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ABSTRACT: Ultrastable gold nanomolecule Au,4,(SCH,CH,Ph)¢ upon etching with
excess tert-butylbenzenethiol undergoes a core-size conversion and compositional change to
form an entirely new core of Auy;;(SPh-tBu)s,. This conversion was studied using high-
resolution electrospray mass spectrometry which shows that the core size conversion is
initiated after 22 ligand exchanges, suggesting a relatively high stability of the
Au,,,(SCH,CH,Ph),5(SPh-tBu),, intermediate. The Au,, — Au,;; core size conversion
is surprisingly different from the Au,,, — Augy core conversion reported in the case of

AU133(SPhtBU)52

thiophenol, —SPh. Theoretical analysis and ab initio molecular dynamics simulations show
that rigid p-tBu groups play a crucial role by reducing the cluster structural freedom, and
protecting the cluster from adsorption of exogenous and reactive species, thus rationalizing the kinetic factors that stabilize the
Auyz; core size. This 144-atom to 133-atom nanomolecule’s compositional change is reflected in optical spectroscopy and

electrochemistry.

Au—thiolate nanomolecules on reacting with excess thiol at
elevated temperature' can lead to either (a) a complete
ligand exchange or (b) core-size conversion to form an entirely
new core-size.” For example, reacting Au,,,(SCH,CH,Ph)g,
with (a) hexanethiol leads to formation of Auy(SC¢Hs3)e0
that is, ligand exchange (b) whereas the same reaction when
performed in an aromatic thiol, thiophenol yields Auge(SPh),,,
that is, core size conversion.” This thermochemical treatment at
elevated temperature is well established through the reports by
Whetten’s group and is referred to as “etching”.' This
procedure has then been widely followed and has been used
by Murray, Tsukuda, Whetten and other groups*™® to
synthesize and characterize stable nanomolecules, including
Au,(SR) g, Ausg(SR),4 and Auy,(SR)g. ~° This procedure
has also been recently called by a new name “size-focusing”."’
Although size-focusing can occur during the etching process,
this is not always the case, as this can lead to either (a)
complete ligand exchange or (b) core size conversion. The
core-size conversion resulting from the etching process can also
depend on the nature of the ligand. Etching a mixture containing
~12 kDa species, Aug, and Aujg;_ o5 in the presence of
phenylethanethol results in the formation of Ausg/4(SR)4
However, etching the same mixture with thiophenol leads to
the formation of Auss(SPh),,.'""> However, the principles
governing these exchange and conversion are not yet fully

clarified.

Etching reaction has a crucial role in the synthesis of Ausg.
Aug(SR),, has been synthesized using etching reactions first
reported as the 8 kDa species by Whetten in 1999." Tsukuda
group identified this 8 kDa species as Ausg(SR),4 in 2008 using
high resolution ESI mass spectrometry.® Quinn group also
reported the synthesis of Aus(SCgH,3),,."> Using the same
etching procedures, Jin’s group also reported the “size focusing
synthesis” of Auyg(SR),,.'* It has been shown that Ausg(SR),,
is formed exclusively from larger clusters as a result of core-size
conversion."!

