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Controlling alloy nanoparticles with atomically monodispersity is
challenging, and the recently revealed anti-galvanic reduction
(AGR) provides a unique solution to this challenge. Herein we
demonstrate that AGR is ion-precursor and ion-dose dependent,
which offers novel strategies to tune the compositions, structures
and properties of nanoparticles by varying the ion-precursor and
ion-dose in AGR reaction.

Bimetal nanoparticles attract extensive interests for long lasting
years due to their intriguing properties which are not exhibited by
mono-metal nanoparticles.l'6 To insightfully understand the
properties of bimetal nanoparticles, controlling bimetal
nanoparticles with atomic monodispersity is of prime importance.
Enormous efforts have been put into the achievement of this
aim.*7t Popular method for the synthesis of atomically precise
bimetal nanoparticles is the synchro-synthesis method which was
once utilized for the synthesis of Au,,Pd(SR),g(SR=SC;,H,5, SC,H,Ph,
S(CH,CH,0)sCH3),"®" Au,sPt(SR)1s (SR=SC,H4Ph),™® Auys,Cu, (SR)ig
(SR:Secan);lg Aus.,Ag«(SR)1s (SR=SCy;H,s, SCoH4Ph,
SC,HznCOOH),E3 % Ause Ag,(SR)1s (SR=SC,H4Ph),? AussPdy(SR) 54
(SR=SC2H4Ph),23 etc., however, only few bimetal nanoparticles with
atomic monodispersity were obtained by this method;m'18 galvanic
reduction (GR) is another well-known method to engineer the
compositions, structures and properties of nanoparticles.7’24'35
Unfortunately, no atomically monodisperse bimetal nanoparticles
(AMBN) were reported so far by GR. Overall, the synthesis of AMBN
is still challenging. Fortunately, the recently revealed anti-galvanic
reduction (AGR) provides a unique strategy to access AMBN***? and
very recently atomically mono-disperse Au,sAg,
(PET)1,;(PET=SC2H4Ph)42 was successfully synthesized in two
minutes, high yield (89%) and gram scale by this unusual method.
Interestingly, it is shown when silver ion is replaced by cu® in the
reaction with anion Au,s(PET)ys, Au44(PET)3241 instead of the Au/Cu
bimetal nanoparticles can be obtained, which indicates that the
AGR is dependent of the ion species and not only limited for the
synthesis of alloy nanoparticles. One possible reason is that
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different ion species are of various reduction potential and
coordination nature. A question naturally arising is whether the
AGR is dependent of the ion precursors which influence the ion (or
its reduction state) release. To unravel this question, we test the
reaction between anion Au,s(PET);s (N(CgHi5)," as the counter ion)
and four different silver ion precursors respectively. Indeed, the
experimental results demonstrate that AGR is ion-precursor
dependent, and additional experiments reveal that AGR is also ion-
dose dependent. Below we will present more details and
discussion.

EDTA, DTZ and PET are some common chelants for metal ions,
and they exhibit different chelating nature and ability to silver
ions/atoms (i.e, Ag-EDTA, Ag-PET and Ag-DTZ complexes have
distinctly different releasing ability to silver ions/atoms), so Ag-
EDTA, Ag-PET and Ag-DTZ complexes plus AgNO; were chosen as
silver ion precursors due to that they exhibit various releasing
ability of silver ions/atoms (EDTA: ethylenediamine tetraacetic acid
disodium salt; PET: 2-Phenylethanethiol; DTZ: Dithizone). First, Ag-
EDTA, Ag-PET and Ag-DTZ complexes were prepared by simply
mixing the according ligand with AgNO3;, then they together with
AgNO; were added into the toluene solution of anion Au,s(PET)qg,
respectively (for convenience of comparison, the Ag/Auys(PET)qg
molar ratio in all cases are 2:1). One hour later, the four reactions
were stopped by the addition of excessive petroleum ether, the as-
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Fig. 1 Photograph of the TLC plate. From left to right, AgNO3, Ag-EDTA, Ag-PET and
Ag-DTZ were used as the precursor.
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Tab. 1 Summary of the assignments of TLC spots.

