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ABSTRACT: We report the core size conversion of Aus(SCH,CH,Ph)y, to

Ligand exchange
+4) Au,(SCH,CH.Ph),,

Au,,(SPh-tBu)g, plasmonic nanomolecules. The mass spectrometric studies have .5

revealed an unprecedented reaction pathway for the Aus,, to Au,,, core size conversion
reaction via three steps. First, ligand exchange with 4-tert-butylbenzenethiolate occurs,
followed by simultaneous progression of ligand exchange and core-size conversion with
the loss of one Au atom after another and finally reaching completion with full ligand
exchange on Au,,y. Typically, when a core size conversion occurs in molecule-like
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nanomolecules, different sizes have different electronic and structural properties; in this

case, both the reactant and the product possess plasmonic behavior and bulk-like face-
centered cubic structures. Also, this is the first report to study the core size
transformation involving a difference of 50 metal atoms but identical 84 ligand count.

B INTRODUCTION

The synthesis of thiolate-protected stable molecules of gold
with molecular and metallic properties is highly pursued for
various practical applications.'~* These molecules of gold, also
known as gold nanomolecules (AuNMs), can be synthesized
via bottom-up, direct synthetic protocols followed by post-
synthetic treatment or top-down approach involving core size
conversion of one stable AuNM to another.” The direct
synthesis of AuNMs results in a polydisperse product, which
produces a mixture of stable sizes upon thermochemical
treatment (or etching), requiring purification to obtain pure
AuNMs.” Ligand exchange or place exchange reactions on
NMs have been shown to functionalize NMs with new ligand
shell or to make new sizes via core size conversion and tune the
properties.” " The core size conversion is dictated by the
ligand being employed in the reaction, and each ligand has a
unique series of discrete stable sizes with distinct structure and
property.z’21

Highly pure samples are desired for various structural and
property studies and application development. Core size
conversion of AuNMs by ligand exchange with different
ligands has proven to be a unique way to make pure AuNMs
exclusively in high yields.”””** It has been shown to
circumvent the need for demanding purification processes in
obtaining pure AuNMs in high yields, for example, Ausy, Ausg,
and Au,;;.7"" "7 Recently, etching of a crude with different
types of ligands (aliphatic, aromatic, and bulky) has been
shown to produce pure, stable AuNMs. Etching of crude differs
from core size transformation where the etching ligands
employed in the sequential process are of same class that
supports the AuNM:s size of interest without inducing core size
conversion, however, destabilizes other metastable sizes in the
process vyielding the desired AuNMs in high purity. For
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example, pure Auzs has been obtained in high yield by
sequential etching of a polydisperse phenylethanethiolate-
protected gold nanocluster crude mixture with thiophenol and
then with 4-tert-butylbenzenethiol (TBBT).>

Significant progress has been made toward understanding
the transformational and controlled ligand exchange chemistry
in AuNMs with Au <50 atoms.”'"'>**~*' Transformation
from one stable size to another provides access to an entirely
new set of properties than the precursor AuNMs, whereas
controlled ligand exchange retains the core structure but tunes
the electronic property.z’42 For example, Auys(SC,H,Ph),,
with thiophenol forms Auss and Ausg under thermodynamic
and kinetically controlled reactions, respectively.*’ The
thermodynamic product (Aus) has entirely different atomic
and electronic structures with higher band gap than the
precursor, whereas the kinetic product™ (Auss) has similar
atomic structure and optical features. In some cases,
interconversion between two stable sizes has been observed
as well.”*** Recently, new branches of core conversion
reactions such as oxidation-induced core size conversion,*
fusion reaction without any coreactants,*® and seed-mediated
growth”” have been demonstrated.

To date, only little information is known on the trans-
formational chemistry of AuNMs with Au >~100 atoms and
plasmonic nanocrystals. Augy, Aujgy, Aujgs, and Au);; are the
four larger AuNMs that have been synthesized via core
conversion method.”**”**7** On the plasmonic nanocrystal
regime, crystal structure, optical and catalytic properties of the
smallest thiolate-protected metallic gold nanocrystal, Faradau-
rate Au,,o(TBBT)g, has been recently reported.””' ™ Au,.,
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has been obtained by direct synthesis’ and etching’” of a
polydisperse phenylethanethiolate-protected gold nanocluster
crude mixture with phenylethanethiol (SPC,) followed by 4-
tert-butylbenzylthiol and core conversion with TBBT.

