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those made of gold and silver, are rather

a new class of nanomaterials consisting
of only tens of atoms. They provide a bridge
between the larger metal nanoparticles
(NPs) and the molecular scale character-
istics." Owing to their unique optical, spec-
troscopic, and chemical properties, a great
interest has been generated in these sys-
tems over the past few years.' > For NCs,
due to their very small size, the density of
states is not high enough to endow them
with surface plasmon resonance (SPR) fea-
tures as in the case of NPs. Instead, they
have discrete electronic energy levels and
display “molecule-like” distinct, optical ab-
sorption and emission characteristics. NCs
that exhibit size-tunable photolumines-
cence (PL) from the near-infrared (NIR) to
the ultraviolet (UV) have been synthe-
sized."”® These materials also display two-
photon absorption,”® photon antibunching,"®
and electroluminescence.'®'" Several appli-
cations of these NCs in areas such as nano-
photonics, sensing, catalysis, and bioimag-
ing have been demonstrated.>'?73' They
offer a potentially new luminescent plat-
form (or alternative) to be added to the
arsenal of biological tags including organic
dyes and quantum dots; they are very small,
exhibit high quantum yield (QY), are photo-
stable, and more importantly they are less
affected by the “sometimes irrational” stigma
of toxicity often faced by luminescent quan-
tum dots32 73

A number of methods have been re-
ported for the synthesis of AQNCs, and the
common route used reduction of Ag™ ion pre-
cursors in the presence of suitable ligands.
Various reduction techniques such as radio-
lytical, *> photochemical,**>° sonochemical,
and chemical®*'~*® have been employed. The

lnorganic nanoclusters (NCs), especially
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We have used one phase growth reaction to prepare a series of silver nanoparticles (NPs) and
luminescent nanodlusters (NCs) using sodium borohydride (NaBH,) reduction of silver nitrate in the
presence of molecular scale ligands made of polyethylene glycol (PEG) appended with lipoic acid
(LA) groups at one end and reactive (—COOH/—NH,) or inert (—OCH;) functional groups at the
other end. The PEG segment in the ligand promotes solubility in a variety of solvents including
water, while LAs provide multidentate coordinating groups that promote Ag—ligand complex
formation and strong anchoring onto the NP/NC surface. The particle size and properties were
primarily controlled by varying the Ag-to-ligand (Ag:L) molar ratios and the molar amount of NaBH,
used. We found that while higher Ag:L ratios produced NPs, luminescent NCs were formed at lower
ratios. We also found that nonluminescent NPs can be converted into luminescent dusters, via a
process referred to as “size focusing”, in the presence of added excess ligands and reducing agent.
The nanoclusters emit in the far red region of the optical spectrum with a quantum yield of ~12%.
They can be redispersed in a number of solvents with varying polarity while maintaining their
optical and spectroscopic properties. Our synthetic protocol also allowed control over the number
and type of reactive functional groups per nanocluster.

KEYWORDS: nanocluster - nanoparticle - luminescence - ligand - reduction -
size focusing
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dendrimer, where the dendrimer acted as a cage to
stabilize and solubilize the NCs, and this method
produced NCs ranging from 2 to 8 silver atoms.>’ In
another report, DNA templates were utilized as scaf-
folds for growing AgNCs, utilizing the strong affinity
exhibited by Ag™ to DNA; the addition of the reducing
agent resulted in the formation of NCs with 1—4 Ag
atoms bound to the 12-base oligonucleotide,*' and the
resulting NC—DNA complexes exhibited base-specific
interactions. Jin and co-workers synthesized Ag; NCs in
high yield by the reduction of AgNOs in the presence of
meso-2,3-dimercaptosuccinic acid (DMSA) ligands.*? A
solid-state route (solvent-free) was developed to grow
Ago clusters starting from dry AgNOs and mercapto-
succinic acid (MSA) which were mixed and ground
prior to addition of NaBH, in the solid form.** In
addition to the direct reduction method, NCs have also
been prepared from large metallic AgNPs by core
etching.*****” For instance, Pradeep and co-workers
synthesized two water-soluble NCs, namely, Ag; and
Agg, from silver NPs by an interfacial etching reaction
performed at an aqueous/organic interface.>* Finally,
Xie and co-workers reported the growth of nonlumi-
nescent NCs in water; they found that if phase trans-
ferred to toluene and incubated for 2 h the NCs
become luminescent and could subsequently be trans-
ferred back to the aqueous layer.>®

Numerous applications of AgNCs have been re-
ported, including the sensing of biomolecules and
metal ions and cellular imaging.'>*3*%¢°7%2 |n one
example, a DNA—AgNC system was developed as a
substrate for the detection of a target DNA from
changes in the NC luminescence; for example, a 500-
fold enhancement in the NC luminescence (from a very
weakly emitting starting material) was observed after
hybridization with the target.*® This technique is low
cost, and the probe can attain high signal-to-back-
ground ratios upon target binding. In a second exam-
ple, AgNCs synthesized via G-quadruplex as template
were used to image cancerous Hela cells by utilizing
the ability of G-quadruplex to bind to the nucleolin, a
membrane protein overexpressed in these cells?' It
was also found that binding of G-quadruplex-capped
AgNCs to nucleolin greatly enhances their lumines-
cence properties. Another area where AgNCs found
application is catalysis. For example, Ag; and Agg NCs
loaded on inorganic supports such as alumina were
shown to act as catalyst for the reduction of various nitro
aromatic compounds, and the supported NCs stayed
active and were recycled several times after separation.®