Precursor 2eq. 2eq. 2eq. 2eq. 0.5eq. leq.
AgNO; Ag-EDTA Ag-PET Ag-DTZ Ag-DTZ Ag-DTZ
AU ABAPET)s s Augs(PET)sg s Aus(PET)is,  AUps,ABPET)1’,  Auxs,Ag(PET)is,  Auzs,Ag(PET)is,
(S1; x=0,1) (S3) (S5) (S8; x=0,1,2) (S10; x=0,1) (S12; x=0,1,2)
Au25Ag2(PET)18°, AquAgz(PET)lgo, unknown unknown AUZsAgz(PET)lgo, AquAgz(PET)lgo,
(S2) (S4) (S6,57) (S9) (S11) (S13)
Au,, s1
Auz‘Ag1l
S1 Au,Ag, s2
A k.
Au,, s3
: |
s S6 :
AumAgz s4
Au, s5
‘®»
- i RETT IR i ' i
g AuuAg1 S8
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Fig. 2 UV/Vis/NIR spectra of S1-13.
Au,Ag, s11
obtained precipitates were collected and thoroughly washed with }
methanol, then used for thin-layer chromatography (TLC) I, N
analyses,“’43 (CH,Cl,/petroleum ether as developing solvent). To be Au,, s12
noted, the whole process (including reaction, post-treatment and Au,Ag,
analysis by TLC) was facilely conducted in room temperature A"ﬂAQZiﬂ' me
without the avoiding of light and air. Interestingly, TLC shows Au,Ag, s13
distinct difference of the product components in the four cases (see
Figure 1, from left to right, AgNOs;, Ag-EDTA, Ag-PET and Ag-DTZ L n
were used as the silver ion precursor, respectively). For 7000 8000 9000 10000
convenience, the spots in the TLC plate were sequentially
mass(m/z)

numbered as S1-9 (see Figure 1). It is clear that the products
contain minor S1 and major S2 when AgNO; was used as the silver-
ion resource; when Ag-EDTA was used as the silver ion precursor,
the products contain dominant S3 and trace of S4; In the case of Ag-
PET, the products are a little complex and there are two
comparable components S5 and S7, together with one minor
component S6; In the case of Ag-DTZ, one distinct component S8
and one vague component S9 were found in the TLC plate.
Preliminarily judged by the TLC, S3 and S5 may be the same
compound since that they show same mobility and colour in the
plate. Similarly, S2 and S4 may be identical. To identify the

This journal is © The Royal Society of Chemistry 20xx

Fig. 3 MALDI-TOF-MS spectra of S1-5, S8 and $S10-13. The mass spectra of S1, 3, 5, 8,
10, 12 were acquired in the negative ionization mode, while the left spectra were
recorded in the positive ionization mode.

components, all of them (S1-9) were isolated from the preparative
thin-layer chromatography (PTLC) plate and further analyzed by
UV/Vis/NIR spectrometry, together with matrix-assisted laser
desorption/ionization time of flight mass spectrometry (MALDI-
TOF-MS). UV/Vis/NIR spectra reveal that both S3 and S5 are neutral
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Fig. 4. Photograph of the TLC plate. From left to right, 0.5eq Ag-DTZ, leq Ag-DTZ and
2eq Ag-DTZ were used in the AGR reaction.

