Nanoscale

ROYAL SOCIETY

OF CHEMISTRY

View Article Online
View Journal | View Issue

CrossMark

&clickfor updates

®

Cite this: Nanoscale, 2016, 8, 11130

Received 1st February 2016,
Accepted 26th April 2016

DOI: 10.1039/c6nr00931]

www.rsc.org/nanoscale

Introduction

Isolation of atomically precise mixed ligand shell
PdAu,4 clusterst

Annelies Sels,® Noelia Barrabés,” Stefan Knoppe®© and Thomas Burgi*®

Exposure of PdAu,4(2-PET)g (2-PET: 2-phenylethylthiolate) to BINAS (1,1-binaphthyl-2,2-dithiol) leads to
species of composition PdAu,4(2-PET)15_5,(BINAS), due to ligand exchange reactions. The BINAS adsorbs
in a specific mode that bridges the apex and one core site of two adjacent S(R)-Au—S(R)-Au—-S(R) units.
Species with different compositions of the ligand shell can be separated by HPLC. Furthermore, site
isomers can be separated. For the cluster with exactly one BINAS in its ligand shell only one isomer is
expected due to the symmetry of the cluster, which is confirmed by High-Performance Liquid Chromato-
graphy (HPLC). Addition of a second BINAS to the ligand shell leads to several isomers. In total six dis-
tinguishable isomers are possible for PdAu,4(2-PET)14(BINAS), including two pairs of enantiomers
concerning the adsorption pattern. At least four distinctive isomers are separated by HPLC. Calculations
indicate that one of the six possibilities is energetically disfavoured. Interestingly, diastereomers, which
have an enantiomeric relationship concerning the adsorption pattern of chiral BINAS, have significantly
different stabilities. The relative intensity of the observed peaks in the HPLC does not reflect the statistical
weight of the different isomers. This shows, as supported by the calculations, that the first adsorbed
BINAS molecule influences the adsorption of the second incoming BINAS ligand. In addition, experiments
with the corresponding Pt doped gold cluster reveal qualitatively the same behaviour, however with
slightly different relative abundances of the corresponding isomers. This finding points towards the
influence of electronic effects on the isomer distribution. Even for clusters containing more than two
BINAS ligands a limited number of isomers were found, which is in contrast to the corresponding situation
for monothiols, where the number of possible isomers is much larger.

The gold-sulfur interface of thiolate protected clusters is

Thiolate protected gold nanoclusters Au,(SR),, have gained
substantial importance' ™ since the first report on their syn-
thesis.” They have attracted considerable attention because of
their exceptional size-dependent physical, chemical and
optical properties,”” related to their discrete molecular-like
electronic structures.® Moreover, clusters of certain sizes, the
so called ‘magic clusters’,” are highly stable due to their elec-
tronic configuration and robust Au-S bond.*® Stabilized by the
thiolate ligands (SR), nanoclusters have attracted interest for
various applications."**®
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amenable to functionalization,"” which opens the door for
various applications. Encouraged by the pilot work of the
Murray group on the kinetics of ligand exchange,'®'® post-
synthetic modification of the clusters via ligand exchange reac-
tions is a frequently used method.***" Additionally, kinetic
parameters and fundamental information on the clusters and
their complex polyfunctional ligand shells can be obtained.*?
Great interest in the exchange mechanism is developing. An
associative (SN,) mechanism is generally accepted and con-
firmed by Heinecke et al.>* Aikens and co-workers summarized
the progress over the last few years, completed by an in-depth
theoretical study on the mechanism.>*

Recently, the influence of hetero-atom doping on ligand
exchange reactions, specifically on Au,s5(SR);5, has been
thoroughly studied.”>° Negishi and co-workers reported an
enhancement in the reactivity of PdAu,,(SR),;s and the separ-
ation of ligand exchange products by High-Performance Liquid
Chromatography (HPLC) using the step-gradient method.***

For the use of thiolate protected clusters with mixed ligand
shells it might be advantageous to engineer the ligand shell
with atomic precision. Towards this goal the isolation of
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isomers of mixed ligand shell clusters with identical compo-
sitions but differing in the adsorption sites of the thiolates is
an interesting though challenging option. It has been shown
before for monothiols that such isomers can be separated by
HPLC.**** However, monothiols can easily exchange between
different places on the clusters. Therefore, a rigid chiral dithiol
BINAS (1,1-binaphthyl-2,2-dithiol) was chosen as the substitut-
ing ligand.** Dithiols may furthermore have the advantage of
producing a significantly reduced number of possible
exchange products (isomers), compared to monothiols. Fur-
thermore, a higher stability concerning desorption of the
ligands is expected. An indication of a possible desorption of
monothiols was recently reported by Negishi and coworkers.*
They observed spontaneous ligand exchange of monothiols
between clusters. Such exchange reactions are expected to be
less probable for dithiol BINAS. We have recently studied the
racemization of chiral Ausg(SR),4>° and found that incorpor-
ation of only one BINAS ligand into the ligand shell leads to
an increase of the temperature needed to invert the cluster
handedness. This shows that BINAS leads to a more rigid Au-S
interface.®® In contrast to Ausg(SR),s, the original un-
exchanged Au,s(2-PET);s (2-PET: 2-phenylethylthiolate) cluster
is achiral. Replacing the original 2-PET ligands by enantiopure
R-BINAS is expected to induce chirality.>*

