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Surface-protecting ligands can regulate the structure of a cluster’'s core either through electronic or steric
effects. However, the influence of the steric effect along with the electronic effect over controlling the
structure during ligand exchange reactions remains elusive. To understand this, we have carried out
ligand exchange on [Auy3(CHT)i6l™ (CHT: cyclohexane thiol) using aromatic thiolates where we have
tuned the bulkiness at the para position of the thiolate group on the incoming ligands. The outcome of
the experiments reveals that each of the ligands in the chosen series is precisely selective towards the
parent cluster transformation through specific intermediates. The ligand with more steric crowding
directed the reaction pathway to have Au,g nanocluster as the major product while Auzg was the final
product obtained with the gradual decrease of bulkiness over the ligand. The combined experimental and
theoretical results elucidated the mechanism of the reaction pathways, product formation, and their stabi-
lity. Indeed, this study with the series of ligands will add up to the ligand library, where we can decide on
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Introduction

Surface-protecting organic ligands in inorganic nanomaterials,
like metal nanoparticles or metal nanoclusters (NCs), provide
stability to the clusters from aggregation and thereby control
the interparticle interactions.”™ The role of ligands becomes
more crucial and emanant as the size of the metal NCs
decreases. For instance, in the case of metal NCs with a size
less than 2 nm, the presence of a ligand influences the struc-
ture because of the quantum confinement effect, and it also
controls the high surface energy of bare NCs. This affects the
physico-chemical properties and reactivity of the metal NCs as
they are very sensitive to their structures/size.”® The ligand
exchange reaction (LER) is one of the best strategies to under-
stand the ligand effect in changing the structure of metal
nanoclusters.'®™ Particularly, LER has gained much attention
in thiolated gold NCs because of their fascinating structural
and physico-chemical properties that vary upon surface
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the ligand to obtain our desired cluster for specific applications through the ligand exchange reaction.

modification."®™"® For example, the optical properties of

Au,s5(SR);g were tuned through ligand exchange, and this hap-
pened due to the structural deformation of the parent
cluster.>® The LER strategy is not only used to introduce new
properties, but it also has been used as a probe to obtain
mechanistic insights into structural changes.”’>* The knowl-
edge of ligand parameters that influence the transformation of
the parent cluster during the ligand exchange reaction will
help us provide an insight into its mechanism, which will be
beneficial for designing a new cluster with desired properties.
Currently, there are some progress on the mechanistic aspect
of LERs.>*2® However, in view of the fact that surface-protect-
ing ligands can exchange between the formed clusters, the
material nature is quite dynamic.>” So, a detailed elucidation
of the ligand-exchange reaction in an atom-precise manner
with control in position and the number of incoming ligands
remains challenging.

Single crystal structure analysis revealed that thiolate-pro-
tected gold-nanoclusters can be represented as Au,(SR),
(where n and m represent the number of gold and thiolate
ligands, respectively) and contain the Au(0) core that is pro-
tected by the Au(i)-thiolate staple motif.>®** The variability in
the staple motif is crucial for the ligand exchange as the reac-
tivity depends on the binding energy of the respective staple
motif.* For example, the [Au,;(SR);6]” nanocluster consists of

This journal is © The Royal Society of Chemistry 2023
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three types of staple motifs, i.e., dimer [Au,(SR);], monomer
[Au(SR),], and bridging thiolates [-S-] which protect the Auys
kernel of the Au,; NC.*' Here, the core of the Au,; NC is a
cuboctahedron in the presence of two extra hub Au atoms.*’
Therefore, the influence of steric and electronic effects of the
ligand is expected to be different during ligand exchange reac-
tions at different positions.>* The process of ligand exchange
can directly influence the core size and the extent of the reac-
tion can regulate the surface environment of the metal
nanoclusters.