Auzs(PET)1844’45(see Figure 2), which was further confirmed by
MALDI-TOF- MS (see Figure 3). UV/Vis/NIR spectra, together with
MALDI-TOF-MS reveal that S2 and S4 are indeed identical
Au,sAg,(PET).g, an alloy nanoparticles which we reported very
recently.”” Surprisingly, S1 is identified to be a mixture of
Au,s(PET),5 (major) and Au,,Ag(PET);s (minor) by MALDI-TOF-MS
(Figure 3), and S8 concurrently contains Au,s(PET)g (minor),
Au,,Ag(PET),g (major) and Au,3Ag,(PET);g (minor), which indicate
MALDI-TOF-MS is a better way to monitor the purity of such
samples than TLC and UV/Vis/NIR spectrum. Unfortunately, the
fragmentation in MALDI-TOF-MS retards the rational assignments
of S6, S7 and S9 (Fig S1-3), and further efforts are underway to grow
high qualified single crystals and they are thereafter not discussed
in this work. A summary of the assignments of TLC spots is shown in
table 1, which clearly demonstrates that AGR is strongly dependent
of ion-precursor. Interestingly, the starting spots also show
difference between anion Au,s(PET);g and ion precursors
demonstrated by UV/Vis/NIR and MALDI-TOF-MS (see Figure S4-8):
Lumps centered at M/Z ~11K and ~8.9K in mass spectra (Fig. S5 and
S7) indicate the forming of some big nanoclusters (compared with
Auys(PET);5) when AgNO; and Ag-PET employed as the ion
precursors, the M/Z ~6030 peak in Fig. S6 indicates the production
of small immobile nanoclusters when Ag-EDTA was used as the ion
precursor, while the absence of peaks in the M/Z range from 2000
to 20000 in Fig.S8, together with the absence of plasma peak
(~520nm) in Fig. S4 and the detection of Au by XPS (Fig. S9-10)
indicates that Au,s(PET),s partially discomposes to very small
nanoclusters or complex in the case of Ag-DTZ. These results further
demonstrate that the AGR is ion-precursor dependent. As proposed
above, the ion (ion reduced state) release ability of the ion
precursor may partly contribute to the ion-precursor dependence
of AGR since that the main product is Au,sAg,(PET),s when AgNO;
was used as the ion precursor, while in other three cases
AuysAg,(PET),5 is minor or even not found. Another consideration
for the ion-precursor dependence is that the ligand may assist the
atom replacement or recombination in AGR, which can be deduced
from the fact that S8 mainly contains Auy,Ag(PET) s (Ag-DTZ as the
precursor) while S1 mainly contains neutral Au,; accompanied with
minor Au,,Ag(PET),5 (AgNOj; as the ion precursor).

The dominance of Au,,Ag(PET),s in S8 gives rise to a question:
which is preferential in AGR, the simple oxidation of Au,s(PET)g
(from anion Au,5(PET),5 to neutral Au,s(PET)qg) or the replacement
of gold by silver (forming of Au,s,Ag,(PET).g)? It is clear that the

This journal is © The Royal Society of Chemistry 20xx

former is preferential in the case when AgNO; was used as the ion-
precursor, however, it looks reverse in the case of Ag-DTZ (but a
possible reason is the excess of silver precursor). To clarify this, we
decrease the Ag/Au,s(PET);s molar ratio to 1: 1 and 1: 0.5, and
additionally test two reactions between anion Au,s(PET),5 and Ag-
DTZ. It is revealed by MALDI-TOF-MS that in low dose of Ag-DTZ the
dominant component of S10 and S12 (Figure 3,4) is neutral
Au,5(PET),5 (in strong contrast to the case of S8, see Figure 1-4),
and with the increase of Ag-DTZ dose the mono-replacement alloy
nanoparticles (Au,;Ag(PET),;s) increase and even the bi-
replacement  nanoparticles  (Au,3Ag,(PET),g) appear. The
experimental results clearly show that the simple oxidation is
preferential to the replacement in the reaction between anion
Au,5(PET);s and Ag-DTZ, too. Another interesting finding is the
concurrently forming of Au,sAg,(PET),s identified by TLC,
UV/Vis/NIR spectrometry and MALDI-TOF-MS in low dose of Ag-DTZ
(see figure 2-3). Taken together, these facts demonstrate that the
AGR is also dose-dependent: the dose of Ag-DTZ can influence not
only the relative content of neutral Au,s(PET);s and doped
Au,5(PET),g, but also the product types. It's expected that novel
nanoparticles (including alloy nanoparticles) can be synthesized by
varying the ion-precursor and ion-dose in the AGR reaction, thus
the advancement of AGR research in this work provides enormous
and unusual opportunities of tuning the compositions, structures
and properties of nanoparticles.

In summary, in this work we demonstrate that AGR is ion-
precursor and ion-dose dependent, and we also reveal that the
simple oxidation of anion Au,s(PET),5 is preferential to the
concurrent replacement of gold in Au,s(PET),5 by silver in low dose
of silver ion-precursor. The significance and novelty of this work lie
in: It provides novel mechanism insight of AGR, and paves a way to
tune the compositions, structures and properties of nanoparticles
by varying the ion precursor and ion dose in AGR reaction.
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TOC graphic: Novel strategies to tune the compositions, structures
and properties of nanoparticles were provided by varying ion-
precursor and ion-dose in anti-galvanic reduction.
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