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Abstract

Polydisperse water-soluble gold nanoclusters (AuNCs) protected by penicillamine have been synthesized in this work. The sequen-
tial size-selective precipitation (SSSP) technique has been applied for the size fractionation and purification of the monolayer-pro-
tected AuNCs. Through continuously adding acetone to a crude AuNC aqueous solution and controlling the volume percentage of
acetone, we successfully separated the polydisperse AuNCs with diameters ranging from 0.5 to 5.4 nm into four different fractions
sequentially. High-resolution transmission electron microscopy (HRTEM) shows that the four fractions are well-dispersed spheri-
cal particles of diameter 3.0 0.6, 2.3 0.5, 1.7 = 0.4, and 1.2 + 0.4 nm. Proton nuclear magnetic resonance spectroscopy suggests
that disulfide, excess ligands and gold(I) complexes were removed from the AuNCs fractions. These results demonstrate the consid-
erable potential of the SSSP technique for size-based separation and purification of AuNCs, achieving not only the isolation of
larger nanoclusters (NCs) from small NCs in a continuous fashion, but also for the removal of small-molecule impurities. Based on
the results from the mass spectrometry and thermogravimetric analysis, the average composition of the four fractions can be repre-
sented by Auzg(SR);g, Auyg(SR)5, Aujg(SR)j2, and Auj (SR)g, respectively. This indicates that the SSSP separation is mainly de-
pendent on the core size and the ratio of Au atoms to ligands of AuNCs. X-ray photoelectron spectroscopy (XPS) has also been
applied to observe the molecular dependence on the gold and sulfur chemical state of organosulfur monolayers of the fractions. The
photoluminescence spectra of these AuNCs in the range of 900-790 nm was investigated at room temperature. The results show
that the peak emission energy of the size-selected AuNCs undergoes a blue shift when the size is decreased, which can be attri-

buted to the quantum confinement effect.
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Introduction

Due to the unique mechanical, chemical, thermal, magnetic and
optical properties of nanometer-sized materials, they are often
utilized in many fields [1]. Monolayer-protected gold nanoclus-
ters (AuNCs) are nanoparticles of metal atoms stabilized by a
protective layer of organic molecules [2]. These clusters are
considered to be a hybrid system of small molecules and macro-
scopic materials, and are of great interest to the properties of
gold core and organic monolayers [3]. The stable monolayer-
protected NCs have enabled experiments to be carried out that
would have been impossible or extremely difficult to conduct
using less-stable materials. NCs can be handled like stable
chemical compounds, which greatly facilitates their develop-
ment of new applications and simplifies size dependence studies
[4]. It is important to note that the preparation of high purity
and monodisperse NCs is often critical because these variables
can distort optical and electronic measurements, or hinder the
self-assembly process of nanoscale structures [5]. Therefore, the
effective control of the size distribution of NCs will facilitate
the tunability of the properties of the nanomaterials, thereby
providing opportunities for selective applications. Although
many methods of AuNC synthesis with different surface func-
tionalization have been developed [6], the products generally
have a wide range of sizes (e.g., 2 to 12 nm) [7], and with some
impurities [7,8]. Although the dispersion of the AuNCs can be
improved to some extent by changing the ratio of the initial
reactants (Au and ligand) and the synthesis conditions, or by
other means such as heating [9], etching [10], and annealing
[11], these methods are difficult to precisely control the size of
the products. In addition, for the above mentioned methods,
slight changes in reaction conditions may have a large effect on
the product. Therefore, there are still major challenges in devel-

oping a strategy for synthesis of monodisperse NCs [12].

In order to obtain NCs with a low polydispersity index, various
separation techniques have been proposed, including solvent
fractionation [13], centrifugation [14], ultrafiltration [15], diafil-
tration [16], electrophoresis [17], and chromatography [18].
However, each of these separation technologies has its virtues
as well as its limitations. Conventional solvent fractionation has
the lowest separation resolution. Since the stationary phase used
in size exclusion chromatography (SEC) has a high surface
area, NCs with high surface activity can be irreversibly
adsorbed by the column packing material, which limits its appli-
cation to the separation of NCs. For capillary electrophoresis
(CE) and high-performance liquid chromatography (HPLC),
this limitation can be overcome to some extent by reducing the
surface effects of the separation system. The capacity for each
run of these two methods (micrograms for HPLC and
nanograms for capillary zone electrophoresis (CZE)) have

hindered them from widely being used for the fractionation of
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NCs into monodisperse sizes. Moreover, the fractionation of
monolayer-protected NCs by other methods often depends on
the core or ligand properties, in addition to being time-
consuming and sophisticated. Size-selective precipitation is a
simple and common method that has been used to the size frac-
tion nanomaterial dispersions such as CdS and CdSe. However,
this method has been mainly carried out to separate water-insol-
uble nanoparticles from organic solvents. On the other hand, it
is also understood that the photophysical, electrochemical and
other properties of AuNCs may be altered in the presence of
excess thiol ligand; hence, it is necessary to develop a conve-
nient, efficient, and stringent method for the purification of

crude monolayer-protected NCs samples.

The purification of AuNCs is a very challenging task due to the
similar solubility of water-soluble NCs and impurities. The sep-
aration by conventional purification techniques such as extrac-
tion, precipitation, chromatography or dialysis is incomplete.
Some research in our group has already addressed the purifica-
tion and separation of water-soluble N-acetyl-L-cysteine mono-
layer-protected nanoparticles (NPs). Although dialysis can be a
useful means of removing impurities from NPs, it is a very
time-consuming technique. Capillary electrophoresis provides
an efficient and simple technique to fractionate water-soluble
NCs [19], however it often depends on the specific core or
ligand shell properties. At the same time, it is difficult to obtain
similar size fractions in the separation process by conventional
solvent fractionation. When HPLC and CE were used to sepa-
rate NCs, the separation was complicated as many peaks were
often observed in the polydisperse sample.

