R mIG: 10384 A =) B

25: 20520141151583 UDC

B R}

71 e SV S
E-RAKARRBIT S R LGHIFE /IR

Modulating Synthesis, structures and properties of gold-

silver clusters

T3

FFRFHL: T R B K K
* L & AR: % 2 K F
HXRXA#: 2017 5 A
WL EFHINR: 2017 5 A
FERFAHM: 2017 % A

EMEREE

:
P As

= D

2017 £5 A



Modulating Synthesis, structures and properties of

gold-silver clusters

A Dissertation Submitted to the Graduates School in Partial Fulfillment of the
Requirements for the Degree of Degree of Science

By

Pei Li

Supervised by

Prof. Quan-Ming Wang

Department of Chemistry

Xiamen University

May, 2017

2



B IXFEFAIR I EEUE R F A

AN AR TR AR (e N BN E 22 R 555 AT St 790 )
SERUE TR B A L2 A0 30, JF 1) T ER T sl E ML IE A2 2
WL CEIEAFR FRA TR, R VRO SCHE N TR R e
SRR EEAR AT ) i D) o AR N )R B T DR 5 2 s SO A [
fi 2 AR SO L A B R P HEAT AR B, W S AL 10 S AR NI 2
O AR, SRASZEN. 4N el Hoe 07 N E BB H A A0 3

AR SR T

C N D LaFEITRERERERS
2017 dF6 H 1 HfEE, MR EEH R

( ) 2. AR, TE FIRERL.

GHTELL ARG S AT “ v 7 B BRI A2 PRES 2448 S
Rist A RSP IRE DR B el B S0, RE TR R
L2 AW E AL SR ATHAAR S I IR E 1), BRA
NATFAIR S, $93E ) R

#
Izt
N
B
2
i
Ek}
L
=
il

FIHN (4. ik
20174 5 H 20 H



BiIREZMIL X FE SRR

ANELZ AR SCRANAETITIR T T, LSS RHT TR o
ANAEWRLE RS2 H A N stk L R R A TR, HI4E L
F L 207 AR, IR ARSI ABE 7T A AR
FIE GRATH)s

AN ZEEAR SO C FRI #Hdg ) BE D MR FESCR
HAF C FRY #x O RE (4D @i =i, £ ( £R
R D SCIR = SE M. GRE LB S WIHS BB e 4 71 57

NESER S AAFK, ARATICIIR BN 0, AT EAAERE B B )

FHHN (4. &k
2017 £ 6 H H



H %

B e |
ADSEFACT ...t 11
== 1
1L BB s 1
1.2 EBRARBBERIIT cooooooeovveee st 2
1.2.1 & JBAKIAFERE IR TET Bl 2
1.2.2 BEFEARERT I B AR IBIE oo 5
1.2.3 BREEFARCRY I S DRI oo 7
1.2.4 F. BHESEARRT BIEGURBIE .o, 10
1.25 &RBIINTREIRAKEBIFE oo 12

13 AufERMF R TMERERIKARE ..., 19
1A FREEARIEB ..o 23
B ITRK ... 24
BB HERNESRESRAKEARNERER . 36
2L BB e 36
2.2 MFUFOILEE ... 37
2.2.1 FRTN oo 37
2.2.2 MBULEE (oo 37

2.3 SHRMKBIFRBIA T ..o 37
24 BERETTIL ..o 40
241 FRIRGERIIIHT (oo 40



B%

2.4.2 EJRPUKEFEITE SN AT WIRBETE BT oo 48
2.4.3 &JRAKEAFER MALDI-TOF-MS 3T oo 51
244 EJRIIKFERIFAZRIE oooov s 52
25 ZREEINGE ..o 53
B TTRE ... 54
BEE  REAFFBE RS- RAKERE .. 58
3L BB e 58
3.2 ARFUTALLET ..o e 59
32,1 BT oo 59
3.2.2 MMHRLLER oot 59
3.3 ERMKBBEBIBER ..o oot 59
3.4 BERETHIR oo s 61
341 FIRGERIIIHT oo 61
3.4.2 S JEAIKBIHEIEE AT WIRBEHE BT oo, 66
3.4.3 EIBYKUIIEN ESI-TOF-MS Z3HT oo 69
BEZREEING ..o 70
BT ..o 71
FUE WERCEAFBEALRRIFOSRAREARE. ... 75
AL B e 75
8.2 FRFUFALLBG ..o 76
B.2.1 T oo 76
4.2.2 TUARALER oo 76
4.3 ERDAKEBEAIETR ..o oovverveeereeeeeeeee e 77
8.4 GEREIFIR ..o 78



