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Toward the Creation of Stable, Functionalized Nanomaterials
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Nanomaterials which exhibit both stability and functionality are currently considered to hold the most promise as
components of nanotechnology devices. Thiolate (RS)-protected gold nanoclusters (Au,(SR),,) have attracted significant
attention in this regard and, among these, the magic clusters are believed to be the best candidates since they are the
most stable. We have investigated the effects of heteroatom doping, protection by selenolate ligands and protection by

photoresponsive thiolates on the stability and physical/chemical properties of these clusters. Through such studies, we
have attempted to establish methods of modifying magic Au,(SR),, clusters as a means of creating metal clusters that
are both robust and functional. This paper summarizes our studies towards this goal and the obtained results.
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Figure 1. Our study towards the creation of stable, functionalized metal
clusters. In the geometrical structures of Au,s(SR)g (Refs. 37 and 38),
Ausg(SR)y4 (Ref. 39) and Aujpr(SR)yy (Ref. 40), R groups are omitted
for simplicity.
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Figure 2. (a) Negative-ion MALDI and positive—ion electrospray
ionization (ESI) mass spectra of [Auy,Pd(SCj,Hys),5]%. Insets compare
experimental data with the calculated isotope patterns. In the ESI mass
analysis, a small amount of (C4Hg),N* was added to the solution to
allow observation of neutral [Au,yPd(SC;,Hys);5]° as a cation. (b) Opti-
mized structure of [Au,sPd(SCH3),5]° (adapted from refs. 50 and 59).
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Figure 3. (a) Time dependence of optical absorption spectra of a tolu-
ene solution containing Au,5(SCi,H5)1g and Au,yPd(SC,H,s) 5 at
50°C. (b) Chemical composition of the solution as followed by nega-
tive—ion MALDI mass spectrometry. After 30 days, the optical absorp-
tion spectrum is similar to that of Au,,Pd(SC,H»s5);g, and the mass
spectrum exhibits only the peak attributed to Au,4,Pd(SC;,H,5);g. These
results demonstrate that Auy,Pd(SC,H»5);5 is more stable in solution
than Auy5(SCy,H»s)g (adapted from ref. 59).
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DI [Aups(SCHas) 1] £ 0 & 1.5~3.5 fFFREE D E\ xy,,
% R$ LD S22 7% 72 (Figure 4)%0,
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Figure 4. The results of the ligand—exchange reactions of [Auy,Pd
(SC5H,5)151° (blue) and [Au,s(SCioHys)s]™ (black). Plots indicate the
average number of exchanged ligands, x,,,, against reaction time:
(incoming thiol, solvent) = (a) (C¢H;3SH, CH,Cl,); (b) (CgH7SH,
CH,Cly); (¢) (CjoHySH, CH,Cly), (d) (Ci¢H33SH, CHyCly); (e)
(PhC,H,SH, CH,Cl,) and (f) (CgH;;SH, toluene). The value of x,,. was
estimated from the negative—ion MALDI mass spectra of the products
(adapted from ref. 50).
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Figure 5. (a) Negative—ion MALDI mass spectra of (top) as-prepared

clusters, (middle) the product separated by recycling size exclusion
chromatography and (bottom) after stirring in THF solution at 60°C for
8 days. The asterisk indicates the laser fragmentation ion of Aus,Pd
(SC,H4Ph),4 (See ref. 65). (b) Optimized structure for [AuszsPd,
(SCH3)24]2’ (the CH; moiety is omitted for clarity) (adapted from ref.
65).
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R A H s
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EEBIEFEEC) T Y FEPFR L THDL I &Enb,
Auszg(SCHPh)yy LML 72 FEHEEA A L CD EERD
N Do Augg(SCoH4Ph)yy 12DV TIE, 2 DO IE 1 Hifk Auys
MERE LT TE Auy AT DEY %, EHD Au (1D)-FF
F— M+ I =oM% (Figure 1) #HLTW5Z
EDVHLMIENT WS, T2, BIBOHEY) . Auys(SR) g
122V, PdiZAuy; I7OHLIIH S Au LiESIRD D
CEPPLSNIIENTVS (211)Y, ThsnZ Enb,
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,..MJ‘M :

T T T
10000

lon Intensity (a. u.)

enasne dmascd
A r—
12000

’ 11(;00 '
Mass (Da)

Figure 6. Time—dependent negative—ion MALDI mass spectra of a
THF solution containing AuzgPd,(SC,H4Ph),4, Auz;Pd(SC,H,4Ph),,4 and
Auszg(SC,H4Ph),4 at 60°C. The asterisk indicates the laser fragmentation
ions of Ausg(SC,H4Ph),4 (See ref. 65) (adapted from ref. 65).