Recently, we have synthesized penicillamine-protected AuNCs
in aqueous medium. The product was isolated and purified by
sequential size-selective precipitation (SSSP) and characterized
by mass spectrometry (MS) [20]. In order to further explore the
different structures and properties of NCs of different sizes after
fractionation, the crude AuNCs and fractions obtained from
SSSP have been investigated by transmission electron micros-
copy (TEM), X-ray photoelectron spectroscopy (XPS), nuclear
magnetic resonance (NMR), and UV—vis absorption together
with photoluminescence (PL) spectroscopy.

Experimental

Chemicals and materials

D-Penicillamine (98%), chloroauric acid (HAuCl4-3H,0,
99.9%) and sodium borohydride (NaBH4, 99%) were pur-
chased from Aldrich (Milwaukee, WI, USA). Acetone (99.5%),
2,5-dihydroxybenzoic acid (DHB, 99%), methanol (MeOH,
99.8%) and ethanol (EtOH, 99.8%) were obtained from Sigma
(St. Louis, MO, USA). Acetic acid (HAc, 99.5%) and concen-
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trated hydrochloric acid (37%) were obtained from Beijing
Chemical Plant (Beijing, China). Deuterium oxide (D;O,
99.9%) was purchased from Fluka (Buchs, Switzerland). Puri-
fied water was used to prepare all solutions which was from a
Milli-Q-ROy4 water purification system (Millipore, Bedford,
MA).

Synthesis of gold nanoclusters
Penicillamine-protected AuNCs were synthesized using the pro-
cedures outlined in the following steps. First, 1.34 g of D-peni-
cillamine was mixed with 1.18 g of HAuCl4-3H,0 in 60 mL
mixed solvent of MeOH/HAc (6:1 v/v) with stirring in ice bath.
When the color of the solution changed to orange, the interme-
diate product was immediately reduced with 2.27 g NaBHy in
6.0 mL of EtOH. Then 100 mL of acetone was added after
30 minutes, and the crude AuNCs were precipitated. Then, the
crude AuNCs were redissolved in ~0.2 mL of H,0, adjusted to
a pH value to 1 by adding concentrated hydrochloric acid and
then precipitated by acetone. Finally, the crude product was
dried with nitrogen at 25 °C.

Gold nanocluster fractionation

As can be seen from the TEM (vide infra) images, the initial
product of the AuNCs was polydisperse. It is essential to
narrow their size distribution in order to obtain their representa-
tive photophysical properties. As shown in Figure 1, SSSP was
used to fractionation the crude AuNCs into four AuNCs frac-
tions with different sizes. Briefly, organic solvent (acetone) was
gradually added in an aqueous solution of AuNCs, whereby the
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AuNCs are gradually precipitated from large to small. By
controlling the different proportions of acetone in the total
volume, such as 36%, 54%, 72% and 90%, combined with
centrifugation, we have obtained four AuNCs fractionations
designated as F3g0;, F540, F1700, and Fogo,, respectively. The
remaining supernatant was dried with N, which was designated
as the residue.

Characterization of the structure and optical

properties of gold nanoclusters

High-resolution transmission electron microscopy (HRTEM)
measurements were recorded on a JEOL 2010 transmission
electron microscope (Tokyo, Japan) operating at an acceler-
ating voltage of 200 kV. Proton nuclear magnetic resonance
(YH NMR) spectra were performed on a Bruker AC 400 NMR
spectrometer (Rheinstetten, Karlsruhe, Germany) in concen-
trated D,O solutions. At the same time, the fractions were in-
vestigated by a matrix-assisted laser desorption ionization time-
of-flight mass spectrometer (MALDI-TOF MS) (Autoflex,
Bruker, Germany). X-ray photoelectron spectroscopy (XPS)
measurements were conducted with a Leybold Heraeus SKL-12
X-ray photoelectron spectrometer (Shenyang, China) modified
with a VG CLAM 4 multichannel hemispherical analyzer using
a Mg Ka excitation source at 1253.6 eV (10 kV, 20 mA). Ther-
mogravimetric analysis (TGA) measurements were conducted
with a Perkin-Elmer TGA 6 thermogravimetric analyzer
(Waltham, MA, USA). In addition, the UV—vis absorption spec-
tra of the crude AuNC product and the AuNC fractions were re-
corded on a Cary 100 Scan UV—vis spectrophotometer (Varian,
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Figure 1: The scheme of the synthesis and fabrication of gold nanoclusters.
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Palo Alto, CA, USA). The PL properties of the samples were
acquired on a QM4 spectrofluorometer (Photon Technology
International, Lawrenceville, NJ, USA).

Results and Discussion

TEM characterization

Figure 2A shows an HRTEM image of the crude AuNC prod-
uct. It is clearly observed that the AuNC product is comprised
of spherical particles of various sizes. The insets of Figure 2A
show the selected area electron diffraction (SAED) pattern and
high-magnification TEM image of a typical particle. The SAED
pattern indicates the {111} and {200} planes of the typical face-
centered cubic (fcc) structure of Au nanocrystal whereas the
high-magnification TEM image also shows very clear fringes of
the AuNC. These results infer that our AuNC product consists
of highly crystalline nanocrystals. Figure 2B depicts the
histogram of the size distribution obtained from the HRTEM
image. The AuNC product exhibits a very broad particle size
distribution, ranging from 0.5 to 5.4 nm, with an average core
diameter of 2.1 + 1.1 nm. Since the AuNC product is very poly-
disperse, the SSSP technique was employed to isolate the
AuNC fractions with narrower size distribution from the AuNC
product.