A AL B G R T oottt ettt 78
4.4.2 EJEAKBFRITE SN T U IETE 3BT oo 82
4.4.3 EJEAKBIERT ESI-TOF-MS Z3HT oo 83
4.4.4 GJEAKBIFERIELABZRIE oot 84

AB ZREEIINGE ...ttt ettt 86
vl TR SRRSO 87
i U =] - 90
Vi R I 17 X2 -, S 92
o 40 L .- 2 97
£ (T oo 98



Contents

Contents

ADSTFSCE IN CRINESE.......oee e I
Abstract in ENglish ... 11
Chapter 1 General INtroduCtioN.............cccoovvieiineieeeseeseeii s 1
L1 INTrOAUCTION ... bbb 1
1.2 Metal NANOCIUSTETS ........oeiiiiieece e 2
1.2.1 Synthesis and research means of metal nanoclusters............c.cc.ccoovvviiriennnn, 2
1.2.2 Phosphine ligand-protected gold CIUStErs ........ccccoiveveeiiiiiiiec e 5
1.2.3 Thiol ligand-protected gold CIUSEENS ...........cooeiiiiiinieiie e, 7
1.2.4 Phosphine and alkyne ligand-protected gold CIUSters..........ccccovvriiieirnnne. 10
1.2.5 Gold-silver mixed metal NANOCIUSLELS ..........ccooviveieireneiciseeese e 12

1.3 Auais as a building unit in high nuclear metal clusters ...........cc.ccoovevneee. 19
1.4 ReSearch ODJECTIVE.....c.cii et 23
RETEIENCE ...t 24

Chapter 2 The regulation of nitrate ions to the synthesis of the gold

and silver mixed metal NanoCIUSTErS ..., 36
2.1 INEFOAUCTION ... 36
2.2 Reagents and INSTFUMENTS ..........cccooiiieeie e 37

A A S (T T =] | PP PRUURRPPRIR 37
2.2.2 INSTFUMENTS ...t 37
2.3 Synthesis of gold and silver CIUSEers ... 37
2.4 ReSUILS and ISCUSSION........cviiiiiiiiisiieiieiceie ettt 40
2.4.1 The crystal structure of metal CluSters...........ccccovveiiiiii i, 40

1



Contents

2.4.2 UV-vis spectrum of metal CIUSEErS .........ccovviiiiiiiiiee e
2.4.3 MALDI-TOF-MS of metal CIUSTErS. .......cccoviiiiiiiiicice e,
2.4.4 Other characterization of metal CIUSEErS .........cocviviiiiiiie e,
2.5 CONCIUSION ...ttt bttt bbb

R B BN . e

Chapter 3 Phosphine and alkyne protected gold and silver
NANOCIUSTEES ...ttt en e,

K200 1 011 0o [ 1o 1 o) o ST OUPRTRR
3.2 Reagents and INSTFUMENTS ........c.ocviiieiiiic et
32,1 REAGENTS. ...ttt et
3.2.2 INSIFUMIBINTS ...ttt
3.3 Synthesis of gold and Silver CIUSTErS ..........cccoveeiieie e
3.4 ReSUILS and ISCUSSION.......iiviiveiieiiesiieiesieie ettt st
3.4.1 The crystal structure of metal CIUSEErS...........cccvvveiieie i
3.4.2 UV-vis spectrum of metal CIUSTErS .........cccovveiiiiiee e
3.4.3 ESI-TOF-MS of metal CIUSTEIS.......cccveiiiieiiece e
3.5 CONCIUSION ...ttt este e e eneenneas

RETEIENCE ...ttt
Chapter 4 Thiol and phosphine protected gold and silver
NANOCIUSTEES ...

