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Evidence for stereoelectronic effects in ligand
exchange reactions on Au,s hanoclusters¥

Yanan Wang @ and Thomas Birgi & *

Ligand exchange reaction (LER) is an important post-synthesis strategy and has been studied widely. The

mechanism of this dynamic process for gold nanoclusters proved to be associative (SN2). Many factors

affect the LER of clusters, including stability, solubility, chirality, electronic properties and so on. Some of

these factors are not well understood and need further exploration. Here, we use a chiral fluoro-substi-
tuted ligand (R)-5,5.6,6",7,7',8,8"-octafluoro-[1,1'-binaphthalene]-2,2'-dithiol (8F-R-BINAS) to investigate
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Introduction

Monolayer-protected metal cluster, are ultra-small, large
specific surface area multifunctional materials, and have
gained large interest during the past decades." Among them,
thiolate-protected gold nanoclusters are the most prominent
attracting wide interest from chemists,” biologist,>* and
medical scientists. The progress in the field, for example, on
precise synthesis,”® metal doping,'®'" and applications of
gold nanoclusters has shown huge acceleration.>™ In
general, the chemical properties of gold nanoclusters, like
solubility and interactions with the environment, mainly
depend on the ligand shell. The latter also determines physical
properties and how the clusters interact with cells."*"® In
order to impart complex properties to the nanoclusters, modi-
fying the ligand shell with the desired function is a promising
strategy. However, precise control of the ligand shell remains a
challenge.

Ligand substitution reactions, in which one or more
ligands in a complex are replaced by a different ligand, is a
conventional process in inorganic and organic chemistry.'®™®
This reaction is also called ligand exchange reaction (LERS) in
some fields. During the past decades, the mechanism of this
dynamic process has been explored widely, and two possible
pathways, dissociative (SN1) and associative (SN2), have been
demonstrated.'>" This process has been revealed for tra-
ditional transition metal-complexes or organic frameworks,
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the stereoelectronic and stereospecific effects during LER on achiral Au,s cluster. It is demonstrated that
the fluorine-substituted BINAS significantly decreases the LER reactivity both at the molecule and the
related cluster level. The stereoelectronic effect is global and can be transmitted to the cluster surface. In
contrast, the stereospecific effect is marginal.

but after that it also has been shown for thiolate-protected
gold nanoclusters, as first studied by Murray and
coworkers.”>®” Until now LERs developed into an important
post-synthesis method, which has been used for extending the
properties and functions of nanoclusters.>” > Much research
has also focused on the reaction sites of LERs and the related
effects.®*® In addition, the mechanism of LERs on nano-
clusters is thought to follow an associative (SN2) pathway,
according  related experimental and  computational
studies.””*”*® Understanding the mechanism and the factors
that affect this reaction will help the design of atomically
precise metal clusters with mixed ligand shells.

LERs on gold nanoclusters are strongly influenced by the
chemical properties of the involved ligands and the flexibility
of the gold-sulfur interface.*>*® Other factors involved in this
dynamic process which affect the reaction rate are the stability
of the samples,”’ length of surface ligand,*® metal doping,**
diastereoselective interactions,”® and electronic properties of
the ligand,”»** and nanoclusters.*® In 2002, Murray and co-
workers demonstrated that the rate of LERs increased with
increasing positive electronic charge on the Au core.>® Later
they also revealed that ligands with electron-withdrawing sub-
stituents reacted faster at shorter reaction time, and ligands
with electron-donating substituents were more efficient at
longer reaction times.>* However, other work revealed that the
ligands with electron-donating groups reacted faster with the
cluster.”® After two decades of research the influence of elec-
tronic structure on LER seems not completely understood,
which calls for more effort.** Furthermore, in contrast to the
diastereoselective LERs with intrinsically chiral nanoclusters,**
the stereospecific effects in LERs of chiral ligands on achiral
nanoclusters have not been quantified yet.

