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Construction of Ultrathin Metal Nanosheet Materials from Two-dimensional Assembly of
Metal Nanoclusters
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The final purpose of this research was a synthesis of ultrathin metal nanosheets using the
assembled structure of metal nanoclusters inside interlayer spaces of two-dimensional
nanosheet materials. To control the relative adsorption density of clusters on the nanosheet
surfaces, which is achieved by coulombic interaction between cationic clusters and anionic
nanosheet, we conducted the first investigation into the Kinetics of cationic-ligand-exchange
processes through the reaction of Au»; (SCH, CH:Ph)s with a cationic thiol
HS(CH:) 11 N(CH3) 3%, which resulted in different populations of the two thiolate ligands (SR,
and SRY), i.e., Aus (SRo) 1sx(SR*)x. The ligand-exchange process was monitored by
electrospray ionization mass spectrometry and the reaction Kinetics is discussed in
combination with 'H-NMR results; these techniques reveal that the kinetics of the cationic-
ligand-exchange process, which is different from a typical neutral-thiol-to-neutral-thiol ligand
exchange, is strongly dependent on how the SR* ligands interact with each other during the
ligand-exchange process. There are two main factors that determine the unique reaction
Kkinetics, namely coulombic repulsions (i) between the attached SR* ligands and free ligands
in solution that hinder further ligand exchange, and (ii) among the surface SR* ligands on
the thiolate monolayer, which promotes the thermal decomposition of the nanocluster.
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Figure 3.

(A) Positive-mode ESI mass spectra of samples collected at different times during the ligand
exchange process. (B-D) Expanded spectra of the regions indicated in (A). (B) Group I
(7000-8000 m/2), (C) group II (3600-4600 m,/z), (D) group III (2000-3000 m/z), and (E)
fragments*(3000-3500 m,/z). (F) Expanded high-resolution ESI mass spectra (blue) and the
simulated isotope patterns (red) of representative peaks.



NSG Found. Mat. Sci. Eng. Rep.

Table 1. Structural and charge assignments of positive-mode ESI-MS in Figure 3.

Grarp Bl AEmiE Charge 10 min 30 min 60 min m/z
(e) m/z (obs.) m/z (obs.) m/z (obs.) (cale.)
a Aus 'PET)s(SR")3¢(PFs ), - 7863.88 - 7863.89
b Auws’PET 6(SR)2#(PFs )i — 7755.68 — 7755.64
I c Aus'PET16(SR")22(PFs o +1 7610.71 7610.67 - 7610.68
d Auws’PET17(SR")1#(PFs o 7502.44 7502.47 - 7502.43
e Auss"'PET15(SR")o*(PFs )o 7394.17 - — 7394.19
f Aus'PET12(SR")e*(PFs )3 - - 4239.26 4239.28
g Auws’PET13(SR)s*(PF¢ )3 — — 4185.17 4185.16
h Aus 'PET3(SRY)s*(PFs ) — — 4112.70 4112.67
i Aus’PET14(SR )ae(PF6 )2 - 4058.52 4058.58 4058.55
I j Aus'PET14(SR")so(PFs ) +2 - 3986.09 3986.10 3986.07
k Aus’PET15(SR)3+(PFs )1 3932.01 3931.97 3930.92 3931.95
1 Aus 'PETis(SR")s+(PFs )o 3859.51 3859.47 3859.48 3859.46
m Auws’PET16(SR)2#(PFs )o 3805.34 3805.38 - 3805.34
n Aus ' PET17(SR™)1#(PFs )o 3751.24 - - 3751.22
0 Aus'PET12(SR)e*(PFs )2 — — 277798 2777.96
p Auws’PET3(SR")s*(PFs )2 — — 2741.78 2741.78
” q Aus "PET15(SR)se(PFs )1 43 - - 2693.50 2693.46
r Auws’PET14(SR")so(PFs )1 — 265737 2657.36 2657.38
s Aus'PET14(SR )se(PFs )0 - 2609.08 2609.07 2609.06
t Auxs’PET1s(SR")3+(PFs )o - 2573.02 2573.01 2572.97
Fragments
Fa Auz'PET13(SR)12(PFs )o 3082.85 3082.84 3082.83 3082.84
Fb Au°PET12(SR)2*(PFs o 3136.99 3137.01 - 3136.96
Fc Auz 'PET1(SRY)3+(PFs )o 3191.07 3191.10 3191.09 3191.08
) Fd Au"PET12(SR)22(PFs ) 2 3209.43 - 3209.41 3209.44
Fe Au'PET1(SR)3¢(PFs ) — — 3336.06 3336.04
Ff Auy'PET12(SR")3*(PFs ), - 3404.66 3404.70 3404.66
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Figure 4. (A) Average number of SR* ligands per cluster (max: 18) on the cluster surface during the
ligand-exchange reaction as determined by ! H-NMR spectroscopy. (B) Ln (Fraction of
unexchanged PET on the cluster surface) for the ligand-exchange reaction with SR* as a
function of reaction time. The two lines in (b) are the lines of best fit at 0-40 min (Phase I) and
50-120 min (Phase II), respectively.

il
v

Reaction time / min
<la

01234567 8910111213 14
Number of exchanged cationic ligands (x)

Figure 5. Distributions of SR* numbers on Auss clusters at different reaction times. Inverse triangles:
average SR* number (max: 18) determined by 'H-NMR spectroscopy; double-headed vertical
arrows: SR* distributions determined by ESI-MS; horizontal bars: ESI-MS-distribution centers;
and black arrows: differences between the average numbers determined by ' H-NMR
spectroscopy and observed center determined by ESI-MS.
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