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Abstract

After one-decade’s efforts, a large amount of highly luminescent metal nanoparticles with
different sizes and surface chemistries have been developed. While the luminescence is often
attributed to particle size effect, other structural parameters such as surface ligands, valence states
of metal atoms and crystallinity of nanoparticles also have significant influence on emission
properties and mechanisms. In this minireview, we summarized the strategies used to create
luminescent gold nanoparticles with size from few to millions of atoms and discussed how these
structural factors affect their photoluminescence.

l. Introduction

On the nanoscale, gold is a well-studied metal because of its tunable electronic structures
and broad material properties.! Undoubtedly, surface plasmon absorption is the most
fascinating property of gold nanoparticles (AuNPs), which fundamentally arises from
collective oscillation of a large number of free electrons in a continuous band structure and
can be tuned by changing many structural parameters such as particle size.2 For example, for
AuNPs with size larger than the wavelength of the light (R>A), the frequency and
bandwidth of surface plasmons can be quantitatively described with Mie theory.! When
particle size approaches the electron mean free path (~50 nm for gold), decrease of particle
size results in the blue shift of surface plasmons, which can still be described with a
modified Mie theory.!- 2 Other structural parameters such as shape, aggregation,
composition and roughness also significantly influence surface plasmons and related
properties such as surface enhanced Raman scattering (SERS), photothermal conversion.3-6
Many excellent reviews help readers gain comprehensive understandings of these well-
known plasmonic properties of AuNPs.7-10

In this review, we focus on luminescence property of AuNPs, which was much less well
understood than surface plasmons. After one-decade’s efforts, luminescent metal NPs start
emerging as a new class of metal nanostructures.! =14 New approaches for synthesis of
different sized luminescent AuNPs with high quantum yields at large quantities have been
developed, emission mechanisms have been partially unravelled, and a variety of
applications of these AuNPs have been demonstrated. Since luminescent AuNPs with size
ranging from 0.3 to 20 nm have been synthesized by tuning different structural parameters
such as particle size, surface ligands, valence state and grain size, it becomes necessary to
summarize how these factors influence luminescence properties and emission mechanisms,
which might help develop and apply luminescent metal NPs in the future.
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While luminescent AuNPs are only being intensively researched in the past decade,
observation of luminescence from gold metal can be dated back as early as 1969.13
Mooradia used a 488 nm laser to excite gold and copper films and observed
photoluminescence at 564 and 620 nm respectively. Since gold or copper film has a
continuous conduction (sp) band structure, the observed quantized transitions
(luminescence) were not attributed to intraband (within sp band) but interband (d-sp)
transitions. Shown in Scheme 1 is the first optical mechanism proposed to explain the
photoluminescence from gold and other metal films, where the emission results from the
recombination of electrons at the Fermi energy level with the holes in the upper-lying d
band. While the observation of photoluminescence from metals, a system with extremely
large density of states and a large number of free electrons, was quite unusual compared to
conventional known fluorophores, limited attention was paid to this field in the first 20 years
after this work was published. A part of reason was because the quantum yield (QY) was
only 1071915 too small for the detailed understandings and practical applications of
emission from metals. In 1986, photoluminescence from metal films regained some
attentions because a continuous emission background was constantly observed during the
studies of SERS of metal films.!® Boyd et al. found that luminescence from gold films was
in the range of 400 to 653 nm, and emission maxima were dependent on the excitation
wavelengths and also the film roughness. Surface roughness can enhance
photoluminescence intensities up to 6 times because of a local-field effect. This study
further suggests that the emission from gold films resulted from direct radiative
recombination of electrons below the Fermi level with holes in the d bands.

Luminescence was not just observed from gold films but small gold nanostructures. In 1998,
Wilcoxon et al. observed relatively intense blue emission at 440 nm from AuNPs with size
smaller than 5 nm.!7 Those blue emitting AuNPs were created through KCN etching and the
QY of emission was about 107>, 10° times higher than that of bulk gold metal (10710,
However, what exact species giving the emission was not clear. In 2000, Mohamed et al.
observed luminescence at 560 nm from gold nanorods with a QY a million times higher that
of bulk gold metal.!8 Interestingly, the QY was found to increase quadratically with
excitation powers while the wavelength maximum increased linearly with the length.
Emissions from these small AuNPs or gold nanorods were also attributed to the electron and
hole interband recombination process, which was further enhanced by surface plasmons.