Recently, we have conducted the ligand exchange reaction
on [Au,3(CHT);¢]” using aromatic and bulky ligands.**?*
Aromatic ligands led to Auys(SR);g cluster formation and the
bulkiness of the aromatic ligands led to Au,g(SR),, cluster for-
mation. A detailed mechanistic study revealed that the bulky
4-TBBT (4-tert-butylbenzenethiol) ligand leads to complete ligand
exchange and simultaneously induces size conversion to the
Auyg(SR)yo cluster, which ultimately undergoes size growth to
form the Auss(SR),4 nanocluster.*® Periodic growth of gold cores
through continuous growth of the Au, tetrahedral unit leads to
the formation of the Ause cluster from the Au,g cluster.® In the
case of the aromatic thiol ligand, bridging thiolates and hub gold
atoms took part in the transformation process and contributed to
the formation of the icosahedron kernel in the Au,s(SR)ig
cluster.®® Apart from the thermodynamic stability differences, the
specificity of the ligands towards different staple motifs could
impact this transformation.>** There is no systematic directive
on the influence of the electronic and steric effects of the ligands
during ligand exchange on stable Au,; NC. Specifically, precise
control over the product selectivity through ligand exchange is yet
to be achieved.

In this report, we have tried to understand the role of the
bulky alkyl group (R) at the para position of the aromatic thio-
late ligand in core selectivity. For this, we tuned the alkyl (R)
group at the para position of the aromatic thiolate ligand and
carried out ligand exchange in the [Au,3(CHT);¢|” nanocluster
with five different ligands (Scheme 1). Herein, we observed
that the aromaticity (electronic effect) and a slight change in
the bulkiness of the incoming ligand (steric effect) have a
greater influence over the core selectivity and stability of the
products.

Ligand engineering with respective ligand

SH

53388 s

[Auz,(CHT),,,] BT 4-MBT 4EBT  4IBT  4.TBBT

l Auyg(SR)zo
By tuning the alkyl (R) group at para-position

4 ,4‘-

(/‘,  *

° .

<

Influence of ligand towards
product formation and
selectivity

Experimental Condition: 250 ul/250 mg of ligand,
40 °C, 1 mL CH,Cl,

Scheme 1 Role of the ligand towards size/structural evolution of
[Au,3(CHT)46]” via ligand exchange where BT: benzenethiol, 4-MBT:
4-methylbezenethiol, 4-EBT: 4-ethylbenzenethiol, 4-IBT: 4-iso-propyl-
benzenethiol, 4-TBBT: 4-tert-butylbenzenethiol.
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Results and discussion

Transformation of the [Au,3(CHT);6]” nanocluster via ligand
exchange was carried out with the given ligands (Scheme 1),
where we tuned the bulkiness of the substituent on the para
position of the benezenethiol ligand.

Case of 4-TBBT

At the initial stage of the time-dependent MALDI-MS, a single
peak depicting the [Au,;(CHT);6]” nanocluster converted into
a group of peaks with a consistent mass difference of 50 Da
indicating successful ligand exchange over the Au,; nano-
cluster (Fig. 1). As the reaction proceeds further complete
ligand exchange in the Au,; nanocluster was observed as
depicted by an intense peak at 7171.4 m/z at 0.5 h which
corresponds to Au,;(4-TBBT);e. Indicating that the 4-TBBT
ligand prefers to transform the parent cluster into the Au,;(4-
TBBT); nanocluster, majorly. Later (from 1 h to 24 h), Au,3(4-
TBBT);6 was found to be transforming majorly into the Au,g(4-
TBBT);o nanocluster as a peak at 8656.3 m/z was noticed with
the disappearance of the Au,;(4-TBBT);s nanocluster peak.
Ultimately after 48 h, we found two intense peaks at 8656.3
m/z and 4937 m/z that correspond to the Au,g(4-TBBT);s nano-
cluster and the Au,5(4-TBBT);, gold complex, respectively.
During the reaction, we observed Au,s and Au,, nanoclusters
were formed as side products while the specific core selection
occurred via 4-TBBT ligand exchange. Here, the peak obtained
for Au,;5(4-TBBT), in the time-dependent MALDI-MS spectra
is actually an in-source mass-analyzed adduct of Au,q(4-
TBBT),, indicating that Au;5(4-TBBT);, is an Au;o(4-TBBT);o
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Fig. 1 Time-dependent MALDI-MS spectra showing the transformation
process of the [Au,3(CHT)16]™ nanocluster during the ligand exchange
with the 4-TBBT ligand. Note: magenta: Au,3(SR);6 nanocluster, cyan:
Au,s(SR)1g and its fragment, black: Au,g(SR)19 nanocluster and its frag-
ment, pink: Auo(SR)15 nanocluster and its fragment, orange: Aus nano-
cluster and its fragment. SR denotes the 4-TBBT ligand. (*) Asterisks rep-
resent the loss of AuL fragments, where the number with the asterisk
represents how many AulL fragments are lost from the respective
nanoclusters.
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gold-thiol complex.*® This is further supported by UV-visible
spectroscopy and electrospray ionization-mass spectrometry
(ESI-MS) data (Fig. S1f). Similarly, the peak of Au,g(SR)qo
corresponds to that of the Auyg(SR), cluster, which observed
with a loss of one ligand in MALDI-MS is caused by the labile
nature of the aromatic ligand.**?”

