitation and emission wavelengths,
as well as QY). In addition, we unveil a new homogeneous
assay for the highly selective and sensitive detection of Hg"
ions; it is based on aggregation-induced quenching of the
fluorescence of 11-mercaptoundecanoic acid (11-MUA) pro-
tected AuNPs (11-MUA-AuNPs; (2.0 £0.1) nm) in the pres-
ence of 2,6-pyridinedicarboxylic acid (PDCA).

Figure 1 displays high-resolution transmission electron
microscopy (HRTEM) images of AuNPs and AuNPs capped
with 2-mercaptoethanol (2-ME), 6-mercaptohexanol (6-MH),

Figure 1. HRTEM images of A) AuNPs, B) 2-ME-AuNPs, C) 6-MH-
AuNPs, and D) 11-MU-AuNPs.

and 11-mercaptoundecanol (11-MU); these as-prepared alka-
nethiol-capped AuNPs are denoted as 2-ME-AuNPs, 6-MH-
AuNPs, and 11-MU-AuNPs, respectively. The TEM images
indicate that the particles are well-dispersed. The inset in
Figure 1 A suggests that the lattice fringes of the as-prepared
AuNPs are consistent with metallic gold having a discerned
lattice spacing of 2.4 A, which corresponds to the d spacing of
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the (111) crystal plane of fcc Au.'” The average diameters of
the four particles are 2.9 (£0.5), 2.3 (+0.3), 2.2 (£0.2), and
2.0 (£0.2) nm, respectively. This result indicates that the
diameters of the particles decrease upon increasing the size of
the thiol capping agent. Because of significant fragmentation
energies, once the capping agents are adsorbed onto the
particle surfaces, the AuNPs tend to dissociate into smaller
Au and Au-thiolate clusters."!! The smallest diameter for the
11-MU-AuNPs suggests greater degrees of breaking and
detaching of larger-sized AuNP clusters and/or Au-thiol
complexes.'!! The capping agents form very strong covalent,
distinctly directional Au—S bonds on the AuNP surfaces and,
thus, they stabilize the particles (clusters) in aqueous solution.
The 2-ME-AuNPs, 6-MH-AuNPs, and 11-MU-AuNPs are all
stable in aqueous solution at 4°C for at least three months,
considerably longer than the stability of the AuNPs (two
days).

Figure 2 A displays the absorption spectra of the AuNP, 2-
ME-AuNP, 6-MH-AuNP, and 11-MU-AuNP solutions.
Because the average size of the as-prepared AuNPs was
2.9nm, they exhibited no apparent absorption band
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Figure 2. A) UV/Vis absorbance spectra and B) normalized fluores-
cence spectra of AuNPs (a), 2-ME-AuNPs (b), 6-MH-AuNPs (c), and
11-MU-AuNPs (d). Inset to (B): photograph of the fluorescence of the
various AuNPs upon excitation under a hand-held UV lamp (365 nm).
The normalized fluorescence intensities (/) are plotted in arbitrary
units; excitation wavelength: 365 nm. The concentration ratio of the
AuNPs, 2-ME-AuNPs, 6-MH-AuNPs, and 11-MU-AuNPs was
30000:300:1:1.5 in (B).

(curve a).?! Similarly, there was no apparent absorption
band for 2-ME-AuNPs. In contrast, the 6-MH- and 11-MU-
AuNPs exhibited absorption-band maxima at wavelengths
(A% ) of 367 (¢=2.76x10°M"' cm™") and 383 nm (&= 1.80 x
10°M ' em™"), respectively. According to the literature, the
absorption bands for 6-MH- and 11-MU-AuNPs originate
from metal-centered (Au 5d" to 6sp interband transitions)
and/or ligand-metal charge-transfer transitions.' The
absorption spectral profiles of our 6-MH- and 11-MU-
AuNPs closely resemble those of small Au MPCs and
polynuclear gold(I) complexes, such as the Au clusters
protected by glutathione, tiopronin, meso-2,3-dimercaptosuc-
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cinic acid, dodecanethiol, PEI, and PAMAM, each of which
exhibit a broad absorption band centered within the wave-
length range from 300 to 700 nm."!