Albeit the optical features are core-derived, surface
ligands play a vital role in shaping the electronic
properties of the NCs as most of their atoms are located
at the surface. For example, glutathione-capped Au,s
NCs and BSA-encapsulated Au,s NCs exhibit totally
different absorption features and quantum yields even
though they have the same core.®*%* Ligands also
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block agglomeration, stabilize the NCs, and influence
the selection of a certain thermodynamically most
stable size. The colloidal stability of the nanocrystals
depends on the ligand coordination onto the inorganic
surface and its affinity to the surrounding solvent. For
example, thiol groups are known to exhibit strong
affinity to metal and semiconductor NP surfaces.

Our group has developed a number of modular
ligands made of a tunable length polyethylene glycol
(PEG) segment appended with lipoic acid (LA) or
dihydrolipoic acid (DHLA) at one end and a potentially
reactive or inert group at the other end.®* %8 These
ligands were initially developed to promote the phase
transfer of quantum dots (QDs) to buffer media and
couple them to target biomolecules, where they pro-
vided aggregation-free, homogeneous, and reactive
QD dispersions.5>%5%® We have more recently used
them to synthesize an array of gold NPs that exhibit
great colloidal stability over pH ranging from strong
acidic to alkaline and in the presence of excess electro-
lytes (up to 2 M NaCl) and dithiothreitol (DTT).®”

Here we extend the above design and use borohy-
dride reduction of AgNOs; in the presence of LA-PEG
ligands to grow both nonluminescent metal NPs and
luminescent “nonmetallic” NCs of silver. Though DHLA
has been previously used to synthesize AgNCs,** sub-
stituting LA-PEG ligands with potentially reactive term-
inal groups allows one to carry out the growth reaction,
or redisperse already prepared NPs/NCs, in a wide
range of solvents, including water. The PL of the NCs
protected with LA-PEG ligands was enhanced 5-fold
when compared with the NCs protected with LA alone.
Furthermore, the presence of reactive end groups
provides one the ability to further conjugate the NPs/
NCs to various biomolecules. This will be greatly ben-
eficial if combined with future enhancement of the
long-term colloidal stability of these materials. In addi-
tion to the growth of NCs by direct reduction, we also
show that polydisperse NPs can be converted to nearly
monodisperse AgNCs by “size focusing” in the pres-
ence of excess ligands and reducing agent.

RESULTS AND DISCUSSION

The present design builds on our previous work
where we had combined the use of LA-PEG-based
ligands and one phase growth to prepare a set of
AuNPs with sizes ranging from 1.5 to 20 nm in
diameter.%” Here, we wanted to extend that design to
the synthesis of silver nanoparticles over a wide size
range. Overall, the present study was motivated by the
following objectives: (1) synthesis of an array of hydro-
philic AgNPs with clearly defined size-dependent SPR
bands, (2) direct growth of homogeneous and hydro-
philic AgNCs with promising luminescence properties,
(3) controlling the number of reactive groups per NC
for subsequent functionalization, and (4) test the fea-
sibility of transforming polydisperse nonluminescent
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Figure 1. (A) Chemical structures of the ligands, (B) synthetic strategy of NPs/NCs of various core sizes. (C) Table showing the
Ag:L ratios used for the synthesis. (D,E) Photographs of aqueous dispersions of the particles synthesized at various Ag:L ratios
under room light and UV light irradiation, respectively. Images were collected from a set of freshly prepared dispersions,
without filtration or adjustment of the nanoparticle or cluster concentrations.

NPs into homogeneous luminescent NCs with low size
distribution and high quantum yield. Three LA-PEG-
based ligands, LA-PEG;50-OCHs, LA-PEGgpo-NH,, and
LA-PEGgoo-COOH, were prepared and used for the
synthesis of NPs/NCs along with commercially avail-
able LA (see Figure 1A for their chemical structures).
LA-PEG;50-OCHs was used throughout the study unless
mentioned otherwise. The synthesis of NPs/NCs was
carried out in two steps. First, silver nitrate (AgNOs) and
LA-PEG;50,-OCH3 were mixed in water to promote the
formation of Ag-LA-PEG;5,-OCH3; metal—ligand com-
plex (as a precursor), followed by the addition of NaBH,
reducing agent to initiate the growth of the nanopar-
ticles (as schematically depicted in Figure 1B). Control
over the size of the resulting metal nanocrystals (NPs or
NCs) was achieved by varying the Ag:L molar ratio from
1:0.001 to 1:10, while keeping the concentration of Ag
ions in the reaction fixed (see the table, Figure 1C). NPs
resulted for AgiL ratios between 1:0.001 and 1:0.2, while
NCs exclusively resulted for AgiL ratios between 1:1 and
1:10 (Figure 1D,E).