A1 INTFOAUCTION ..ttt be et nreas
4.2 Reagents and INStIUMENTS ..o
O I LT 101 | £ F SR UURRPRRTR

A.2.2 INSTTUMIBNTS ¢t ettt e e et e e e e e e e e e e e e e e eeeenn e aeeeeeeeeeennnnanees



Contents

4.3 Synthesis of gold and SIIVer CIUSTErS .........cccovveiiiii s 77
4.4 ReSUITS aNd diSCUSSION.......ccuiiiiriieiieiesiieie ettt sre e nneas 78
4.4.1 The crystal structure of metal CIUStErsS.........c.cccvvvevveii i, 78
4.4.2 UV-vis spectrum of metal CIUSTErS ..o 82
4.4.3 ESI-TOF-MS Of metal CIUSLENS........coveiiieiiiiriesieeee s 83
4.4.4 Other characterization of metal CIUSTErS ..........cocooviiiriiiine i 84

4.5 CONCIUSION ...ttt e bbbt 86
] (1 =] (oL S oSSR 87
Chapter 5 Summary and OUtIOOK............ccccoociiiiiiniiiiece e, 90
Appendix I: Crystallographic Data Summary .........cccccoooevevieirerennnne, 92
PUBICAtION LIST........coooieicc e 97
ACKNOWIEAGEMENT........cooiiiii i 98



HE

G JE AR B FH T R IR I RT, RIE R IR 72 S5 Rtk 43 8 2 TRT R AT 222
5&BAPKBURARLL, SBPUKBIFEEMREI . 27806 A #5571
R R P TR S o 30 AR SRIE I A T 2 AN WHR FER S0, B AR
e T — RIVEBYUKIARE, It X528 5 ST 0O 3 s dh 251 134T
TR RAL .

¥ G s 3L I N DN NI IR E SR I N S 1N G N B ke gaaiol=n ]
AR TTE, G RCT — RIS HR G PR IS, TR B EE— B & e m Ak
5002 i ) 4 SR oK I R A g . BRI T

— . THER AR A% S R OK AR (42 1

BT PATUR AR S 1l 204 1 oK BRI B A B, T8I 51 NS RRAR PA K
R E R 20, WsEBl 7486 Ei e & Bk G k. @i,
I AR T AusAgn « AuwsAga Fl AusAgys = PNERIBEYKHER%E, il
o XSGR AT SO FL B S SR AT T RRAE, 13 T =A< R AN K B v
HSRARLE R . AwaAgo IR ZHIAT AussAgoo HISRIALEHIFIIL, 725G &8 1
IRl O T AN T o AweAgn 04 B K% 0 AT LLE 1E 2 A
Aun@Ago@AunAgr I FH TG, AwsAgss 14 @ A% O T LB A B A
Aun@Agi9Au@AwAgs FEH-EANE T, FFR RSO S AT 5 B AT TR
AEFI Ao SERE BT R ILEN TS MR TE AuaaAgao BRI, FATK
LT KA A LS B TT . AunaAgro » HB I RRER A 51 AN B N B 14 32,
I SEIL T BA AuaAgao JFEAGE KL BTG I TRAE A o

T PR R A ) S R AN K A 7

BT FRATTUIR AR A A 2 T A f = 2 5 I ¢ 3 [F) 9 1 4 4 9 K 121 7
& BE, BHATEGE, BINGR G, il i o s S A EL B AN S )5
Wi, S A2 A bR e A AN B AR 3L R DR 1 SRR & S & B gk A1 7% . d i
CLSE J5 AN TR B FE 51 N 2K oMl # & BT AS & 8RR & 7 40 oK [ %
[Auz6Agis(CsHs)24(PCisHis)2C1](BEa)> F1[AusAgis(CeHs)2a(PC1sH1s)a] ( BF4)2. il it