While the increases in the luminescence QY's of gold nanostructure was attributed to local
electrical-field enhancement effect in these studies described above, several additional
reports on luminescence from very small AuNPs suggested that surface plasmons might not
be indispensible for high QY emission from gold nanostructures. In 2000, Whetten and
coworkers reported the near-infrared luminescence from 1.1 and 1.7 nm gold NCs with QY
up to (4.4%1.5) x 107519 1n 2001, Huang et al. observed fluorescence at 770 nm with a QY
of 3x1073 from 1.7 nm AuNPs20 and Link et al. observed 770 nm emission from Au,g
nanoclusters (note: corrected as Auys in later works) with a QY of 2x1073,2! which are more
than 107 times higher than those of gold films. Since these very small AuNPs start behaving
like molecules and exhibit no surface plasmons, local-field enhancement effect was no
longer involved in the observed high quantum-yield emission. Link et al. further proposed a
hypothesis that emission from molecular Au clusters can arise from both intraband (sp-sp) in
addition to the previous known interband (sp-d) transitions (Scheme 2).21

These studies with others?2- 23 done more than ten years ago set a foundation for today’s
research on luminescent AuNPs. In the past decade, a large number of highly luminescent
AuNPs with size ranging from 0.3 to 20 nm (corresponding to the number of gold atoms
from several to millions of atoms) have been synthesized,z“‘35 and fundamental
understandings of emission mechanisms have also been greatly advanced.!!- 337 Herein,
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we summarize the progress of this field by emphasizing the factors that influence
luminescence properties and emission mechanisms. Since luminescence has been observed
from both nonplasmoic and plasmonic AuNPs, luminescent NPs can be divided into
molecular luminescent AuNPs and plasmonic ones. For molecular AuNPs, we can further
divide them into two subclasses: few-atom Au nanoclusters (AuNCs) and few-nm AuNPs.
Particle size, surface ligands, valence states and grain size all have significant influence on
the luminescence properties of AuNPs (Scheme 3).

Il. Few-atom luminescent AuNCs

Electronic structure of a single AuNP is dependent on its particle size.!- 2 When particle size
becomes comparable to electron Fermi wavelength of gold metal (0.5 nm),38: 39 continuous
band structure of the NPs breaks into discrete energy states; as a result, AuNPs behave like
molecules.*0~42 On this extremely small size scale, AuNPs are often called as nanoclusters
(NCs). AuNCs were found to be luminescent in gas matrices at low temperature back in
1987. Harbich and colleagues created luminescent Au, and Aus embedded in argon
matrices.*3> While these studies clearly indicated size-dependent emission of AuNCs, the
quantitative correlations of particle size with emission wavelength were not clear.

lla. Dendrimer encapsulated luminescent AuNCs: particle size effect

Dendrimers are repetitively branched molecules with well-defined molecular weights and
small cavities, which have been used to host and deliver drug molecules. Inspired by these
unique characteristics of dendrimers, we used dendrimers as templates to encapsulate few-
atom AuNCs.24 Water-soluble and biocompatible poly(amidoamine) (PAMAM) dendrimer
(G4-OH or G2-OH) were first used for this purpose. After gold ions were introduced into
the solution of PAMAM, an equivalent of NaBH4 was added into the solution and some
reduced gold atoms aggregated within the dendrimers to form very small
dendrimerencapsulated AuNCs. Once the large NPs were removed through centrifugation,
luminescent AuNCs were obtained. Well-defined molecular weight of PAMAM allowed us
to use electron spray ionization (ESIT) mass spectrometry to determine cluster size. The first
dendrimer encapsulated AuNCs we discovered in 2003 were Aug clusters, which give blue
emission at 455 nm. The QY of this blue emitting Aug clusters is about 4x10~1, 100 times
higher than any known luminescent AuNPs by that time. To further understand size-
dependent emission from AuNCs, we tuned molar ratios between dendrimer and gold ions
as well as the amount of NaBH, used in the reactions, a class of AuNCs with different
emission maxima ranging from UV and IR were obtained.3® Using ESI mass spectrometry,
we were able to identify the sizes of different emissive AuNCs. For example, emissions at
3.22,2.72,2.43, 1.65, and 1.41 eV correspond to Aus, Aug, Auy3, Auyz and Aug;
respectively (Fig. 1A).3¢ For the small AuNCs, the dependence of emission energy on the
number of gold atoms, N, in each AuNC (Fig. 1B) can be quantitatively fit with a simple
scaling relation of Epermi/N'/3, in which E g, is the Fermi energy of bulk gold (5.53 eV),
similar to the scaling law observed from electronic absorptions of alkali metal NCs in gas
matrices. These results indicate that electronic structure of dendrimer coated few-atom
AuNC:s is determined by the number of free electrons in Au nanoclusters, following a free-
electron (Jellium) model. 4446