Figure 2A,B shows the optical absorption spectra
collected at the end of the reaction from the samples
prepared with various Ag-to-L ratios. When observed
under white light, the dispersions show a clear color
change from yellow to dark brown to reddish brown

MUHAMMED ET AL.

when the Ag:L ratio decreased (see Figure 1D). The
materials synthesized at Ag:L ratios ranging from
1:0.001 to 1:0.2 are NPs as indicated by the clear
characteristic SPR band observed in all of the absorp-
tion spectra, which gradually red shifts with decreasing
Ag-to-L ratio. For example, we measured absorption
maxima at 388 for NP, 396 for NP,, 398 for NP3, 406 for
NP4, 416 for NPs, and 434 nm for NP¢ with a gradual
decrease in the absorbance value at lower Ag-to-L ratio
(Figure 2A). In contrast, reactions carried out using
lower ratios, namely, Ag:.L = 1:1 and 1:10, produced
dispersions that exhibit drastically different absorption
spectra. The spectra show three prominent and well-
defined absorption peaks at 330, 428, and 495 nm,
along with much weaker features measured at 239,
258, and 300 nm (see Figure 2B). The well-resolved
“molecule-like” absorption features are attributed to
the presence of very small nanocrystals (nanoclusters,
NCs) in the samples.

The two sets of dispersions, corresponding to the
spectra shown in Figures 2A,B, exhibit drastically dif-
ferent luminescence properties as shown in Figure 2C.
While NPs did not show any luminescence under any
excitation wavelength, NCs exhibited pronounced lu-
minescence with a peak centered at 680 nm. Addi-
tional proof is provided in the photograph collected
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Figure 2. (A) Optical absorption spectra of NPs; (B) optical absorption spectra of NCs; (C) photoluminescence spectra of NPs
and NCs at 450 nm excitation; and (D) excitation spectrum (or excitation scan) of NC, using detection at 680 nm. The small
peak at 340 nm results from the contribution of the second overtone of the grating in the monochromator due to signal

collection at 680 nm (peak of the PL spectrum).

from all of the dispersions under UV light irradiation
(see Figure 1E); indeed, NP dispersions are dark,
whereas the NC dispersions exhibit bright red emis-
sion. When excited at different wavelengths, the emis-
sion from NCs did not change position, albeit a change
in the PL intensity, with the highest and lowest inten-
sities measured for Ae.. = 330 and 495 nm, respectively
(see Supporting Information, Figure S1). We should
also note that the PL emission collected from dried
(solid paste) NCs matched that of the dispersions.
Excitation scan collected from NC; matched its absorp-
tion spectrum, with all three prominent absorptions
featuring on both spectra (see Figure 2D). The quan-
tum yield of the NCs in water was calculated using
4-(dicyanomethylene)-2-methyl-6-(4-dimethylamino-
styryl)-4H-pyran (DCM) dye as reference and is found
to be ~12%.

To complement the above optical and spectroscopic
characterization and assign core sizes to the above
dispersions, we carried out transmission electron mi-
croscopy (TEM) measurements on the following sam-
ples: NP,, NP3, NP,4, NP5, and NC; (see Figure 3 and 7B
for NP,). The TEM images collected from NP,, NP3, and
NP, showed that the particles exhibit large size dis-
persity, while the image of NP5 showed nanoparticles
with substantially lower size distribution. As for NC;,
the image shows more homogeneous nanocrystals with a
core size of ~1.3 nm. Overall, on the basis of the absorp-
tion properties combined with the TEM data, we conclude
that larger metallic NPs which exhibit clearly defined SPR
are formed at high Ag-to-ligand ratios (Ag:L = 1:0.001

MUHAMMED ET AL.

Figure 3. Transmission electron microscopic images of (A)
NP,, (B) NP3, (C) NP5, and (D) NC,. Images clearly show the
size progression with changes in the Ag-to-ligand ratios
used.

to 1:0.2) while smaller nonmetallic and luminescent
NCs are formed at low ratios (Ag:L = 1:1 to 1:10). Similar
correlations between metal-to-L ratio and nanocrystal
size were also observed for the growth of AuNPs using
this same growth reaction and the same ligands.®’
We also synthesized NCs protected with lipoic acid.
For this, a sodium salt of LA is made first by adding the
base NaOH since LA is insoluble in water. LA-protected
NCs showed all of the absorption features and similar
absorbance values, albeit a slight wavelength shift for
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Figure 4. (A) Optical absorption spectra of NCs capped with ligands of different functionalities, namely, 100% LA-PEG-COOH
(NC,)), 50% LA-PEG-COOH and 50% LA-PEG-OCH; (NC,;;), 100% LA-PEG-OCH3 (NCy;;), a mixture of 50% LA-PEG-NH, and 50% LA-
PEG-OCHj5 (NCyy), and 100% LA-PEG-NH, (NCy). Inset shows the corresponding photoluminescence upon 450 nm excitation.
(B) Photograph of the aqueous dispersions of the NCs upon UV excitation using a hand-held UV lamp. (C) Gel electrophoresis
image of the above dispersions under UV light irradiation; the red color results from the NC emission.

the main absorption features (330, 426, 496 nm), when
compared with NCs synthesized using PEGylated li-
gands. However, these NCs exhibited a slightly red-
shifted (~17 nm) luminescence, and the measured
intensity was ~5 times smaller than LA-PEG-protected
NCs (QY ~3.3%; see Supporting Information, Figure S2).
This suggests that equal numbers of NCs are formed,
but the larger ligand structure of the LA-PEG enhances
the luminescence from these materials. When com-
pared with our data, DHLA-capped AgNCs synthesized
by Banerjee and co-workers exhibited absorption
features at 335, 435, and 500 nm and emission at
652 nm.*