The size-selective precipitation technique can reduce the ability
of a solvent to disperse clusters by adding a miscible non-sol-
vent to the cluster agglomeration point. The larger clusters are
first aggregated due to the greater van der Waals attraction be-
tween the clusters, and the clusters aggregated can be precipitat-
ed by centrifugation, and the smaller clusters are still dispersed
in the solvent. Herein, we performed SSSP for the polydisperse
penicillamine-coated water-soluble AuNCs from aqueous medi-
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um using acetone as a nonsolvent. When acetone was gradually
added to the aqueous solution of AuNCs to achieve supersatura-
tion of the solution, the solubility of AuNCs in the mixed sol-
vent was lowered due to the low dielectric constant of acetone,
resulting in the precipitation of relatively large-sized clusters.
The deposit could then be separated from the solution by
centrifugation. Four fractions (F3g0,, Fs549, F720, and Fggo;)
from large to small have been obtained by repeating the above
procedure and controlling the volume percentage of acetone
corresponding to 36%, 54%, 72%, and 90%, respectively. The
remaining soluble fraction is represented as Fio.

Figure 3 displays the TEM images of the four AuNCs fractions
(F36%> F549%, F729, and Fggo,). Due to the fractionation process,
these AuNCs are monodisperse relative to the crude product.
The AuNC image was analyzed and a histogram was prepared
for all AuNCs fractions, as shown in the right panel of Figure 3.
The average cluster size is 3.0 £ 0.6, 2.3 £ 0.5, 1.7 + 0.4 and
1.2 £ 0.4 nm for the four fractions, respectively. Obviously,
these fractions show a decrease in both average size and size
distribution compared to that observed before the size separa-
tion process (Figure 2). The fractionation process can improve
the quality of the AuNCs by increasing the percentage of clus-
ters at the median cluster size, especially for small AuNCs. For
example, 6% of the crude product of AuNCs was 1.2 nm in di-
ameter but after the fractionation process, 26% of the AuNCs in
the fraction of Fy50, were 1.2 nm. This indicates that the com-
position of the water/acetone mixed solvent greatly influences
the precipitate morphology. It is demonstrated that the penicil-
lamine-protected AuNCs of different average sizes can be sepa-
rated from the aqueous solution dispersion by using the simple
and effective SSSP technique. The standard deviation of the
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Figure 2: (A) HRTEM image of the crude penicillamin—AuNC product. The upper and lower insets display the SAED pattern and lattice fringe image
of the AuNCs, respectively. (B) Size histogram of the crude penicillamine-protected AuUNC product.
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particle size decreases from 0.5 to 0.3 nm with an increase in
the volume fraction of acetone in the AuNCs. This illustrates
that a smaller change of volume percentage of acetone gives a
more precise cluster separation due to a subtler change in sol-
vent strength, leading to the isolation of the desired clusters of a
specific size. However, it is quite difficult to obtain similar size
fractions in the separation process. This issue can be addressed
by accurately and carefully controlling the water/acetone
proportion so that the required size fraction may be achieved.
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Selected-area electron diffraction

characteristics of AuNCs fractions

The corresponding SAED pattern of each AuNC fraction was
obtained by focusing the electron beam perpendicular to the
TEM sample lying flat on the support carbon film. The blurry
characteristic rings from inner to outer in the polycrystalline
diffraction pattern can be indexed as {111}, {200}, {220},
{311}, and {331} planes of fcc Au crystals, where {/kl} are the
Miller indices of the planes. The measured interplanar spacing
along the growth direction of our AuNCs is 0.232 nm, corre-
sponding well with the spacing between {111} lattice planes of
the fcc Au crystals (0.235 nm). Figure 4 shows the individual
SAED patterns of the four fractions (F3g,, Fs49, F729, and
Fogo,) obtained by SSSP. For the fractions F340, and Fsqo, five
diffraction rings with different radii and one center can be
clearly observed. The structural characteristic of these AuNCs
indicates the existence of an fcc structure of Au in the NCs and
that the AuNCs have an anisotropic crystalline structure. This
result is similar to that obtained by Lakshminarayanan for the
diffraction characteristic of 1-3 nm thiol-monolayer-protected
clusters [21]. As for the fractions F750, and Fgqo,, the {111} and
{200} planes appear blurrier and the {220}, {311}, and {331}
planes are not distinct from each other. Such observations may
be due to the fact that the particle sizes of the latter two frac-
tions Fyp0, and Fgqo, are smaller than those of the former two
fractions F3g0, and Fsq0,. The diffraction image becomes gradu-
ally blurry with the decrease in the AuNC size. In addition, the
diffraction rings broaden gradually with the reduction in parti-
cle size. A case in point is that the particle size of the fraction
Foggo, is so small (=1.2 nm) that the rings are not discernable in
the image and the corresponding diffraction ring is very broad
compared to other fractions, indicating that these AuNCs are of
polycrystalline structure.

TH NMR spectroscopy

The spectra of D,0 solutions of free ligand, crude and fractions
obtained from SSSP are presented in Figure 5. The proton peaks
are in the range of chemical shifts (8) 1.4-4.8 ppm and the
strong peak at 4.79 ppm is due to the residual H,O of the sam-
ple and HDO in D,O solvent. For ease of interpretation, the
methyl proton (—CHj3) peaks in the free penicillamine, AuNCs
of the crude product and fractions F3g0, F549, F7204, Fogo, and
Fyo,, and byproducts penicillamine disulfide and gold(T) penicil-
lamine complex are denoted as a, b, a’, b’, a” and b" whereas
their corresponding methine proton (-CH-) peaks are labeled as
¢, ¢'and ¢" (right panel in Figure 5). In order to obtain a clear
assignment, the assignment of the free ligand penicillamine has
been investigated, and then this chemical shift information is
used to help the peak assignment of AuNCs. The strong singlets
at 1.44, 1.53 and 3.65 ppm (Figure 5, spectrum 1) are readily
assigned to the methyl and methine protons of the free penicil-
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Figure 4: SAED patterns of the sequential size-selected fractions (A) Fzge, (B) Fs54%, (C) F729%, and (D) Fgoe.

lamine as they do not couple with other protons. The methyl
protons, which are labeled as a and b and appeared at 1.44 and
1.53 ppm, respectively, are chemically different in the 'H NMR
spectrum due to the chirality effect [22] of the adjacent carbon
(C* in the right panel of Figure 5). Peak splitting is also ob-
served due to chiral induction in the "H NMR spectrum of the
crude product (spectrum 2) and size-selective fractions
(Figure 5, spectra 3—6): the methyl protons are split into two
peaks at =1.42 and 1.51 ppm, respectively.