Case of BT

At the initial stage, 0 to 1 h in time-dependent MALDI-MS, an
intense peak at 5665 m/z that corresponds to the loss of an
Au,L, fragment from the Au,5(BT);g nanocluster was observed
(Fig. 2). It indicates that the parent nanocluster, ie.,
[Au,3(CHT);6]” was found to be successfully transformed into
the Au,s(BT);s nanocluster. As the reaction proceeded further
from 1 h to 3 h, an intense peak at 4263 m/z was observed that
corresponds to the Au,5(BT);, nanocluster. At the same time,
we observed the disappearance of all the peaks corresponding
to the Au,s nanocluster. This indicates either the Au,s nano-
cluster is transformed into another nanocluster or degraded to
form the gold-thiol complex. Later, after 48 h, only one peak
was observed at 8380 m/z which corresponds to the mass of
Aus,(BT);o which is a fragment of the Ausq cluster formed due
to the loss of the Au,L, fragment from the single ligand lost
Ause(BT),,4 nanocluster. During the process, very less intense
peaks of Au,g, Au,,, and Au;s nanoclusters were found, those
are the side products during the specific core selection. For
better understanding, the same transformation process was
monitored in different mass ranges of the mass spectrometer
(Fig. S2t). From 3 h to 48 h, we observed the disappearance of
the Au,s nanocluster peak, and at the same time, we observed

Major product is Au;,
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Fig. 2 Time-dependent MALDI-MS spectra showing the transformation
process of the [Au,3(CHT)16]™ nanocluster during the ligand exchange
with the BT ligand. Note: dark green: Auze nanocluster and its fragment,
cyan: Auys(SR)1g and its fragment, black: Au,g(SR);9 nanocluster and its
fragment, pink: Auyo(SR)1s nanocluster and its fragment, orange: Au;s
nanocluster and its fragment where SR denotes the BT ligand. (*)
Asterisks represent the loss of the AuL fragment, where the number with
the asterisk represents how many AuL fragments are lost from the
respective nanoclusters.
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the peak emergence at 8380 m/z that corresponds to
Aus,(BT)10, formed due to the fragmentation of the Auge
cluster as same as the previous spectra (Fig. 2).

This clearly indicates that the Au,; nanocluster is involved
in the formation of the Auzs nanocluster. Ultimately after
48 hours, only one peak was observed at 8380 m/z which corre-
sponded to the loss of the AuyL, fragment from the single
ligand lost Au;6(BT),4 nanocluster.

Here, in the case of Au,5(SR);g, its AuyL, fragment is found
to be more pronounced in MALDI-MS spectra during trans-
formation due to the stability of the fragment.*® Similarly, in
the case of the Auze(SR),, nanocluster, the peak observed in
MALDI-MS is recognized by the fragment peak corresponding
to Aug,(SR)10.>°

It was observed from the above two cases that the core con-
version of [Au,3(CHT);6]” occurred either through the for-
mation of Au,; or Au,s, which is completely determined by
ligand parameters. The preference for core conversion towards
Auy;(SR);6 NC is more likely to occur when there is a bulky
alkyl group on the benzenethiol, whereas when the bulkiness
reduces, the core conversion towards the Au,s NC is more pre-
ferred. For 4-IBT, 4-EBT, and 4-MBT, both Au,; and Au,; NCs
were observed, and their relative amount depends on the
bulkiness of the respective ligand (Fig. 3).

