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Highly fluorescent, water-soluble, few-atom Au quantum dots have been created that behave as
multielectron artificial atoms with discrete, size-tunable electronic transitions throughout the visible
and near IR. Correlation of nanodot sizes with emission energies fits the simple relation, Epey /N>,
predicted by the jellium model. Providing the “missing link” between atomic and nanoparticle
behavior in noble metals, these emissive, water-soluble Au nanoclusters open new opportunities for
biological labels, energy transfer pairs, and light emitting sources in nanoscale optoelectronics.
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Analogous to the alkali metals, the high electron den-
sity, strong electron-electron coupling, and efficient
screening [1,2] should make the electronic structure of
noble metals change dramatically with nanocluster size
and geometry, but the influence of the d electrons is
thought to significantly complicate the free-electron be-
havior [3,4]. Gold exhibits size-tunable plasmon absorp-
tion widths by confining conduction electrons in both
ground and excited states to dimensions smaller than
the electron mean free path (~20 nm) [2]. Further con-
finement of the free electrons, however, reaches a second
critical size scale—the Fermi wavelength of an electron
(~0.7 nm) which should result in discrete, quantum-
confined electronic transitions [3]. While such sub-nm
nanoclusters are too small to have the continuous density
of states (DOS) necessary to support a “plasmon” char-
acteristic of larger free-electron metal nanoparticles
[4,5], the jellium model predicts that nanoparticle plas-
mon widths and nanocluster transition energies of true
free-electron metals should both scale with inverse clus-
ter radius. As gas phase photodissociation experiments
are unable to probe the lowest energy transitions [4], the
size-dependent behavior of noble metals and the develop-
ment of the plasmon remain poorly understood [1,4,6—9].
While solubilizing and stabilizing organic scaffolds
have enabled creation of gold nanoclusters with weak
blue and IR emission [6,10] with several reports of
plasmon-enhanced emission from larger nanoparticles
[11,12] these capping agents limit Au nanocluster size/
property determinations. Recently, we were able to utilize
well-defined poly(amidoamine) dendrimers (PAMAM)
[13] to encapsulate Aug nanoclusters exhibiting very
clean mass spectra, bright blue emission, and two-order-
of-magnitude improved fluorescence quantum yields
(42%) in aqueous solution [14]. Here, we report the cre-
ation of quantum-confined, water-soluble, high quantum
yield Au nanodots with discrete absorption and fluores-
cence that are size tunable from the UV to the near IR.
The discrete absorptions and emissions scale with the
number of atoms, N, as N~'/3, precisely as predicted by
the spherical jellium model, but in contrast to the
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N~2/3 scaling for semiconductor quantum dots [15] that
do not exhibit the free-electron shell-filling degeneracies
characteristic of metals. These two cases correspond to
multi- and single-electron artificial atoms, respectively.
Bridging the gap between discrete gas phase absorptions
of analogous alkali metal nanoclusters and the character-
istic plasmon absorptions of large noble metal nanopar-
ticles in solution, these few-atom water-soluble Au
species offer the “missing link” between atomic and
nanoparticle optical properties with clear protoplasmonic
fluorescence arising from intraband transitions of the
nanocluster free electrons.

Nearly spectrally pure, size-tunable Au nanodots
(Fig. 1) are readily synthesized through the slow reduc-
tion of gold salts (e.g., HAuCl, or AuBr3) within aqueous
PAMAM solutions, followed by centrifugation to remove
large nanoparticles. Created through this general proce-
dure [16], differently sized fluorescent gold nanoclusters
exhibit discrete excitation and emission spectra from the
ultraviolet to the near infrared. Because Aug is a magic
cluster size, it is usually present to a small degree in each
nanodot solution. Both the relative Au:PAMAM concen-
tration and the dendrimer generation [17] enable optimi-
zation of the desired nanocluster emission color. These
PAMAM-encapsulated nanodots exhibit orders-of-
magnitude higher fluorescence quantum yields than do
other matrices [6,10] suggesting an important role of
amines in Au-nanodot creation.

While nanodot solutions are largely spectrally pure,
many nonfluorescent products appear in the mass spectra.
Consequently, to determine each fluorescent nanocluster
size, fluorescence intensity at each wavelength was corre-
lated with electrospray ionization mass spectrometry
abundance for each solution (Fig. 2). In each case, there
was a one-to-one correspondence between only one spe-
cific peak in the mass spectrum and a specific fluorescent
transition to yield linear correlations that enable direct
determination of the UV (Aus), blue (Aug), green (Au,3),
red (Auyz), and near IR (Aus;) emitting species. All
aqueous nanodot solutions are very stable, lasting for
months either in solution or as dried powders. Solutions

© 2004 The American Physical Society 077402-1



VOLUME 93, NUMBER 7

PHYSICAL REVIEW

week ending

LETTERS 13 AUGUST 2004

Wavelength nm

300 400 500 600 700 800900
14 - ' UvI Blue breen ' InedI IRI
| A ",.\‘

o 127 i
=
5 10+ h ;
> \
5 ) )
£ 8- ! \
=
z A ]
= 6 ] 2
.‘? T / f'
g a4 |/
3 ] ;
= )
= 2 -J/

0 T T

T T
4.0 3.5 3.0 2.5 2.0

Energy eV

FIG. 1 (color).