Here, we report an experimental and theoretical analysis of
the core size conversion of ultrastable Au,,,(SCH,CH,Ph),
upon reaction with excess tert-butyl benzene thiol, leading to
the formation of Auy;;(SPh-tBu)s,. As a striking result, we find
that changing the ligand shell in regions remote from the gold
core (i.e, adding a tert-butyl substituent in para position to the
thiolate phenyl ring) leads to a different product, with a
completely different size and composition: Au,;;(SPh-tBu)s, vs
Augg(SPh),,. This is shown to be due to kinetic factors whose
importance in the synthesis of gold—thiolate nanomolecules is
so unequivocally demonstrated by both experiment and theory.
First-principles molecular dynamics (MD) simulations addi-
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Figure 1. Core size conversion of Au,(SCH,CH,Ph)4, to Au,33(SPh-tBu)s,: (a) Electrospray ionization mass spectra of the monodisperse
Auy4(SCH,CH,Ph)q, starting material (top blue spectrum) transforming to Au,33(SPh-tBu)s, (bottom red spectrum) upon treatment with HSPh-
tBu at 80 °C. (b) Auy,, to Au,;; core size conversion studied by ESI mass spectrometry. Au,,,(SCH,CH,Ph),, undergoes up to 22 ligand exchanges.
The intermediates correspond to Au,,,(SCH,CH,Ph)4,_,(SPh-tBu), where x = 1 to 22. Note the higher stability corresponding to x = 22, based on
higher signal intensity. After 22 exchanges, there appears to be a core size conversion to Auy;;(SPh-tBu)s,. In contrast, thiophenol (HSPh) reacts
with Au,44(SCH,CH,Ph)g, to form Augy(SPh),,, with a maximum of 13 exchanges in Au,4,(SCH,CH,Ph)¢,_.(SPh),.

tionally provide insight into the mechanisms of structural
dynamics in a large Au nanomolecule.

The X-ray crystal structure''® of Au,;;(SPh-tBu)s, has been
reported recently.”’18 In Figure 1a, the blue spectra shows the
electrospray ionization (ESI) mass spectra (MS) of the starting
material, Auy,(SCH,CH,Ph),, with a molecular weight of
36 597 Da. The multiply charged +2 and +3 ions at 18 291 and
12 194 m/z respectively. The final product is shown in the red
spectrum, which contains two peaks at slightly lower mass than
Au,,, species. These two peaks at 11594 and 17391 m/z
correspond to the +3 and +2 ions of Au;;(SPh-tBu)s,,
respectively. The theoretical values for the +3 and +2 ions are
11 597 and 17 396, respectively. Because the starting material,
Auy4,(SR) is clean without any other core-size nanoparticles,
it is clear that the 144-atom core size has transformed into the
133-atom nanomolecule due to the effect of the —SPh-tBu
groups. The final product is clean without any other core sizes
and the yield of the product is >90% (Au atom basis).

Figure 1b shows the ESI-MS study of the ligand exchange
induced core size conversion from Au,,, to Au,s;.

The ligand exchange reaction process has been monitored
using ESI-MS in order to analyze the formation of Au,;;(SPh-
tBu)s, from Au,,(SCH,CH,Ph). The molecular weight of
phenylethanethiol and tert-butylbenzenethiol are 137.2 and
165.2 Da, respectively, which gives a mass difference of 28 Da.
From the ESI-MS spectra shown in Figure 1b, the peak at
12194 m/z corresponds to +3 charge state of the starting
material. In 30 min sample, an envelope of peaks was observed
corresponding to the Auyu,(SCH,CH,Ph)y_,(SPh-tBu),,
where ., is ~7 tert-butylbenzenethiolates. The exchanges
continue to occur with Au,,,(SCH,CH,Ph)4, until 180 min.
Thereafter, a peak seems to appear at 11594 Da, which
corresponds to +3 of Au,33(SPh-tBu)g, Simultaneously, the set
of peaks corresponding to the ligand exchange have reached
Au,,,(SCH,CH,Ph)¢,_, (SPh-tBu), where x is ~22 tert-
butylbenzenethiolates. The exchange with 22 ligands seems to

be higher in stability based on the relatively greater intensity of
the peak in ESI-MS compared to other peaks and could be due
to exchange at specific sites.'” The 270 min sample shows the
peak that has completely core converted to Au,3;(SPh-tBu)s,.
Note that there is an additional peak at a slightly lower mass
corresponding to Auys,(SPh-tBu)s,. Moreover, another enve-
lope of peaks corresponding to ligand exchange with
Au,;3,(SCH,CH,Ph)g, were also observed in 30 and 60 min
samples. This could be due to the residual
Au,;;,(SCH,CH,Ph) present in the starting material.*°
However, it is important to make a note that the exchange of
ligands with Au,;; is much faster than that of Au,,,. Also, the
sharp peaks at 11968 and 11 80S correspond to Au,;s;(SPh-
tBu),,(SCH,CH,Ph),, and Au,s;(SPh-fBu),,(SCH,CH,Ph),s,
respectively. Higher intensity of these peaks indicates the
relatively greater stability of these intermediates. Three other
peaks were also observed as the intermediates of size
conversion. They are the peaks at 12 033, 12 086, and 12 153
m/z units, corresponding to +3 of Au;;;(SPh-
tBu)s,(SCH,CH,Ph):, Au,;5(SPh-tBu)s,(SCH,CH,Ph)s and
Au,35(SPh-tBu) 5o(SCH,CH,Ph),, respectively.