The reaction mixture for each case was quenched, dried
and further purified through size exclusion chromatography
(SEC) and the bands obtained in each case were collected sep-
arately for quantification and further studies (for more infor-
mation, see the ESIf). Qualitative analysis of each band was
conducted using UV-visible spectroscopy and mass spec-
trometry (Fig. S3-S77). In the case of 4-TBBT, 4-IBT, and 4-EBT,
we observed three bands in SEC, which corresponds to
Auze(SR)y4 (band-1), Auyg(SR)y (band-2), and the Au;o(SR)io
gold thiol complex (band-3) respectively (Fig. S3-S5+). While in
the case of 4-MBT, we observed two bands, in which band-1
stands for Auze(SR),, and band-2 stands for Au;o(SR)io
(Fig. S67). In the case of BT, we observed only one band which
corresponds to the Auze(SR),4 nanocluster (Fig. S7t). Each
band was carefully collected separately and the solvent was
evaporated to dryness. The obtained products were quantified
for respective cases (Table 1).

The quantification of products obtained in each case
reveals that as the bulkiness of the alkyl group (R) at the para-
position of the aromatic thiolate ligand increases, the for-
mation of the Au,g nanocluster was found to be more pro-
nounced. At the same time, a reverse trend was observed in
the case of the Ause nanocluster formation. In addition to this,
we also observed two final products, namely Au,s and Ause in
the case of 4-TBBT, 4-IBT, and 4-EBT. To confirm any further
transformation, the reaction was continued for 11 days by
maintaining similar conditions for these three cases, and the
quantification of the obtained product was done similarly. In
the case of 4-IBT and 4-EBT, we could obtain only a single
product which was confirmed to be Auze, and in the case of
4-TBBT, it gave rise to three products as we observed at
48 hours (Table 2).

This journal is © The Royal Society of Chemistry 2023
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Investigation on transformation of [Au,,(CHT),¢]" via ligand exchange
a) In case of 4-IBT LER b) In case of 4-EBT LER ¢) In case of 4-MBT LER
Major product is Au,g Minor products are Au,g and Au,, Major product is Aus
- ofAu,
i =ea e A e o l —an
e ——24h Tl * ey " —24h
I i —12h g S i 12h
< = gl w4 ——6h
3 i o et s S e =¢h
s : : s 1 —3h g
z I g 3n z L, {:—~J ey | Sh b / Aug ——3h
é 1 - j Core conversion '" é g 5 : * A.n‘: A(Eore conversion 05h é jpes- A[,‘é :‘,r’i,: |} ESE LS
i b *‘:‘A | majorly Auy; 0.5h | as . both Auysand Ay goesn .[_-.*.‘:.L. _ Core conversion—0.5h
ST Y—— it G 2 e || malorly Auss ooy,
[Au,,(CHT),J ~| ——oh ]-— [Au,,(CHT),] PN [Au,,tcﬂf)..l—~I R
4000 5000 6000 7000 8000 9000 10000 11000 12000 4000 5000 600D 7000 8000 9000 10000 11000 12000 4000 5000 6000 7000 8000 9000 10000 11000 12000
miz e I\ miz
- T - D ™
1 >
Auy; |__Core conversion majorly during ligand exchange > Alllyg
o 9 © !
SH SH SH
4-IBT < 4-EBT < 4-MBT

Fig. 3 Time-dependent MALDI-MS spectra showing the transformation process of the [Au,3(CHT);6]™ nanocluster during (a) 4-IBT ligand exchange, (b)
4-EBT ligand exchange, (c) 4-MBT ligand exchange. Note: dark green: Ausg nanocluster and its fragment, cyan: Au,s(SR)1g and its fragment, pink: Auzo(SR)15
nanocluster and its fragment, orange: Au;s nanocluster and its fragment. SR denotes 4-IBT, 4-EBT, and 4-MBT in the respective spectra. (*) Asterisks rep-
resent loss of the AuL fragment where the number with the asterisk represents how many AuL fragments are lost from the respective nanoclusters.