llb. Luminescent AuNCs coated by other ligands

Size-dependent emission from dendrimer coated AuNCs implies that ligands have little
influences on the electronic structure of these dendrimer encapsulated AuNCs.36 Therefore,
it should be feasible to create luminescent AuNCs with the same emission but different
ligands. Indeed, in the past decade, a large number of luminescent AuNCs coated with a
variety of ligands have been synthesized. For example, Duan et al. used an etching method
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to create polyethylenimine (PEI) coated luminescent Aug clusters, which exhibited
excitation and emission identical to dendrimer coated ones.2’” Muhammed et al. used
glutathione to etch 4 nm mercaptosuccinic acid-protected AuNPs at pH 7~8 and obtained
glutathione coated Aug clusters, which give the same blue emission as dendrimer coated
ones do.32 Zhou et al. were also able to create Aug clusters by etching AuNPs and nanorods
with different biomolecules such as amino acids, peptides, proteins, and DNA, 47 further
confirming that emission from few-atom AuNCs is solely dependent on their sizes and
independent of surface ligands. While blue emitting Aug were one of the most common
species synthesized at ambient conditions because of its close shell structure, other sized
luminescent AuNCs coated with different ligands were also synthesized. For instance, Jin et
al. observed UV emission at 340 nm from Au3(SC;,H,s)3.2° Gonzilez et al. used poly(N-
vinylpyrrolidone) (PVP) as a stabilizer to create Au, and Auj clusters with emission at 315
nm (3.94 eV) and 335 nm (3.70 eV) respectively.*8 Emission from these few-atom AuNCs
perfectly fits with the free electron/jellium model.

For larger AuNCs, their emission energy is slightly deviated from the perfect free-electron
model because of electron screening effect and a small harmonic distortion in the potential
energy well. Emission from larger AuNCs is given by:%°

EJr' 2 2 n+2

AEemf.v.virm = W

where /. and /; are the angular momenta of the excited and ground states, respectively, nis
the shell number; and Uis the distortion parameter. The third term accounts for the shape
change of the potential surface as a function of size. Emissions from many large AuNCs
such as Auss coated with glutathione,2! Au,s coated with bovine serum albumin (BSA)33 or
pepsin® can be well fit with the modified free-electron model.

lic. Emission mechanism of AUNCs

Luminescence observed from few-atom AuNCs follows the free-electron model, suggesting
that emission fundamentally arises from intraband (sp-sp) band rather than interband (sp-d)
band transitions. Scheme 4 shows the evolution of energy level spacing of sp band with the
number of cluster size.!! With the increase of the gold atom number, the energy level
spacing becomes smaller and smaller and eventually becomes comparable to thermal energy
(kT), resulting in disappearance of luminescence. Conventional local electrical field
enhancement was not involved in the emission from few-atom AuNCs, in contrast to
emission observed from large gold nanorods and bulk gold films. Luminescence lifetimes of
these few-atom AuNCs are on the order of nanoseconds, indicating that ligand-metal charge
transfer was not involved in the observed size-dependent emission of NCs. While surface
ligands have little influences on the emission from those few-atom AuNCs, it should be
noted that the same sized AuNCs with various surface ligands often emit at the same
wavelength but can have different QY. Therefore, selecting appropriate ligands for
different application purposes should be considered.

lid. AuNCs with emission not following free-electron model: surface ligand effect

While free-electron model has been widely used to explain size-dependent emission from
many luminescent AuNCs, some AuNCs exhibit emissions that cannot be easily interpreted
with this model. For example, Negishi et al. synthesized a class of glutathione (SG) coated
AuNCs including Aul()(SG)lo, Au15(SG)13, Aulg(SG)M_, Au22(SG)16, AUQz(SG)”,
Auy5(SG) g, Aupg(SG)yg, Auz3(SG)yo, and Auszg(SG),4 and found that emissions from these
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clusters are much less sensitive to their cluster size than dendrimer coated ones.? For
example, both Au((SG);g and Au5(SG);3 exhibited two-colour emission at 827 and
413/427 nm; Au;g(SG)14 and Auy5(SG);g both emit at 827 nm, and Auyg(SG)y,
Auz3(SG)yo and Auzg(SG)yy all emit at 885 nm.23 In addition, Au,s coated with glutathione
synthesized through different methods were also found to give slightly different emissions.
For instance, Pradeep et al. created Auy5(SG);g that gave two emission peaks at 500 nm and
700 nm respectively,’! rather than 827 nm observed by Negishi. The emissions from these
glutathione-coated AuNCs are less size-dependent than dendrimer encapsulated ones,
suggesting that surface ligands influence emission from AuNCs and additional emission
mechanism exists.