Remark: We have attempted mass spectrometry
characterization using both electrospray ionization
(ESI) and matrix-assisted laser desorption ionization
(MALDI) techniques in order to possibly assign a
chemical composition to these NCs. No reliable infor-
mation was obtained. We observed only peaks corre-
sponding to the ligand in both cases (see Supporting
Information, Figure S3). This may be due to the inade-
quacy of the commonly used matrices and the limited
stability of the AgNCs even under the soft ionization
conditions.>’

Our one phase growth route affords the ability to
control the surface functionalities of the NCs in situ.
This can be achieved by mixing inert LA-PEG-OCH;
ligands with reactive LA-PEG-COOH and/or LA-PEG-
NH, ligands during the growth reaction.®*%° We have
synthesized five batches of NCs by mixing AgNOs;
precursor with the following ligand combinations
(Ag:L = 1:1): 100% LA-PEG-COOH (NC), 50% LA-PEG-
COOH and 50% LA-PEG-OCH5 (NC,), 100% LA-PEG-
OCH3 (NCyy), 50% LA-PEG-NH, and 50% LA-PEG-OCH;
(NCpy), 100% LA-PEG-NH, (NGy). In all cases, the formed
NCs exhibited identical absorbance values and similar
luminescence intensities to those shown above (see
Figure 4A and inset of 4A); the photograph of the NC
dispersions under UV excitation, as shown in Figure 4B,
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further confirms that comparable luminescence is
generated from all of the samples. The NCs capped
with different functional groups exhibited a QY of
~12%. This result suggests that the growth of NCs is
not affected by the ligand end functionality, a property
directly attributable to the fact that all of these ligands
have a similar PEG structure and exhibit the same
affinity toward the nanocrystal surfaces.

The gel image shown in Figure 4C demonstrates that
while NC;; (grown with 100% LA-PEG-OCHs) did not
exhibit any mobility shift, NC, NC;, NCy, and NCy
(grown with —COOH, OCHs/COOH, OCHs/NH,, and
—NH,) experienced a ratio-dependent mobility shift;
NG, (100% LA-PEG-COOH) and NCy (100% LA-PEG-NH,)
experienced the largest mobility shift. Furthermore,
the sign of the displacement varied with the nature of
the functional groups, confirming the presence of
negative charges for carboxyl-terminated ligands
(migration toward the anode) and positive charges
for aminated ligands since the NCs migrated toward
the cathode. The achieved control over NC function-
ality is of great importance, as this would help one to
tune the reactivity of the NP/NC and allow further
functionalization with target molecules such as pro-
teins, peptides, and DNAs. This procedure can be
extended to NPs to prepare surface-functionalized
AgNPs.®7

Our long-term colloidal stability tests indicate that
the integrity of the NCs (as prepared in aqueous
dispersion, pH ~10) is preserved for several months
when protected from light. However, the clusters
progressively lose their characteristic absorption and
emission features when exposed to direct sun light or
UV irradiation (see Supporting Information, Figure S4).
The reason for the photosensitivity is unknown as of
now. We also checked the stability of the NC disper-
sions over a broad range of pH values in the presence
of excess NaCl or growth media (see Supporting
Information, Figure S5). Data indicate that the NCs
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Figure 5. (A) PL spectra of AgNCs redispersed in different
solvents: (1) water, (2) chloroform, (3) acetone, (4) acetoni-
trile, (5) THF, (6) DMF, (7) ethyl acetate, (8) methanol, and (9)
2-propanol. Images (B) and (C) show photographs of the
dispersions in various solvents under room light and UV
light irradiation using a hand-held UV lamp, respectively.

exhibit long-term stability only in basic buffers. Con-
versely, the NCs are stable in the presence of 1 M NaCl
for at least one week, but emission is essentially
lost after one day of storage in cell culture media
(Dulbecco's modified Eagle media, DMEM).

Transfer of the NPs and NCs from one medium to
another is very important as it can indicate one's ability
to process these materials from various solution con-
ditions and potentially develop tailor-designed appli-
cations requiring the availability of the materials in
solvents with drastically different properties. In addi-
tion, the environment surrounding a fluorophore (e.g.,
solvent) often plays an important role in determining
the luminescence intensities and sometimes the emis-
sion wavelength.?>7° To check the solubility of the NCs
in different solvents, the native aqueous dispersion
was first lyophilized and the resulting paste was dis-
solved in chloroform; then aliquots of this dispersion
were transferred to open vials, and the solvent was
allowed to evaporate in the dark. After the complete
solvent removal, water, chloroform, acetone, acetoni-
trile, THF, DMF, ethyl acetate, methanol, and 2-propanol
were added in equal amounts to each vial, then
absorption and PL sepctra were collected. The mea-
sured absorption spectra exhibited all of the promi-
nent absorption features of the NCs; absorption
spectra in some selected solvents are provided in the
Supporting Information (Figure S6). There was, how-
ever, a partial loss in the PL emisson and a slight
change in the peak location in certain solvents
(Figure 5A). For instance, the peak emission measured
in acetone was slightly blue-shifted compared to water
(peak at 663 nm compared to 680 nm in water). The QY
values of the NCs in these solvents are provided in the
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Supporting Information, Table S1. Figure 5B,C shows a
photograph of the NC dispersions in different solvents
under white light and UV light irradiation, respectively.
The solubility of the NCs in different solvents can
primarily be attributed to the affinity of the ligands to
those media. We should note that after two weeks of
storage, only dispersions in water, 2-propanol, aceto-
nitrile, and DMF retained their emission; substantial
losses were measured in other solvents.

