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in the range of 2—5 nm® ' and even as large as 18 nm.'® These

ABSTRACT: Using carboxylate-protected silver nano- observations suggest that the photoemission mechanism from
clusters (Ag-carboxylate NCs) as a model, we separately metal NCs cannot be simply attributed to the small size and
investigated the contribution of the ligand shell and the quantization effects. In fact, the size of many fluorescent Au and
metal core to understand the nature of photoluminescence Ag NCs commonly prepared by wet chemical synthesis is in this
of Ag NCs. A new Ag(0)NCs@Ag(I)-carboxylate complex exact size range (2—5 nm). The small size and unknown surface
core—shell structural model has been proposed. The or interfacial structure have made it difficult to deeply evaluate
emission from the Ag-carboxylate NCs could be attributed the contribution of each part to the fluorescence signal in the 2—35
to ligand-to-metal—metal charge transfer from Ag(I)- nm class of nanoparticles.

carboxylate complexes (the oxygen atom in the carboxylate Recently, two independent and prominent studies were
ligands to the Ag(I) ions) to the Ag atoms and subsequent carried out to investigate the photoemission mechanism of Au-

radiative relaxation. Additionally, we found that the
emission wavelength of the Ag NCs depends on the
excitation wavelength implying a strong coupling between
surface plasmon and emitter in Ag NCs. The strong
coupling between the surface plasmon and the emitter
determines the quantum yield and lifetime. The emission
mechanism of Ag NCs and its relation to the organic
templates and metal cores were clearly clarified. The
results should stimulate additional experimental and
theoretical research on the molecular-level design of
luminescent metal probes for optoelectronics and other

thiolate NCs. In their proposed core—shell structure model,
several typical and common characteristics of NCs were
observed including high selectivity of the anchoring thiolate
ligands and high surface charge state.'®'” These interesting
experimental observations confirmed that both the anchoring
ligands and the surface charge on the NC core are pivotal to the
control of photoemission. Fluorescent Ag NCs have been
prepared with various scaffolds such as carboxylate groups
(—=CO0O™)’">'¥72! and DNAs.'">**7*" The photoemission
from Ag NCs was usually attributed to the small size controlled
by the scaffolds,and the contributions of the anchoring ligand

applicatise, were rarely considered. However, these seemingly unrelated but
very important experimental phenomena suggest the common
nature of noble metal NCs photoemission.
M etal nanoclusters (NCs) with size approaching the Fermi- Herein, 2—5 nm water-soluble fluorescent Ag-carboxylate
wavelength of an electron (<1 nm) and exhibiting NCs were synthesized by the soft UV photoreduction strategy,
molecular-like characteristics have been very actively investigated using polyelectrolyte poly(methacrylic acid) (PMAA) as a
in a variety of fields including chemistry, medicine, and biology. scaffold and were characterized with fluorescence spectroscopy.
Au and Ag NCs in particular have attracted tremendous interest Versus conventional wet chemical synthesis using strong
because of their wide applications in single-molecule studies, reducing agent such as sodium borohydride (NaBH,), the mild
sensing, biolabeling, catalysis, and biological fluorescence photoreduction protocol offers an alternative to precisely tune
imaging.'"® However, the mechanism of photoemission from the size of the NCs. Using carefully controlled experimental
metal NCs remains unclear. conditions, we first proposed that the origin of photoemission of
The optical properties of metal nanostructures strongly Ag-carboxylate NCs is ligand-to-metal—metal charge transfer
depend on their size. Surface plasmon resonance is the dominant (LMMCT) from Ag(I)-carboxylate complexes. That is, the
effect in large metal nanostructures from tens to hundreds of photoemission of Ag(I)-carboxylate Ag NCs arises from electron
nanometers.” As their size is reduced to the Fermi wavelength of transfer from the oxygen atom in the carboxylate ligands to the
metals (usually <1 nm), the continuous state density becomes Ag(I) ions to the Ag atoms and subsequent radiative relaxation.
discrete due to quantum confinements. Fluorescent Ag NCs with The luminescence intensity and color depend on the nano-
only 7-9 Ag atoms and size <1 nm have been reported.8 In particle size and the excitation wavelengths.
theory, only metal NCs with sizes <2 nm could exhibit
photoemission due to intrinsic states quantization effects. Received: July 31, 2013
However, photoemission has also been observed in larger NCs Published: January 17, 2014
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The polyelectrolyte PMAA was used as the model carboxylate
ligand for the synthesis of Ag-carboxylate NCs similar to previous
reports.' A freshly prepared mixture solution of PMAA (0.8 M, 6
mL) and AgNO; (0.05 M, 24 mL) was incubated in the dark for
~10 min and then exposed to UV irradiation at 365 nm for
various times. The characterization by UV—vis absorption and
photoluminescence spectroscopy clearly showed that the highly
fluorescent AgNCs were synthesized using one-step aqueous
photoreduction in the presence of multidentate ligands made of
PMAA anchoring groups. The evolution of the absorption
spectra at various times is shown in Figure la.
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Figure 1. (a) UV—vis absorption of the freshly prepared Ag-carboxylate
NCs using PMAA as scaffold at various radiation times (a, 0 min; b, 10
min; ¢, 20 min; d, 30 min; and e, 40 min.) (b) PL spectra of the Ag-
carboxylate NCs. Inset images show the corresponding photographs of
Ag-carboxylate NCs under room and UV light exposure at 4 = 365 nm.
Fluorescence spectra were measured at 4., = 505 nm. The curve c-ex is
the excitation spectrum of sample c. (c) Schematic illustration of the
structures of our luminescent Ag-carboxylate with Ag'-carboxylate
complexes shell. (d) TEM image of freshly prepared Ag-carboxylate
NCs (histogram describes the statistical distribution of the particle size,
which is ~3.5 nm). Images of other scales are shown in Figure s1. The
COO~/Ag" molar ratio used for the synthesis was 4:1.

