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Pd and Hg Atoms Co—doped HgPdAu,3(PET):s Nanocluster*
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Abstract The introduction of heteroatoms into metal nanoclusters is an effective strategy to regulate the physical and
chemical properties of clusters. Most of the doped clusters reported are binary metal nanoclusters via one metal heteroatom
doping into a metal nanocluster, while the preparation and properties of ternary metal nanoclusters via two heteroatoms dop-
ing into a metal nanocluster are rarely studied. In this work, we report the Pd and Hg co-doped ternary metal nanocluster
HgPdAu23(PET)1s (PET=2-phenylethanethiol) using the Au2s(PET)1s nanocluster as an ideal template that can be viewed as
a Auis icosahedral core protected by the exterior 12 Au atoms as a shell. The structural framework of the HgPdAu23(PET)1s
nanocluster is similar to that of its parent Auas(PET)1s nanocluster, determined by single-crystal X-ray crystallography and
electrospray ionization mass spectroscopy (ESI-MS), which shows a 13-atom icosahedral core and a 12-atom shell capped by
18 thiolate ligands. It indicated that the doping strategy might destroy the total structure (core plus surface) of the parent
nanocluster, which will offer an excited opportunity for the correlation of the structure with properties of the doped nanoclus-
ters. More notably, the possible doping location of the Pd and Hg atoms in the HgPdAu23(PET)1s nanocluster can be deter-
mined by the combination of single-crystal X-ray crystallography and nuclear magnetic resonance (NMR) spectroscopy (i.e.,
'"H NMR and two-dimentional NMR). It is suggested that the Pd atom is possibly located on the center of the icosahedron of
the HgPdAu3(PET)i1s nanocluster, while the Hg atom is possibly located on the surface of the icosahedron of the
HgPdAu23(PET)1s nanocluster. The electronic configuration of HgPdAu23(PET)1s nanocluster is distinct from those of the
parent Auzs(PET)1s and one-metal doped PdAu24(PET)1s and HgAu24(PET)1s nanoclusters, which can be implied by the X-ray
photoelectron spectroscopy (XPS) and UV-Vis absorption spectroscopy. This study provides a new design rule for the
two-metal-heteroatom doped nanoclusters.
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Figure 1 (a) Electrospray mass data of HgPdAu,(PET);s cluster; (b)
Au 4f XPS spectra of Auas(PET);s, PdAu(PET)s, HgAu(PET) s and
HgPdAuy(PET);s; () Pd 3d XPS spectra of PdAuy(PET);s and
HgPdAuys(PET)s; (d) XPS Hg 4f spectra of HgAux(PET);s and
HgPdAu,;(PET);s

HgAu,,
B2  Auys(PET)s PdAus(PET) 5« HgAuy(PET) s Al HgPdAuns(PET) g
RPN MRS WE (Fiatiir: SERE A, KO EMRE P, &
K He, BEAREN; C A H FET7HER)
Figure 2 Crystal structures of Auys(PET)is, PdAuu(PET);s,
HgAu,4(PET),s and HgPdAu,3(PET),s nanoclusters (Color code: green=

Au, magenta=Pd, blue=Hg, yellow=sulfur; C and H atoms are omit-
ted)
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Figure 3 'H NMR spectra of HgAuy(PET);s and HgPdAuy(PET) s
clusters in the range of 6 2.80~3.80
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Figure 4 Two-dimensional NMR spectra (H-H COSY) of HgPdAu,;(PET);5 cluster
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Table 1 Crystal structure parameters of Aus(PET) s, PAAux(PET) s, HgAuu(PET) s and HgPdAu,3(PET);s clusters

[Auas]” [PdAu24]° [HgAu24]° [HgPdAuz3]°

Meore—Mishel/nm 0.2759~0.2789 0.2738~0.2798 0.2779~0.2805 0.2771~0.2796
Averaged value/nm 0.2774 0.2778 0.2792 0.2781
SD%nm 0.0011 0.0023 0.0010 0.0008
Mihel—Mishel/nm 0.2789~0.2947 0.2745~0.3223 0.2810~0.3023 0.2792~0.3013
Averaged value/nm 0.2918 0.2921 0.2937 0.2925
SD/nm 0.0063 0.0163 0.0071 0.0072
“SD is an abbreviation for standard deviation.
2.2 MAu2s(M=Au/Pd/Hg)#1 HgPdAu2s Fl &I F 14 (a) . (b) oA
R § % § 2