The phenylethane- and aliphatic thiolate-protected AuNM
series have been studied over two decades, but these aliphatic
systems are difficult to crystallize.">*>> Recently, the crystal
structure of the widely studied aliphatic thiolate-protected
Au,,, has been crystallized two decades after its discovery, and
it was similar to the icosahedral structure predicted by
theoretical computations.”*™*® The introduction of rigid and
bulky thiolated ligands such as TBBT favors the single-crystal
growth.*”*® TBBT-protected AuNM series are widely studied
in recent years, and all of the sizes in the TBBT series have
been crystallographically resolved.”’ Au,., is the largest crystal
structure of thiolate-protected AuNMs reported to date.” The
highly stable, benchmark molecule-like AuNMs in aliphatic
thiolate series core-convert to stable sizes in TBBT series upon
ligand exchange with TBBT (Au,s to Auyg, Ausg to Ausg, and
Auyyy to Au133).23’61’62 However, the core size conversion on
the plasmonic regime has not been studied in detail. In this
work, we have investigated the core size conversion reaction of
Auy,0(SC,H,Ph)g,, the next stable size in aliphatic thiolate-
protected series of AuNMs”®® to Au,,o(TBBT)g, by electro-
spray ionization (ESI), matrix-assisted laser desorption
ionization (MALDI) mass spectrometry, and absorption
spectroscopy to shed light on how the core conversion
reaction progresses in plasmonic nanocrystals. A closely related
composition for the 76.3 kDa has been reported as
Auy;3(SC,H,Ph)-, and few other studies have used the same
composition as well.”***** However, a detailed study on the
composition of 76.3 kDa species with various ligands has
revealed the molecular formula®® to be Auy,o(SC,H,Ph)g,, and
the validity of Auy;(SC,H,Ph),, composition remains to be
addressed.

The crystal structure of Au,,, revealed that it has a bulk-like
face-centered cubic (fcc) atomic structure.” Auy.g has a Au,,g
metal core made of truncated octahedral core (Au,,) with
four concentric shells and a 48 atom ad-layer on the {111}
facets of Au,,, protected by a ligand shell with 30 gold atoms
and 84 ligands." The powder X-ray diffraction, atomic pair
distribution function, and electron microscopy have revealed
that the Aus, also has an fcc atomic structure.”® However, it
remains to be crystallographically studied. It is worth noting
that the change in the incoming ligand leads to two different
combinations with 50 gold atoms difference (329 and 279) but
same number of ligands.**

Figure 1 reveals the reaction progress monitored by MALDI-
mass spectra (MS), where Auj,, (starting material) is
converted into Au,, after reacting with TBBT at 80 °C for
6 days. The multiple charged peaks observed in MALDI-MS
are lower in mass than the molecular ion peak mass because of
fragmentation under the laser beam. The pure Aus,y was
obtained as detailed in the Experimental Section. The MALDI-
MS of Auy, reveals the 1+ and 2+ peaks at ~73 and ~36.5
kDa, respectively (Figure 1). After 2 days of reaction, two new
peaks were observed at ~64.5 and ~32.5 kDa corresponding to
1+ and 2+ charge states of Au,,, respectively, indicating the
onset of Auyyy to Au,,e core size conversion. Also, the peak
maxima of Aujyy have moved from ~73 to ~70 kDa
intermediate species (see below ESI data of the 2 days
sample) because of the core size conversion. The four-day
sample shows that the ~64.5 kDa peak is prominent and ~70
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Figure 1. MALDI MS of the starting material Aus,y(SCH,CH,Ph)s,
and its transformation to Au,o(SPh-tBu)g, on reacting with TBBT at
80 °C over 6 days. The dot and dash—dot—dot vertical lines
correspond to the molecular mass of Aus,g and Au,,g, respectively. *
indicates the 2+ charge state of respective nanomolecules.

kDa peak intensity has decreased as the reaction proceeds
(Figure 1). The complete core size conversion to Au,;, was
observed after 6 days of reaction with only (1+ and 2+) peaks
corresponding to Au,;, that were observed in the MS (Figure
1).

ESI-MS was employed to further study the core size
conversion reaction in detail. Figure 2 shows the ESI-MS of the
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Figure 2. ESI-MS of Auso(SCH,CH,Ph),, transforming to
Au,,4(SPh-tBu)g, upon reacting with TBBT at 80 °C for 6 days.

starting material (Aus,) and the final product (Auyy).
Auyy(SC,H,Ph)g, has a molecular weight of 76 329 Da, and
it was observed in 3+, 4+, and S+ charge state peaks at 25 546
Da (3 Cs adducts), 19 182 Da (3 Cs adducts), and 15267 Da,
respectively (Figure 2). The final product, Au,;o(SPh-Bu)s,,
has a molecular weight of 68 836 Da, and it ionized in 3+ and
4+ charge states with peaks at 22944 Da and 17208 Da,
respectively. The core size conversion reaction was completed
after 6 days and as evidenced by the ESI-MS.