Figure 2 B displays normalized fluorescence spectra of the
as-prepared AuNP, 2-ME-AuNP, 6-MH-AuNP, and 11-MU-
AuNP solutions. The inset indicates that the fluorescence
colors of the four solutions upon excitation at 365 nm are dark
brown, reddish, yellow, and green, respectively. Because the
four particles possessed different fluorescence QYs, their
fluorescence spectra are presented after normalization. The
narrower emission profiles and smaller Stokes shifts for the 6-
MH- and 11-MU-AuNPs, relative to those for the 2-ME-
AuNPs, are mainly due to the former pair’s narrower size
distributions and lower degrees of distortion in the excited
state.’™ The QYs (Table 1) for the 11-MUA- and 2-ME-

Table 1: Optical properties of AuNPs and alkanethiol-AuNPs.

Au nanoparticle A2 am Emission QM
[nm] [nm] FWHM [nm]®™

AuNPs - 618 90 1.0x10°°
2-ME-AuNPs - 613 83 6.2x107°
TG-AuNPs L 611 78 9.3x107°
4-MB-AuNPs!® - 603 72 3.5x107*
6-MH-AuNPs 367 538 60 1.5%1072
11-MU-AuNPs 383 502 62 1.2x1072
11-MUA-AuNPs 375 520 62 3.1x1072
DT-AuNPs!” 391 501 60 9.5x1073

[a] FWHM=full width at half maximum. [b] QYs were determined
through comparison with quinine. [c] No absorption band observed.
[d] TG =thioglycerol. [e] 4-MB =4-mercaptobutanol. [f] DT =decane-
thiol.

AuNPs are 3.1 x107? and 6.2 x 1075, respectively. The QY of
the 11-MUA-AuNPs is comparable to those of the best
currently available water-soluble alkanethiol-protected
AuNPs.[*l Relative to the fluorescence intensity of the as-
prepared AuNPs, the fluorescence intensities of the 2-ME-, 6-
MH-, and 11-MU-AuNPs are about 100-, 30000-, and 20000-
fold higher, respectively. These results suggest that 6-MH and
11-MU are more efficient than 2-ME at minimizing the
fluorescence quenching of AuNPs from collisions with
quenchers in solution and at minimizing the number of
internal nonradiative relaxation pathways. Upon increasing
the chain length from six to eleven carbon atoms, we did not
observe any increase in fluorescence, which agrees with the
previous finding of comparable fluorescence intensities for
zeroth-, second-, and fourth-generation PAMAM dendrimer-
protected AuNPs.F*4

The fluorescence wavelength underwent a blue shift upon
increasing the chain length of the thiol, primarily because of
the decreased NP size (Figure 1),“* which increased the
energy gap between the quantized levels as a result of the
smaller core size and the higher coverage of the thiola-
te.*+52131 To ensure that these bands were indeed fluorescence
signals, we measured the spectra at various concentrations
(0.1-200 nm). We observed linear relationships between the
signal intensity and the concentration; for example, the
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fluorescence intensity of the purified 11-MUA-AuNPs
increased linearly over the concentration range from 0.25 to
200 nM, with a limit of detection (LOD) of 0.05 nm (Figure S1
in the Supporting Information). We further studied the
behavior of the alkanethiol-AuNPs through measurements
of their fluorescence lifetimes. By fitting to a biexponential
fluorescence decay (Figure S2 in the Supporting Informa-
tion), we obtained lifetimes (#,/t,) for the 2-ME-, 6-MH-, and
11-MU-AuNPs of 20/158, 27/232, and 45/335 ns, respectively.
The monotonical increase in the lifetime upon increasing the
length of the thiol chain is consistent with the increasing
fluorescence intensities depicted in Figure 2B.