PA/Hg SRR T B EBCE T HBIOL S £
B 0FE 6 TR, Auss(PET)s i1 BRHAEM S ) 3 675 nm g
f7F 392 445 F1 675 nm, PdAuy(PET);s [P UACIE 43 53]
3381451 FIGG2 o, HeAun PET) IR Fa0, e e T T T
460 F1 698 nm. Auss(PET)s, PdAu,s(PET); s Ml ©) (d)
HgAuoa(PET) 15 H 58 41— 1] WIS SO 5 o 32 S R 0 o HoAu, | g HoPdAu,
W R JER R, Wl R AL AE. 5 Auas(PET) s AHEL, § g
PdAuyy(PET) s M5 AN -7 W Wi A AR W #, T 5 2
HgAuys(PET) s HIW SIS R A 2078, tb4h, =clli% < <
HgPdAuxs(PET) s IR USCIEAL T 402 480 1 698 nm, 5

HgAuu(PET) s A — 3K, 1H HgAu4(PET) 51 T 460 nm
b TR R S B A R AR A, X AR B P R T OB
S8 EIRGERIER T AR S B RAE & )EE
B ST =04 B BliE HgPdAun(PET) s BB A IF
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il Sl 7 A AR

4 SCIGERSY
4.1 HgPdAu2s(PET)1s BIfERIE AX

HgPdAus(PET) s 5 U1 : 47 mg PdAuss(PET)ss
T 20 mL PSRRI, BdEs&LF R, A 60 uL 0.1
mol/L NaBH, (T 2%, & JR 75 #5405 i 2 Lo
1:1), )M 30 min J5, MIA 35 mg TOAB(VY=FHEIRAL,
B, 6T 200 pL FEE). SONIREZE THE, B A A
15 mL CHEHAE, 22U ¥ 281 50 mL B, S8
JEIZ M 2.1 mg Hg(NOs), (% T~ 0.5 mL H,0), AT
DU N AT G, N, dRSRE it 1~2 h,
WCEEDTIE. HRESRE ) 3~5 Ik, R & BE A E
FE, FEEURE S TR, B RE T RR,
AR HuEAE KRS, — )5, 195 HgPdAuxs(PET)s
mn .

4.2 Auzs(PET)1s EIFEHI & AR

Auws(PET)1s HIAER 1] & &l id — 8 & k. A
B IRINT: 675 mg DY ¢ FEIR10 B (TOAB)H T 30
mL VUSRI, WG IHiFE ~, BRI HAuCl W
(496 mg/5 mL DUERRI)INAZIREE, W G
EORWAAEA . BEPE 0.5 h 5, #5E N 100 r/min,
#1020 pL 2K BRI R, Rt 2~3 h,
HAEBEBARRIGE. R REEFE Tokg, iKin
0.5 h JE K538 BT 2 800 r/min, [ JSFREL 536 mg
(1] NaBH, ¥ T 8 mL UKk, FER A i N B,
TETRST RIS R SR €, I B 4k SR TE VKB 26 1 N kAT, 4EFE
12h. MGG, B SRAEH 254 T8 K% 5 mL,
FIFH K RUKKEES, EE 3~5 &, HHPERE 3~5
K. FfS P e R/ REAR R 1~2 d RIRTHT AR
mn .

4.3 HgAu2(PET)1s Bl FEHI A A%

HgAu(PET) s RHE —1 it Aus(PET)is 5
Hg(NO3), I N A PO, 16 mg Auas(PET) s HIFEA T
10 mL ZJEV AR, SR J5 MBI 22 12355 i Hg(NOs ), 7K ¥
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4.4 PdAu24(PET)1s BIFRRI A FR

PdAu4(PET) s HIFE R 2 5 CHR[30]. FREL 178
mg AuCISMe, ¥ T 10 mL VUSRI, TR A (0207
W, BERIIMA 60 pL 28 ZHREE, IR IHE S TE SR 3
BT W (a V). FREL 98 mg ) PdAug(PPhs)s 281NN
200 mL [ RERHH, /T 5 mL OB, BidEETE
B AIAR, ARG 50 mL PUSMEIE RS R, B ED
BEA 500 pL 0.05 mol/L NaBH, ) ZBEATR, 18 W% s
210 (b VW), SRAIPEEE 5~10 min J5, ¥ a EWRGETE N
ANEB| b R, WEEEAE, MR S 4 AR
PRI, (N, NS 30 min, 25
80 uL = ZfE(EtN)5 1 mL DY BRI R A 7 i D s
FNRAEIA, RMNSEAT 1 h. RIS, ¥ RBRE
T, FIFH SRR 3~5 %, P =& A ™
. R SR R ki, R & b/ IE St
Viv=1:1), HEEMHEA PdAuu(PET)s %

IR SR (AR RIE LA HgPdAuxs(PET) s
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