(a) Excitation (dashed) and emission (solid) spectra of different gold nanoclusters. Emission from the longest

wavelength sample was limited by the detector response. Excitation and emission maxima shift to longer wavelength with
increasing initial Au concentration [16], suggesting that increasing nanocluster size leads to lower energy emission. (b) Emission
from the three shortest wavelength emitting gold nanocluster solutions (from left to right) under long-wavelength UV lamp
irradiation (366 nm). The leftmost solution appears slightly bluer, but similar in color to Aug (center) [14] due to the color
sensitivity of the human eye. Green emission appears weaker due to inefficient excitation at 366 nm.

from redissolved Au-nanodot powders have identical
properties to those initially created.

The dependence of emission energy on the number of
atoms, N, in each gold nanocluster (Fig. 3) is quantita-
tively fit for the smallest nanoclusters with no adjustable
parameters by the simple scaling relation of Epeni/N'/3,
in which Eg.,; is the Fermi energy of bulk gold [3,18,19].
Identical to that for gas phase alkali metal nanocluster
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FIG. 2 (color online). Fluorescent nanocluster size determi-
nations. In addition to separately identified Aug (455 nm) [14],
nanocluster sizes (emission maxima) were determined to be
Aus (385 nm), Aujz (510 nm), Au,; (760 nm), and Aus;
(866 nm) through linear correlation of mass abundance and
fluorescence intensity at each emission maximum. The mass
abundances of all gold nanocluster solutions were measured by
electrospray ionization (ESI) mass spectrometry with identical
ionization conditions. The reproducible and gentle ionization
procedure yielded only one mass species linear in emission
intensity for each emission maximum. This one-to one corre-
spondence between mass abundance and fluorescence enabled
unambiguous assignments of fluorescent gold nanocluster sizes.
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electronic absorptions [5,20] the transition energy scal-
ing with inverse cluster radius indicates that electronic
structure is solely determined by the Au nanocluster
free-electron density and nanocluster size. Previously

Emission Energy eV

>

The number of atoms, N, per cluster

FIG. 3. Correlation of the number of atoms, N, per cluster
with emission energy. Emission energy decreases with increas-
ing number of atoms. The correlation of emission energy with
N is quantitatively fit with Eg.i/N'/?, as predicted by the
spherical jellium model [2,4]. Emission energies of Au,3 and
Auy; exhibit slight deviations from the Epepni/N'/? scaling.
Consistent with the narrow excitation and emission spectra, the
potential confining the free electrons flattens slightly for Au,s
and Auj;, with an anharmonicity of U = 0.033. The one-
electron artificial atom (Bohr model) scaling (N_2/3) of semi-
conductor quantum dots (scaled to the metallic limit of the
Fermi energy) is also shown to delineate the different scaling
laws of quantum-confined metals and semiconductors. Other
measurements of Auyg [6] emission (A) and the measured
(nonfluorescent) transition energies of Auj; [22] and Auy,
[21] are all consistent with the observed scaling relations.
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observed only in gas phase absorption spectra of alkali TABLE I. Measured Au-nanodot photophysical properties.

metals, the free-electron shell-filling model corresponds
exactly to the spherical jellium approximation—the sim-
plest model for explaining delocalized, free conduction
electron behavior relative to the atomic cluster core, and
an excellent basic model explaining plasmon absorption
in large nanoparticles [3,18,19]. These quantum-confined
protoplasmonic transitions of the free conduction elec-
trons suggest nearly spherical nanocluster electronic
structures with electrons bound by an approximately
harmonic potential in three dimensions. While a har-
monic potential would give a R™? electronic transition
energy dependence, the degeneracy in filling the delocal-
ized nanocluster energy level shells (1s, 1p, 1d, 2s, 1f,
2p,...) and the size-independent electron density for the
given material yield an effective R™! dependence on
cluster size [2,3], further demonstrating the metallic ori-
gin of these Au nanocluster fluorescent transitions.

At larger nanocluster sizes (N = 23 and 31), electron
screening increases and the potential bounding each elec-
tron flattens, thereby slightly increasing the anharmonic-
ity. Figure 3 shows that the potential confining free
electrons in larger gold clusters Au,; and Aus; flattens
only slightly [3,18]. Even the highest occupied to lowest
unoccupied molecular orbital gaps in gas phase Auyg [21]
and in water-soluble Auy; [22] and Au,g [6] lie close to the
same curve and are consistent with our results (Fig. 3).
While only magic cluster sizes correspond to shell clos-
ings [18], the approximately spherical electronic structure
indicated by the linear scaling with inverse cluster radius
shows that these nanomaterials are ‘“‘multielectron artifi-
cial atoms™ [2,23]. This artificial atom behavior results
from the conduction electrons making intraband transi-
tions between nanocluster electronic states of well-
defined angular momenta, thereby leading to discrete
excitation and emission spectra. The primary difference
between these and true atoms is that the electron density
does not change in the clusters, while it does as atomic
number increases [2,3]. Consequently, in contrast to pre-
dictions of planarity for gas phase Auy—; nanoclusters
[24], the PAMAM-encapsulated nanocluster geometries
must be approximately spherical to yield the observed
scaling.