-, I 0o EMHICHET B FEE» L,
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Mol. Sci. 7, A0062 (2013)
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COWFFETIE, BT 12 CpHysSH 2 L 72 38, Auys,,
Ag,(SCioHos) g 1, i 78 @ Aup,Pd(SCi,Has) g & FH ML L 72
ik 2% TEB L7z AR O MALDL B A7 b
IV, ZTHOLAHEEMEZIEALD F— 7 E N7 Auys,,
Ag(SCoHys) g AR ENAE Z L, F—=7&N5 Ag JiT¥
1, AR S 2 4R L SR o MR SARAE L Ciie
B2 2 2 EDH S o7 (Figure 7 (a))%, [41
¥l [4tH] =205 O&MTld, F—73N5 Ag B 75U
n=11FTEITE7 (Figure 7 (a))%, Fizhd@ Y, Ag
(144 A) L Au (144 A) ZETHBEHNFELERLTHY,
EHE58 10D s EFZMETFLELTED, 20720, Z
NH2ODOILHRIIESITHEHR L, Au-Ag B4 TIEHEED Au

(@)
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1 1 J
(22: 3) I
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-
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Figure 7. (a) Negative—ion MALDI mass spectra of Au,s_,Ag,

(SCy,H»s5) 5 synthesized at varying Au:Ag ratios. Ratios represent the
relative reactant proportions [HAuCly]:[AgNOs]. (b) Proposed structure
for Auys_,Ag,(SC,Hys)15 (n = 0—11) (adapted from ref. 67).
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(a)
; Auzs Mv
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2 S
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Au_10Ag 5
AU~1aAg_7 /\\—/
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Figure 8. (a) Optical absorption spectra and (b) optical absorption
(blue), photoemission (red) and photoexcitation (green) spectra of tolu-
ene solutions of Auys_,Ag,(SC|,Hys)13 (n = 0—11). Photoemission spec-
tra were obtained using excitation at 570 nm (adapted from ref. 67).

LUMO gap 2 o727 7 A — % Al 5 L THO THER)
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23 CuK—FE2YJ

Cud, Ag LFAFRIZ, Au L REDILHETH D, o T,
CulZoWCh, BEFH Au,(SR), 7 T A ¥ — IZHEHE O
T2 F—=7T&, ZNILY, 7 I9AF—DETHERLW
P IS EIL S SN G Z SN L, —T,
CuldAg LI3RLY, ROL ) BRI HEEED 1) Cu
(128 A) 1T Au (144 A) X0 L FETLEI/NDN SV, 2)
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X, 29 L7295 F— ¥ ¥ 75 Auys(SR) g DRERE R0 2258 1
WZED L) BEEE G2 OOV THRE 1T - 72
A

Auys,Cu,(SR);s 1E, AuyPd(SR);g (2.1) & UF Auss.
WAL (SR) g EFMLL 72 HFEIC L ) AL 72997, R o
HEANRZ VLY, 9 LEEEZIE, Cu F—7
72 Aups, Cu,(SR) g ER S DL T L R S 7z (Fig-
ure 9)7's —7J7, Auys,Ag,(SR) s DA T LIdEAL Y, =
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Figure 9. Negative—ion MALDI mass spectra of Au,s_,Cu,(SC,H4Ph)g
synthesized at varying Au:Cu ratios. Ratios represent the relative reactant
proportions [HAuCl,]:[CuCl,] (adapted from ref. 71).
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Au_,,Cu_,(SC,H,Ph),g
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20 30
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Figure 10. Optical absorption spectra of Au_p,Cu_;(SC,H4Ph),g and
[Auy5(SC,H4Ph)g]™. Dotted lines indicate the main peak positions in the
absorption spectrum of [Au,s(SC,H4Ph)g]™ (adapted from ref. 71).
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Figure 11. (a) Negative—ion ESI mass spectra of [Au,5(SCgH7)5]".
Inset compares experimental data with the calculated isotope pattern. (b)
Optimized structure of [Auys(SCH3),g]” (the CH; moiety is omitted for
clarity) (adapted from refs. 76 and 77).
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Figure 12. (a) Variations over time in the absorption spectra of [Auys

(SC8H17)18]7 and [AUZs(SCCgH17)18]7 in toluene (1 X 1075 M) at 60°C.
(b) Negative—ion MALDI mass spectra of [Au,5(SCgH;7)1g]™ and [Auys
(SeCgH,7),g]” recorded at a high laser fluence. Both spectra were mea-
sured at the same laser fluence. I-1V are assigned to laser fragments
(adapted from ref. 77).
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AL &S (23)7 Auys,Cu,(SCsHi) s (n=1-5) 12D\
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Figure 13. Time—dependent negative—ion MALDI mass spectra of
Au,s_,Cu,(SeCgH{7)g in toluene solution (adapted from ref. 72).
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T, 9 E TO Cudt F—7 S 172 AuygCuy(SeCgH 7) 15
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BT Ha
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Figure 14. Absorption (blue), photoluminescence (PL) (red) and exci-
tation (green) spectra of toluene solutions of Au,s_,Cu,(SeCgH;7);g. PL
excitation was at 400 nm. Valleys in the region 1100—1220 nm are due
to solvent absorption (adapted from ref. 72).