This journal is © The Royal Society of Chemistry 2022
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Here, using a chiral fluoro-substituted ligand (R)-
5,5,6,6,7,7',8,8"octafluoro-[1,1-binaphthalene]-2,2-dithiol (named
8F-R-BINAS in the following), the electronic and stereospecific
effects of the ligand during exchange the reaction on achiral
Au,s will be systematically investigated. Compared with parent
ligand 1,1-binaphthalene-2,2"-dithiol (BINAS), the fluoro-
substituted molecule exhibits higher electron-withdrawing
ability without large size change. In addition, the rigid struc-
tures of the two chiral ligands also represent good models for
the investigation of stereospecific effects. The distance
between the two sulfur atoms in the BINAS molecule matches
very well the distance between two sulfur atoms in the cluster.
Also dithiol ligand prohibit the intercluster ligand exchange at
room temperature. Therefore, BINAS is an excellent candidate
for the LERs study. We show that the electronic property of
ligand induces significant discrimination to the LERs,
however, the absolute configuration of the ligand did not sig-
nificantly affect the rate of exchange, at least at the early stage
of exchange where only few chiral ligands are adsorbed on the
achiral cluster.

Results and discussion

The Au,s(2-PET);s (2-PET: 2-phenylethylthiolate) nanocluster
was synthesized according a previous protocol.*® The purity of
the clusters was proved by the UV-vis spectroscopy (Fig. S1AT)
and MALDI-mass spectrometry (Fig. S1Bf). The chemical struc-
tures and corresponding CD spectra (except 2-PET) of ligands
2-PET, R/S-BINAS and 8F-R-BINAS are shown in Fig. S2.7 The
synthesis protocol of 8F-R-BINAS is displayed in Scheme S1f
and followed a previous report.”” The 'H NMR spectrum of
8F-R-BINAS is provided in Fig. $3.1%”

To investigate the electronic effect of the ligand during the
exchange process, Au,;(2-PET);s was first mixed with R-BINAS
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and 8F-R-BINAS separately. Toluene was used as solvent for
the reaction, and the molar ratio of cluster to ligand was equal
to 1:20. A small amount of sample was taken from the reac-
tion mixture at different reaction time and the corresponding
MALDI-TOF mass spectra were recorded (Fig. 1). The calcu-
lated mass of different species after Au,s(2-PET);g3 exchange
with BINAS (Fig. 1A) and 8F-R-BINAS (Fig. 1B) are listed in
Table S1.f As confirmed before, BINAS acts as a bidentate
ligand thus substituting two 2-PET ligands on the cluster.*®*°
Ligand exchange numbers (x = number of BINAS/8F-R-BINAS
in the ligand shell) are marked in Fig. 1. The clusters show
fragmentation, notably by losing Auy(2-PET),. The corres-
ponding fragments are also visible in Fig. 1 and the related
exchange numbers (x') were also labelled. Since the fragments
are formed during the MALDI measurement, the signals of the
fragments were also considered for the quantitative analysis by
adding them to the ones of the corresponding intact cluster.

In order to study the kinetics of ligand exchange reactions,
the intensity of mass peaks in Fig. 1 were quantified (taking
into consideration also fragment peaks as mentioned above)
and the results are given in Table S2f (Au,s5(2-PET);s +
R-BINAS) and Table S31 (Au,s(2-PET);g + 8F-R-BINAS). When
reacted with R-BINAS, clusters with up to six R-BINAS ligands
were observed after 72 h reaction time, whereas for the ligand
exchange reaction with 8F-R-BINAS up to four 8F-R-BINAS
ligands could be detected on the cluster. The fractions of the
different cluster species were calculated, and their evolution as
function of time are shown in Fig. 2. LER can be considered as
a consecutive reaction, where a first ligand is exchanged fol-
lowed by a second one etc. The equations for the related LERs
are shown in the ESI (ESI Note 17). The time-dependent con-
centration of the species with x = 1 (one BINAS/8F-R-BINAS in
the ligand shell of the cluster), red data points in Fig. 2,
depends on the two rate constants k;, which describes the first
ligand exchange, and k,, which describes the second ligand
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Fig. 1 Evolution of MALDI-TOF mass spectra during ligand exchange. Au,s(2-PET) g was mixed with R-BINAS (A) and 8F-R-BINAS (B), respectively
at molar ratio 1: 20. Samples were taken at different time and the corresponding mass spectrum recorded. The labels above the MALDI spectra, x,
correspond to the number of exchanged ligands of Au,s(2-PET);g and x* corresponding to the number of exchanged ligands of the fragment Au,,(2-

PET)14.
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Fig. 2 Evolution of different cluster species as function of time. (A) Auzs(2-PET)1g_2x(R-BINAS), (Xmax = 6), (B) Auz5(2-PET)1g_2x(8F-R-BINAS), (Xmax =
4). Numbers in the legend correspond to the number of exchanged ligands x.