The absorption spectra collected from samples NP,
to NPg (prepared using excess molar of Ag) consistently
showed well-defined broad single absorption peaks
located at 390—430 nm. We attribute this peak to
surface plasmon resonance (SPR, ascribed to the co-
herent oscillations of electrons near the NP surfaces), as
widely reported for Ag nanoparticles prepared via
other growth routes.”’ However, the multiple absorp-
tion features in the spectra collected from the clusters
(NC; and NG,, synthesized using equal or higher molar
concentration of LA-PEG ligands) cannot be attributed
to SPR. These samples are made of much smaller size
nanocrystals, as evident from the TEM image, and they
do not have enough electron densities to support SPR
characteristics, as their larger size NP counterparts do.
Instead, they contain much smaller numbers of atoms
and display discreet molecule-like absorption peaks. In
general, NCs of gold and silver exhibit multiple absorp-
tion features throughout the UV—vis region, though
those features are not as well-defined and understood
as those measured for semiconductor QDs. Preceding
reports about the time-dependent density functional
theory (TDDFT) calculations of the electronic structures
and optical spectra of the NCs indicate that the absorp-
tion features result from the electronic transitions be-
tween the molecular orbitals (MOs) of the clusters.”*”>
TDDFT calculations of NCs help us to understand how
the nature of electronic and optical properties vary
with size, geometry, and chemical environment such
as nature of the ligand coordination onto the NC
surface. Aikens and co-workers conducted TDDFT cal-
culations to determine the optical absorption spectra
for a series of silver clusters (Ag,, n = 6—85) with
various charge states.”* Those clusters exhibit octahe-
dral, truncated octahedral, and icosahedral structures.
In the absence of a structural model (crystal structure
or geometry) at the moment for our NCs, we cannot
assign each absorption feature to a particular elec-
tronic transition, as was done in refs 72 and 73. How-
ever, we can propose a general qualitative explanation
for the origins of the absorption features measured for
our luminescent NCs. For AgNCs, the MOs are mainly
made up of Ag (5sp), Ag (4d) atomic orbitals of the core
and sulfur (S), 3p atomic orbital of the ligand.”> MOs
made up of sp orbitals constitute the sp band, whereas
those made up of d orbitals constitute the d band. All of
the MOs have contribution from the sulfur 3p orbital of
the ligand, indicating that the optical absorption
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Figure 6. (A) Time-dependent optical absorption spectra during AgNC synthesis. Absorption spectra of ligand alone (1), after
the addition of Ag precursor (2), then 5 min (3), 10 min (4), 20 min (5), 30 min (6), 45 min (7), 1 h (8), and 2 h (9) after the addition
of NaBHj, to the mixture. (B) Plot of PL intensity vs time during the NC synthesis.

spectrum is a combination of core and ligand con-
tributions.”® Ligand contribution may play a larger role
here since the absorption features measured for the
clusters prepared in the presence of lipoic-based
ligands are different from what has been reported for
monothiol-alkyl ligands. It is believed that low-energy/
high-wavelength optical features are due to intraband
sp to sp transitions, and high-energy/low-wavelength
features result from interband d to sp transitions.

The luminescence measured for our NCs results from
the relaxation of the excited electron back into the
ground state (HOMO) across the energy barrier (gap).
The single color emission may be attributed to a
combination of single average size NCs afforded by
our reaction scheme and band edge emission. Elec-
trons excited to higher energy states always rapidly
relax nonradiatively to the band edge before recom-
bining with the hole in the HOMO, emitting red
photons. This process is similar to the PL generated
from semiconductor nanocrystals.”®