It is tricky to assign the proton peaks of methyl and methine
(Figure 5, spectrum 2) based on the chemical shifts of free peni-
cillamine ligand. It becomes quite complicated due to three
group peaks (labeled as a b ¢, a’ b' ¢’ and a” b" ¢") observed.
The sharp proton peaks at 1.42, 1.51, and 3.73 ppm (labeled as
a b c) can be readily assigned to the methyl and methine protons
in penicllamine and disulfide. The figure also shows that the
spectrum of the crude exhibits two characteristic broadening
peaks from 1.58 to 1.88 and from 3.88 to 4.10 ppm, which
displays a slight chemical shift consistent with expectations for
the presence of nanocluster-bound ligand [5]. This resonance

broadening (relative to the monomer ligand) is due to the

discontinuity of the diamagnetic susceptibility of the
gold-hydrocarbon interface and the residual dipole interaction
in the layer due to space constraints and confirms that penicil-
lamine is bound to the gold particle surface [23]. Note that three
sharp peaks residing on the broad peaks at § 1.79, 3.77 and
3.98 ppm are possibly from residual gold(I) complex in our
crude product. On the other hand, since the methyl and methine
protons of the AuNC or gold(I) complex are both very close to
the Au core, these proton signals are likely to be significantly
downfield shifted.

The NMR spectra of fractions (Figure 5, spectra 3—6) obtained
by SSSP show significantly reduced sharp signals, indicating
that materials not coupled to the NCs (free ligand, disulfide and
gold(I) complex) [24] have been almost completely removed in
the SSSP steps. In addition, as expected [25], the broadening in-
creased the AuNC core size (from fraction Fggo, to fraction
F360,). This is qualitatively consistent with rotational spin relax-
ation (75); that is, the larger 3.0 nm average core size AuNCs
(Figure 5, spectrum 3) are significantly slower than the smallest
1.2 nm average core size (Figure 5, spectrum 6) [26]. Further

expansion of the packing density gradient along the ligand
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Figure 5: "H NMR spectra of the (1) free ligand penicillamine, (2) crude penicillamine-protected AuNC product and the sequential size-selected frac-

tions (3) Fag%, (4) Fs4%, (5) F72%, (6) Fao%, and (7) Fov.

chain may result in a broader methyl resonance (6 = 1.4-1.9)
than a methine proton (& 3.7-4.0) located farther away from the
core by the effects of steric hindrance. It is noteworthy that the
spectrum of the sample dried from the rest soluble fraction
(Foo,) preserves the characteristic chemical shift at 1.42, 1.51,
1.73, 1.79, 3.77 and 3.98 ppm (Figure 5, spectrum 7), indicat-
ing that the main disulfide with a small amount of free ligand
and gold(I) complex are separated from other fractions. The as-
signments are also confirmed by mass spectrometry (vide infra).
That is to say that not only is the size distribution of the AuNCs
narrowed, but also the excess free ligand, disulfide and gold(I)
complex, can be removed.

Mass spectrometry and thermogravimetric
studies of SSSP fractions

Matrix-assisted laser desorption/ionization time-of-flight mass
spectrometry (MALDI-MS) is an effective method for deter-
mining the core size of NPs and has been used to track the frac-
tional precipitation process of C12-NCs [27,28]. As such,
MALDI-MS was applied to characterize the crude penicil-

lamine-protected AuNCs and as-obtained four fractions
(Figure 6). In addition, the thermogravimetric analysis (TGA)
of the AuNC samples was carried out and the weight loss of the
crude AuNCs product, F3g9,, F540, F720, and Fogo, fractions
were calculated as well. Based on the TGA and MS results, the
average molecular formula of the four fractions could be deter-
mined as AU38(SR)18, Auzg(SR)15, Au] 8(SR)12, and AU1 1(SR)8,
respectively. The corresponding results are consistent with our
previous report [20]. However, the compositions proposed here
are different from those well accepted, such as Ausg(SR)y4,
Auy5(SR)1g, and Aujg(SR) 4. The discrepancy may be due to
the amino group in the penicillamine molecule. We conclude
that the AuNCs here are primarily protected by the Au—S bonds.
However, we cannot rule out that a small amount of Au—-N
bonds are present in the clusters.

X-ray photoelectron analysis
XPS can be used not only to analyze the properties of S—Au
bonds in gold nanoparticles, but also to analyze the atomic com-

position of samples [29]. In this study, we performed XPS anal-
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Figure 6: MALDI-TOF mass spectra of the crude AuNC product and
SSSP fractions after baseline subtraction.