exchange. The time dependence of the one ligand-substituted
species (x = 1) was quantitatively different in the two cases.
The maximum fractions of this species were 0.44 for the
experiment with R-BINAS and 0.74 in the case of 8F-R-BINAS,
which shows that the ratio of the rate constants k,/k, is
different for the two ligands. In order to extract these ratios,
the abundance of the parent cluster and the cluster with one
exchanged ligand in its shell were fit to a kinetics of a consecu-
tive reaction (pseudo first order) using MATLAB (the code is
shown in the ESI, Note 21). The raw data extracted from the
MALDI experiments are given in Tables S2 and S3, and the
fitting curves of these two LERs process are shown in Fig. S4.1
From the fit it emerges that the related ratio of rate constants
ki/k, is 2.4 for LERs between Au,s(2-PET);s and R-BINAS, and
changes to 4.7 when 8F-R-BINAS is used as the incoming
ligand. This means that the second ligand exchange per-
formed slower with 8F-R-BINAS compared to R-BINAS. The sig-
nificant difference for these two ligands can also be discovered
at the initial stage (before 5 h) of the exchange, where the
species with two exchanged BINAS ligands (x = 2, green curve)
can already be observed before 5 h (Fig. 2A), whereas for the
experiment with 8F-R-BINAS the corresponding species arises
after 5 h (Fig. 2B). In addition, also the species with three
exchanged ligands were delayed for 8F-R-BINAS compared to
BINAS. All these observations are consistent with an
increasing slowing down of the further ligand exchange reac-
tion once 8F-R-BINAS is incorporated in the ligand shell of the
cluster.

The distinct difference in the LER with the two ligands,
described above, is ascribed to the electronic effect of fluorine.
The 8 fluorine atoms in 8F-R-BINAS have strong electron-with-
drawing ability and change the electron density of the aromatic
ring. After incorporation of 8F-R-BINAS into the ligand shell,
the electronic effect may also extend to the whole cluster
(surface). As mentioned before, the mechanism for ligand
exchange reaction follows an associative (SN2) pathway.”” The
first step for the ligand exchange is nucleophilic attack by the
incoming thiol, creating a bimolecular intermediate.
Consequently, the 8F-substituted BINAS molecule has lower

2458 | Nanoscale, 2022, 14, 2456-2464

electron density at the sulfur atom compared with BINAS,
which decreases its ability to act as nucleophile. The data
shown above indicates that the fluorinated ligand may also
affect the reactivity of the cluster, decreasing its ability for sub-
sequent ligand exchange. However, the electronic effect of
fluorinated ligand on the clusters may be more complex.

To further study the different properties of BINAS and 8F-R-
BINAS in LER and to better distinguish the electronic effects
of the fluorinated ligand and the cluster containing the fluori-
nated ligand, mixtures of R-BINAS and 8F-R-BINAS were used.
Here, the molar ratio of Au,s(2-PET);5 clusters and free ligand
was 1:15, and the ratio between R-BINAS and 8F-R-BINAS was
chosen as 1:2 and 1:4, respectively in two separate experi-
ments. The calculated mass values of the different cluster
species after ligand exchange of Au,;(2-PET);s with R-BINAS
and 8F-R-BINAS are listed in Table S4.f The MALDI-TOF
spectra as a function of time for the experiment with 1:4
R-BINAS : 8F-R-BINAS ratio are shown in Fig. 3A. The peaks
have been labelled using numbers, and the corresponding
compositions are given at the right side of the spectra. The
mass peak intensities were determined and the percentage of
different species were quantified and listed in Table S5.1 For
the calculation of the percentage, the fragmentation peaks
(Au,, species) were also taken into account. The relative abun-
dance of the different species as a function of time are illus-
trated in Fig. 3B. As expected the fraction of the parent cluster
(marked as 0,0) decreased with time and the fractions related
to ligand-exchanged species raised. More interesting is the
comparison between the cluster species containing one
R-BINAS (marked as 1R,0, red trace) and one 8F-R-BINAS mole-
cule (marked as 0,1R(F), green trace) in their ligand shell.
Whereas both species increase at about the same rate initially,
the abundance of the species containing one R-BINAS ligand
decreased again after about 50 h while the abundance of the
cluster containing one 8F-R-BINAS ligand continued to
increase. At the same time the cluster with both one R-BINAS
and one 8F-R-BINAS (light blue line in Fig. 3B) increased
strongly. The different behavior shows that the cluster contain-
ing one 8F-R-BINAS is less reactive compared to the cluster