Our synthetic alkanethiol-AuNPs exhibited a number of
attractive optical properties. For example, different fluores-
cence emissions were generated from the various alkanethiol—
AuNPs when they were excited simultaneously at a single
wavelength (1., =365 nm). Because the fluorescent AuNPs
possess long fluorescence lifetimes (greater than 20 ns), they
have great potential for use in sensing molecules of interest
through monitoring of their time-resolved fluorescence.!'*!
The fluorescent AuNPs have large Stokes shifts (greater
than 130 nm), which can prevent spectral cross-talk and, thus,
enhance the detection signal. The inherent brightness (the
bright colors detected under UV-lamp illumination; Fig-
ure 2B) allows imaging of a single AuNP, suggesting that they
may be applicable to cell imaging."” Much like semiconduc-
tor quantum dots (QDs), the highly size-dependent fluores-
cence properties of the AuNPs are very sensitive to the
environment.>'% Unlike semiconductor QDs, however, the
QYs of the fluorescent AuNPs are lower. Nevertheless, the
fluorescent AuNPs are easily prepared, with good batch-to-
batch reproducibility (relative standard deviation less than
5% from 10 batches) in terms of their fluorescence intensity,
and have low toxicity.'"”! Although the QYs of the thus-
prepared fluorescent AuNPs are lower than those of
PAMAM dendrimer-protected Au clusters (smaller than
Auy), the thiol-AuNPs (of approximate size Au,s, for 11-
MUA-AuNPs) are readily purified or separated from other
matrix components through simple centrifugal filtration
(membrane cut-off: 10 kDa).

Next, we tested the practicality of using 11-MUA-AuNPs
for sensing Hg"™. Mercury pollutants exert adverse effects on
the environment and on human health, and thus many
methods have been developed for sensing Hg'.!">*!l Based
on our experience,m lower concentrations of AuNPs often
provide better sensitivity for the detection of metal ions. We
first investigated the 11-MUA-AuNPs at a concentration
1.0 um for sensing Hg". Figure 3 presents the absorption
spectra, TEM images, and fluorescence spectra of the 1.0 um
11-MUA-AuNPs in the absence and presence of 10 um Hg'™.
For the first time, we observed aggregation-induced fluores-
cence quenching of 11-MUA-AuNPs by Hg" in aqueous
solution (Figure 3B). The TEM image of aggregated 11-
MUA-AuNPs (inset, Figure 3 A) supports the notion that the
fluorescence quenching phenomenon occurred through Hg"-
induced aggregation. The aggregation was due mainly to the
interaction of Hg" ions with the carboxylate groups present
on the surfaces of the 11-MUA-AuNPs. The 11-MUA-AuNPs
are aggregated in solution in the presence of divalent metal

www.angewandte.org

© 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

A) 0.60
TO.SO a /b
0
250 350 450 550 650
B) 12.0
L
*
*
T 6.0 . v s
-
Iy
10 15 20 25
0 Time/min —»

450 500 550 600 650

Figure 3. A) UV/Vis absorption and B) fluorescence spectra of solu-
tions containing 11-MUA-AuNPs in the a) absence and b) presence of
Hg'". Inset to (A): HRTEM image of 11-MUA-AuNPs in the presence of
Hg". Inset to (B): Time-course measurement of the fluorescence
intensity at 520 nm for 11-MUA-AuNPs after the addition of Hg".
Buffer: 5 mm sodium tetraborate solution (pH 9.2); excitation wave-
length: 375 nm.

ions through an ion-templated chelation process.**"! By
monitoring the decrease in fluorescence, we found that the
Hg"-induced aggregation of the 11-MUA-AuNPs reached
completion within 10 min (inset, Figure 3B). Although the
Hg"-induced fluorescence quenching was quite significant,
the effect on the wavelength of absorption was small
(Figure 3 A); namely, the fluorescence was more sensitive to
changes in the AuNP size than the absorption wavelength
was. Unlike the absorption of large AuNPs, which is due to
SPR, the absorption of small AuNPs is due to metal-centered
(Au 5d" to 6sp interband transitions) and/or ligand-metal
charge-transfer transitions.