We now focus on elucidating the mechanism of NC
growth via either of the routes described in the
Experimental Section, namely, direct reduction of Ag
precursor or size focusing of nonluminescent nanopar-
ticles. For the direct reduction route, we first monitored
the absorption spectrum of the ligand mixed with
AgNOs in the absence of borohydride. We found that
a weak peak is measured at ~330 nm for the free
ligand, which rapidly disappeared when AgNOs was
added (see Figure 6A). The resulting solution became
colorless and exhibited no photoluminescence. Five
minutes after the addition of NaBH, the solution
turned dark brown and a broad peak centered at
463 nm appeared. After 10 min, the peak broadens
and its absorbance decreases and then gradually
resolves into three prominent absorption features with
time. The above transformation of the absorption
spectrum after the addition of borohydride was ac-
companied by a gradual build up in red fluorescence
(see Figure 6B), and the reaction was complete within
~2 h when both absorption and emission spectra
reached saturation.
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The weak absorption peak of the free ligand at
~330 nm is due to the strained five-membered cyclic
disulfide structure of lipoic acid.”” When silver nitrate is
added, the Ag™ ions progressively complex with the
disulfide group (due to the affinity exhibted by this
group to several metals, including Au and Ag) to form
the Ag-LA-PEG metal—ligand complex, referred to as
the precursor.%” During this procedure, the disulfide
bond is weakened, leading to the disappearance of the
peak at 330 nm; no NCs are formed at this time. After
the addition of NaBHj,, reduction of Ag-LA-PEG com-
plex to Ag(0) initiates the growth of Ag cores, likely
over broad size range;®*”878 these Ag cores have
different stabilities, and they slowly convert with time
into a single average and thermodynamically stable
NC. Since the molar concentration of Ag is fixed during
the reaction, equilibrium favoring smaller size NCs
requires much higher concentration of stabilizing li-
gands in order to accommodate their higher surface-
to-volume ratio and larger number. In comparison, at
lower ligand concentration, equilibrium favors the
growth of larger size NPs where the overall area to
be passivated is smaller. Growth of NCs also depends
on the amount of reducing agent. A minimum of 5-fold
excess of reducing agent (in terms of Ag™ precursor
concentration) is required to form clusters. Maximum
luminescence is observed when 20-fold excess of
NaBH, is used.

Finally, we confirmed that the absorption and emis-
sion features of the NCs are core-derived by carrying
out an etching experiment using CN™ ions. Cyanide
ions are known to convert Ag(0) to AgCN by the core
etching of NPs.>*®" An aqueous dispersion of NCs was
mixed with a molar excess of sodium cyanide and left
to stir overnight. We found that such treatment leads
to the disappearance of all of the absorption features
as well as the PL signal, while the solution turned
colorless, suggesting that cyanide ions dissolved the
core silver, resulting in the collapse of the NCs.

In the second synthesis route, referred to as size
focusing, polydisperse larger size NPs are converted
into homogeneous smaller size NCs; this process is also
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Figure 7. (A) Time-dependent evolution of optical absorp-
tion features of NCs during the size focusing of NP, (initially
synthesized using 1:0.04 Ag:L molar ratio). Inset shows the
corresponding emission spectra. The photograph of the NP
before and after size focusing under bright light and UV
light is also shown. TEM images of AgNPs (B) before and (C)
after size focusing. The scale bar designates 20 nm.

known as “core etching” in the literature. To follow the
synthesis using this method, we tracked the time
progression of the optical characteristics (absorption
and emission) of a NP dispersion (prepared using
AgiL = 1:0.04, NP,) after mixing with excess ligands
and NaBH,. Aliquots from the reaction mixture were
retrieved, and spectra were collected at regular inter-
vals. Figure 7A shows that the initial NP dispersion
exhibits an SPR band located at 406 nm and no
luminescence. After addition of the ligand and NaBH,,
the band progressively decreased and red-shifted with
time; for example, the SPR peak shifted to 418 nm, and
the solution showed a very weak emission at 680 nm
after 15 min. As time progressed, these changes con-
tinued to develop until the complete disappearance of
the SPR peak was replaced with the characteristic
absorption features of the NCs; these changes were
accompanied with an enhancement in the measured
luminescence (see Figure 7A). The color of the NP
dispersion changed from dark brown with no lumines-
cence (before) to reddish brown with bright lumines-
cence after size focusing (Figure 7A, inset). Saturation of
the absorption and emission spectra was reached after
3—5 h from the addition of ligand and reducing agent.
This change in optical features and the evolution of
emission indicate the formation of NCs.

We further confirmed the complete conversion of a
rather polydisperse NP population into homogeneous
NCs using TEM. The TEM image of as-grown NPs
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showed nanoparticles with a rather broad size range
(~7—2 nm, Figure 7B). Following size focusing, the
larger particles progressively disappeared, replaced
with a homogeneous population of nanocrystals hav-
ing an average diameter of ~1.3 nm (see Figure 7C).

Size focusing required the addition of a large
amount of the ligands (comparable to the amounts
used for NC growth by direct reduction). In the absence
of NaBH, no characteristic absorption features or
emission of NCs was observed after several hours even
in the presence of ligands. Similarly, in the absence of
ligands, no visible change in the SPR band of the NP
was observed. We also found that while the smaller size
NPs (synthesized at 1:0.02 to 1:0.2 Ag:L ratios) exhibited
size focusing, NPs synthesized at 1:0.001 and 1:0.01
ratios (larger size NPs) did not (see Supporting Informa-
tion, Figure S7). They only showed a slight red shift and
a decrease in absorbance of the SPR band at all times.
Overall, we found that at least 5-fold molar excess of
NaBH, and a final Ag:L = 1:1 or higher are required to
achieve complete transformation of NPs into lumines-
cent clusters.

