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(Au-Ag)144(SR)g9 alloy nanomolecules were synthesized and
characterized by ESI mass spectrometry to atomic precision. The
number of Ag atoms can be varied by changing the incoming metal
ratio and plateaus at ~60. UV-vis data demonstrates that the
electronic structure of the nanomolecules can be tuned by incorpo-
ration of silver atoms. Based on the proposed 3-shell structure of
Auy44(SR)g0, we hypothesize that the Ag atoms are selectively
incorporated in to the symmetry equivalent 60-atom shell—having
Auy,, Auyy, Ageo concentric shells with 30 -SR—Au—-SR- protecting
units.

Ultra-small gold nanoparticles that are <2 nm are molecular in
nature—they have unique molecular weights, physical and chemical
properties.! Typical examples of nanomolecules with specific number
of gold atoms and organic thiol ligands include Au,s(SR)g,
AU38(SR)24, Auloz(SR)44 and AU144(SR)6().2_5 Metallic Au nano-
molecules are attractive due to their chemical stability and the ability
to characterize these materials precisely using commercially available
mass spectrometers, NMR and a variety of spectroscopic instru-
ments.*” Au,s(SR) 3 and Au(SR)gy have been studied extensively
due to their exceptional stability and optical properties.**' Ag
nanoparticles have interesting optical properties™'* and promising
anti-bacterial and anti-fungal activity.

While monometallic nanomolecules are extremely stable, and are
easily processed and characterized, alloys have unique advantages
such as enhanced catalytic activity.’* In terms of Au-metal containing
alloy nanoparticles, Murray et al.* synthesized a 3-5 nm monolayer
protected metal alloy by doping Au with Ag, Cu and Pt. El-Sayed
et al'® showed the formation of ~20 nm gold-silver alloy nano-
particles with different compositions by co-reduction of Au and Ag
precursors in varying proportions with sodium citrate. Murphy
et al' reported the synthesis of sub-10 nm alloy nanoparticles.
Wilcoxon™® studied the optical properties of Au-Ag alloy nano-
particles and their dependence on composition and size. These
reports, mostly in the 3-20 nm size regime show that the Au-Ag
nanomaterials are indeed alloys and that the position of the SPR
band depends on the ratio of Au and Ag starting precursors,'>131619

Ultra-small nanoclusters (<2 nm) have been doped with Pd and
Ag. For example, monolayer protected Au-Pd clusters have been
initially synthesized by Murray et al* and Au,yPd(SCH,CH,Ph);g

Department of Chemistry and Biochemistry, University of Mississippi, 352
Coulter Hall, University, 38677 Mississippi, USA. E-mail: amal@olemiss.
edu; Fax: +1 662 915 7300, Tel: +1 915 7301

clusters isolated by Negishi et al** Optical and electrical properties of
Au,s can be tuned by doping Pd into the Au core. Recently Negishi
et al.? reported the synthesis of Au,s.,Ag, (SR);g in the range of 6-
8 kDa cluster size, showing that the electronic structure can be
modulated by the incorporation of Ag atoms into Au,s core.

Here, we report the synthesis and isolation of (Au-Ag);44(SR)go
alloy nanomolecules and characterize them by ESI mass spectrom-
etry to the atomic level. From the molecular weight information
obtained by ESI, and hence the exact number of Au and Ag atoms,
we show that the Ag incorporation into the nanoalloy does not
depend linearly with the Ag ratio of the starting material. UV-visible
spectroscopy shows the Ag incorporation affects the electronic
structure of the nanomolecules. We discuss the Ag incorporation into
the Auy44 nanomolecules based on a proposed crystal structure.'

Materials and method
Synthesis

Synthesis of the (Au-Ag);44(SR)go involves two steps. The first step is
the synthesis of crude product that contains polydisperse Au-Ag
clusters according to Negishi et al.** The second step is the etching of
the crude product with excess thiol to form (Au-Ag)4 alloy
nanomolecules.

Step 1. Aqueous solution (30 mL) containing HAuCl, and AgNOs
(total metal concentration was set to 30 mM) was mixed with toluene
solution (30 mL) of tetraoctylammonium bromide, TOABr
(1.1 mmol). The initial mole ratios of Au : Ag precursors were 1 : 0,
1:025,1:0.5 1:0.66 or 1:0.75. After stirring for 30 min, the
turbid organic phase was separated and phenylethane thiol
(10 mmol) was added and further stirred for 30 min at room
temperature. This solution was cooled in ice bath for 30 min. An
aqueous solution of NaBH,4 (20 mmol, 20 mL) cooled to 0 °C, was
rapidly added to the reaction mixture under vigorous stirring. After 3
h, the organic layer was separated from aqueous layer and evapo-
rated to dryness. The product was washed with methanol to remove
excess thiol, NaBH4, TOABr and other by-products. The residual
mixture was extracted with toluene. Smaller clusters in the 7-10 kDa
range were removed by CH3CN extraction.