The optical and electrochemical properties of the starting
material, Au,4(SCH,CH,Ph)¢, and the end product,
Au,33(SPh-tBu);, are directly compared.u’22 The blue curve
in Figure 2a is for the starting material Au,,,(SCH,CH,Ph). It
has minor features at 510 and 700 nm as reported previously.
The end product Au;;(SPh-tBu)s,, shown in red curve,
exhibits no distinctly observable peaks but some minor peaks
at 510 and 430 nm. The peak at 510 nm is not to be confused
with the SPR peak at 530 nm because there are no larger
clusters in the starting material (the absence of SPR in the
starting material indicates that no higher clusters >Au,,, were
present) and etching reactions are typically top-down where
larger clusters breakdown to smaller more stable clusters,
whereas the opposite is not observed. The electrochemical
behavior of Au,3;(SPh-tBu)g, is also uniquely different than
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Figure 2. (a) UV—vis absorption spectrum of Au,s;(SPh-tBu)s,
nanomolecules in toluene (red curve) in comparison with the starting
material Au,(SCH,CH,Ph)4 (blue curve). (b) Electrochemistry.
DPV of Au,,(SCH,CH,Ph)y, used as a starting product (in blue),
compared with that of Au;;(SCH,Ph-tBu)s,, the end product (in
red). The DPV were acquired in anhydrous 1,2-dichloroethane
solution with 0.5 mM bis(triphenyl phosphoranylidene) ammonium
tetrakis (pentafluorophenyl) borate [BTPPATBF,y] as supporting
electrolyte under nitrogen atmosphere.

Au,,,(SCH,CH,Ph), measured under identical conditions as
shown in Figure 2b. Seventeen redox waves were observed in
the voltammogram of Au,;;(SPh-fBu)s,. However, the redox
behavior was significantly different than the Au,4,(SR)¢, which
exhibits three distinct ~350 mV spacing centered at —1.2, —0.8,
+0.8 V. Though Au,; is smaller than Au,, no eletrochemical
gap was observed. This could be attributed to the difference in
the structure and ligands of these two nanomolecules, which
could result in the difference in the energy levels. A previous
report on the electrochemical analysis of Auss(SPh),, has also
showed that ligand and structure have strong influence on the
electrochemical® and optical properties of gold nanomolecules.
Also, the electrochemical properties of Au,j; are different
compared to Au;3(SR)s, which showed an electrochemical
gap of 450 mV.” Indeed, although Au,3;(SPh-tBu)s, is close in
composition to the Au,3,(Ci,H,5)so nanomolecule reported by
Negishi et al. (produced in etching a crude mixture of higher
clusters), it is possible that the geometry of these two clusters is
entirely different from each other. This was the case with Augyg
and Au;4 where the former had an bi-icosahedral core, whereas
the latter had an FCC core. Indirect structural information can
be deduced from the above optical and electrochemical
characterization.