Table 1 Quantification of products obtained in the LERs after 48 h with
respect to the parent [Au,3(CHT)16]™ nanocluster

Ligand (-SR) BT 4MBT 4EBT 4IBT  4-TBBT
Yield (%) of Auz6(SR),s 25  17.8 12.8 8.3 ~2
W.rI.t. precursor

Yield (%) of Aug(SR),e O 0 14 21 38.4
W.I.t. precursor

Yield (%) of Au;o(SR);o O 15.3 69.2 75.6 57.6

w.r.t. precursor

Table 2 Comparison of yield obtained at two different times as well as
at the same time

Ligand 4-EBT  4-IBT  4-TBBT
Quantification of the products obtained after 48 hours

Yield (%) of Auze(SR),4 W.I.t. precursor 12.8 8.3 ~2
Yield (%) of Au,g(SR),o W.r.t. precursor 14 21 38.4
Yield (%) of Au,(SR);o W.I.t. precursor 69.2 75.6 57.6
vs.

Quantification of the products obtained after 11 days

Yield (%) of Auze(SR)z4 W.I.t. precursor 12.8 8.3 ~2
Yield (%) of Auyg(SR)yo W.I.t. precursor 0 0 23.4
Yield (%) of Au,o(SR); W.r.t. precursor 0 0 71.7

The comparison of the percentage of the yield of the pro-
ducts obtained at 48 h with 11 days’ reactions led to two main
outcomes:

This journal is © The Royal Society of Chemistry 2023

Point 1: No variation in the amount of the Aus, nanocluster
even after 11 days indicated that the Au,g nanocluster was not
involved in the formation of the Aus¢ nanocluster in any of the
cases. This also suggested that the formation of Au,s and Auze
nanoclusters are from two different routes.

Point 2: In the case of 4-TBBT, the amount of the Au,g nano-
cluster was found to be decreased at the same time, we observed
an increment in the amount of Au,o, indicating that Au,g
degraded to form the gold-thiol complex. While in cases of 4-IBT
and 4-EBT, we observed the decomposition of both the Au,g
nanocluster and Au;, gold-thiol complex as the reaction pro-
ceeded. These results suggest that the bulkiness of the alkyl
group favors Au,g nanocluster formation and provides stability.

The facts collected through the investigation of the trans-
formation process and quantification of products after 48 hours
(ie., from Schemes 2a and b, respectively), indicate that the for-
mation of the Au,g nanocluster was caused by the transformation
of the parent nanocluster through the Au,3(SR);¢ intermediate
during ligand exchange (Scheme 2). Whereas the formation of
the Auzs nanocluster was caused by the transformation of the
parent nanocluster to the Au,5(SR);s intermediate (Scheme 2).
This indicates that the selectivity and stability of a specific core
during the ligand exchange are well governed by ligand para-
meters which is evident in this example.

The ligand effect over cluster stability

To understand the role of ligands on the stability of the
obtained products, a stability test was done by heating the

Nanoscale, 2023, 15, 13102-13109 | 13105
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(a) Summary of the product formation based on time-dependent MALDI-MS spectra obtained for the LER process on the [Au,3(CHT)6]™

nanocluster transformation with the series of ligands. (b) Summary obtained from the quantification of the product analysis for the [Au,3(CHT)16]™

nanocluster transformation process with the series of ligands.

solution of Au,g and Ause clusters at 40 °C. The solution was
characterized using UV-visible spectroscopy conducted over a
period. The results obtained for Au,g(SR),, nanoclusters
(where SR = 4-TBBT, 4-IBT, and 4-EBT respectively) is shown in
Fig. 4.