Step 2: 20 mg of CH3CN insoluble portion was dissolved in 0.5 ml
of toluene and etched with excess phenylethane thiol (0.5 mL) at
80 °C under stirring, while monitoring with MALDI MS. When pure
(Au-Ag)44 nanoalloy was formed (~3h), the reaction was stopped
and washed with methanol. The toluene soluble fraction of the
product was subjected to further analysis. Full synthetic details are
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beyond the scope of this work and will be reported in a separate
synthetic report.

Spectroscopy/mass spectrometry

UV-Visible spectra were obtained in dichloromethane solutions using
Shimadzu UV-1601 spectrophotometer/UV probe 2.0 software in the
300-1200 nm range. MALDI mass spectra were acquired with
a Bruker Daltonics Autoflex mass spectrometer using DCTB
matrix® at optimal laser fluence. Positive and negative mode gave
identical results. Spectral analyses were done using Bruker Daltonics
flexAnalysis version 3.0. ESI mass spectra were obtained from
a Waters Synapt mass spectrometer in 50 : 50 toluene : CH;CN
solution in negative mode. ESI calibration was performed with
50 : 50 isopropanol : water solution of Nal. Calibration check was
performed with AU.25(SCH2CH2Ph)18 and Au144(SCH2CH2Ph)60.

Results and discussion

Electrospray ionization mass spectra of the Au—-Ag nanomolecules
show that the composition of the nanoalloys is (Au-Ag)44(SR)go
where the Au-Ag ratio varies with the incoming mol ratio of HAuCl,
and AgNO;.

Fig. 1 shows the mass region focused on the 3- ions of the nano-
molecules that were predominant in the ESI experiments. The

A

) a ‘ESI- |2
91,83 Am=89Da 2
'Iw‘ - w4 *
THIN =
1:0.75 UM, |=
110,34 Au, Ag_(SR),,
1:0.50:
' 114,30
1:0.25 Mmk
: Au,, (SR) <— 144,0
Au:Ag incoming ratio
1:0
T L T T T T T T T 1
10500 11000 11500 12000 12500
Au m/z Au
84 144
'Agso Agu

Fig. 1 Electrospray ionization (ESI) mass spectrometry data (3- ions) of
(Au-Ag)144(SR)go nanomolecules for Au: Ag precursor ratios of 1:0
(black), 1 : 0.25 (red), 1 : 0.50 (blue), 1 : 0.66 (olive) and 1 : 0.75 (orange)
in the starting material. Samples were infused as 50 : 50 toluene : CH;CN
solution in negative mode. The mass difference between the peaks in
nanoalloys corresponds to the Au (196.97 Da) and Ag (107.87 Da) mass
difference, Am = 89 Da. Average number of Au and Ag atoms is denoted
above each distribution of peaks.

bottom black curve shows the monometallic Auj44(SR)go that has
extraordinary stability among various monometallic nanomolecules.
Incorporating silver precursor, AgNOs in the synthesis led to the
formation of Au,Ag,(SR)s nanoalloys while the core size was
maintained at 144 total atoms, ie., x + y = 144. The distribution of
peaks is due to the different number of Au and Ag atoms as denoted
by the 89 Da mass difference between the peaks (Au = 196.97 Da,
Ag = 107.87 Da, Am = 89.1 Da). The fraction of Ag atoms in the
nanoalloy product does not reflect the mole fraction of the precursor
starting materials, HAuCl, and AgNO; as discussed later. The silver
fraction in the nanoalloy seems to plateau at 37% for the 1:0.75
Au: Ag incoming mole ratio. Experiments at higher silver ratios
(e.g,1:1Au: Ag)donot lead to stable (Au-Ag);44 alloy formation.
Synthesis from 1:0.25 Au:Ag mole ratio also form
(Au-Ag)145(SR)so alloys as a minor fraction. The distribution of
peaks in each incoming ratio synthesis remains constant at ~11 and
~7 at baseline and FWHM of each envelope, reminiscent of binomial
distribution found in ligand exchange experiments reported earlier.**

Are these (Au—Ag);44 nanomolecules monodisperse?