The Auy,y,(SPC,)g, to Au,,e(TBBT)g, reaction proceeds in
three stages, first ligand exchange with TBBT occurs followed
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Figure 3. ESI-MS of a 3+ peak in two-day reaction sample showing the occurrence of ligand exchange and core size conversion simultaneously. The
peak assignment of 288, 301, 311, 329, and 336 Au atoms has 84 TBBT ligands and 3Cs" adducts with it. The inset is in 22.5—23.1 kDa range to
reveal the Au,,, formation (indicated by a red peak with an arrow). The full spectrum is provided in Figure S1.

by simultaneous core size conversion and ligand exchange by an arrow). The inset has about 8 envelopes of peaks, and
reaction, and finally reaction reaches completion with complete their m/z values are listed in Table S1. The peaks indicated in
ligand exchange by TBBT ligands. Figure 3 reveals the ESI-MS red to the left of Au,.o(TBBT)g,** have a m/z difference of 66
data of the 3+ charge state in 22—28 kDa m/z range for a two- Da corresponding to one Au atom, and their compositions are
day reaction sample. Intriguingly, the thiolate ligands on the Au,s(TBBT)g,*, Au,,(TBBT)g,>, Au,s(TBBT)g,>", and
monolayer count remain 84 throughout. It is worth noting that Au,,s(TBBT)g,**. The envelope of blue peaks adjacent to
mass spectrometry of larger nanomolecules is difficult and as red peaks corresponds to unexchanged PC,S ligands with ~9
the ligand exchange and/or core size conversion reactions are Da difference.

performed on large nanomolecules, analyzing that the reaction Finally, the core size conversion to stable Au,,o(TBBT)g,
progress becomes increasingly difficult. The mass difference occurs (Figure 4). After 4 days of reaction, only fewer

between PC,S (137.22 Da) and TBBT ligands (165.27 Da) is unexchanged PC,S ligands are observed near the molecular
28.06 Da. Therefore, a 3+ charge state peak corresponding to peak (Figure 4, olive spectra). The Au,,,(TBBT)g, then

the ligand exchange reaction would have an envelope of peaks resolves to be the prominent stable compound, and
with a mass difference of 9.3 Da. Additionally, changes in the Au,,5(TBBT)g,>" and Au,,,(TBBT)g,** peaks were also
number of gold atoms during core size conversion and varying observed but not as significant as 2—4 day samples. The
Cs" adduct formation pose the major challenge in analyzing Auyg, Auyy;, and Auyge are kinetic products which are stable
the data. The compositions for the intermediate samples were for a certain period, and eventually, they converge toward
assigned based on the multiple charge state peaks, and in some Au,;g as the reaction progresses. Similar phenomena with one
cases, there are close overlap between two possible Au atom difference during core size conversion of larger
combinations and the probable assignments have been nanomolecules have been observed as a kinetic product in the
included in this report. For example, [Cs;]** has a mass of transformation of Au;y, to Au,;; where Au;,(TBBT)s, was
132.91 Da and two Au atoms have a closer mass of 131.31 Da, present during intermediate samples and goes down in
where ~+1—2 Da falls in the range of experimental mass error intensity with time and negligible toward the end.*
possible for larger nanomolecules. The molecule-like (Au;q to Ausg) nanomolecular core size
Figure 3 reports the ESI-MS data for the two-day sample in conversion involves striking changes in optical properties
the 3+ charge state region of 22—28 kDa, and the inset shows between the starting material and product.” Absorption
the 22.5—23.1 kDa range to reveal the core size conversion and spectroscopy was performed to study how the optical property
ligand exchange reaction proceeding simultaneously. First, of plasmonic nanomolecules would be affected by the core size
Auy,9(PC,S)g, undergoes ligand exchange to form conversion reaction. The optical property of the starting
Auy,(TBBT)g, with few unexchanged PC,S ligands. The material (Auy,) and the product (Auy,) is compared in
Aug,o(TBBT)g, composition is metastable, and the reaction Figure 5. The blue curve in Figure 5 corresponds to Augy. The
proceeds to core conversion phase, leading to another UV—vis absorption spectra of Aus,y have a plasmonic band
metastable size after well-known (329,84) composition up to centered ~495 nm, and upon transformation to Au,,, by
Au,;4(TBBT)g, with increments of one Au atom, that is, 329, reacting with TBBT, the product also exhibits a SPR band;
330, 331, .., 336 (Figure 3). MALDI-MS data for two-day however, it is red shifted to ~510 nm. It is worth noting that
sample (Figure 1) also corroborate the formation of Au,s, despite the loss of 50 Au atoms, the molecule is still plasmonic
core, and the figure inset shows envelope of peaks and the fully and the manifestation of SPR on 279 has been attributed to the

exchanged Au,,o(TBBT)g,*" at 22 945 Da (red peak indicated presence of phenyl rings.51
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In summary, we have studied the core size conversion of
Aug,g to Au,,e by using MALDI and ESI mass spectrometry
and absorption spectroscopy. The core size conversion takes
place in three steps, first ligand exchange, then ligand exchange
and core size conversion occur simultaneously, and finally
reaction reaches completion with complete ligand exchange by
exogenous ligands. The mass spectrometric results have
revealed the unprecedented reaction pathway involving ligand
exchange and core size conversion with loss of one gold atom
after another, retaining a constant 84 ligand monolayer count.
The optical absorption studies have shown that both the
starting material and the product are plasmonic as reported.>'