In the case of 4-TBBT, the Au,g nanocluster was found to be
stable even after one week. While in the case of 4-IBT, the UV-
visible absorption spectra collected during the experiment
changed after 72 hours, indicating less stability of Au,g(4-
IBT),, compared to Au,g(4-TBBT),,. For Au,g(4-EBT)y,, the UV-
visible spectra changed after 12 hours indicating the least
stability of Au,g(4-EBT),, among the three clusters. So, the
trend obtained for the stability was found to be Au,4(4-TBBT),,
> Auyg(4-IBT),0 > Auyg(4-EBT),,. It indicates that the bulkiness

of the alkyl group at the para position of the aromatic thiolate
ligand has a role in determining the stability of the Au,g
cluster and it increases with the bulkiness.

The UV-Visible spectra showing the stability test of
Auz(SR),, are given in Fig. S8.1 Similar to the case of
Au,g(SR)y, clusters, 4-TBBT-protected Ause was the most stable
among all the five clusters where the spectral features existed
as such for more than 2 weeks. Whereas Auz¢(BT),, was the
least stable and started to degrade within 6 hours. The order
of stability was found to be Aue(4-TBBT),s > Auze(4-1BT)y, >
Auz(4-EBT),, > Auze(4-MBT),, > Auze(BT),,. Here we could
observe that even though the formation of the Ause cluster is
least preferred by the 4-TBBT ligand, Auzs(4-TBBT),, is the
most stable cluster among all the Ausze(SR),, clusters. So, the

Stability test of Au,s(SR),,nanocluster @ 40 °C in DCM solution

Wavelength (nm)
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UV-visible absorption spectra showing the stability test of Au,g(SR)20.

This journal is © The Royal Society of Chemistry 2023
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ligands affect the reaction kinetics and stability of the clusters
in a different way.

Theoretical calculations

To investigate the transformation pathway followed by the Au,;
cluster during the TBBT ligand exchange, we carried out DFT
calculations using the Vienna ab initio simulation package
(VASP) (see Text S1 for computational details, Fig. S8 and
$91).%° We infer that the structural and electronic differences
in the gold-thiolate interfaces between the different clusters
play an important role in determining the energetics of the
ligand-assisted structural transformation. To investigate this,
we analyzed average ligand removal reaction energy (LRE) for
the TBBT ligand at different types of staples in these clusters
(Text S1, eqn (1), Table S1 and Fig. S107). Based on the LRE
values, the ease of removal of the ligand follows an order of
Au,s > Au,; ~ Au,g, where the latter two clusters differ by a
negligible difference of 0.04 eV. We also calculated the for-
mation energy of Au,s clusters with all the considered thiol
ligands (Text S1, eqn (2) and Table S27}). The observed high for-
mation energy values also infer less thermodynamic stability
of TBBT with the Au,; cluster. This is in agreement with the
experimental observation of the Au,; cluster favoring an initial
TBBT ligand exchange without undergoing cluster transform-
ation to Au,s as the latter is associated with less stability when
bound to TBBT ligands. In addition, since the experimental
results drive us to examine to what extent the various thiol
ligands can stabilize Au, clusters, we investigated this by con-
ducting a case study of two aromatic thiols, 4-IBT (4-isopropyl-
benzenethiol) and 4-TBBT (4-tert-butylbenzenethiol).

In order to understand the role of a ligand over the specificity
of the core selectivity, we calculated the barriers of rotation for
4-IBT and 4-TBBT ligands at the optimized Au,s geometry
(Fig. S11, S12 and Table S31). The rotational barrier is considered
here as a metric for quantifying the bulkiness as it can be
expected to have an inverse relationship with the extent of steric
crowding imparted by the ligand bulkiness. We found that the
ligand rotational barrier is very low in the case of 4-IBT compared
to 4-TBBT which further supports the observation of Au,s becom-
ing an important intermediate during the 4-IBT ligand exchange
and not during the 4-TBBT ligand exchange.