Structurally, Au,5(SR);g consists of a Au,; core protected by
six dimeric units, or long staples.’” Each staple represents an
-S(R)-Au-S(R)-Au-S(R)- oligomer, containing one apex and
two core sulfurs. Calculations indicate an interstaple binding
mode of bidentate BINAS,*® linking the apex S-atom in one
staple to a core S-atom in another staple. Considering the dis-
tances between the two S-atoms in undistorted BINAS, 4.1 A,
such a binding mode would allow adsorption without large
distortion of the molecule, since the distance between the
corresponding S-atoms in the cluster is 4.05 A. Other adsorp-
tion modes seem largely unfavourable when considering the
mismatch between the S-atoms in BINAS and the corres-
ponding adsorption sites on the cluster. For example, the
S-atoms within a staple are separated by about 4.6 A,*® whereas
the separation between S-atoms at the core positions of two
different staples is around 5.05 A. If the assumption that
BINAS only adsorbs in an interstaple mode is correct, then
only one isomer is expected for a species with one BINAS in
the ligand shell of Au,5(SR);5 since all possible sites of this
type are symmetry equivalent. Furthermore, for species with
more than one BINAS ligand a defined and distinguishable
number of isomers are expected. This is in contrast to the situ-
ation for exchange with mono-thiols, where a huge number of
isomers are found. Previous work confirmed the possibility to
separate these by HPLC.***°

We performed ligand exchange reactions on PdAu,,(SR);g
clusters monitored in situ by HPLC and succeeded in separation
of different exchange products and isomers. An in-depth struc-
tural analysis of the exchange isomers completed this study.
The obtained results are promising regarding future projects,
focussing on the separation of clusters with mixed ligand shells
with a precise composition and location of the ligand.

This journal is © The Royal Society of Chemistry 2016
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Experimental
Synthesis

All chemicals were used as received without further purifi-
cation. Nanopure water (18.2 MQ cm) was used in all experi-
ments that involve water. BINAS was synthesized from BINOL
as reported earlier.>?

Synthesis of monodisperse PdAu,4(2-PET),g was performed
by following a modified protocol of Pd doped Auzg(SR),4
clusters.*'

HAuCl,-3H,0 (1.0 g, 2.54 mmol) and Na,PdCl,;-3H,0
(0.344 g, 0.988 mmol) were dissolved in terahydrofuran
(136 mL). 2-PET (1.43 mL, 10.583 mmol) was added to the
solution and stirred for 30 min at room temperature. Next, an
aqueous solution of NaBH, (1.54 g, 40.7 mmol, 20 mL) at 0 °C
was added to the mixture. The orange suspension soon turned
into a black-brown solution, indicating the formation of nano-
clusters. After stirring for 3 h, the colorless aqueous phase was
removed and the organic phase was filtered to remove in-
soluble residues. This mixture was dried by using a rotary
evaporator and washed with methanol (3 times) to remove
2-PET and other by-products. The products were then dissolved
in methylene chloride and passed through a PTFE syringe
filter (0.2 pm) to remove insoluble by-products. Acetone extrac-
tion results in the removal of larger clusters. The supernatant
solution was evaporated, re-dissolved in a minimum amount of
toluene and passed over a gel permeation column (GPC, SX1
beads, toluene). At this point Pd,Aus¢(2-PET),, is separated
from PdAu,,(2-PET);g. UV-vis analysis confirmed the fraction
containing PdAu,,(2-PET),g and Au,s(2-PET),g (neutral form).

Following the report of Jin et al.,** the batch was dissolved
in 5 mL of DCM. 1 mL H,0, (30 wt%) solution was added
every 30 minutes for 2 h to react and selectively decompose the
Au,5(2-PET),g clusters. After removing the aqueous phase, the
organic phase was evaporated and washed with EtOH. The preci-
pitated product was filtered with a Biichner funnel, re-dissolved
in DCM and evaporated. Separation with GPC (SX1 beads,
toluene) was performed to obtain pure PdAu,,(2-PET),4 clusters.