Auy4(SR)4 is regarded as a highly stable cluster from its
ability to withstand harsh thermochemical treatment for about
24 h at 80 °C in the same thiol, which is protected with (SR =
phenylethanethiol, hexanethiol, or dodecanethiol). But when
treated with an aromatic ligand tert-butylbenzenethiol, its core
is converted to Auys; in just 2 h at 80 °C (depending on the
ratio of nanocluster to incoming ligand). This has been so far
interpreted as due to the aromatic ligands conjugating effect,
which enhances the rate of reaction. Both thiophenol (-HSPh)
and tert-butylthiophenol (HSPh-tBu) lead to the formation of
Auyg(SPh-X),, where x = H or tBu. The larger size
Au,,,(SCH,CH,Ph)4, was core converted to Auye(SPh),,
upon etching with thiophenol. From the results on Aus and
the conversion of Au;,(SCH,CH,Ph)s to Augy(SPh),, it
would seem reasonable and logical to expect that a similar
conversion occurs with para-tert-butylthiophenol. The results
reported above show that surprisingly, etching
Au, 4, (SCH,CH,Ph), with HSPh-tBu yields Au,;;(SPh-
tBu)s,. Theoretical analysis can provide understanding of the

extent that the bulky para-tBu groups can influence the
structural conversion of Au, .

The equilibrium structural properties of the Au,;;(SPh-
tBu)s, nanocrystal molecule were addressed in ref 17. Here, we
extend structural analysis to dynamical features. The main
question on the Auy,, — Au,j; core size conversion is why
Augy(SPh),, is not formed by simply adding a tBu substituent
in para position in the thiol.

The role of the p-tBu groups in stabilizing the Au,;;(SPh-
tBu)s, cluster is 2-fold.

First, the p-tBu groups reduce the cluster structural freedom
by significantly reducing the dynamic dispersion of surface
bonds in Au,;;(SPh-tBu)s, with respect to Auy;;(SPh)s,. To
prove this quantitatively, AIMD runs at 900 K on the two
nanomolecules (this high value of temperature is chosen to
acquire a significant statistics in a limited AIMD run time) are
analyzed, and the quantities

[CC(S — C)_ij(t) — <CC(S — C)_jj > ]

are extracted, where ¢ is the time step of the AIMD, CC(S—C)
_ij is the bond length between a sulfur atom and the phenyl
carbon atom bound to it, and <CC(S—C) ij> is the
corresponding time average over the entire AIMD run. Such
quantities are plotted in Figure 3, where one can see that
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Figure 3. Plots of [CC(S—C) ij - <CC(S—C)_ij>] quantities
extracted from AIMD runs on Au,3;(SPh)s, (top) and Au,s;(SPh-
tBu);, (bottom) nanomolecules. Ordinates in angstroms. Time in
picoseconds.

dynamic fluctuations are much more pronounced when p-tBu
substituents are absent (an even more pronounced difference is
found when plotting the dispersion of orientational degrees of
freedom at the surface, not shown). The greater structural
dispersion of S—C bonds extracted from AIMD runs of
Au,33(SPh)s, with respect to Au;3;(SPh-tBu)s, demonstrates
that the p-tBu substituents decrease the cluster fluxional
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character (also due to the increase in the mass of the thiolate
ligands by addition of the tert-butyl groups) and confirms the
stabilizing role of such bulky and massive groups, for example,
in increasing energy barriers for detachment/addition of
thiolate ligands (kinetic stabilization). To further illustrate
this point, in Figure 4 typical facile movements (rotation/slight-

Figure 4. Snapshots extracted from a MD run on Au;;;(SPh)s,
illustrating typical rotation/bending movements (a — b, b — ¢)
occurring in such systems (see text for more details).

bending) occurring during the MD run on Au,3;(SPh)s, are
shown. Such movements are much less facile and frequent in
Au,33(SPh-tBu)s,. Finally, it should be noted that in our
simulations the Au atoms are frozen in the experimentally
determined geometry (see the Synthesis of Au,3;(SPh-tBu)s,
via Ligand Exchange section). We make this choice to focus on
the reasons why etching stops at the Au,;; core size, rather than
fully simulating the etching process. It can be added that the
crystallographically determined Au core geometry in
Au,33(SPh-tBu)s, has strong structural analogies with the
structural model for Au,,,(SCH,CH,Ph), as discussed in ref
17, which further supports our choice of freezing the Au core.