To understand the intrinsic stability differences between
the precursor and product clusters, we scrutinized the thermo-
dynamic stability of the clusters. This was achieved by calculat-
ing the core cohesive energy (CE) and shell to core binding
energy (CSBE) of all these clusters with different thiol ligands
via the recently proposed thermodynamic stability criterion
proposed by Mpourmpakis et al. (Text S1; eqn (3), (4) and
Table S41). We found that the CE and CSBE values of most of
the individual clusters remain the same irrespective of the
thiol ligand bulkiness. However, the observed high negative
values of CE for the product cluster Auze(BT),, trigger the core
conversion through the structural transformation of the parent
[Au,3(CHT);6]" cluster. In this context, the energetics of all the
transformation processes following eqn (5a)-(c) in Text S1f
were investigated and their calculated reaction energy (RE)
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values for all thiol ligands are listed in Table S5.f The calcu-
lated high negative reaction energy of —6.01 eV for BT during
the transformation again suggests that the reaction is energeti-
cally favorable, which can also be attributed to a more stable
geometry of the Aue(BT),, cluster. Also, the observed high
negative reaction energy values among all the possible conver-
sion processes indicate that Au,s is highly selective towards
the Ause cluster formation.

Furthermore, we also determined the average ligand inter-
action energy (LIE) of all the thiolate-protected parent and
product clusters to understand the ligand effects and their selecti-
vity toward a particular core present in these clusters. The LIE cal-
culation method and their calculated values are given in Text S1
(eqn (6)) and Table S6,T respectively. It is observed that the inter-
action of thiol ligands in the Au,g and Auje cluster is strong
enough to retain the structural rigidity as evidenced by their high
negative values of LIE in comparison with Au,; and Au,s clusters.
The observed low negative values of LIE for Au,; and Au,s clusters
clearly indicate weaker ligand interaction and also explain why
these clusters prefer to undergo further transformations to higher
congeners. On the basis of our CE and LIE values, we can under-
stand that thiolate protected Au,s and Ause clusters are more
stable which supports their dominant presence in the MALDI-MS
analysis of the ligand exchange process.

To further decouple the ligand vs. the core influence, we
now attempted to correlate the RE values for the experi-
mentally observed delayed core conversion during the ligand
exchange with the observed factors such as CE, CSBE and LIE
values of [Au,5(SR)g]” clusters (Table S7t) during transform-
ation from a theoretically proposed ligand exchange pathway.
On the basis of calculated results, we found a significant corre-
lation with average ligand interaction (~R* = 0.72) energy in
comparison with those identified for CE and CSBE of the
cluster. Since LIE is a parameter dominated by the ligand
effect, it strongly implies that Au-SR interaction is a predomi-
nant factor for determining the kinetics of the transformation
process as well as the stabilization of product clusters and
hence turns out to be an effective factor influencing the cluster
transformation (Table S61). The order of favorability of the
transformation of [Au,5(SR);5]” clusters following Reaction-III
(Text S1t) with varying bulkiness at the para position of the
aromatic ligand (SR) was observed as BT > 4-MBT > 4-EBT ~
4-IBT ~ 4-TBBT (Fig. S13t). Furthermore, we observed both LI
and RE values decrease as the bulkiness in the thiol ligand
increases during ligand exchange-assisted structural trans-
formation to the Ause cluster. It is noteworthy to mention that
the trend in RE values for the conversion of the ligand
exchanged Au,; cluster to the Au,g cluster are also in good
agreement with the experimental findings (Table S5%).
Therefore, we emphasized the effect of the bulkiness imparted
by the ligand interaction with the particular core is a pivotal
factor triggering the core conversion to form product clusters.

It has been observed in the experiment that the Auze(BT)y4
nanocluster is formed from the parent cluster [Au,3(CHT)y6]”
through the immediate formation of [Au,5(BT);g]” without any
signature of Au,g(BT),o via ligand exchange. This led us to

Nanoscale, 2023, 15,13102-13109 | 13107
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guide the mechanism of the transformation from
[Au,3(CHT); 6] to the Auge via Au,s intermediate using ligand
engineering (in the case of BT) in order to achieve coherence
with the experimental scenario. It is to be noted that in our
previous studies, we have reported mechanisms of higher sym-
metry Au,; to Au,s cluster formation through symmetry break-
ing of the core by the 2-NPT (2-naphthalenethiol) exchange
and Au,; to Au,g transformation by the 4-TBBT exchange fol-
lowed by size conversion through growth mechanism.?"??
Here, we propose a two stage transformation process: stage-I,
the transformation of Au,; to Au,; which was discussed in our
previous studies and stage-II, the transformation of Au,s to
Auge is given in Scheme 3.