This journal is © The Royal Society of Chemistry 2022
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Fig. 3 Characterizations of Au,s(2-PET)1g ligand exchange with R-BINAS and 8F-R-BINAS mixture. The ratio between clusters and free ligand is
1:15, and the ratio between R-BINAS and 8F-R-BINAS is 1:4. (A) Evolution of MALDI-TOF mass spectra. (B) Evolution of different Aups(2-
PET)1g_2x—2,(R-BINAS),(8F-R-BINAS), fractions as function of time. (C) Average number of exchanged R-BINAS and 8F-R-BINAS in the cluster as

function of time.

containing one R-BINAS ligand, which is ascribed to the effect
of 8F-R-BINAS on the electronic properties of the cluster.

Importantly, the average numbers of exchanged R-BINAS
(black curve) and 8F-R-BINAS (red curve) in the cluster
(Fig. 3C) are comparable in the course of the time, showing
that the behavior described above is not due to the de-
activation of the free 8F-R-BINAS ligand.

At R-BINAS:8F-R-BINAS ratio of 1:2 the behavior was
found to be qualitatively similar (Fig. S5t). The MALDI-TOF
spectra at species are listed in Table S6.1 From the evolution
plots of the different times are shown in Fig. S5AT and the
derived values of different mass peaks and calculated fractions
of the different species in these two experiments (Fig. 3B and
Fig. S5BT), some conclusions can be drawn. By increasing the
R-BINAS fraction from 20% (ratio 1:4) to 33.3% (ratio 1:2),
the species with one R-BINAS ligand (1R,0) becomes predomi-
nant. Furthermore, the species with two R-BINAS ligands
(2R,0) exceeds the abundance of the hybrid species (1R,1R(F)),
which is opposite at 1:4 ratio. At lower ratio, considerably

This journal is © The Royal Society of Chemistry 2022

more R-BINAS was incorporated in the ligand shell compared
to 8F-R-BINAS, which is reflected in the average number of
exchanged R-BINAS and 8F-R-BINAS, which is lower for the
fluorinated ligand (Fig. S5CT). The observations described
above are also in agreement with the associative pathway for
the ligand exchange process, the rate constant being depen-
dent on the concentration of incoming ligands.

The ligand exchange leads to some changes in the optical
properties. The absorbance spectra of Au,s after reaction with
R-BINAS or R-BINAS/8F-R-BINAS mixture have similar features
as shown in Fig. S6A & B,T however, the characteristic features
of Au,s become less distinct as the LER proceeds. The spectral
changes seem more important for clusters containing 8F-R-
BINAS (even for lower exchange numbers). In addition, the cir-
cular dichroism spectra of (Au,s(2-PET);5_»,(R/S-BINAS), and
Au,5(2-PET);g_sy—5,(R-BINAS),(8F-R-BINAS),) are provided in
Fig. S6C.T The chiral ligands induce optical activity in the clus-
ters. The bands at 350 nm and above are due to the cluster
(and not due to transitions within the ligand alone), as com-

Nanoscale, 2022, 14, 2456-2464 | 2459
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parison with the CD spectra of the ligands shows (see
Fig. S21). The incorporation of 8F-R-BINAS into the ligand
shell does not lead to drastic changes of the CD spectrum.
However, the band around 350 nm is shifted to higher wave-
lengths by about 10 nm for the cluster containing 8F-R-BINAS
and the feature at around 475 nm is less pronounced. We
should mentioned that, the average number of exchanged
ligand for = Au,s(2-PET);5_sx—oy(R-BINAS),(8F-R-BINAS), is
higher than for Au,s(2-PET);g_,,(R/S-BINAS), here. But the
spectral changes also show that 8F-R-BINAS has some influ-
ence on the electronic structure of the cluster.