Unravelling crystal structure has shed some light on structure-emission relationships of these
thiolated luminescent AuNCs with less size-dependent emission. Single-crystal X-ray
crystallographic studies on Auys NCs coated with phenylethanethiol ligands show that Auys
cluster is composed of a centered icosahedral Auj core and an exterior shell made of 6 S-
Au-S-Au-S staples.52 Time-dependent density functional theory (TDDFT) calculations on
the electronic structure of Auys clusters show that the HOMO and the lowest three LUMOs
are mainly composed of 6sp atomic orbitals of gold and a certain degree of the S(3p)°2. The
other higher HOMO orbitals are mainly constructed from the 5d;( atomic orbitals of gold
and hence constitute the d-band. The calculated absorption transitions are consistent with the
experimental observations. For instance, the first peak (HOMO-LUMO) at 1.8 eV observed
in the absorption spectrum of Auys clusters can be viewed as a sp-sp transition,
corresponding to observed emission at 700 nm (1.77 eV) (Fig. 2A&B). Recent ultrafast
spectroscopic studies on relaxation of higher excited states provide more insights on
understanding of photoluminescence mechanism of Au,s clusters. Goodson et al. found that
500 nm emission fundamentally arises from the electron-hole recombination in Au;3 core
with little perturbation from surface ligands, but NIR emission at 700 nm originates from the
recombination of holes in ground core state and electron decayed from core excited states to
S-Au-S-Au-S semirings (Fig. 2C).53 Interestingly, if we just assume that Au;3 core behaves
like an isolated cluster, the observed short-wavelength emission at 500 nm (2.48 eV) from
Auj3 core of Auys clusters is very close to the 2.43 eV emission from dendrimer coated
Auy s, further suggesting that surface thiolate ligands induce little changes in the core
electronic structure, and also implying that Jellium model might still be valid in explaining
the visible emission from the cores of AuNCs coated by thiolate ligands. Less size-
dependent emission in NIR range likely arises from hybrid electronic states involved with S-
Au-S-Au-S staples, where ligand-metal (S-Au) charge transfer is involved. Jin et al. recently
found that charge state and surface ligands also have significant influence on NIR emission
wavelength and QYs of Auss clusters.>* Clearly, more detailed photophysical studies are
needed for eventually illustrating how surface ligands influence photoluminescence
mechanisms of such systems.

lll. Luminescent few-nanometer AUNPs (few-nm AuNPs)

Due to large density of states and extremely small electron Fermi wavelength (0.5 nm) of
gold metal, luminescence of AuNCs is much more sensitive to the size than that of
semiconductor quantum dots (exciton Bohr radius: ~10 nm).>5 For example, once the
number of Au atoms in a AuNC reaches 55 atoms (1.2 nm in diameter), Aus5(PPh3);,Clg no
longer fluoresce.’® Recently, Qian et al. reported that Auz33(SR)79 clusters (2.2 nm) starts to
give surface plasmons at 520 nm because energy level spacing in the cluster is so small that
collective oscillation of free electrons can occur.”’ These studies suggest that quantized
states can rapidly diminish with the increase of the particle size from few atoms to few
nanometers; therefore, in theory, the few-nm NPs should no longer give fluorescence.
However, in the past decade, a large number of luminescent few-nm AuNPs (1.5~3 nm)
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have been synthesized.3% 38-62 suggesting that additional emission mechanisms exist in
AuNPs. In this section, we separate this class of few-nm luminescent AuNPs from those
few-atom luminescent AuNCs. Based on their emission wavelengths, we divide them into
NIR emitting few-nm AuNPs and visible emitting few-nm AuNPs.

llla. NIR emitting few-nm luminescent AuNPs: surface ligand effect

NIR emission was not just observed from few-atom AuNCs with size as small as
Auzg(SG)oy as we described in section 11d.25 In 2005, Wang et al. reported the observation
of NIR emission ranging from 800 nm to 1.3 pm from few-nm AuNPs with size around 2
nm (Fig. 3).3* They proposed that size-independent emission originates from localized core
surface states with size-independent energetics. In their later work, they found that polarity
of the thiolated ligands influence quantum efficiencies of NIR-emitting AuNPs, further
indicating that emission fundamentally arises from the surface states of molecular AuNPs.
Because similar NIR emission was also observed from few-atom thiolated AuNC:s, it is
highly likely that NIR emissions observed from few-nm IR emitting AuNPs also arise from
the S-Au-S-Au-S shells rather than pure Au cores.

llib. Glutathione coated few-nm luminescent AuNPs (GS-AuNPs) with visible emission:
valence state effect

Back in 2005, we discovered another approach to make few-nm luminescent AuNPs.>® By
taking advantage of reducing property of glutathione and unique dissociation process of
glutathione(GS)-gold(I) polymers, we were able to create 1.7 nm orange emitting AuNPs
(OGS-AuNPs) with a maximum at 565 nm (Fig. 4A&B) and 2.1 nm yellow emitting AuNPs
(YGS-AuNPs) with a maximum at 545 nm (Fig. 4C&D).% QYs of these few-nm GS-
AuNPs were measured to be 4.0(x0.4)x1072, one order larger than those NIR emitting
AuNPs. Element analysis indicates that the ratio of Au and GS in orange emitting AuNPs is
22:10, which is larger than those of Auss(SR);g3% 32 ©3-5 and Au3g(SR),490-%9 but
comparable to Authiol ratio of Auj44(SR)go.”°