Prior to irradiation, the solution had a broad absorption band
centered at 450 nm, which is attributed to the ligand-to-metal
charge transfer (LMCT) of the oxygen atom in the carboxylate
ligands to the Ag(I) ions. After 10 min of UV irradiation, a strong
and sharp absorption band centered at ~435 nm appeared. The
intensity of this absorption band increased with increasing
exposure time. Meanwhile, a shoulder peak at ~505 nm was also
observed upon their radiation. Importantly, when we changed
the reaction conditions such as the pH value, molar ratio of
COO7/Ag", and storage time, the relative absorption intensity at
43S and SOS nm can be tuned (Figures s3 and s4), but the
position of the bands remained constant. It is important to note
that the peak centered at 435 nm did not disappear; rather, the
relative contribution at 435 nm and 505 nm decreased. These
bands have been assigned to Ag NCs with different atom
numbers at 435 and 505 nm.**"® If this were true, then when the
reaction conditions changed, the number of Ag atoms in NCs
should change, resulting in different bands, not just those located
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at 435 and 505 nm. We instead suggest that the two adsorption
bands come from the plasmonic resonance and LMMCT in Ag
NCs, respectively.

The TEM observations in Figures 1d and s1 show that the
ultrasmall and homogeneous NCs with an average diameter of
3.5 nm were formed when the UV irradiation time was 20 min.
Although the Ag NCs appear monodisperse in solution from
TEM, the Ag NCs are actually formed within the PMAA
macromolecules, as confirmed by the coupled atomic force
imaging (AFM) and confocal imaging (Figure s5). The PMAA
polymer formed patch and thread-like structures at high and low
Ag NC concentrations, respectively. The similarity between
confocal fluorescence and AFM images proved that fluorescence
comes from the Ag(0)NCs@Ag(I)-carboxylate comple, i.e., the
3.5 nm Ag NCs. The possibility that the fluorescence originates
from byproducts of Ag NC solution was ruled out.

According to quantum confinement theory, Ag NCs with a size
larger than 2 nm are too large to produce fluorescence. However,
strong luminescence was observed upon excitation (inset of
Figure 1b). The initial solution exhibited no visible emission
prior to UV radiation, but after a 10 min irradiation at 365 nm an
intense emission band centered at 600 nm was observed. The
emission intensity increased monotonically with increasing
irradiation time. The quantum yield (QY) of as-made Ag-
carboxylate NCs was measured to be ~4.6% using Rhodamine B
in ethanol as the reference. As demonstrated in Figure s6, the
time-resolved fluorescence measurements indicate that the
average lifetime is ~1 ns, and the predominant lifetime is in
100—200 ps range in the Ag-carboxylate NCs [0.13 ns (63%),
0.69 ns (31%), and 1.61 ns (6%) upon excitation at 430 nm; 0.10
ns (55%), 0.60 ns (32%), and 1.57 ns (13%) upon excitation at
50S nm (Table s1)]. The lifetime is almost the same for the Ag
NCs with different UV radiation times (Table s1). This suggests
that the energy level structure of the fluorophore does not
change, only the amount of the fluorophore increases during UV
irradiation. This result is in accordance with our proposed model
and is in contrast to the traditional luminescent core growth
model. Such a short lifetime agrees with previous reports in Ag
NCs and contrasts with the microsecond long lifetime observed
in the Au NCs.'%*9%?