B EXPERIMENTAL SECTION

Materials. Hydrogen tetrachloroaurate(Ill) (HAuCl,:
3H,0), sodium borohydride (NaBH,, 99%), tetraoctylammo-
nium bromide (TOABr), TBBT (TCL 99%), phenylethylmer-
captan (Sigma-Aldrich), cesium acetate (Acros, 99%),
anhydrous ethyl alcohol (Acros, 99.5%), and trans-2-[3[(4-
tertbutyl-phenyl)-2-methyl-2-propenylidene]malononitrile
(DCTB matrix) (Fluka, >99%) were used. High-performance
liquid chromatography grade solvents such as tetrahydrofuran,
toluene, methanol, and butylated hydroxytoluene-stabilized
tetrahydrofuran were obtained from Fisher Scientific. All of the
materials were used as received.

Synthesis. The core conversion of Aus,,(SCH,CH,Ph)g,
to Auy,(SPh-tBu)g, was performed in two primary steps,
namely, Aus,, synthesis and core conversion of Ausyg to Au,.
First, Aus,o(SCH,CH,Ph)g, was synthesized by slightly
modifying the previously reported method.®°
Ausy,o(SCH,CH,Ph)g, preparation was carried out in three
steps. First, crude nanoparticles were synthesized which
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Figure 5. UV—vis absorption spectra of Au,,,(SPh-tBu)g, nano-
molecules in comparison with the starting material
Aus,0(SCH,CH,Ph)g, in toluene.

contain polydisperse gold nanoparticles with metastable sizes.
Then, thermochemical treatment was done on the crude to
narrow down the size and to remove the metastable clusters.
Then, Aus,y(SCH,CH,Ph), was isolated using size-exclusion
chromatography. Finally, Au;,0(SCH,CH,Ph)g, was subjected
to ligand exchange with TBBT, and it undergoes core size
conversion to form Au,,o(SPh-tBu)g,.

Step 1: Augy, synthesis. HAuCl,-3H,O (0.1 g) was dissolved
in distilled water (10 mL), and TOABr (0.15 g) was dissolved
in toluene (10 mL) separately. They were mixed together in a
100 mL round bottom flask under stirring (500 rpm). The
mixture was stirred for 30 min. The organic layer was separated
and placed in an ice bath for 30 min. Then, 70 uL of
phenylethanethiol (Au/thiol 1:2) was added, and the
reaction was allowed for 1 h. The reaction mixture was then
reduced by rapidly adding 0.1 g of NaBH, (Au/NaBH, =
1:10) dissolved in S mL of ice cold water. The solution
changes to black color, indicating the formation of nano-
particles. The stirring was continued for about 24 h. The
organic phase was then separated and rotary evaporated to
remove the solvent. The crude product was washed with
methanol and water mixture (3—4 times) to remove excess
thiol and byproducts. The crude product was dissolved in
toluene and etched with excess phenylethanethiol (60 mg of
crude, 0.5 mL of toluene, and 0.5 mL of thiol) for ~3 days at
80 °C. Then, the etched product was rotary evaporated to
remove the solvent and washed with methanol to remove
excess thiol. Finally, Auy,(SCH,CH,Ph)g, was isolated by
size-exclusion chromatography.
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Step 2: In this step, Aus,o(SCH,CH,Ph)g, was subjected to
ligand exchange with fert-butylbenzenethiol for 6 days at 80
°C. The transformation of Aus,3(SCH,CH,Ph)g, to
Auy,4(SPh-tBu)g, was monitored by MALDI and ESI mass
spectrometry.

Instrumentation. The MALDI spectra were acquired from
a Voyager DE PRO MALDI-time-of-flight (TOF)-MS instru-
ment with the DCTB matrix. ESI MS were collected from
Waters SYNAPT Q-TOF HDMS with tetrahydrofuran as the
solvent. Baseline correction for Aus,g ESI-MS spectra was done
by polynomial fitting (Figure 2). The cesium acetate was used
to facilitate the ionization of nanomolecules with multiple
charge states. The UV—vis absorption spectra were measured
using a Shimadzu UV-1601 spectrophotometer.
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