The proposed mechanism for the transformation of Au,s to
Auje by the cluster of clusters (COC) growth pathway is pre-
sented in Scheme 4. The initial step involves scissoring of
dimeric staples causing the two icosahedral units (Au,; kernel)
of Au,; to fuse together via edge linking [a, b]. After the fusion,
a cluster of the Au,¢ kernel is formed with the combination of
twelve Au,(SR); dimeric staples and dimeric rearrangement of
dissociated fragments to form the Au,, core with eight dimers
leaving the chair conformation (Fig. S14t) of the Aue unit
(four dimers) during the process [c, d]. This is also supported
by the sequential addition of two Au atoms to the remaining
Aug (two Au; units) and four Au-SR units with four dimeric
staples forming the theoretically derived Au,,(SR);¢ cluster and
further disappearance of this cluster to form Au,5(SR);; as
depicted in Fig. S15, in accordance with the experimental
observation (Fig. 2). The next step involves the exchange of
eight dimeric staples via rotation followed by bond scissoring
attached in the C; symmetry structure of the proposed Au,,
core (d, e). Therefore, the core atoms can be considered to be
performing the symmetry-assisted core rearrangement of the
Au,, kernel (C; symmetry), which can undergo a later stage
forming more symmetry (C,) kernel via complex isomeric tran-
sition (Fig. S16%). This is followed by the combination of dis-
placed core atoms with the layer-by-layer nature of the fcc
kernel and thereby leads to the bond rearrangement of core
atoms forming the higher symmetry isomeric Au,, kernel (f,
g). Since the calculated negative values of CE of the Au,,
kernel for the Auze(SR),,4 cluster is much higher compared to
[Au,5(SR)1g]” indicating that the core atoms are strongly bound

o & [Au(SR)l”

-~
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Protected Cluster Transformation
*

Stage - Il .

«
'/d
b

[Auz(SR)s6l™

Stage - | <
[Auzs(SR)z0] v

Scheme 3 Summary of the complete cluster transformation process
from Au,z to Ause via ligand exchange.
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Scheme 4 The proposed mechanism for cluster transformation. (a and
b) Scissoring dimeric staples in Au,s(SR)1g clusters during fusion. (c, d
and e) Dissociation of the cyclic chair conformation of the Aug unit from
the fused Aupg core and staples rearrangement. (f and g) Isomeric core
transition via the complex core rearrangement process towards the
more symmetric Auyo kernel structure forming Auszg(SR)24. The ligands
are omitted for visual convenience.

to each other, the feasibility of the isomeric symmetry assisted
core transition followed by dissociation of the cyclic Aug unit
is expected to be the reliable pathway for the ligand exchange
process studied in our work.

Conclusions

In summary, we have shown that the electronic effect and a
variation in the steric effect of the incoming ligands have a
crucial role in the size selectivity and preference of the
pathway of transformation during the ligand exchange reac-
tion. We observed that when the ligands have a bulkier substi-
tuent, [Au,3(CHT);6]” preferred the transformation through
the Au,3(SR);¢ intermediate which led to producing Au,g(SR),
as the major product. Whereas when the bulkiness gradually
decreased, the reaction went through the pathway that favored
the formation of the Auze(SR),4 cluster through the Au,s5(SR)qg
intermediate. The influence of ligands in choosing the trans-
formation pathway was evident from the gradual trend
observed in the yield of the final products obtained. Steric
crowding of the ligands not only dictates the pathway for the
transformation, it also alters the stability of the clusters. A
plausible mechanism based on symmetry-assisted isomeric
core rearrangement is also proposed for Au,s to Ausze cluster

This journal is © The Royal Society of Chemistry 2023
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transformation. We envision that these results may add up to
the resources of materials science to design new clusters of
specific interest.
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