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Systems that show luminescence in the NIR region are attracting 1.4
increasing attention for their applications in the fields of diagndstics
and telecommunicatiohBesides the molecular approach, which 121
has led to the synthesis of extremely efficient dyesno-objects 10
such as quantum ddtand nanorodshave been recently proposed
as promising alternatives to conventional luminophores. In this 0.8
context, only a few examples of luminescence from gold nanopar- A
ticles have been reported, all showing a strong dependence of the 0.6 1
emission properties on the nature of the ligands. In the case of large .
nanopatrticles (radius 2 nm) Gittins and co-workers observed a 041
very weak plasmon emission in the visible regidn£ 10-6) upon 02 |
photoexcitatior?. A more intense ® ~ 10-3) luminescence in the
NIR region has been reported by Whettamd by Murray in the 0.0 : ; .
case of smaller monolayer-protected gold clusters. Furthermore, to 300 400 500 600 700

our knowledge, only one example of luminescence sensitized via A/nm
static energy transfer from. a dye to gold nanopgrtlcles h.as beenFigure 1. Absorption spectra of nanoparticl¥®, N1, andN2 (continuous
reported to daté However, in that case, only a minor fraction of jine). In the case oN1 and N2 the spectra resulting from an additive
the dye, electrostatically adsorbed to the surface, was involved in combination of the spectra of the componex@andP (ref 13) are shown
the process, and as a consequence, most of the absorbed light wags dashed lines. (Inset) Corrected luminescence excitation spectra of
not funneled to the nanoparticles’ luminescent excited states. What"a@noparticlesN1 andN2 at 740 nm.
we report here is the first case in which an extremely efficient rapje 1. Photophysical Properties of Nanoparticles N1 and N2
transfer of excitation from fluorophores directly bound to the surface
leads to a strong sensitized luminescence from gold nanopafficles.

In particular, the luminescence quantum yield of 1.8 nm
triphenylphosphine (TPP)-stabilized gold nanoparticles not only
increases by at least 2 orders of magnitude if TPP is replaced with  a ayerage diamete® Molar composition ratio between gold atoms and
the pyrene derivativ® shown in Figure 1 but is further enhanced molecules ofP. °NIR luminescence quantum yield upon excitation at 345
by a factor of 3 if excitation is performed via excitation energy M- “NIR luminescence quantum yield upon excitation at 450 nm.

. , ¢Average excited-state lifetime.
transfer from the pyrene molecule bound to the nanoparticles
1 : .

surfaces! Moreover, due to the high efficiency of th'e'ener'gy spectra oNO andP,13
transfer process, the fluorophores behave as an efficient light-

harvesting system that strongly increases the excitation efficiency shifted when it is bound to the nanoparticle surface, indicating a

and thus the brightness of the nanoparticles. strong interaction among the gold core and the pyrene moieties and

We modified the synthetic strgtegy proposeq by Hutchison in between the chromophoric units themsel¥#eghe absence of the
order to prepare phosphine-stabilized 1.8-nm diameter gold nano'plasmon resonance band for all samples is in agreement with the

particles'2 Luminescence in the NIR for gold nanoparticles of this diameter measured in the TEM experiments<(1.8+ 0.5 nm)?5

size was reported by Murray for particles stabilized with tiopronin We investigated the luminescence behavior of these systems upon

. . o lg )

“gar.]dj (AQO?T'OIS ronirgs).% Syntfhf_srs;;o;sampldsp alndl\l:lf was excitation either of the dye or of the metal core. The solutions were

carried out in the presence o r_respectwe y-NLwas — gijuted by a factor of 12 in order to avoid inner filter effeéts.

preparec_i from a ml_xture of the two Ilgands (sg_e Supporting NanoparticlesNO show almost no luminescenc® (< 10-4) upon

Informatlon).ll'The ratios ofP to gold atoms in the purified samples excitation either at 345 or 450 nm. The presence of the pyrene

arik;eportfed in Table 1f o4 andN2 are domi db derivative P on the surface, on the other hand, causes a strong
sorptlon spectra of nanoparticisd. an are ommatg y enhancement of the luminescence. Luminescence spectra recorded

the contributions pf the pyrene chromopho_res in the UV rt_eglons and upon direct excitation of the metal cork{ = 450) in the case of

are almost superimposible on the absorption spectruDof the N1 andN2 (Figure 2, inset) show broad emission bands in the NIR

visible=NIR range (Figure 1). However, if the absorption spectra o ion Table 1 shows that the luminescence quantum yield is 3
of N1 and N2 are compared with a suitable combination of the times higher with the highest loading of pyrene.

t University of Bologna As far as the excited-state lifetimes are concerned, in both cases
*Queen’s University Belfast. a multiexponential decay was recorded; the average excited-state

dinm? Au:pb Dyt St 457 [#us®

N1 1.8+0.6 8.3 3x 1073 1.5x 1073 0.5
N2 1.8+0.5 3.3 1.5x 102 45x 1073 0.7

as in Figure 1, it becomes evident that the
absorption bands of pyrene are significantly broadened and red-
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Figure 2. Corrected luminescence spectra of nanopartidieandN2 and

of P, upon excitation at 345 nm. (Inset) Corrected luminescence spectra of
nanoparticledN1 andN2 upon excitation at 450 nm (dashed lines) and 345
nm (continuous lines).

lifetimes are reported in Table 1. The higher luminescence quantum
yield of N2 corresponds to a longer average lifetime, suggesting
that the presence &f prevents nonradiative deactivation processes
from occurring. Unfortunately, the impossibility of recording the
decay forNO due to the weakness of the signal did not allow a
deeper investigation of this kind of nanoparticles. The luminescence
spectra resulting from excitation at 345 nm show, in the region
between 360 and 500 nm, a very weak band with the typical
structure of the pyrene fluorescence (Figure 2). An excited-state
lifetime shorter than 0.5 ns was measured bothNdrandN2 for

the residual emission. Overall, the average efficiency of the
guenching process is extremely high95%) and fast enough to
prevent pyrene excimer formation. Both'rE®r” and NSET®

theories are compatible with the observed quenching; the synthesis

of different ligands with increasing chain length are in due course
in our laboratories in order to investigate the nature of the
mechanism involved in the energy transfer process.

The same luminescence bands in the NIR region observed by
direct excitation of the gold clusters result from the excitation of
the pyrene molecules bound to their surfaces at 345 nm (Figure 2,
inset). The presence of a very strong contribution of the typical
bands of the pyrene in the excitation spectra recorded at 740 nm
(Figure 1, inset) definitely supports the occurrence of a very efficient

energy transfer process that leads to the sensitized emission of the

gold core. Surprisingly the luminescence quantum yield, calculated
in the case of a 100% efficient energy transfer process, is, upon
sensitized excitation, considerably higher bothNidrandN2. This

unprecedented result confirms that the luminescence of gold

the surface, and of course, to the high efficiency of the energy
transfer process. The overall effect upon sensitized excitation is to
make the brightness of the system 1 order of magnitude higher
than upon direct excitation.

In conclusion, the described systems showed extremely valuable
features since NIR emissions, large Stoke’s shifts, and long lifetimes
are all desirable properties for analytical applications in biology
and medicine. Finally the replacement of pyrene with other
fluorescent molecules could allow the fine-tuning of the excitation
wavelength, leading to a new generation of probes for the NIR
region.
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