Second, the p-tBu groups play an important role in providing
a protective outer layer, which prevents exogenous species
(such as solvent molecules) from adsorbing on the surface of
the Au cluster, reducing the likelihood of reactive processes and
facilitating X-ray analysis. This is pictorially illustrated in Figure
S by a visual comparison of the structures of the two

Au133(SPh)s,

AU133(SPh-tBU)52

Figure S. Visual comparison of Au,3;(SPh)s, (left) and Au,;;(SPh-p-
tBu)s, (right) illustrating the empty space in the former nanomolecule
filled by the p-tBu substituents in the latter.

nanomolecules, in which the larger “holes” formed on the
nanomolecule surface in the absence of p-tBu substituents can
be immediately visualized.

Summarizing, at this Au core size and radius of the coating
shell a reduction in the sulfur surface density necessarily creates
empty space among the organic residues, and therefore a
geometric instability with phenyl rings oscillating among
different positions and the formation of “holes” in the coating

layer. The p-tBu groups help alleviating this issue thus
stabilizing the structure.

Moreover, at the opposite of the common understanding, the
role of phenyl electronic conjugation on the stability of
Au,33(SPh-tBu)s, is minor. This is proved by a comparison of
the electronic total energies of Au,;;(SPh-tBu)s, and a species
in which electronic conjugating effects are absent such as
Au,33(SCHj;)s,. The reaction energy of the ligand replacement
process:

Au,33(SPh-tBu), + 52HSCH,
— Auy3(SCH,);, + S2HSPh-tBu 1)

has been calculated. Because this energy is quite sensitive to the
geometric structure of the reactants, we do not use any
experimental input and the geometries of all compounds in eq
1 are fully optimized at the DFT/PBE level. Interestingly, this
reaction energy turns out to be negative: —6.6 eV. It should be
underlined that we do not intend to model via eq 1 a real ligand
replacement process, but rather to provide an assessment of
electronic conjugation effects. The fact that the reaction energy
in eq 1 is negative simply shows that conjugation effects on
stability must be minor. However, only electronic contributions
are included in eq 1, which neglects entropic and environ-
mental terms that play an important thermodynamic role®* and
may well change the thermodynamic driving force to ligand
displacement. Indeed, if we add dispersion terms (a component
of solvation effects) as a Grimme-type semiempirical correction
to the total energy, the reaction energy of eq 1 changes sign:
from —6.6 to +9.7 eV.

Finally, it is interesting is to estimate the residual steric
repulsion in the ligand shell of Au,3;(SPh-Bu)s,. As noted in
ref 17, replacement of nonbulky ligands as in
Au,,(SCH,CH,Ph),, with bulkier phenyl groups creates a
steric repulsion in proximity of the Au cluster, which is
alleviated by decreasing the thiolate surface density. Indeed, the
average surface area per sulfur atom increases from 18.8 A’ to
19.2 A% in passing from Au,4Sg to Auy;3Ssy. To estimate the
residual steric repulsion, a recently proposed energy decom-
position analysis protocol®* is used, via a comparison between
the energy of 52 RS thiolate ligands in their optimized
geometry in the gas-phase with the energy of the same 52
ligands but frozen in the geometry extracted from the optimized
structure of the Au;3;(SPh-tBu)g, cluster, that is, a [(SPh-
tBu)s,] “crown” of ligands. Moreover, to eliminate the
interaction among S atoms in the crown and obtain a cleaner
estimate of steric hindrance, we take the difference of this
quantity between the [(SPh-tBu)s,] ligands from Au,y;(SPh-
tBu)s, and a [(SCHj;)s,] crown of ligands obtained by putting S
and C atoms in the same positions as the [(SPh-fBu)s,] and
only relaxing the hydrogen atoms. Assuming that the steric
repulsion in the [(SCH;)s,] crown is negligible, this difference
provides an estimate of steric repulsion in [(SPh-tBu)s,]: the
value so obtained is 1.6 eV, which is rather small given the size
of the system. In short, in Au,3;(SPh-tBu), the radius of the
Au core and the ligand surface density is such that steric
repulsion is minimized. The residual repulsion is not due to the
tBu groups but rather to the phenyl groups, as is proven by the
fact that the repulsion energy is practically the same in a
Au,33(SPh)s, compound obtained by replacing the p-tBu
substituents with hydrogens.