WL, VIR —DIRT T+ PV I A v AEAL
FTOREREMIZS 7 F L7z (Figure 14), 26 OFFRIE,
Cu F=Y U 7%, BEHE Auys(SeR) g & 1) D LEND/NE
72 HOMO-LUMO gap # ¥~ 7227 5 A% — %A+ % £ T
WO THN G FETHAL I EERLTVD,

4. PINCECFEGRFFI— ML BKRERE

Aus(SR) g ICFAT A 2N EFTOMELD, TDr T A
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BIRFE LTS A 2 EAWHLNIZENT WD, Bl ZIE,
Au,s(SR) g DIRILETEM ' 7+ PV I A v by ADE
TN A0, BT 05 THEEIIRAE L T35 2 L8
WESNTVD, TH) LB E LD Auys 7 T AV — %,
FERRFHIE U CTO PSS T 2 A0 T CR#ET S &,
FHREHZ LV, Auys 7 T A& — DY HEIEE % W58 1228
bEEons 2 eI N5S,

TYNRYE L, RENGEHEEESFTHD. 2D
TALEEIOCIRENC X0 rans (R 5 cis A&, WHDGH ST
W2& Y cis K25 trans R~ ZYEAL$ % (Figure 15 (a))o
CH LT IYNRE Y GRS FO T+ 7 — b 2R
STAHGAIUL, SERRSHC X 0 B 5 1) R LA
SHD A 7 TAY —FBIETEL LR END,
T, F) LINBEEEZET D Auys 7 T A7 — %Al
TAHIERHMIZ, TYNVEUFEETFF T MILDY
RSN Awys 7 T A Y — 2 fEEICER L, TR
B OB EEIN OV TR %175 720
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e s

Figure 15. (a) Illustration of azobenzene photoisomerization. (b)
Molecular structure of the azobenzene derivative thiol used in this study.
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16)%2, M OIEFWINA 7 DV, L —F —fFEE A~
MV, B O R X ARS8 — > & 312, [Aups(S—Az)s]
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Figure 16. Negative—ion MALDI mass spectra of [Auys(S—Az)g]".
The asterisks indicate peaks due to fragment ions or phenyl radical
adducts (adapted from ref. 62).
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) L7z ARYZ MIVOIERIE, trans (KICRED L, BOICO
ARICE S HHEEHC LB 20X ) % ARy bVEIE,
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FEICEM AL ST L 2 LD S D o 7 (Fig-
ure 17 (b))% R B O RN Y £ T A TIE, B
—206 mV K U¥ 126 mV ORLE 2 E— 7 2SRl 2 L (Figure
17 (b))o [Auys(SCH Ph)g]” DRIV & T 75 L DIRIEIZHE
DLl INSDOY—ZIZFNEN, [Auys(S—Az)]0 K
U [Aus(S—Az) 51! DELIRTCICHRT 5 U — 7 IJRE &
Nb, BISEREBZORLVY £ T 2I2BWTIE, Ihb
DE—=Z7 LY EZ A VT T S, —J5, W
BHRELDORN Y EZ T LB WTIE, REFHT & T
BEICTE =2l S Nz SRS ORERIL, SRS X
D, [Auys(S—Az)1s] ™0 T U [Augs(S—Az) 5] DERALETLHE
REDSUERNCZEAL L 72 2 L BR LT b, 29 L7z L&
TCREMDIICEZEIL, [Auys(SCoH Ph) 5] 12DV THERH
ENBV2, oz b, BillshizY—2s2 7 37y
NV OREMLIZEDFIERIEN TSI EERLT
Who 29 LCHMLEICEMAZILT 2HA DV T,
TINRE Y OREAAIZLY, S-Az 5 FHBRTE— £
YEDEAT B THHEEZ NG 82, 25 L%k

Absorption

3.2
Photon Energy (eV)

(b)

" 4.0

— Initial state
— Irradiated with UV
— Irradiated with visible light

oo AR AN — |

Food]
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Figure 17. Photoresponsive behavior of [Au,s5(S—Az)g]". (a) Optical
absorption spectra of [Auys(S—Az);g]” toluene solution (5.0 X 107 M)
in the energy range 2.3—4.0 eV. The visible photostationary state (blue
line) overlaps with the initial state (black line). (b) DPV of [Au,s(S—
Az)13]”. In this experiment, a [Au,5(S—Az)g]” toluene solution (1.0 X
1073 M) was irradiated by UV and subsequently visible light. After
photoirradiation, the photoproducts were evaporated to dryness and were
dissolved in a 0.1 M (C4Hg)4NPFg in CH,Cl, solution. DPV was per-
formed at room temperature (adapted from ref. 62).
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