ysis of the crude AuNC product and the SSSP fractions using
the C 1S peak (284.6 eV) as a reference. Figure 7 presents the
corresponding Au 4f spectra of the crude AuNC product and the
fraction samples. Compared to the positions of the Au 4f peaks,
as the size of the nanoclusters decreases, there is a transition to
higher binding energy. This kinetic energy loss is the result of
the temporary charge of the nanoclusters caused by the
photoionization process [30]. Thus, the Au 4f peaks for the first
fraction (F3¢9), also the largest fraction, appear at the lowest
binding energy (Au 4f7, 83.78¢V) among those fractions,
whereas the same peaks for the smaller clusters approach the
value previously observed for the Au(I) polymer (84.9 eV) [31].
The XPS spectra exhibit a Au 4fy/; level with a binding energy
of 83.96, 84.09 and 84.14 eV for the F54%, F72%, and F90%
fractions, respectively. This kind of shift in binding energy is
very common for very small gold particles due to reduced core-
hole screening in small metal particles. This indicates that there
are significant differences in the electronic properties of very
small particles and bulk materials, and that the dimensionally
dependent changes in the electronic structure produce unusual
characteristics [32]. The binding energies of the latter fraction
are higher than those of the former fraction, further indicating
that the gold cores of the latter were more positively charged
than those of the former. Although there are only few reports of
positively charged thiol-protected AuNCs, the chemical oxida-
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Figure 7: XPS spectra in the Au 4f region of the (A) crude penicil-
lamine-protected AuNC product and the sequential size-selected frac-
tions (B) Fge%, (C) F54%, (D) F72%, (E) Fgo%, and (F) FO%- The right
panels display the Au 4f;, and Au 4fs/, binding energies and Au/S
ratio of the samples determined by XPS.

tion of [Auys5(SCgH 3)13]° described in [33] yielded positively
charged AuNCs. The Au 4f7/; binding energy in the residue
fraction (Fo,), however, is shifted by 0.76 eV with respect to
the largest clusters (F349,). The trend of this shift is closely
related to the oxidation state of Au, and its magnitude is similar
to that of other Au(I) complexes [31]. The analysis of the S 2p
peak is a reliable method for assessing the chemical bonds of
sulfur atoms in AuNCs. Figure 8 depicts the XPS spectra of the
crude AuNC product and fractions of F3go, F'549, F720%, Fogv,
and Fo, in the S 2p region. Since the S 2p is a broad peak
(solid line), it can be deconvoluted into two narrower peaks
(dash lines) corresponding to a doublet at 162 eV (2p3/y) and
163.2 eV (2py2). Each doublet has a peak area ratio of 2:1 and a
splitting of =1.2 eV that is consistent with the results deter-
mined theoretically by the spin—orbit splitting effect. The sulfur
binding energy for S 2p3/; at 162 eV suggests that all the sulfur
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Figure 8: XPS spectra in the S 2p region of the (A) crude penicil-
lamine-protected AuNC product and the sequential size-selected frac-
tions (B) F36%, (C) F54%, (D) F72%, (E) Feo%, and (F) Fog. The right
panel displays the S 2p3/, and S 2p4/, binding energies of the sam-
ples.

atoms are bound to gold as a thiolate species [34]. Unbound
thiols (164 eV) cannot be found in the XPS spectra of the five
fractions nor can the oxidized sulfur species (S 2p > 166 eV) be
observed [35]. The observation confirms the stability of the
NCs. The sulfur S 2p3/; binding energy values (Figure 8) are
162.08, 162.14, 162.36 and 162.50 eV for fractions F360;, F549,
F70, and Foq,, respectively. Considering the S 2pj3/, binding
energy of the element S(S8) is 164.2 eV, this shift corresponds
to the negatively charge S adsorbed on the metal [36]. For
smaller sized clusters, there is a subtle shift (0.3-0.4 eV) to
higher binding energy. The peaks of the smaller core size shift
to a higher binding energy, indicating a change in the proper-
ties of the Au—S bond or an increase in the effect of the final
state charge effect [37]. Note that the S 2p3/, binding energy in
the Fo, fraction is slightly more positive than that of the other
fractions (163.00 eV). These shifts are due to free ligands,
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disulfides and gold(I) complexes in this fraction. Additionally, a
weak shoulder peak at around 168 eV is observed as shown in
Figure 8F, which is assignable to sulfur oxide generated from
the fractionation procedure. Upon exposure to atmospheric
oxygen, two thiol residues combine to form a disulfide bridge
through a thiocarbonyl group, which can be further oxidized in
air to form a thiosulfonate [34].

The Au/S atom ratios calculated from integrated Au 4f and S 2p
peak intensities measured in high-resolution scans are also
shown in the right bottom panel of Figure 7. The decrease in the
Au/S atom ratio with the size of the nanocluster clearly shows
that the smaller AuNCs possess higher surface coverage ratio of
penicillamine. Actually, on the basis of the results, we can
easily understand why the smaller NCs precipitate in the higher
volume percent acetone (the smaller NCs are protected by rela-
tive more hydrophilic ligand). The Au/S ratio decreases with the
decrease in the cluster core size which is also verified by the
TGA results. TGA data showed that the percentage of ligands in

AuNCs increased as the cluster size decreased.

A small amount of Na and Cl were found in the crude product
by XPS analysis, indicating that traces of starting material were
not completely removed during the synthesis of AuNCs. Fortu-
nately, these impurities can be effectively eliminated with the
SSSP procedure and no Na and Cl peaks are found in the SSSP
fractions. On the other hand, a significant increase in the Na and
Cl content is observed in the XPS spectrum of the fraction Fy,
(XPS data not shown). Our XPS data further demonstrates that
the SSSP technique not only can narrow the size distribution of
the AuNCs but also aids in purifying AuNC samples.