We would like to emphasize that size focusing can
be carried out using a mixture of inert and end-
functionalized ligands, which indicates that surface-
functionalized NCs can also be prepared using this
route (NP growth and size focusing). For instance, we
performed this procedure on NPs previously synthe-
sized at 1:0.1 Ag:L ratio with ligands made of 100%
—COOH (NCs)), 50—50 mixture of —OCH3 and —COOH
(NCsy)), 100% —OCH;3 (NCs)y), 50—50 mixture of —OCHj3
and —NH; (NCsy), and 100% of NH; (NCsy) separately.
The reaction was allowed to continue for equal time for
the five batches. All of the resulting dispersions ex-
hibited characteristic absorption features of NCs with
the same absorbance values and PL intensities (see
Figure 8A,B). This suggests that ligands of any func-
tionality can be used, and the populations of the NCs
formed at the end of the reaction are essentially
identical. Additionally, gel electrophoresis experiments
showed that while NCg;, (obtained with 100% LA-PEG-
OCHs) did not exhibit any mobility shift under applied
voltage, all of the other NCs showed shifts with the
expected sign and magnitude, due to the presence of
either —COOH or —NH,, (see Figure 8C).

Even though the mechanism that drives the conver-
sion of NPs to NCs is not clearly understood, a tentative
explanation can be provided. The initial growth step
provides NPs with a broad size range, and their surface-
to-volume ratio and thermodynamic stability vastly
differ. For NP synthesis, the ratio of Ag-to-L is high,
which means that the number of ligands on their
surface is low and hence can be less stable. When
excess ligands are provided (to a final Ag:L ratio of
1:1, identical to those used in the direct reduction
method), the free thiols can progressively “etch” the
NPs, leading to reduction in size and polydispersity,
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Figure 8. (A) Optical absorption spectra of the NCs formed after size focusing with ligands of different end functionalities:
100% LA-PEG-COOH (NCg)), 50% LA-PEG-COOH and 50% LA-PEG-OCH; (NCgy)), 100% LA-PEG-OCHj3 (NCs)y)), @ mixture of 50%
LA-PEG-NH, and 50% LA-PEG-OCHj3 (NCg)y), 100% TA-PEG-NH, (NCsy), and the parent NP5 (synthesized at 1:0.1 Ag-to-L ratio).
(B) Photograph of the aqueous dispersion of the samples upon UV light irradiation and (C) gel electrophoresis image.

providing a homogeneous dispersion of smaller size
ClUSterS 53,54,57,78,82

CONCLUSION

We have synthesized an array of NPs and NCs of silver
using ligands made of a tunable length polyethylene
glycol segment appended with lipoic acid at one end
and a potentially reactive (—COOH/—NH,) or inert group
(—OCH,) at the other end. The particle size was controlled
by varying the Ag-to-ligand ratio. While higher Ag-to-
ligand ratio promoted the formation of NPs, lower ratios
favored the formation of NCs. We also showed that the
as-synthesized polydisperse nonluminescent NPs can be
“size focused” to a homogeneous population of lumines-
cent nanoclusters. This implies that the NCs can be
synthesized by two routes: a one-step direct reduction
of Ag™ ions (bottom-up) or a two-step size focusing (top-
down) starting from nonluminescent nanoparticles.

Our tailor-made ligands offer manifold advantages.
The presence of PEG segments considerably enhances

EXPERIMENTAL SECTION

Materials. Poly(ethylene glycol) (molecular weight average
of 600), poly(ethylene glycol) methyl ether (molecular weight
average of 750), methanesulfonyl chloride, triphenylphosphine,
lipoic acid (thioctic acid), DMAP (4-(N,N-dimethylamino)pyridine),
DCC (N,N-dicyclohexylcarbodiimide), triethylamine, sodium
borohydride, succinic anhydride, NaOH, KOH, NaHCOs, organic
solvents, PBS buffer, and salts (such as NaCl, Na,SO,4, Mg,SO,)
were purchased from Sigma Chemicals (St. Louis, MO).
Sodium azide and silver nitrate were purchased from Alfa Aesar
(Ward Hill, MA). The chemicals and solvents were used as pur-
chased unless otherwise mentioned. Deuterated solvents
were purchased from Cambridge Isotope Laboratories (Andover,
MA). Column purification chromatography was performed
using silica gel (60 A, 230—400 mesh, from Bodman Indus-
tries, Aston, PA).

Instrumentation. '"H NMR spectra of all compounds were
recorded using a Bruker SpectroSpin 600 MHz spectrometer.
The optical absorption measurements were carried out using a
Shimadzu UV—vis absorption spectrophotometer (UV 2450 model),
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the photophysical properties such as quantum yield of
NCs in addition to solubility in a wide range of solvents.
The resulting NPs and NCs can be easily transferred
from aqueous to organic solutions, without requiring
cap exchange as is done with most other materials
(e.g., those prepared via a citrate reduction). This broad
solubility may help in expanding the utility of these
clusters in other areas such as catalysis. Lipoic acid
offered multidentate coordination and helped in the
Ag—ligand precursor formation. Our synthetic route
affords the ability to control the number of functional
groups on the NC surface by mixing inert and func-
tional ligands during the growth. This opens up new
opportunities for these NCs in biological applications
such as imaging and sensing; nonetheless, this poten-
tial still hinges on the ability to improve the long-
term stability of the PL emission of these materials.
Finally, our synthetic design should be easily ex-
tended to other nanoclusters such as gold, copper,
and palladium.