The oligomeric Ag(I)-carboxylate complexes in the resulting
solution were not luminescent under UV light prior to UV
radiation (curve a in Figure 1b). Thus, we preclude the possibility
of photoemission of oligomeric Ag(I)-carboxylate complexes.
Nevertheless, the presence of a broad peak centered at 450 nm
indicates that the emission from the Ag-carboxylate NCs could
be attributed to LMCT from the oxygen atom in the carboxylate
ligands to the Ag(I) ions on the surface of Ag NCs. Interestingly,
the Ag(I)-carboxylate NCs could emit via a wide range of
excitation wavelength. As shown in Figure 2a, fluorescence could
be observed upon excitation between 410 and 630 nm. The
emission maximum is excitation wavelength dependent, which
has also been observed in other Ag NCs.”*! We attribute this
phenomenon to the strong coupling between the surface
plasmon and emitter in Ag NCs, which has been thoroughly
studied in gold and silver films with thickness of tens of
nanometers in Kretschmann geometry'.zs_31 When strong
coupling between surface plasmon and emitters exists, the
resulting new energy states are

Eyy(2) = [By(D) + Egl/2 x \[& + [Ey(2) + E,J'/4
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Figure 2. Strong coupling between the surface plasmon and the emitter
in Ag-carboxylate NCs prepared using PMAA as a scaffold: (a) Emission
spectra vs excitation wavelength and (b) emission peak positions (E; ) vs
the excitation wavelength. Solid triangles indicate the experimental data,
and the solid curve represents the theoretical simulation of the strong
coupling model. The excitation wavelengths are indicated by Ex.

where Eyj; are the upper and lower energy, corresponding to the
emission peaks, Epl(l) is the noninteracting surface plasmon
energy, A is the wavelength of excitation light, E, is the energy
related to emitter, and A is the energy related to the interaction
between surface plasmons and emitters. We have changed the
surface plasmon frequency by changing the frequency of
excitation light, which is always in resonance with surface
plasmons. The noninteracting surface plasmon energy thus is E,,
= 1240/, with E,; in eV and 4 in nm. Figure 2b presents the
relationship between the excitation wavelength and emission
peak. The solid line shows the lower energy E; at E; = 2.20 eV
and A = 266 meV. The experimental emission peak curve
overlaps with the theoretical curve predicted by the strong
coupling model. Strong coupling damps the fluorescence and
explains the short lifetime (1 ns) and low QY (4.6%) of our Ag-
carboxylate NCs. Suppressing the plasmonic effects could
probably enhance the QY of Ag-carboxylate NCs.

The high content of Ag(I)-carboxylate complexes in the shell
of the luminescent Ag-carboxylate NCs was confirmed by XPS
(Figure s7), and the proposed Ag(0)NCs@Ag(I)-carboxylate
complex core—shell structural model is illustrated in Figure lc.
Most importantly, the XPS spectra showed the presence of an Ag
oxidation state in the luminescent Ag-carboxylate NCs. The
binding energy (BE) of the electron on the Ag 3ds), orbitals of
the fluorescent Ag NCs can be deconstructed into Ag(I) and
Ag(0) components with binding energies of 369.8 ( ~30%) and
368.2 eV ( ~70%), respectively.

When the principal absorption peak was tuned from 435 to
50S nm, both the PL intensity (Figure s3) and the percentage of
Ag (1) in the Ag NCs shown by XPS are increased (see Figure
s7a,b and Table s2). This suggests that the fluorescence is related
to the Ag(I)-carboxylate complex shell. To further verify the
validity of our model we modified the fluorescence signal of as-
made Ag NCs solutions by dosing with Ag" cations, Cl™ anions,
and diluted H,0O, solution.

