J

A|CIS

COMMUNICATIONS

Published on Web 07/30/2009

Mass Spectrometric Identification of Augs(SR)s4 Molecular Gold Nanoclusters
with 34-Electron Shell Closing

Amala Dass*

Department of Chemistry and Biochemistry, University of Mississippi, University, Mississippi 38677

Received June 9, 2009; E-mail: amal@olemiss.edu

Molecular gold nanoclusters (<2 nm, <200 atoms) contain a
distinct number of core gold atoms and surface thiolate ligands.
This is in contrast to the polydisperse, broad size distribution
portrayed by transmission electron microscopy (TEM) images of
larger Au nanocrystals (5—100 nm). Whetten’s seminal
work'—weighing the nanocluster in a mass spectrometer—and more
recent high resolution studies®> © facilitated the identification of
molecular nanoclusters such as Au,s(SR);3, Auzg(SR)y4, and
Auy44(SR)s9. These ubiquitous size-selected molecules display
extraordinary stability*” and have been explained by electron shell
closures.® Other adjacent core sizes such as Auyy, Auyg, etc. are
not readily synthesized experimentally and hence deemed unstable.
X-ray crystallography has revealed the identity of Au;o,(SR)4,° and
Aubs(SR);5.'%!'! These molecular nanoclusters display size-depend-
ent optical'>'? and electrochemical'*'> properties and have been
studied by theoretical calculations.'®™'® Here the molecular formula
Augs(SR)34 of the nanocluster commonly referred to as the 14 kDa
species is identified using matrix assisted laser desorption ionization
time-of-flight (MALDI-TOF) mass spectrometry, and its stability
is attributed to the 34-electron count shell closure.

Mass spectrometry revealed the presence of several size-selected
clusters such as 5, 8, 14, 22, and 28 kDa Au cores.'*2%2! Facile
syntheses and developments in mass spectrometry led to the
assignments of 5, 8, and 28 kDa cores to Auys,>>~ % Ausg, 2%’
and Auy,*® respectively. However, the identification of the
molecular formula of nanoclusters of other sizes such as the 14
kDa species has been impeded by two factors: (a) difficulty in
obtaining a sufficient amount of the nanocluster during synthesis;
(b) lack of suitable analytical tools for characterization at high mass
range. In this work, the 14 kDa species was successfully assigned
with the molecular formula Aues(SR)34. Specifically Augg enriched
samples were synthesized, when the rate of growth is “effectively
halted, at certain levels of aggregation,”*” i.e., 3 h of reaction time.
Employing threshold laser fluence and use of DCTB (trans-2-[3-
(4-tert-butylphenyl)-2-methyl-2-propenylidene Jmalononitrile) as a
MALDI matrix enabled the ion formation and detection of the
Augg(SR)34 molecular ions.

Briefly, based on a previous report,” 0.517 g (1.3 mmol) of
HAuCl, was dissolved in 50 mL of THF and cooled in an ice bath
for 30 min. 6.53 mmol (0.88 mL) of phenylethane thiol were added
and stirred overnight. 10 mL of aq. NaBH,4 (0.57 g, 15 mmol) were
added to the reaction instantaneously, and the reaction was
continued for 3 h. The reaction mixture was concentrated, and the
products were precipitated by the addition of water. The as-prepared
nanoclusters are found to be enriched in Augg. Isolation of pure
nanocluster proved to be difficult and is being pursued in a separate
study. In this work, the identity of the Aug(SCH,CH,Ph)sy
nanocluster is reported using mass spectrometry.

Figure 1 shows the intact molecular ion of the
Augg(SCH,CH,Ph);4 nanocluster obtained in a positive linear mode
of MALDI-TOF mass spectrometer. The other lower mass peaks
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Figure 1. Positive linear mode MALDI-TOF mass spectrum of the as-
prepared nanoclusters using DCTB (trans-2-[3-(4-tert-butylphenyl)-2-
methyl-2-propenylidene]malononitrile) matrix and operating at threshold
laser fluence. The molecular ion of the Augg(SR)34 nanocluster is the most
intense peak. Peaks a, b, ¢, and d represent Augg(SR)s3, Augg(SR)30,
Augg(SR)30, and Aues(SR)30 fragments, respectively.

were assigned to Aues(SR)33, Aues(SR)32, Aues(SR)3, and
Augy(SR)30 fragments. Cocrystallizing the nanocluster analyte with
the DCTB matrix and ionization at threshold laser fluence was
necessary to obtain the molecular peaks.