MALDI TOF mass spectrometry, a hard ionization source, espe-
cially at high laser fluence, easily ionizes a variety of analytes. This
makes MALDI data more suitable for mixtures and hence facilitates
attaining a more accurate representation of the nanomaterial
composition.”>?*” Tonization in electrospray spray can be selective
depending on the spray conditions. Fig. 2 shows the MALDI MS
data of the (Au—Ag),44 nanomolecules and confirms their purity and
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Fig.2 MALDI TOF mass spectra (positive mode) of (Au-Ag);44(SR)s0
nanomolecules for Au : Ag precursor ratios of 1 : 0 (black), 1 : 0.25 (red),
1:0.50 (blue), 1 :0.66 (olive) and 1 : 0.75 (orange) in the starting mate-
rial. The 3- ESI mass spectra from Fig. 1 was deconvoluted and plotted as
1- peaks in grey. The MALDI peaks are significantly broader and slightly
lower in mass than ESI peaks due to fragmentation from the loss of
ligands. Toluene solution of the (Au-Ag) nanoclusters were mixed with
DCTB matrix in toluene and air dried in steel plate for MS analysis.
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monodispersity. The 3- ESI peaks from Fig. 1 are deconvoluted to
1- ions (grey peaks) and plotted along with MALDI 1+ ions as shown
in Fig. 2. The MALDI peaks are significantly broader and slightly
lower in mass due to fragmentation from the loss of ligands by the
breakage of S-C bonds.?®

Tuning the electronic structure of the nanoalloys

Optical properties of nanoalloys including Au-Ag have been
intensely studied especially the effect of the proportion of Ag metal
on the surface plasmon resonance (SPR) peak, where the core sizes of
nanoalloys are in the 5-50 nm diameter range.>"***¢* Nanoparticles
that are less than 2 nm in diameter, however, show distinct features
instead of SPR peaks, due to quantum size effects.?-*® These features
are size dependent and are less distinct with larger sizes such as Auj4
before the emergence of an SPR peak for nanoclusters around 5 nm
in diameter. While the optical spectrum of monometallic Aujyy
nanomolecules is relatively monotonous, Ag incorporation to form
(Au-Ag),44 nanoalloys affects the electronic structure and leads to
a ~425 nm peak reminiscent of the silver SPR band™ and broad
shoulders at 560 and 310 nm (Fig. 3).

We also show that these (Au-Ag)44 alloy nanomolecules can be
synthesized with various protecting thiol groups such as phenylethane
thiol, dodecane thiol and hexane thiol, though the pK, of these thiols
should be very similar. Fig. 4 demonstrates the reproducibility of the
(AuAg);44(SR)gp nanoalloy formation during the synthesis.

The structure arrangement of atoms in Auju(SR)sy most
likely is similar to the experimental XRD crystal structure of
Pd45(CO)(PEt3)30'%3-3 The proposed Au;44(SR)g structure shows
a good fit with the experimental X-ray scattering data. The relaxed
structure shows three concentric shells of 12, 42 and 60 atoms pro-
tected by 30 —-SR-Au-SR- staple groups. As the silver mole ratio is
increased in the starting material, the number of Ag atoms in the
(Au-Ag),44 alloy increases as expected. However the Ag atoms seem
to plateau around 1 : 0.66 Au : Ag incoming mole ratio. The average
and maximum number of Ag atoms in both the 1:0.66 and
1:0.75 ratios are ~52 and ~60 respectively. Based on the crystal

T T T T T T T
(AuAg),,(SR),, nanomolecules 4

—1:0.75 Au_,,Ag_.,(SR),
——1:0.66 Au_g,Ag_,(SR);, |
——1:0.50 Au_,,Ag_.,(SR),
——1:0.25 Au_,,,Ag_,(SR), -
Au,,Ag (SR),

04 |

Absorbance

02

00k " 1 i 1 i 1 " 1 il
400 600 800 1000

Wavelength (nm)

Fig. 3 UV-vis spectra of (Au-Ag);44(SR)so nanomolecules in CH,Cl,
for Au : Ag precursor ratios of 1 : 0 (black), 1 : 0.25 (red), 1 : 0.50 (blue),
1:0.66 (olive) and 1 : 0.75(orange) in the starting material.
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Fig. 4 UV-vis spectra of Au..9pAg.s2(SR)gs0 nanomolecules for Au : Ag
precursor ratios of 1 : 0.66 with phenylethane thiol (dotted), hexane thiol
(dashed), and dodedane thiol (solid).

structure prediction, there are two possible options for Ag atom
incorporation: 1) The Ag atoms are present both in the staple units as
—SR-Ag-SR- and partially occupy the equivalent 60 atom shell; 2)
The staple units have Au atoms, but Ag atoms are only exclusively
incorporated into the equivalent 60 atom shell. Case 1 cannot
account for the pleateau of 60 Ag atoms, while case 2 does. However,
the selective incorporation of Ag atoms in the outmost shell and not
the protecting staple units could not be explained. Synthesis using
a high Ag precursor ratio such as 1 : 1 Au: Ag mole ratio leads to
unstable clusters in the 144 atom region. This suggests that a high
number of Ag atoms are incorporated during the synthesis, but it is
not stable. Modeling of these alloys will provide insights in to the
stability and selection of alloy metal ratio. Regardless, the reported
(Au-Ag)y4, alloys has greater potential for interesting catalytic
applications compared to analogous monometallic nanomolecules.
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