Since the two ligands show distinct behaviour in separate
LERs, we may anticipate that using a mixture of the two
ligands will not simply lead to a statistical distribution of the
two ligands on the cluster. In other words, some combinations
of ligands may be more (less) abundant than expected based
on the average composition. In order to verify this hypothesis,
we calculated the statistical distribution (multinomial distri-
bution). For this we first determined the average composition
(average x and average y) for a specific sample by considering
all the detected species. Having these numbers from the
experiment, one can determine the probabilities required for
the calculation of the multinomial distribution. (The program
code and related values of probabilities are shown in ESI Note
3.1) This can be done for every sample collected as a function
of time during the experiment. We took the data extracted
from the experiment shown in Fig. 3 (average number of
exchanged R-BINAS and 8F-R-BINAS, Fig. 3C) to calculate the
statistical distribution of the cluster species. It should be
noted that this calculation requires knowledge of the total
number of available sites. It has been shown that only up to
seven BINAS ligands can adsorb on Au,; (Ag,s) nanoclusters,>
due to steric hindrance, and therefore we chose seven as the
number of available sites for the dithiols. The calculated stat-
istical distributions of the different species are illustrated in
Fig. S7.f The comparison between the experimental evolution
of species and the evolution based on the statistical distri-
bution are shown in Fig. 4.

As demonstrated by Fig. 4, there are clear differences
between experiment (solid curves, E) and simulation (dash
curves, S), demonstrating that the distribution is not statisti-
cal. For example, the species containing one 8F-R-BINAS
ligand (0,1R(F)) shows significantly higher abundance than
expected based on the statistical distribution. The ligand with
one R-BINAS in its ligand shell is initially more abundant than
expected based on statistical distribution and then becomes
less abundant than expected. The above shows that the LERs
between Au,s(2-PET);s (0,0) and a mixture of R-BINAS and
8F-R-BINAS ligands do not lead to statistical distributions of
cluster species. There seems to be some specificity, either due
to steric of electronic effects. To shed some more light on this
issue we analyzed the kinetics of the reaction in more detail.

The reaction network of ligand exchange reactions between
Au,5(2-PET);5 (0,0) and mixtures of R-BINAS and 8F-R-BINAS
ligands is illustrated in Scheme 1. The different involved
species of general formula Au,s(2-PET);g_5y_3,(R-BINAS),(8F-R-

2460 | Nanoscale, 2022, 14, 2456-2464
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The solid curves are extracted from Fig. 3B (experimental (E) values, 1: 4
R-BINAS to 8F-R-BINAS ratio) and the dash curves are calculated (S) by
multinomial distribution program (ESI Note 2%). For clarity, only the
species with at least two ligands exchanged are shown (other species
are much less abundant) in the time range 32 h—95 h.
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Scheme 1 Reaction network for the ligand exchange between Au,s(2-
PET);g (0,0) and a mixture of R-BINAS and 8F-R-BINAS ligand. The
products Auas(2-PET)1g_2«—2,(R-BINAS),(8F-R-BINAS), were labelled as
(x, ). Here the maximum x +y = 3.

BINAS), were labelled as (x, y) in the scheme, and only the
initial part of the process with maximum total ligand exchange
number equal to 3 (maximum x + y = 3) is considered. The
reaction network in Scheme 1 is a simplification, as it does not
consider isomers of clusters, which differ in the relative posi-
tion of the adsorbed R-BINAS and 8F-R-BINAS ligands on the
cluster. The reaction network was modelled assuming each
ligand exchange reaction as a pseudo first order reaction,
which seems reasonable, taking into account the excess of the
ligands. The experimental data of the LERs were fit to the
model outlined in Scheme 1 using MATLAB (the code is shown
in the ESI Note 4%). For example, Fig. 5 shows the fit of the
experiments depicted in Fig. 3B (raw data extracted from
Table S5;T ratio between R-BINAS and 8F-R-BINAS as 1:4). The
model fits well the experimental data. Similar fitting was done

This journal is © The Royal Society of Chemistry 2022
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Fig. 5 MATLAB fitting curves of Au,s(2-PET);g ligand exchange with
R-BINAS and 8F-R-BINAS mixture with ratio as 1: 4. The dots represent
the experimental results (taken from Table S5+) and solid curves are the
fit.
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for the experiment with 1:2 ratio of R-BINAS and 8F-R-BINAS
(raw data taken from Table S6 and Fig. S9Af). The obtained
rate constants are given in Fig. S9D.}