Different from those nonluminescent few-nm AuNPs/luminescent AuNCs, 215 3% 71 the
luminescent GS-AuNPs contain a large amount of gold(I) atoms. X-ray photoelectron
spectroscopic (XPS) studies on Au 4f,/7 binding energy (BE) of gold atoms in the
luminescent few-nm GS-AuNPs show that nearly 49% and 45% of Au atoms in the OGS-
AuNPs and yellow emitting AuNPs (YGS-AuNPs) are in the Au(I) oxidation state
respectively,’® which are significantly different from IR emitting AuNPs composed of Au(0)
atoms.>* Since gold(I) atoms fail to donate free electrons to the particles, no surface plasmon
absorption was observed from these few-nm visible emitting GS-AuNPs. After further
reducing these luminescent GS-AuNPs with NaBH,, luminescence of the NPs vanished and
very weak surface plasmon absorption of gold NPs started emerging even though very little
change in particle size before and after adding NaBH, was observed. These observations
further confirmed that luminescence from these few-nm AuNPs is strongly dependent on the
valence states of gold atoms in the particles.’”

llic. Visible emitting few-nm AuNPs coated by other ligands

Influence of gold valence states on the emission of visible emitting AuNPs was not just
observed from glutathione coated ones, many ~2 nm luminescent AuNPs coated with other
thiolate ligands have also been synthesized in the past few years.>-52 For example, Huang
et al. used several different alkanethiol ligands such as 2-mercaptoethanol, 6-
mercaptohexanol, and 11-mercaptoundecanol to stabilize 2.9 nm luminescent AuNPs with
emission ranging from 500 nm to 618 nm.”2 Guo et al. later used 11-mercaptodundecanoic
acid as a protecting group to stabilize 2.7 nm luminescent AuNPs with emission at 615
nm.”3 Shang et al. developed a one-pot synthesis approach to create 1.8 nm d-peniciliamine
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(DPA)7# and 1.4 nm dihydrolipoic acid (DHLA) coated luminescent AuNPs®! with emission
at 610 nm and 684 nm, respectively. The common feature for this class of luminescent
AuNPs is that surface ligands are all made of thiolate compounds and a large amount of
Au(I) atoms exist in the NPs.

llld. Photoluminescence mechanism of few-nm luminescent AuNPs

Compared to those few-atom luminescent AuNCs that follow jellium model, few-nm
luminescent AuNPs exhibit different photophysical properties. First, both IR and visible
emitting AuNPs exhibit very large Stokes shifts while few-atom dendrimer coated AuNCs
only have ~50 nm Stokes shifts,11- 21. 24.30.36.47 gych Jarge Stokes shifts were very similar
to those of luminescent gold(I)-thiol complexes/polynuclear Au(I) clusters, where hybrid S—
Au charge transfer states are involved in luminescence transitions.”>~78

The luminescence lifetime studies unravelled very intriguing electronic structures of
luminescent AuNPs. For NIR emitting AuNPs, only microsecond lifetimes were obtained
regardless of the excitation wavelengths, suggesting that emission must be involved with
Au-S hybrid states.2 However, for visible emitting AuNPs, very unique excitation
wavelength-dependent lifetimes were observed. Using OGS-AuNPs as an example,>® we
found that photoluminescence lifetimes of the particles are strongly dependent on the
excitation wavelengths. At 420 nm excitation, these visible emitting AuNPs exhibited
microsecond emission, suggesting that the observed emission obtained results from S-Au
hybrid states (Fig. 5A). However, the emission lifetimes of visible emitting few-nm AuNPs
significantly decreased to 2.8 ns (81%)/33 ns (19%) when the excitation wavelength was
shifted to 530 nm(Fig. 5B), which is different from luminescent gold(I) complexes and NIR
emitting AuNPs,3*75-78 suggesting that S-Au charge-transfer states are no longer involved
in emission at 530 nm excitation. The observation of a dramatic decrease in lifetimes of the
same emission at different excitation wavelengths indicates that triplet and singlet excited
states are degenerate in energy in the visible emitting AuNPs, consistent with the previously
theoretically predicated degeneracies between singlet and triplet states in Auss clusters.””

While the detailed emission mechanisms of these few-nm luminescent AuNPs are still not
clear, we hypothesized optical mechanisms based on previous studies on electronic
structures of polynuclear Au(I) clusters, IR emitting AuNCs and fully reduced Au(0) NPs
(Scheme 5). For IR emitting AuNPs, their emission mechanism will be very similar to that
of IR emitting AuNCs except that Au(0) core in IR-emitting AuNPs is too large to exhibit
discrete energy states. Thiolate ligands can form hybrid states with sp orbitals of surface
gold atoms Au(0), constructing HOMO of the NPs. The large Stokes shifts and microsecond
lifetimes observed from IR-emitting luminescent AuNPs suggest that S-Au charge transfer is
involved in the emission. The emission likely arises from the decay of excited electrons
from higher energy states in sp band to hybrid electronic states of surface gold atoms and
thiolated ligands. For visible emitting AuNPs, strong Au(I)-S bonds were formed,
constructing hybrid electronic states different from those of IR emitting ones, and the energy
levels of those hybrid states in visible emitting ones are likely lower than some states in d
band because these hybrid Au(I)-S states will not be involved in the emission if the particles
are excited at 530 nm. Consequently, the emissions of visible emitting AuNPs likely arise
from sp to d band transitions.