Optical absorption and photoluminescence
properties

UV-vis absorption spectra of the AuNC crude product and the
fractions are displayed in Figure 9. In order to eliminate the
effect of concentration changes on the comparison of spectral
shape and band position, these spectra are normalized at
250 nm. The smaller AuNCs possess a sharper decrease in ab-
sorbance than that of larger ones, from shorter to longer wave-
lengths, as could be observed in previous work [38,39]. In
essence, the large AuNCs produce absorption spectra that have
higher absorption than that of the small core nanoclusters. The
difference in the absorption spectra of the four NCs fractions
clearly demonstrates the change in core size and distribution of
the NCs obtained from SSSP fractionation. The spectral charac-
teristics of the small and large core size of AuNCs are in line
with the previously reported AuNC spectra. When the core di-
ameter of AuNC is smaller than 3 nm, the surface plasmon reso-
nance band broadens into the baseline and the absorption spec-

tra show only the characteristic exponential decay curve [40].
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Figure 9: (A) UV-visible absorption and (B) corrected photoluminescence spectra (excited at 380 nm) of the (0) crude penicillamine-protected AUNC
product and the sequential size-selected fractions (1) Fago, (2) F54%, (3) F729, and (4) Fgge. The UV-visible spectra are normalized at 250 nm to
remove the effect on concentration difference. The inset depicts the enlarged UV-visible spectra in the range 350-800 nm for clarity and ease of

comparison.

For even smaller AuNCs, some molecular features may begin to
appear because of the presence of HOMO-LUMO band gaps
[41]. The inset of Figure 9 indicates the UV—vis absorption
spectra of the AuNC crude product and the fractions in the
range 350-800 nm. There is the only a featureless absorption
profile observed for the first precipitated fraction (F3¢9,, Ausg
clusters). In contrast, one well-defined absorption shoulder peak
appears at 576 nm for the second precipitated fraction (Fs40,
Auyg clusters). For the third precipitated fraction (F730,, Aujg
clusters), three well-defined absorption maximum and shoulder
peaks appear about 417, 514, and 691 nm, resulting from the
NC interband electronic transitions and the excitonic transition
of the HOMO-LUMO bandgap of the subnanometer-sized NCs
[42]. For the final precipitated fraction (Fgge,, Auj; clusters), its
UV absorption decays to visible light in an approximately expo-
nential manner with no detectable surface plasmon spectral
bands.

All the normalized PL spectra for the crude and size-selective
fraction samples in Figure 9B were obtained at 25 °C at an exci-
tation wavelength of 380 nm. The maximum emission peak of
the PL spectrum of the original sample is 867 nm, while the
fluorescence emission from the first fraction to the last fraction
obtained by SSSP shows a blue shift, that is, peaks of 900, 878,
845 and 790 nm, respectively. For size-dependent PL, the
shorter PL peak positions are related to the smaller cluster sizes
[43]. Figure 9B obviously indicates that tuning of the PL emis-
sion is possible by adjusting the volume percentage of acetone
in the SSSP process. It is evident that AuNCs with an average
size of 3.0 nm and above in the first precipitated fraction emit at
a wavelength longer than 900 nm. When the cluster size

decreases from 3.0 to less than 1.2 nm, the PL peak energy

shifts toward shorter wavelengths from 900 to 790 nm. Such de-
pendence of the PL peak energies on nanocluster sizes indi-
cates that the optical luminescence of the samples comes from
the quantum confinement effect. The band gap of the NCs in-
creases with a decrease in the dimension of the AuNC quantum
structure.

Conclusion

In this research, a highly polydisperse penicillamine-protected
AuNC product was initially synthesized in aqueous medium.
We have demonstrated that SSSP is an effective, convenient
and simple method for the purification and size-based separa-
tion of water-soluble monolayer-protected AuNCs. Four frac-
tions of AuNCs with average Auj|, Au;g, Auyg, and Auzg were
achieved from the polydisperse product by SSSP. The struc-
tural and optical properties of the AuNC fractions were further
investigated by TEM, 'H NMR, MS and XPS. Obtaining a
narrow size distribution and higher purity AuNCs by SSSP will
allow their optical, electronic and catalytic properties to be de-
termined with high precision, facilitating easy evaluation of
structure—function relationships in their toxicological studies, as
well as improving the repeatability in AuNC self-assembly.
Further optimization of SSSP fractionation can result in frac-
tionation of AuNCs to specific sizes at gram scales, which is

significant for expanding its specific application.

Acknowledgements

This research was funded by the National Natural Science
Foundation of China (21277109, 21777130), the Fundamental
Research Funds of China West Normal University (416390) and
the Meritocracy Research Funds of China West Normal Univer-
sity (463132).

964



ORCID® iDs

Xiupei Yang - https://orcid.org/0000-0001-6799-5442

References

1. McLeod, M. C.; Anand, M.; Kitchens, C. L.; Roberts, C. B. Nano Lett.
2005, 5, 461-465. doi:10.1021/nl047966j

2. Guerrero, E.; Rojas, T. C.; Multigner, M.; Crespo, P.;
Mufoz-Marquez, M. A.; Garcia, M. A.; Hernando, A.; Fernandez, A.
Acta Mater. 2007, 55, 1723-1730. doi:10.1016/j.actamat.2006.10.033

3. Varela-Aramburu, S.; Wirth, R.; Lai, C.-H.; Orts-Gil, G.;
Seeberger, P. H. Beilstein J. Nanotechnol. 2016, 7, 1278-1283.
doi:10.3762/bjnano.7.118

4. Ting, E. C. M,; Popa, T.; Paci, |. Beilstein J. Nanotechnol. 2016, 7,
53-61. doi:10.3762/bjnano.7.6

5. Sweeney, S. F.; Woehrle, G. H.; Hutchison, J. E. J. Am. Chem. Soc.
2006, 728, 3190-3197. doi:10.1021/ja0558241

6. Weare, W. W.; Reed, S. M.; Warner, M. G.; Hutchison, J. E.
J. Am. Chem. Soc. 2000, 122, 12890-12891. doi:10.1021/ja002673n

7. Li,Z.-Y.; Wu, Y.-T.; Tseng, W.-L. ACS Appl. Mater. Interfaces 2015, 7,
23708-23716. doi:10.1021/acsami.5b07766

8. Lin, J.; Li, W.; Liu, C.; Huang, P.; Zhu, M.; Ge, Q.; Li, G. Nanoscale
2015, 7, 13663—-13670. doi:10.1039/c5nr02638e

9. Zhang, Z.; Che, H.; Wang, Y.; She, X,; Sun, J.; Gunawan, P.;
Zhong, Z.; Su, F. ACS Appl. Mater. Interfaces 2012, 4, 1295-1302.
doi:10.1021/am3002605