In Figure 3a, with increasing amounts of AgNO;, the PL
intensity monotonically increases. However, when the chloride
(CI”) anions with strong capacity to precipitate Ag(I) were
incorporated, the luminescence was quenched. Decreasing
emission of the Ag NCs is due to removal of the Ag" cations
on the shell of Ag(I)-carboxylate complex in the Ag NCs. Similar
results were reported by Pradeep, when cyanide and ammonia
were added to the aqueous Ag, and Agg NCs solution.® This
strong complex ability of the Ag* also explains why the Ag NCs
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Figure 3. Luminescence enhancement and quenching by addition of (a)
Ag*and (b) CI” into the aqueous Ag-carboxylate NC solutions. The
initial molar ratio of carboxylate/Ag” in (a) and (b) are 8:1 and 4:1,
respectively. Inset in (a) displays the relationship between PL intensity
and added AgNO;.

have useful detective capacity for amino acids with thiolate
groups.®” This experiment proved that the surface complex Ag*
ions are a key component of the core—shell structure model.

To verify the oxygen etching effect on the Ag core during long-
term storage, the H,O, etching reaction was designed to prove
that the increase of surface Ag" can enhance the photo-
luminescence of Ag NCs. With increasing H,0, amounts
added into the as-made Ag NCs solution, the intensity of
absorption band centered at 435 nm was dramatically decreased,
and concomitantly a new shoulder band centered at 500 nm
appeared (Figure s8a), consistent with the results of samples
stored at varied times (Figure s3). As expected, the intensity of
PL centered at 600 nm significantly increased due to the increase
of Ag* adsorbed on the core (Figure s8b). This further confirms
that the surface complex Ag* ions play a paramount role in the
tuning of photoluminescence emission in our core—shell
structure model.

The type of surface ligands was another critical synthesis
parameter with impact on the photoluminescence of Ag NCs.
When the surface anchoring ligands were replaced by poly-
(sodium-4-styrenesulfonate) free of carboxylate groups, the Ag
NC:s did not show any photoluminescence even though the sizes
are similar (Figures s2 and s9). However, when the poly(methyl
vinyl ether-alt-maleic acid) (PMVEM, M, = 80000—216000)
with the same anchoring ligand as PMAA (M;, = 9000) was used
as the surface anchoring ligand, the Ag NCs exhibited similar
optical properties as Ag NCs synthesized using PMAA. The
wavelength of both absorption and luminescence was blue-
shifted due to size effects as seen in Figure 4a,b. TEM analysis
showed that the new Ag NCs have a smaller particle size of ~2.7
nm (Figure 4c) versus Ag NCs using PMAA as scaffolds.

Luminescence decay data confirmed the predominance of
picosecond lifetime components in the Ag NCs: 0.14 ns (80%),
0.66 ns (18%), and 2.42 ns (1.9%) upon excitation at 420 nm.
Such short lifetime is probably due to the strong coupling of
surface plasmon and emitter in Ag-carboxylate NCs. Thus, the
photoemission of the Ag NCs shows both high selectivity on the
surface anchoring ligands and strong dependence on the particle
size. Ag NCs with various DNA scaffolds have also been
reported.'>**~>” The N atom in DNA bases is also electron rich,
and the LMMCT from N to silver could be the photoemission
mechanism in the Ag NCs prepared with DNA scaffolds.
Addition of electron-donating groups to organic scaffolds could
be expected to give better photoluminescence properties in Ag
NCs, similar to the Au NCs.'¢
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Figure 4. (a) Absorption and (b) emission spectra of Ag NCs prepared
with PMVEM scaffold under UV photoreduction and (c¢) HR-TEM
image of Ag NCs. Histograms describe the statistical distribution of
particle size; the particle size is ~2.7 nm. The COO™/Ag" molar ratio
used for the synthesis was 4:1.

In summary, we studied the photoemission mechanism of 2—5
nm Ag-carboxylate NCs. The origin of photoluminescence from
Ag NCs cannot be simply attributed to the discrete Fermi energy
levels in the Ag NCs. Solid experimental evidence shows that the
photoemission in Ag NCs highly depends on the LMMCT from
Ag(I)-carboxylate complexes to the Ag atoms. The emission of
Ag NCs is strongly dependent on the amount of surface Ag*, the
type of surface anchoring ligands, and the particle size.
Remarkably, when the Ag(0) core is large enough (even in 2—
S nm) to support plasmonic resonance, strong coupling of the
surface plasmon and the emitter in Ag-carboxylate NCs occurs.
This alters the optical properties of Ag NCs, including their short
lifetime, relatively low QY, and absorption and emission peak
positions. Overall, our studies clarify the emission mechanism of
Ag NCs, a step pivotal to the design and synthesis of highly
luminescent Ag or Au NCs.
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