The ratio of the rate constants describing the consecutive
exchange of R-BINAS (k1/k3) and 8F-R-BINAS (k2/k6) also are in
good agreement with the corresponding ratio extracted in the
experiments with the individual ligands (Fig. 2), which under-
lines the reliability of the approach. The electronic effect of the
8F-R-BINAS modified cluster on the exchange rate can be
appreciated by comparing k4 and k6, as k4 describes the reac-
tion of Au,;(2-PET);s(R-BINAS); with 8F-R-BINAS and k6 the
reaction of Au,s(2-PET);¢(8F-R-BINAS);, with 8F-R-BINAS. The
ratio k4/k6 is about 2.0 for both experiments (1:4 and 1:2
ligand ratios). The effect is also illustrated by the ratio of k3/k5.
In this case, however, the fit gave very low values for k5. The
kinetic constants indicate the ligand as well as the (ligand-
exchanged) Au,; cluster exert an electronic effect on the rate of
LERs: the 8F-R-BINAS ligand and the related substituted
cluster, Au,5(2-PET),¢(8F-R-BINAS),, show lower reactivity com-

Au,(2-PET),(S-BINAS),(8F-R-BINAS),
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Fig. 6 Characterization of Au,s(2-PET)g ligand exchange with S-BINAS and 8F-R-BINAS mixture. The ratio between clusters and free ligand is 1:15,
and the ratio between S-BINAS and 8F-R-BINAS is 1:4. (A) Evolution of MALDI-TOF mass spectra. (B) Evolution of different Auys(2-
PET)15-2x—2,(S-BINAS),(8F-R-BINAS), species as function of time. (C) Average number of exchanged S-BINAS and 8F-R-BINAS in the cluster as func-

tion of time.
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pared to non-fluorinated counterparts (R-BINAS and Au,s(2-
PET),(R-BINAS),).

R-BINAS and 8F-R-BINAS have the same configuration, and
the discrimination during LERs is mainly due to electronic
effects. By replacing R-BINAS with S-BINAS in the ligand
mixture, the stereospecific effect can be investigated as well.
Here the conditions for LERs follow the previous experiments,
with molar ratio between cluster and ligand set as 1:15, and
molar ratio between S-BINAS to 8F-R-BINAS set as 1:2
(Fig. S81) and 1:4 (Fig. 6), respectively. The MALDI-TOF
results for 1:4 ratio are shown in Fig. 6A and the evolution of
different species are represented in Fig. 6B (data given in
Table S7T). Comparison with the experiment shown in Fig. 3B
with the other enantiomer of BINAS (mixture of R-BINAS and
8F-R-BINAS) did not reveal significant differences.
Furthermore, the average number of S-BINAS and 8F-R-BINAS
on the cluster evolved similarly with time (Fig. 6C). Also for the
experiment with 1: 2 ratio of S-BINAS : 8F-R-BINAS, the related
evolution of the different species (Fig. S8 and Table S87) was
very similar to the one with the other BINAS enantiomer
(Fig. S51). Both experiments were fit using the MATLAB
program (Fig. S9B & Ct). The related rate constants as shown
in Fig. S91 D also revealed the stereoelectronic effect of 8F-R-
BINAS ligand as described above. From these experiments we
can conclude that diastereospecific interactions are negligible
under these conditions, which is not surprising, considering
the fact that in our experiments only very few chiral ligands are
adsorbed on the achiral cluster, leaving many “achiral sites”
free for further incoming ligands. The stereospecific effect
originating from the adsorbed chiral ligand is a local effect,
unlike the stereoelectronic effect which seems to extend over
the whole cluster.

Experimental section

All chemicals were purchased from commercial suppliers and
used as received without any further treatment. R-BINAS was
synthesized from BINOL according to reported method.**>"
8F-R-BINAS was synthesized starting from 1-chloro-2,3,4,5,6-
pentafluorobenzene, and the whole synthesis is described in
Scheme S1.1%”

Synthesis and purification of [Au,5(2-PET);]"