10.Neouze, M.-A. J. Mater. Sci. 2013, 48, 7321-7349.

doi:10.1007/s10853-013-7542-z

.An, N. T. H.; Islam, M. T_; Park, J. M.; Gal, Y.-S.; Johnston, K. P_;

Lim, K. T. Mater. Lett. 2012, 75, 111-114.

doi:10.1016/j.matlet.2012.01.143

1

-

12.Shahabi, S.; Treccani, L.; Rezwan, K. J. Nanopart. Res. 2015, 17, 270.

doi:10.1007/s11051-015-3072-8

13.Tsai, D.-H.; Cho, T. J.; Del Rio, F. W.; Taurozzi, J.; Zachariah, M. R.;
Hackley, V. A. J. Am. Chem. Soc. 2011, 133, 8884-8887.
doi:10.1021/ja203328;j

14.Xie, S.; Paau, M. C.; Zhang, Y.; Shuang, S.; Chan, W.; Choi, M. M. F.
Nanoscale 2012, 4, 5325-5332. doi:10.1039/c2nr30984j

15.Krieg, E.; Weissman, H.; Shirman, E.; Shimoni, E.; Rybtchinski, B.
Nat. Nanotechnol. 2011, 6, 141-146. doi:10.1038/nnano.2010.274

16.Crayton, S. H.; Tsourkas, A. ACS Nano 2011, 5, 9592-9601.
doi:10.1021/nn202863x

17.Russier-Antoine, |.; Bertorelle, F.; Calin, N.; Sanader, Z.; Krsti¢, M.;
Comby-Zerbino, C.; Dugourd, P.; Brevet, P.-F.; Bonaci¢-Koutecky, V.;
Antoine, R. Nanoscale 2017, 9, 1221-1228. doi:10.1039/c6nr07989j

18.Liu, C.; Lin, J.; Shi, Y.; Li, G. Nanoscale 2015, 7, 5987-5990.
doi:10.1039/c5nr00543d

19.Lo, C. K.; Paau, M. C.; Xiao, D.; Choi, M. M. F.
Anal. Chem. (Washington, DC, U. S.) 2008, 80, 2439-2446.
doi:10.1021/ac702135z

20.Yang, X.; Su, Y.; Paau, M. C.; Choi, M. M. F.
Anal. Chem. (Washington, DC, U. S.) 2012, 84, 1765—-1771.
doi:10.1021/ac2029908

21.Nagaraju, D. H.; Lakshminarayanan, V. Langmuir 2008, 24,
13855-13857. doi:10.1021/1a803156a

22.Qian, H.; Zhu, M.; Andersen, U. N.; Jin, R. J. Phys. Chem. A 2009,
113, 4281-4284. doi:10.1021/jp810893w

23.Korgel, B. A; Fullam, S.; Connolly, S.; Fitzmaurice, D.
J. Phys. Chem. B 1998, 102, 8379-8388. d0i:10.1021/jp9815980

Beilstein J. Nanotechnol. 2019, 10, 955-966.

24. Templeton, A. C.; Cliffel, D. E.; Murray, R. W. J. Am. Chem. Soc. 1999,
121, 7081-7089. doi:10.1021/ja990513+

25.Badia, A.; Cuccia, L.; Demers, L.; Morin, F.; Lennox, R. B.
J. Am. Chem. Soc. 1997, 119, 2682—-2692. doi:10.1021/ja96357 1t

26.Ding, W.; Huang, C.; Guan, L.; Liu, X.; Luo, Z.; Li, W.
Chem. Phys. Lett. 2017, 676, 18—24. doi:10.1016/j.cplett.2017.03.036

27.Hicks, J. F.; Templeton, A. C.; Chen, S.; Sheran, K. M.; Jasti, R.;
Murray, R. W.; Debord, J.; Schaaff, T. G.; Whetten, R. L.
Anal. Chem. (Washington, DC, U. S.) 1999, 71, 3703-3711.
doi:10.1021/ac990432w

28.Schaaff, T. G. Anal. Chem. (Washington, DC, U. S.) 2004, 76,
6187-6196. doi:10.1021/ac0353482

29.8u, S.; Zou, M.; Zhao, H.; Yuan, C.; Xu, Y.; Zhang, C.; Wang, L.;
Fan, C.; Wang, L. Nanoscale 2015, 7, 19129-19135.
doi:10.1039/c5nr05614d

30.Zhou, S.; Duan, Y.; Wang, F.; Wang, C. Nanoscale 2017, 9,
4981-4988. doi:10.1039/c7nr01052d

31.Yang, X.; Shi, M.; Zhou, R.; Chen, X.; Chen, H. Nanoscale 2011, 3,
2596-2601. doi:10.1039/c1nr10287g

32. Wojcieszak, R.; Genet, M. J.; Eloy, P.; Ruiz, P.; Gaigneaux, E. M.
J. Phys. Chem. C 2010, 114, 16677—-16684. doi:10.1021/jp106956w

33. Turner, M.; Golovko, V. B.; Vaughan, O. P. H.; Abdulkin, P.;
Berenguer-Murcia, A.; Tikhov, M. S.; Johnson, B. F. G.; Lambert, R. M.
Nature 2008, 454, 981-983. doi:10.1038/nature07194

34.Wei, T.; Liu, Y.; Dong, W.; Zhang, Y.; Huang, C.; Sun, Y.; Chen, X,;
Dai, N. ACS Appl. Mater. Interfaces 2013, 5, 10473-10477.
doi:10.1021/am4039568