In conclusion, Au,33(SPh-tBu)s, is the first report on the core
conversion of the stable Au,,(SCH,CH,Ph)s nanocluster.
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The steric effect of the p-tBu groups provides rigidity to the
cluster thereby improving the crystallinity and purity of the
materials which is crucial for the crystal formation and total
structure determination. Interesting future directions include
chiral separation,® alloy formation,*® and other theoretical
analysis.””*®

B EXPERIMENTAL SECTION

Synthesis of Au,3;(SPh-tBu)s, via Ligand Exchange. The
synthesis and isolation of Au,3;(SPh-tBu)s, was performed in
two steps. The first step involves the synthesis of
Au,,(SCH,CH,Ph), using two-phase Brust—Schiffrin meth-
0d.*® A crude polydisperse mixture of Au,,, was synthesized in
a two phase reaction and further etched and purified using size
exclusion chromatography. In a second step, the monodisperse
product (>90%) Au,44(SCH,CH,Ph),, was subjected to ligand
exchange with fert-butylbenzenethiol.

Step 1: HAuCl,-3H,0 (0.3 g) dissolved in distilled water (30
mL) and TOABr (042 g AwTOABr = 1:1) dissolved
separately in toluene (30 mL) were mixed together in a 250
mL round-bottom flask under 500 rpm of stirring. The orange-
red solution was stirred for about 30 min. When all the Au salt
was transferred to the organic layer, it was separated from the
aqueous layer and phenylethanethiol (Au:thiol = 1:4) was
added. The solution was stirred for another 1 h, until the
orange-red solution turned turbid. At this point, NaBH, (0.29¢,
Au:NaBH4 = 1:10) was added rapidly into the reaction
mixture. The solution turned black indicating the formation of
nanomolecules. The stirring was continued for 3 h and the
resultant product was dried using rotary evaporation in order to
remove excess solvent. The crude product was washed with
methanol 3—4 times to remove excess thiol and other reaction
byproducts. The product was then etched in phenylethanethiol
for ~12 h (200 mg of crude sample in 2 mL of
phenylethanethiol in a 10 mL round-bottom flask at 80 °C
and 500 rpm) and Au,,,(SCH,CH,Ph)4, were isolated by size
exclusion chromatography.

Step 2: The second stage involves ligand exchange of pure
Au,,,(SCH,CH,Ph)4, with 4-tert-butylbenzenethiol for 4 h at
room temperature to obtain the desired final product
Au,;3;(SPh-tBu)s,.

Mass Spectrometry. MALDI mass spectra were acquired using
Bruker AutoFlex 1 and using DCTB matrix.** ESI-MS analysis
was performed using Waters Synapt HDMS instrument and
sample mixed with 50:50 toluene:CH;CN or 50:50
THF:CH;CN solvent system. Au,(SCH,CH,Ph);s and
Au,,,(SCH,CH,Ph), were used for calibration checks.
First-Principles Simulations. As in ref 17, local geometry
relaxations and Ab Initio Molecular Dynamics (AIMD) runs
were performed using the CP2K*® whose DFT algorithms are
based on a hybrid Gaussian/Plane-Wave scheme (GPW>' The
Perdew—Burke—Ernzerhof (PBE) exchange-correlation (xc-)
functional®® was employed. Pseudopotentials derived by
Goedecker, Teter, and Hutter were chosen to describe the
core electrons of all*> and DZVP basis sets®* to represent the
DFT Kohn—Sham orbitals. The cutoff for the auxiliary plane
wave representation of the density was 300 Ry. AIMD runs
used a time step of 1.0 fs and the temperature was controlled by
Nosé—Hoover chain thermostats.’® The Au,s; core was kept
frozen during the AIMD simulations, assuming that the
positions of these heavy atoms were correctly determined by
X-ray measurements.
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