The stability of molecular nanoclusters has been intriguing.
Recent work® has provided a convincing, unified view of the
molecular nanoclusters as superatom complexes invoking electron
shell closure principles. Dips in experimental electron affinity values
are found for 8, 14, 20, 34, and 58 electrons and are thought to
lead to the closing of shells or subshells in gold clusters.>® The
shell-closing electron count (n*) for molecular nanoclusters is
calculated from the equation®

n=Nvy,— M-z

where n* is the shell-closing electron count, z is the charge state
of the nanocluster, N is the number of core gold atoms, v, is the
atomic valence, and M is the number of electron localizing ligands.
The charge neutral Aueg(SR);4 nanocluster would satisfy a 34-
electron shell closure known for its exceptional stability. Other
electron shell closures such as 8 and 58 have explained the stability
of Auys5(SR)i5~ and Auja(SR)44 species. A 14-electron count of a
neutral Auss(SR),4 species matches the dip found at the 14 atom
count for electron affinity.*

The 14 kDa nanoclusters were predicted to have ~75 core atoms
based on atomistic modeling of energy and structures in combina-
tion with experimental powder X-ray diffraction (XRD) data.*'
Laser desorption mass spectra show a broad peak at 14 kDa which
was approximated to ~75 core atom species.'>*>? Based on broad
LDI peaks with an fwhm of 3000 Da, it is difficult to exactly
identify the number of core atoms or distinguish between 75 core
atoms versus the Augg nanocluster. Since detailed mass spectro-
metric and XRD measurements have enabled the assignments for
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Figure 2. A plot of the number of surface thiolate ligands versus the number
of core gold atoms for Au,s(SR);s, Auszs(SR)2s, Augs(SR)34, Ajoo(SR)4s,
Auy44(SR)so shown as filled circles (slope = 0.33; intercept = 10.46, 1> =
0.997). Auss5(SR)40 (open circle; not used in the fit) does not fall on the
straight line. Including the (75,40) data point in the correlation reduces the
7 value to 0.977.

25, 38, 102, and 144 nanoclusters, it is possible to (a) check whether
a correlation exists between the number of Au core atoms and
surface thiolate ligands and (b) verify whether Augg nanoclusters
fall on the curve fit.

Figure 2 shows a linear correlation between the number of core
Au atoms and surface thiolate ligands for 25, 38, 68, 102, and 144
nanoclusters. While removing Aues(SR)34 from the data set retains
the 72 value at 0.997, inclusion of the (75,40) data point brings the
correlation down to 0.977 (Figure S6). This shows that Augg(SR)34
is a better fit with the rest of the known core sizes. Previously
reported crystal structures® 3% of Au;g, and Au,s show that the
central Au core is protected by single [-SR-Au-SR-] and double
[-SR-Au-SR-Au-SR-] staple motifs. The 102 and 25 clusters have
2 and 6 double staple motifs, respectively. Augs(SR)s4 being in the
intermediate region is estimated to have 11 single and 4 double
staple motifs which leaves a 49 atom Marks Decahedral core (Table
S1).

It is not trivial to assign peaks at high mass range such as ~18
kDa. LDI-MS analysis' of gold nanoclusters lead to extensive
fragmentation and is not suitable for assignment of nanoclusters.
Murray and co-workers® have shown that matrix assisted LDI-MS
can be used to ionize and detect intact molecular ion peaks at ~7
kDa. Can MALDI-MS be useful in a higher mass region? First,
the Augg molecular peak shows a good fit between the experimental
and calculated peaks (Figure S4). Second, a general trend of AuyL
loss is observed in Au,s, Ausg, and Augg nanoclusters consistent
with earlier results. Third, successful assignments of four other
closely related fragments peaks such as Augg(SR)33, Augs(SR)3n,
Augg(SR)30, and Augy(SR);0 have been made (Figure S1 inset).
Fourth, negative mode spectra gave similar results eliminating any
contributions from counterions. These results show that MALDI-
MS is indeed reliable at a higher mass range and attest to the
unambiguous nature of the Augs(SR)ss assignment. Additional
supportive evidence is provided by UV—vis data (Figure S5) of
the Augg enriched sample which shows an exponential decay curve
with some step-like features in agreement with previous literature.'?

In conclusion, the molecular formula Augg(SCH,CH,Ph)s4 has
been assigned to the 14 kDa nanocluster using MALDI-TOF mass
spectrometry. The 34-electron shell closing in a macroscopically
obtained thiolated gold nanocluster is demonstrated. The Augg
nanocluster is predicted to have a 49 atom Marks decahedral core

with 19 inner core atoms and 30 outer atoms chelating with the
staple motifs. The nanoclusters’ predicted®® formulation is
[Au]i9+30 [Au(SR)2]11 [Aua(SR)s]4.
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