IV. Plasmonic luminescent AuNPs

While tuning particle size and valence state of gold atoms allow us to create a variety of
small luminescent AuNPs with different surface chemistries, one common limitation of
these two strategies is that these molecular luminescent AuNPs exhibit no surface plasmons
because of the limited number of free electrons. As a result, many applications based on
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plasmonic property are lost while we gain luminescence property. On the other hand, as
discussed in the introduction section, photoluminescence indeed was observed from gold
films and plasmonic Au nanorods.!3~17 Most recently, the work done by Gaiduk et al. used a
high energy pulsed laser to convert nonluminescent 20 nm AuNPs into emissive ones with a
QY of ~ 1.4x1076-80 However, limited by the preparation method, origin of emission was
not clear. We recently used a grain size effect to develop a class of highly polycrystalline
AuNPs, which not only exhibit strong surface plasmons but also bright single-particle
luminescence.®!

IVa. Grain size effect in plasmonic luminescent AUNPs

Grain size effects have been widely observed from polycrystalline metallic thin films
composed of grains with different sizes and orientations.32-8% For example, due to grain-
boundary scattering effects, a decrease in grain size often improves yield strength and
hardness of materials¢-38 but reduces their electrical and thermal conductivities.3% 90 While
single-crystal gold films generally have very small enhancements on the Raman scattering
of organic molecules on their surfaces, the increase of surface roughness by decreasing grain
size can dramatically enhance Raman-scattering cross sections of organic molecules on the
gold surface®!. Not only Raman scattering, other linear or nonlinear optical properties of
metallic films, such as absorption, fluorescence as well as two-photon emission, also change
accordingly with crystallinity and grain size.!® These fascinating changes in material
properties of metal films fundamentally arise from the increase of grain boundaries and
emergence of quantum confinement effects.

Plasmonic metal NPs (20~50 nm) also exhibit polycrystalline structure; therefore, grain size
should also have significant influences on material properties of metal NPs, however, grain
size effect in plasmonic metal NPs is much less understood because of lack of chemical
synthesis of control of grain sizes. We recently developed a solid-state synthesis method that
allows us to partially control grain sizes of the NPs.8!

Luminescent plasmonic AuNPs of 20 nm were synthesized in solid-state through thermal
reduction of gold-glycine complex at 453 K. High-resolution transmission electron
microscopy (HR-TEM) studies showed that these AuNPs exhibit highly polycrystalline
structures with grain size down to 1 nm (called as polycrystalline gold nanoparticles,
pAuNPs, Fig. 6A) while commercially available ~20 nm AuNPs synthesized in liquid phase
exhibit multi-twinned structure with grains of 8 nm (called as multi-twinned gold NP,
mAuNP, Fig. 6B). The grain size distributions in the NPs were further quantified by
investigating 4f;/, electron binding energy (BE) of Au atoms in the NPs with XPS because
the core-electron BE shift of a metal atom is inversely proportional to the grain size of
metallic thin films.?2 Fig. 6C shows that Au 4f7, BE of commercially available ~20 nm
mAuNPs exhibits a single Gaussian peak at 83.9 eV, which is blue shifted 0.2 eV compared
to bulk gold metal (83.7 V), while two peaks at 84.0 eV and 85.1 eV were observed from
~20 nm pAulNPs. The additional peak at 85.1 eV was comparable to BE (85.1 eV) of Aus;
clusters (1.2 nm).?* Two BE shifts of 0.3 and 1.4 eV correspond to two different, 5 nm and 1
nm, grain-size populations in ~20 nm pAuNPs respectively, consistent with the observed
highly polycrystalline structures of pAuNPs from TEM studies.