We further investigated the changes in fluorescence of the
11-MUA-AuNPs (10 nm) that occurred within 10 min of
adding the following metal ions (500 nm): Li*, Na*, K,
MgH, CaH, SrH, BaH, CuH, COH, NiH, ZHH, PbH, HgH, CdH, FCH,
A" Cr'™, and Au™. As exhibited in Figure 4, other than Hg",
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Figure 4. Fluorescence ratios [(I; —I¢)/Iz] at 520 nm for the 11-MUA-
AuNPs (10 nm) measured in the absence and presence of PDCA
(1.0 mm) after the addition of 500 nm metal ions in 5 mm sodium
tetraborate solutions at pH 9.2. Other conditions were the same as
those described in Figure 3.
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only Pb" and Cd" ions led to great decreases in the
fluorescence intensity. The highest fluorescence-decreased
response of the probe for Hg" among the metal ions is
consistent with the much higher affinity of simple carboxylic
acids towards aqueous Hg" (logf,=17.6).”" To further
improve the selectivity of the 11-MUA-AuNP probe toward
Hg", we added a chelating ligand, PDCA (1.0 mm), to the
solutions, which showed its effective masking ability for Pb"
and Cd".”! PDCA forms much more stable complexes with
heavy metal ions, such as Hg" (log 8, = 20.28), than with other
metal ions.”) The fluorescence intensity of the 11-MUA-
AuNPs increased by about 5% (data not shown) in the
presence of 1.0 mm PDCA, indicating that some of the PDCA
ligands had adsorbed onto the 11-MUA-AuNP surfaces. Thus,
we suggest that PDCA improves the probes’ selectivity
toward Hg" ions through a cooperative effect.”>?! Further-
more, the PDCA ligands in the bulk solution may form
complexes with the other metal ions, suppressing their
interference with the probe. As a result, even in the
presence of metal ions (other than Pb" and Cd") at concen-
trations 400 times greater than that of Hg", the selectivity of
the 11-MUA-AuNPs toward Hg" was maintained. We per-
formed a series of competitive experiments to test the
practicality of our 11-MUA-AuNP nanosensor for the selec-
tive detection of Hg". The tolerance concentrations of Pb"
and Cd" when sensing Hg" using this 11-MUA-AuNP nano-
sensor were at least 10 times the Hg" concentrations
(Figure S3 in the Supporting Information).

Asindicated in Figure 5, the fluorescence of the 11-MUA-
AuNPs (10 nm) decreased upon increasing the concentration
of Hg" ions. A linear relationship (R*=0.96) exists between

24,

[Hg"]/nm
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Figure 5. Fluorescence response of 11-MUA-AuNPs upon the addition
of Hg" ions (0, 10, 25, 50, 100, 250, 500, 750, 1000, 2500, 5000, and
10000 nwm). Inset: Plot of fluorescence ratios [(I¢,—/¢) /I ] of 11-MUA-
AuNPs at 520 nm versus log[Hg"]. Buffer: 5 mm sodium tetraborate
solution (pH 9.2) containing PDCA (1.0 mm).

the value of the fluorescence decrease of the 11-MUA-AuNPs
with the logarithm of the concentration of Hg" ions over the
range from 10 nm to 10 um. The LOD for Hg", at a signal-to-
noise ratio of 3, was 5.0 nMm (1.0 ppb), which is lower than the
maximum level (2.0 ppb) of mercury in drinking water
permitted by the United States Environmental Protection
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Agency (EPA). This approach provides a sensitivity that is
two orders of magnitude lower than those reported for heavy
metal ion sensors based on chelation/aggregation-mediated
colorimetry and AuNP systems based on modulation of
fluorescence quenching.”>?"

To test the potential of our Hg"-based nanosensor for the
analysis of Hg" in environmental samples, we tested a water
sample obtained from a pond on our campus. By applying a
standard addition method over a concentration range of 5-
100 nm Hg" (y =0.29x +2.25; R*=0.98), we determined the
concentration of Hg" in the pond sample to be 3.49 ppb,
which is in good agreement with that (3.20 ppb) determined
using inductively coupled plasma mass spectrometry (ICP-
MS) analysis. The recoveries of these measurements were 95—
98 % . Our results suggest that this probe has great potential
for determining environmentally relevant concentrations of
Hg".

In conclusion, we have created a series of novel, water-
soluble, alkanethiol-AuNPs whose fluorescence wavelength
is tunable through modification of the chain length of the
alkanethiols. The highly fluorescent alkanethiol-AuNPs, such
as the 11-MUA-AuNPs (approximate size Au,s), are easily
purified and are capable of sensing Hg" ions. To the best of
our knowledge, this work provides the first example of a
system for sensing Hg" ions based on fluorescence quenching
through Hg"-induced aggregation of AuNPs. Under the
optimum conditions, the sensitivity of the 11-MUA-AuNPs
toward Hg" is high (LOD =5.0 nm), with remarkable selec-
tivity over other metal ions in aqueous solution.
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