while the luminescence spectra were collected on a Fluorolog-3
spectrometer (Jobin Yvon Inc., Edison, NJ) equipped with PMT
and air-cooled CCD detectors. The emission spectra were
collected using the CCD detector, whereas the excitation
spectra were collected using the PMT. Transmission electron
microscopy (TEM) images were taken using a 200 kV JEOL-2010
instrument or a Philips FEI CM-120 operating at an acceleration
voltage of 120 kV. Samples for TEM were prepared by drop
casting the NP/NC dispersion onto the holey carbon film on a
fine mesh Cu grid (400 mesh) and letting it dry. Gel electro-
phoresis experiments were run on a 1% agarose gel. The NC
dispersions were first diluted in a 10% glycerol 1x TBE Tris
borate EDTA (100 mM Tris, 83 mM boric acid, 1 mM EDTA,
pH 8.3) loading buffer. Aliquots of these dispersions were
loaded into 1% agarose gel, and mobility shift experiments
were conducted using an applied voltage of 7—8 V/cm for
15 min. The gel was imaged using a UVP transilluminator
equipped with a digital camera.

Synthesis of LA-PEG Series. Three ligands made of a polyethy-
lene glycol segment appended with lipoic acid at one end and
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potentially reactive (—COOH/—NH,) or inert (—OCH3) groups at
the other end were synthesized, purified, and characterized
according to our previous synthetic protocols.4¢°%3 They are
LA-PEG;5o-OCH3 (PEG MW = 750), LA-PEGg0-COOH (PEG MW =
600), and LA-PEGgqo-NH, (PEG MW = 600).

Growth of Silver Nanoparticles (AgNPs). Nanoparticles were typi-
cally grown when borohydride reduction of AgNO3 precursor
was carried out using rather large silver-to-ligand molar ratios
(Ag:L ranging from 1:0.001 to 1:0.2). This was achieved by
varying the molar concentration of the ligand while maintaining
that of AgNOs fixed. In a typical synthesis, 30 uL of 5 mM AgNO;
and the desired molar concentration of LA-PEG;5,-OCH;3 were
dissolved in 3 mL of deionized water. The mixture was stirred at
room temperature for 15—30 min to promote precursor forma-
tion, then 30 uL of 50 mM NaBH, was added, followed by stirring
for another 1 h. Once the reaction was complete (i.e., when no
change in the absorption features could be measured), excess
free ligands were removed by centrifugation using a 10 kDa
membrane filter, and the dispersion was used for further char-
acterization. Different combinations of ligands such as LA-PEG;5q-
OCHs (inert), end-functionalized (namely, LA-PEGgno-NH, or
LA-PEGg00-COOH), or mixtures of the two or three can be used
to synthesize surface-functionalized NPs.

Growth of Silver Nanoclusters (AgNCs) via Direct Borohydride Reduc-
tion. As done above for growing NPs, we maintain the amount
of Ag precursor fixed (30 uL of 5 mM AgNOs) and vary the molar
concentration of LA-PEG;5o-OCH3 in 3 mL of deionized water;
typically, the range of Ag-to-LA-PEG ratio could be varied
between 1:1 and 1:10. Following precursor formation, 30 ulL of
100 mM NaBH, was added with stirring, and the mixture was
then left stirring for 2 h. Excess free ligands were removed by
centrifugation using a 10 kDa membrane filter. The reaction was
carried out under dark or was protected from light. Here also,
the ligand LA-PEG;5,-OCHjs can be replaced with LA-PEGgoo-NH,
or LA-PEGgo0-COOH or a mixture of the two to synthesize
functionalized NCs. Growth of AgNCs was also carried out in
various organic solvents including methanol, ethanol, chloro-
form, 2-propanol, and THF.

Preparation of Silver Nanoclusters via Size Focusing Starting from
AgNPs. This procedure involves the progressive transformation
of larger size (naturally polydisperse) NPs into a set of smaller
size NCs (nearly monodisperse).”®8%8284 This process is also
referred to as core etching in the literature. For this, aqueous
dispersions of freshly synthesized NPs were further treated with
additional (excess) ligands and NaBH,. The amount of ligands
added was such that the final Ag:L ratio (initial and added) in the
sample was 1:1, while the concentration of NaBH,; was 5-fold
that of the ligand added for size focusing. The solution was left
stirring at room temperature, and the reaction was monitored
by retrieving aliquots at regular intervals and collecting the
optical absorption and emission spectra. The reaction was
stopped after 3—5 h when there was no further change in the
optical absorption and emission spectra. The solution was
centrifuged (at 20000 rpm) for 30 min followed by filtration
with a 50 kDa membrane filter. Excess ligands were removed by
the subsequent filtration with a 10 kDa membrane filter.

Quantum Yield Measurement. Quantum yield (QY) values of NCs
with different ligands and in different solvents were calculated
using 4-(dicyanomethylene)-2-methyl-6-(4-dimethylaminostyryl)-
4H-pyran (DCM) dye as the standard (ST). We have used the
fO"OWihg Equation, QYNC = QYST(’NC/ANC)(AST//ST)(nNC/nST)ZI where
I, A, and 7 are the integrated emission intensity, absorbance at
excitation wavelength, and refractive index of the solvent,
respectively. Optical densities of the NC dispersion and DCM
solution were adjusted below 0.1 at the excitation wavelength
of 450 nm. DCM was dissolved in methanol, and its QY is
reported to be 43%.
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