IVb. Emission mechanism of plasmonic luminescent AuNPs

pAuNPs not only exhibit strong surface plasmon absorption but also bright and robust
single-particle luminescence.8! Shown in Figure 7A is the absorption maximum of ~20 nm
as-synthesized pAuNPs, which is red shifted about 16 nm compared to that of mAuNPs (520
nm). In addition, by fitting the absorption spectra of AuNPs with Lorentzian function, we
found that the surface plasmon bandwidth, a characteristic of collision efficiency between
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free electrons and surface atoms, of pAuNPs (105 nm) is much broader than that (81 nm) of
the same sized mAuNPs but comparable to that (107 nm) of 5 nm AuNPs, indicating that the
dephasing of coherent oscillations of free electrons (surface plasmons) in pAuNPs was
greatly enhanced by the increase of grain boundaries.?> %0

Different from conventional plasmonic AuNPs that are often not luminescent due to
extremely high density of states, pAuNPs exhibit strong luminescence at the single particle
level (Fig. 7B). The average emission intensity of individual pAuNPs is comparable to that
of individual commercially available semiconductor quantum dots under the same mercury
lamp excitation conditions, suggesting that the emission cross section of pAuNPs is about
10715 cm?. Since surface plasmon absorption cross section of ~20 nm AuNPs is on the order
of 10713 cm?2.97- 98 the estimated QY of pAuNPs is about 102 under such excitation
conditions. While luminescence QY of pAulNPs is much smaller than those of few-nm
luminescent AuNPs because of strong surface plasmon absorption,!! luminescence
brightness and stability of pAuNPs at the single particle level are one order and three orders
higher than those of few-nm luminescent AuNPs respectively (Fig. 7C).5- 99- 100

The lifetime measurements indicated that the luminescence lifetimes of pAulNPs is less than
instrumental response function (~35 ps) of ultrafast laser system, which is more than two-
order shorter than those of few-nm luminescent AuNPs.>% 9%- 100 The increase in
luminescence intensity and stability and the decrease of lifetime are consistent with previous
observations that fluorescence intensities of quantum dots and other fluorophores near a
rough gold surface can be increased about one order by surface plasmons,!01-105 implying
strong coupling between surface plasmons of large grains and single-electron excitations of
small grains within a single particle. Based on these studies, we hypothesized that
continuous electron band and discrete energy states co-exist within one single particle (Fig.
7D). Under the light excitation, both surface plasmon absorption and single-electron
transitions were excited, as a result, coupling between surface plasmons and luminescence
become available, giving bright plasmon enhanced luminescence.

V. Summary and outlook

A large number of highly luminescent AuNPs with different sizes and versatile surface
chemistries have been synthesized in the past decade. Emission can be tuned through
changing particle size, surface ligands, valence states of Au atoms and grain size/boundary.
While we have made significant progress on the understandings of emission mechanisms,
most of these mechanisms are not completely clear. Therefore, deeper photophysical studies
(lifetimes, Stokes shifts, transient absorption) and detailed structural characterizations
(particle size, crystal structure, valence states, surface structure) will help us further unravel
the origin of photoluminescence. The future of luminescent AuNPs will also heavily rely on
their applications in targeting challenges that many other fluorophores hardly address.
Chemical sensing and bioimaging applications of luminescent AuNPs have started to be
demonstrated.29-31, 72, 99, 100, 106-112 Wwhile we focus on luminescent AuNPs in this review,
a large amount of luminescent silver, copper, platinum NPs have also been created using the
similar synthetic strategies and follow similar emission mechanisms.!13-12! Considering
unique densities of states, tunable electronic structures, diverse material properties and
desired biocompatibilities of metal NPs, luminescent metal NPs will have a glowing future.
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(A) Excitation (dashed) and emission (solid) spectra of different gold nanoclusters.
Excitation and emission maxima shift to longer wavelength with the increase of cluster size,
suggesting that particle size governs emission from these few-atom gold nanoclusters; (B)
Correlation of the number of gold atoms, N, per cluster with emission energy. Emission
energy decreases with increasing number of atoms. The correlation of emission energy with
N is quantitatively fit with Egemi=N'/3, as predicted by the spherical jellium model.
(Reprinted from Ref. 36, with permission from American Physical Society.)
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Figure 2.

(A) Kohn-Sham orbital energy level diagram for a model compound Au,s5(SH)g™. (B) The
theoretical absorption spectrum of Au,5(SH);g™. Peak assignments: peak a corresponds to
1.8 eV observed, peak b corresponds to 2.75 eV (observed), and peak € corresponds to 3.1
eV (observed). (C) Cartoon diagrams showing the relaxation pathways in AuysL g clusters,
where electrons in the ground states are excited to excited states of Auy3 core and then either
directly relax back to HOMOs of the core, emit at 500 nm or decay to the semiring states,
followed by relaxing back to the ground states and emitting NIR photons. (Reprinted from
Ref. 52 and 53, with permission from American Chemical Society.)
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Figure 3.

IR emitting few-nm luminescent AuNPs with different core sizes and surface ligands. C6,
C12, PhC2, PEG, and PPh3 represent hexanethiolate, dodecanethiolate, phenylethanethiol,
poly(ethylene glycol) (MW 350) thiolate, and triphenylphosphine, respectively. (Reprinted
from Ref. 34, with permission from American Chemical Society.)
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Figure4.