The detailed photophysical properties of different
water-soluble gold nanoclusters (Table I) indicate that
these Au nanodots behave as quantum-confined, size-
tunable fluorophores. The high quantum yields are com-
parable to the best water-soluble emitters currently avail-
able, ranging from 70% for U V-emitting Aus to ~10% for
Aug; in the near IR. The decreasing quantum yields with
decreasing energy are consistent with increased nonra-
diative pathways at lower energies (i.e., the "energy gap
law’”) [25]. Dividing the measured lifetime (Table I) by
the fluorescence quantum yield gives the intrinsic life-
times, which increase monotonically with decreasing
energy as expected for spontaneous emission. In contrast
to larger semiconductor nanocrystals [15,23], dendrimer
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Gold Excitation Emission Quantum Lifetime
cluster (FWHM) (eV) (FWHM) (eV) yield (%) (ns)
Aus 3.76 (0.42) 3.22 (0.45) 70 35
Aug 3.22 (0.54) 2.72 (0.55) 42 7.5
Auys 2.86 (0.38) 2.43 (0.41) 25 5.2
Auy; 1.85 (0.21) 1.65 (0.26) 15 3.6
Aug, 1.62 (0.20) 1.41 (0.10) 10

encapsulated gold nanodots have very well-defined exci-
tation and emission spectra while requiring neither com-
plicated high temperature syntheses with toxic precursors
nor difficult overcoating with surface passivation and
solubilization chemistry [26] for applicability as bio-
labels. The much narrower emission and smaller stokes
shifts at larger nanocluster sizes (e.g., Auy; and Aus)
indicate less distortion in the excited state than in the
smaller nanoclusters. Such well-defined, tunable discrete
excitation and emission suggest that these nanomaterials
may find utility as energy transfer pairs, a task for which
semiconductor quantum dots are ill-suited because of
their extremely broad excitation spectra and larger fluoro-
phore size.

As these nanoclusters are too small to have the con-
tinuous density of states and plasmon absorptions char-
acteristic of larger nanoparticles (>2 nm) [13,27] the
transition energy instead of the plasmon absorption
width scales with inverse cluster radius [1-3,28]. The
size-dependent scaling of excitation and emission ener-
gies with Epemi/N 1/3 directly indicates that free-electron
behavior begins in Auy as small as N = 5. Such free-
electron protoplasmonic intraband absorption and fluores-
cence give rise to discrete size-dependent Au transitions
throughout the visible beginning at the few-atom size
scale. As nanocluster size increases further, transition
energies decrease with the increasing density of states,
thereby forcing energy level spacings to eventually be-
come comparable to available thermal energy. This re-
laxes the angular momentum selection rules as single-
electron states become less well-defined in favor of the
effectively continuous density of states characteristic of
plasmon absorption within nanoparticles and bulk met-
als. Consequently, by directly probing the lowest energy
absorptions and emissions, these studies connect the
seemingly disparate nanocluster transition energies and
plasmon absorption widths, both of which scale with
inverse particle radius (R~' or, equivalently, N~'/3)
[29]. With increasing size and decreasing transition en-
ergy, confinement switches from being relative to the
Fermi wavelength (yielding discrete size-dependent opti-
cal transitions) to being relative to the electron mean free
path (yielding plasmon widths that scale with the free-
electron DOS and the imaginary dielectric constant).
Both regimes scale with inverse cluster radius as the
delocalized free-electron states giving rise to nanocluster
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fluorescence become sufficiently dense at larger sizes to
enable Au nanoparticle plasmon absorptions with charac-
teristic N~!/3 scalings of the plasmon width [29]. Conse-
quently, the size-dependent transition frequencies of our
water-soluble Au nanoclusters are the small size limit of
the plasmon absorption within bulk metals and provide a
smooth connection between atomic and metallic behavior
with true protoplasmonic fluorescence that is well de-
scribed at all sizes by the spherical jellium model.

In conclusion, we have created novel, highly fluores-
cent, water-soluble quantum dots from PAMAM-
encapsulated Au that behave as multielectron artificial
atoms with size-tunable, discrete electronic transitions
between states of well-defined angular momenta. Corre-
lations of Au nanocluster sizes with transition energies
are well fit with the simple relation, Erermi/N'/3, indicat-
ing protoplasmonic fluorescence corresponding to the
jellium model. Thus, the intraband transitions are the
low number limit of the plasmon before the onset of
collective dipole oscillations that occur when a continu-
ous density of states is reached. Providing the “missing
link” between atomic and nanoparticle behavior in noble
metals, these highly fluorescent, water-soluble Au nano-
clusters offer complementary transition energy size scal-
ings at smaller dimensions than do semiconductor
quantum dots. The unique discrete excitation and emis-
sion coupled with facile creation in aqueous solution open
new opportunities for noble metal nanoclusters as bio-
logical labels, energy transfer pairs, and other light emit-
ting sources in nanoscale electronics.
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