In order to obtain [Au,s;(2-PET)4]%, the anion species [Au,s(2-
PET);5|” was synthesized first, followed by oxidation by a silica
gel column under aerobic conditions. Typically, HAuCl,-3H,0
(1 g, 2.54 mmol) and TOAB (1.641 mg, 0.30 mmol) were com-
bined in a 1 L round bottom flask, to which 250 mL THF
solvent was added. After vigorous stirring for 15 min, the solu-
tion color changed from yellow to red. Then, CgHoSH (2-PET,
1.62 mL, 7.25 mmol) was slowly added to the flask at room
temperature without changing the stirring speed. The solution
color gradually changed from red to yellow and then to color-
less within ~30 min. After that, an aqueous solution of NaBH,
(0.918 g, 0.5 mmol, freshly dissolved in 50.0 mL of ice-cold
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mili-Q water) was added to the flask all at once. The reaction
generated some bubbles and the solution turned black
immediately, indicating the formation of Au nanoclusters. The
reaction was allowed to proceed under constant stirring for ca.
2 days. Afterwards, the THF was removed by rotary evaporation
to leave a red-brownish oil covered by an aqueous phase. The
latter was removed by adding 200 mL of cold methanol and
then filtered on paper. To remove excess thiol and other by-
products, the product was washed with methanol, filtered and
dissolved in dichloromethane (DCM) at least three times.
Finally, the product was dried in a vacuum rotary evaporator at
room temperature. By this procedure, we obtained [Au,s(2-
PET);5]”. The product was then further oxidized by dissolution
in dichloromethane (DCM, 5 ml) followed by passage through
a silica gel column under aerobic conditions. Finally, the
sample [Au,s(2-PET);5]” was stored at —18 °C until used.
Characterization of the pure samples was carried out by UV-vis
spectroscopy and matrix-assisted laser desorption ionization
time-of-flight (MALDI-TOF) mass spectrometry (Fig. S1A and
Bt).

Ligand exchange reactions

Purified Au,s(2-PET); clusters were reacted with enantiopure
ligands and mixture ligands separately. For the reaction
between Au,s(2-PET);s clusters and R-BINAS or 8F-R-BINAS,
the molar ratio between clusters and ligand was 1:20. For the
reaction between Au,s(2-PET);g clusters and mixture of
R-BINAS/8F-R-BINAS or S-BINAS/8F-R-BINAS, the molar ratio
between clusters and ligand was 1:15. The reaction was
carried out in toluene, and the final concentration of Au,s(2-
PET),; keep at 1 mg mL~" and room temperature. During reac-
tion, drops of sample were taken for the MALDI-TOF measure-
ment at various times. The reactions were followed for at least
95 h.

UV-vis and CD spectroscopy

UV-vis spectra were measured on a Varian Cary 50 spectro-
meter. Limited by the amount of the clusters, a quartz cuvette
of 2 mm path length was used. CD spectra of different ligands
were measured on a JASCO ]-815 CD-spectrometer. For each
CD spectrum, ten scans were recorded (and averaged) at a
scanning speed of 200 nm min~" with a data pitch of 1 nm.

MALDI-TOF-MS

Mass spectra were recorded by a Bruker Autoflex mass spectro-
meter in a positive linear mode with a nitrogen laser at near-
threshold laser intensity. The matrix applied is trans-2-[3-(4-
tert-butylphenyl)-2-methyl-2-propenylidene]-malononitrile. 3.5 mg
of matrix was dissolved in 100 pL toluene. Matrix and sample
were mixed at ratio 1:1 and 2 pL of the mixture was dropped
on a MALDI plate and air-dried.

Simulation of kinetics and multinomial distribution

The kinetics of the LERs were simulated using MATLAB. The
corresponding codes are shown in the ESI Note 2 (monomer

This journal is © The Royal Society of Chemistry 2022
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free ligand) and Note 4 (mixed ligands).t The multinomial dis-
tribution simulation of LERs was set up at Note 3.t

Conclusions

In summary, depending on the enantiopure BINAS ligand and
the corresponding fluorine-substituted molecule, the elec-
tronic and stereospecific effect during LERs with achiral
Au,5(2-PET);¢ nanoclusters have been investigated. The results
show that the electronic properties of ligand induce large dis-
crimination to the LERs. Adsorbed fluorine-substituted BINAS
significantly slows down the further ligand exchange on Au,s
clusters compared to adsorbed parent BINAS. Both electronic
effects of the substituted cluster and the (incoming) ligand
were important. However, compared with the electronic effect,
stereoselectivity was negligible as the two enantiomers did not
display visible difference during LERs with the achiral clusters,
at least for the initial stage of the ligand exchange investigated
here. This finding indicates that the stereospecific effect is a
local property at the surface of the cluster whereas the elec-
tronic effect due to the adsorbed ligand extends over the whole
cluster and significantly influences the kinetics of further
LERs. Our discovery offers new insight for the design of new
ligands and a strategy to control LERs.
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