Characterization of glutathione coated luminescent AulNPs. (A) The excitation and emission
spectra of OGS-AuNPs in aqueous solution. Inset: Pictures of OGS-AuNPs taken with
excitation of a hand-held long-wave UV lamp (365 nm). (B) Typical TEM image of OGS-
AuNPs (scale bar: 10 nm). (C) The excitation and emission spectra of YGS-AuNPs in
aqueous solution. Inset: Pictures of YGS-AuNPs taken with excitation of a hand-held long-
wave UV lamp (365 nm). (B) Representative TEM image of YGS-AuNPs (scale bar: 10
nm). (Reprinted from Ref. 59, with permission from American Chemical Society.)
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Figure5.

Luminescent lifetimes of OGS-AuNPs. (A) The lifetime of OGS-AuNPs excited at 420 nm
showing 1.7 s (79%)/0.35 s (21%). (c) The lifetime of OGS-AuNPs excited at 530 nm
showing 2.8 ns (81%)/33 ns (19%). (Reprinted from Ref. 59, with permission from
American Chemical Society.)
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Figure®6.

Polycrystalline gold nanoparticles (pAuNPs) created in glycine matrices through a solid-
phase thermal reduction method. (A) HR-TEM image of pAuNPs, containing many grains
with size down to 1 nm (scale bar: 2 nm). Two 5 nm and two 1 nm representative individual
grains are labeled with white circles. (B) Commercially available multi-twinned gold NP
(mAuNP) composed of 8 nm grains (scale bar: 2 nm). (C) X-ray photoelectron spectroscopic
measurements on Au 4f7/, binding energy (BE) of pAuNPs and mAuNPs. Two peaks with
maxima at 84.0 eV and 85.1 eV were observed from ~20 nm pAuNPs while only one peak
at 83.9 eV was observed from the same size mAuNPs. (Reprinted from Ref. 81, with
permission from Royal Society of Chemistry)
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Figure?.

Photophysical properties of pAuNPs. (A) UV-Vis absorption spectra of as-synthesized 20
nm pAuNPs, 20 and 5 nm mAuNPs aqueous solutions. The surface plasmon maximum of
PAuNPs is located at 536 nm, which is red shifted about 16 nm compared to those of 5 and
20 nm mAuNPs. (B) Fluorescence image of individual pAuNPs. Inset: emission spectrum of
pAuNPs under 532 nm laser excitation. (C) Photostability comparison of pAuNPs and few-
nm luminescent AuNPs. (D) Hypothesized electronic structure and optical transitions in
pAuNPs, where continuous electron band and discrete energy states co-exist within one
single particle but are separated by energy barriers caused by grain boundaries and defects.
(Reprinted from Ref. 81, with permission from Royal Society of Chemistry)
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Schematic band structure of a noble metal showing the excitation and recombination
transitions. (Reprinted from Ref. 15, with permission from American Physical Society)
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Scheme 2.

Solid-state model for the origin of the two luminescence bands from Au,g clusters. The high
energy band is proposed to be due to radiative interband recombination between the sp and
d-bands while the low energy band is thought to originate from radiative intraband
transitions within the sp-band across the HOMO-LUMO gap. Note that intraband
recombination has to involve prior nonradiative recombination of the hole in the d-band
created after excitation with an (unexcited) electron in the sp-band. (Reprinted from Ref. 21,
with permission from American Chemical Society.)
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Scheme 3.

Luminescent AuNPs can be divided into two major classes: molecular NPs and plasmonic
NPs. For molecular NPs, they can be further divided into two subclasses: Few-atom
nanoclusters and few-nm NPs, where particle size, surface ligands and valence states all
have significant impacts on the luminescence properties. For plasmonic NPs, grain size
plays a key role in the emission.
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Scheme 4.

Schematic of size-dependent surface potentials of Au clusters on different size scales. For
the smallest Au clusters (Aujz to Auy3), cluster-emission energies can be well fit with the
energy-scaling law Epemi/N1/3, where N is the number of atoms in each cluster, indicating
that electronic structure transitions of these small Au clusters are well-described by a
spherical harmonic potential. With increasing size, small aharmonicities distort the potential
well, which at larger sizes gradually distorts into a Woods-Saxon potential surface, and
eventually becomes a square-well potential, characteristic of electrons in large metal NPs.

(Reprinted from Ref. 36, with permission from American Physical Society.)
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Scheme 5.

Hypothesized schemes for emission from IR and visible emitting luminescent few-nm
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AuNPs. In both cases, thiolated ligands form hybrid electronic states with surface gold
atoms. However, valence states of surface Au atoms have significant influences on the
emission wavelengths and lifetimes. (A) In IR emitting AuNPs, Au(0)-S hybrid electronic

states (HOMO) formed through are between d and sp bands. (B) However, in visible

emitting GS-AuNPs, the hybrid states are below some states in d band; as a result, emission

fundamentally arises from sp to d band transitions.
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