35.Kone, |.; Xie, A.; Tang, Y.; Chen, Y.; Liu, J.; Chen, Y.; Sun, Y_;
Yang, X.; Wan, P. ACS Appl. Mater. Interfaces 2017, 9, 20963—20973.
doi:10.1021/acsami.7b02306

36.Xu, X.; Hu, J.; Yin, Z.; Xu, C. ACS Appl. Mater. Interfaces 2014, 6,
5983-5987. doi:10.1021/am501159s

37.Riga, J.; Verbist, J. J. J. Chem. Soc., Perkin Trans. 2 1983,
1545-1551. doi:10.1039/p29830001545

38.Negishi, Y.; Nobusada, K.; Tsukuda, T. J. Am. Chem. Soc. 2005, 127,
5261-5270. doi:10.1021/ja042218h

39.Zhang, Y.; Shuang, S.; Dong, C.; Lo, C. K.; Paau, M. C.; Choi, M. M. F.
Anal. Chem. (Washington, DC, U. S.) 2009, 81, 1676—1685.
doi:10.1021/ac8026349

40.Kanaras, A. G.; Kamounah, F. S.; Schaumburg, K.; Kiely, C. J.;
Brust, M. Chem. Commun. 2002, 2294—2295. doi:10.1039/b207838b

41.Keshtov, M. L.; Khokhlov, A. R.; Kuklin, S. A.; Chen, F.-C,;
Koukaras, E. N.; Sharma, G. D. ACS Appl. Mater. Interfaces 2016, 8,
32998-33009. doi:10.1021/acsami.6b08802

42.Chen, S.; Ingrma, R. S.; Hostetler, M. J.; Pietron, J. J.; Murray, R. W.;
Schaaff, T. G.; Khoury, J. T.; Alvarez, M. M.; Whetten, R. L. Science
1998, 280, 2098-2101. doi:10.1126/science.280.5372.2098

43.Han, N. S.; Kim, D.; Lee, J. W.; Kim, J.; Shim, H. S.; Lee, Y.; Lee, D.;
Song, J. K. ACS Appl. Mater. Interfaces 2016, 8, 1067—-1072.
doi:10.1021/acsami.5b09987

965


https://orcid.org/0000-0001-6799-5442
https://doi.org/10.1021%2Fnl047966j
https://doi.org/10.1016%2Fj.actamat.2006.10.033
https://doi.org/10.3762%2Fbjnano.7.118
https://doi.org/10.3762%2Fbjnano.7.6
https://doi.org/10.1021%2Fja0558241
https://doi.org/10.1021%2Fja002673n
https://doi.org/10.1021%2Facsami.5b07766
https://doi.org/10.1039%2Fc5nr02638e
https://doi.org/10.1021%2Fam3002605
https://doi.org/10.1007%2Fs10853-013-7542-z
https://doi.org/10.1016%2Fj.matlet.2012.01.143
https://doi.org/10.1007%2Fs11051-015-3072-8
https://doi.org/10.1021%2Fja203328j
https://doi.org/10.1039%2Fc2nr30984j
https://doi.org/10.1038%2Fnnano.2010.274
https://doi.org/10.1021%2Fnn202863x
https://doi.org/10.1039%2Fc6nr07989j
https://doi.org/10.1039%2Fc5nr00543d
https://doi.org/10.1021%2Fac702135z
https://doi.org/10.1021%2Fac2029908
https://doi.org/10.1021%2Fla803156a
https://doi.org/10.1021%2Fjp810893w
https://doi.org/10.1021%2Fjp981598o
https://doi.org/10.1021%2Fja990513%2B
https://doi.org/10.1021%2Fja963571t
https://doi.org/10.1016%2Fj.cplett.2017.03.036
https://doi.org/10.1021%2Fac990432w
https://doi.org/10.1021%2Fac0353482
https://doi.org/10.1039%2Fc5nr05614d
https://doi.org/10.1039%2Fc7nr01052d
https://doi.org/10.1039%2Fc1nr10287g
https://doi.org/10.1021%2Fjp106956w
https://doi.org/10.1038%2Fnature07194
https://doi.org/10.1021%2Fam4039568
https://doi.org/10.1021%2Facsami.7b02306
https://doi.org/10.1021%2Fam501159s
https://doi.org/10.1039%2Fp29830001545
https://doi.org/10.1021%2Fja042218h
https://doi.org/10.1021%2Fac8026349
https://doi.org/10.1039%2Fb207838b
https://doi.org/10.1021%2Facsami.6b08802
https://doi.org/10.1126%2Fscience.280.5372.2098
https://doi.org/10.1021%2Facsami.5b09987

Beilstein J. Nanotechnol. 2019, 10, 955-966.

License and Terms

This is an Open Access article under the terms of the
Creative Commons Attribution License
(http://creativecommons.org/licenses/by/4.0). Please note

that the reuse, redistribution and reproduction in particular
requires that the authors and source are credited.

The license is subject to the Beilstein Journal of
Nanotechnology terms and conditions:
(https://www.beilstein-journals.org/bjnano)

The definitive version of this article is the electronic one
which can be found at:
doi:10.3762/bjnano.10.96

966


http://creativecommons.org/licenses/by/4.0
https://www.beilstein-journals.org/bjnano
https://doi.org/10.3762%2Fbjnano.10.96

	Abstract
	Introduction
	Experimental
	Chemicals and materials
	Synthesis of gold nanoclusters
	Gold nanocluster fractionation
	Characterization of the structure and optical properties of gold nanoclusters

	Results and Discussion
	TEM characterization
	Selected-area electron diffraction characteristics of AuNCs fractions
	1H NMR spectroscopy
	Mass spectrometry and thermogravimetric studies of SSSP fractions
	X-ray photoelectron analysis
	Optical absorption and photoluminescence properties

	Conclusion
	Acknowledgements
	ORCID iDs
	References