XS AT SO FL B R G A EAT T SRAE, RIS G B Ak % 1 4 R A%
HRAE AuoaAgoo HIFEAL B AR 1B, Fx FLIRISO 08 A0 5 kAT 7 3R AEAN
G

= R A A S A [F LR (0 S AR 9K B %

T B AR S 9K AR R A RUF AR E M Re, B8 TR 14k
G (R K AR 1Y) B 5 s, A1 38 o 5 4 2 2 R AR e R Bt e A A % 5 |
NRJEF, B EEESRH T —NH ST A I SR K %
[Au1sAgs(MeOPhS)17(PPha)e]?* o il X5 £k B fm TSN, £330 1 HEmR (1) S AR 4514,
IS AT T — RIVFRAE . @I RAEF R T A1 Auzs HIZEFIRAE, 4R
LA O ) A TR R 5 R AR A, S8 I o i 2R T RIS
BEE R SRR A I AN BB AE S G RI A A Stsl AT AR 4 (1 P e AN BIE T 77,
[Au10Ags(MeOPhS)17(PPha)e]** IR THIA 1R 2 25 NG VAL i, XN FRATT 5 HI AL
WL CARSR AL T ARG (0 iR g 4, RRBEIRA T — DI R R

REEF: SWPOKEE, BEICH, RECH, REFRCEAE, WMIRIR, FEEE)



Abstract

Abstract

Metal nanoclusters are considered as a bridge between small molecules and bulk
metal. Compared with metal nanoparticles, metal nanoclusters have potential
applications in catalysis, molecular sensing, electronics and biology. Through
continuous exploration and improvement of synthetic methods, scientists have
synthesized many metal nanoclusters, and determined their crystal structures by single
crystal X-ray diffraction.

This thesis mainly focuses on synthesis of Au-Ag mixed metal clusters by using
different organic and inorganic ligands. This thesis aims at controllable synthesis of
high-nuclearity metal clusters. More details are as follows:

I : The regulation of nitrate ions to the synthesis of the gold/silver mixed metal
nanoclusters.

Based on the direct reduction method developed in our lab for preparation of gold
nanoclusters, highnuclearity metal clusters are synthesized by modulating the amount
of nitrate ions. We get three novel gold/silver mixed metal -clusters:
AuzsAgr(PhC=C)24(PPh3)2Cly, AugsAgs1(PhC=C)4s(NO3):Cls and
Ausz Agzs(PhC=C)35(NO3)4ClIg(CH3CN)s. The structure of
Au4Agrr(PhC=C)24(PPh3)2Cls is similar to that of Aux4Agro with two additional silver
atoms connected to the metal core.. Single crystal X-ray structural analysis revealed
that the AusAgsr core can be viewed as being generated from two
Aupn@Ago@AuiAg clusters via vertex sharing and the Aus43Agss core is generated
from the fusion of two Aun@AgioAui@AusAgs via sharing seven atoms. The optical
properties have been investigated. This work indicates that Aux4Agy can be an
elementary unit for building high-nuclearity mixed-metal clusters. The nitrate ions play
a critical role in the formation of large cluster aggregates.

II': Phosphine and alkynyl protected gold and silver nanoclusters
Two gold/silver mixed metal clusters, [AuzsAgis(CsHs)24(PCisHi5)2Cl](BF4)2
and [Au2sAg16(CsHs)24(PC1sH1s5)4] (BF4)2 have been prepared by modulating the ratio



Abstract

and order of reactants. Their crystal structures have been determined by single crystal
X-ray diffraction. We found these two metal cluster cores are doped Mas with
structures similar to that of Aux4Agzo. The optical properties have been investigated.

[II: Thiolate and phosphine protected gold and silver nanoclusters

We obtained a bimetallic nanocluster [AuisAge(MeOPhS)17(PPhs)s]?* with
mixed ligands of thiolates and phosphines. The structure of AuigAgs retains the
characteristics of Auzs, with six gold atoms on the icosahedron Auiz being replaced by
silver, which is confirmed by mass spectrometry. Mixed gold and silver nanoclusters
have good performance in luminescence and catalysis. There are a lot of active site on

the surface of Au19Ags, so it provides a structural model for the catalytic study.

Keywords: gold-silver nanoclusters, phosphine, thiolate, nitrate ions, structural control
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