Characterization

HPLC separation was performed on a JASCO 20XX HPLC
system equipped with a Phenomenex Lux Cellulose-1 column
(100 A, 250 mm x 4.6 mm), and the eluting analytes were
detected with a JASCO 2077plus UV detector (420 nm). The
analytes were dissolved in toluene and eluted with n-hexane:
2-propanol (90:10) at a flow rate of 1.75 mL min~'. Mass
spectra were recorded on a Bruker Autoflex mass spectrometer
equipped with a nitrogen laser at near-threshold laser intensity
in positive linear mode using DCTB as the matrix. CD spectra
were recorded on a JASCO J-815 CD spectrometer (path length
1 mm, CH,Cl,). After 24 h of ligand exchange, the reaction
mixture showed a CD-signal (see the ESI{).

Calculations

All computations were carried out using the GPAW software
package.”® The structures considered here were constructed
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based on the crystal structure of [Au,s(2-PET);s]".*” Phenyl-
ethanethiolate ligands were replaced by methylthiolate and
BINAS was treated as the full ligand. The S-enantiomer of
BINAS was used in the calculations. Geometry optimizations
were run using the LDA functional (4 = 0.2 A, fi = 0.05 eV A™*
on each atom). After geometry optimization, the electronic
structure was re-calculated in a single point calculation using
the PBE functional on the optimized structures.****

Linear response TD-DFT calculations were carried out using
the PBE functional on a slightly coarser grid (7 = 0.25 A).***’
For the ground state calculation, a sufficiently large range of
unoccupied states was allowed to converge. Transition energies
up to 4.5 eV were considered.

Results and discussion

PdAu,,(SR),5 clusters were synthesized as the by-products of
the Pd,Auss(SR),, synthesis and isolated by size exclusion
chromatography and extraction.”® After further separation by
HPLC, characterization by UV-vis and MALDI-MS ensured the
purity of the clusters. Ligand exchange reactions were per-
formed and followed in situ similar to that described in pre-
vious work.'® A solution of PdAuy(SR);s (0.5 mg mL™",
toluene) with a 100-fold molar excess of R-BINAS was prepared
and injected into the HPLC system every 1.5 h. Similar to the
separation method proposed by Negishi et al.,*® a step-gradi-
ent mobile phase composition was applied. This step-gradient
method allows the clusters to first adsorb onto the stationary
phase due to precipitation from MeOH. After substitution of
the solvent with a MeOH/THF mixture, the clusters sequen-
tially elute into the mobile phase.

Fig. 1 shows the evolution of the chromatogram of
PdAu,4(2-PET);3_x(BINAS), (x = 0-4) with time. Only one peak
is displayed for PdAu,s(SR);s (41 min) and PdAu,,(2-PET);
(R-BINAS); (44 min).

The initial signal associated with the parent cluster (at
41 min elution time) decreases gradually in intensity, indicat-
ing a complete exchange of PdAu,,(SR)s after 24 h reaction
time. One single peak (retention time 44 min) appears after a
short time, increases to a maximum intensity at about 10 h
before decreasing and vanishes after around 64 h. Mass spec-
trometry (Fig. 2) shows that this band corresponds to the first
exchange product PdAu,,(2-PET),;¢(R-BINAS),. The appearance
of only one peak is in agreement with the hypothesis dis-
cussed above that there is only one possible site where BINAS
adsorbs.

The behaviour of this peak in the chromatograms is charac-
teristic of an intermediate in a consecutive reaction, indicating
that PdAu,,(2-PET);¢(R-BINAS); is reacting further to give
higher exchange products. After extending the reaction time
(4.5 h), four new signals (46-50 min) are observed in the chrom-
atogram (Fig. 1) and assigned to PdAu,,(2-PET),,4(R-BINAS), by
MALDI mass spectrometry. Obviously at least four distinguish-
able isomers of this species were formed. A systematic analysis
reveals that there are ten principle ways to arrange two BINAS
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Fig. 1 HPLC chromatogram of PdAu,4(2-PET)1g_»,(R-BINAS), as a func-
tion of time. The time indicated is the time between the start of the
ligand exchange reaction (addition of BINAS to the cluster solution) and
injection of the reaction mixture into the HPLC system.

Retention time (min)

Peak 5
— Peak 4
— Peak 3
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Fig.2 HPLC chromatogram of the exchanged product (top) and
MALDI-TOF mass spectra of each collected fraction (bottom). In order
to obtain all species in one HPLC chromatogram, a fresh PdAu4(2-
PET);g cluster was added two times in the course of the exchange
experiment. Due to slight overlapping of bands in the HPLC separation,
MALDI analysis can indicate the presence of a lower exchanged product.
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Fig. 3 Isomers of PdAu4(2-PET)14(R-BINAS), are shown. The red sulfur
atoms and dashed lines indicate the adsorption site of the two BINAS
molecules. 13/15 and 14/16 are enantiomers concerning the adsorption
pattern. However, when considering the chiral BINAS molecule these
structures become diastereomers.

molecules on the cluster surface (see the ESIt), however, only
six are distinct which we named I1-16 (Fig. 3). Interestingly,
based exclusively on the adsorption pattern of BINAS, two
pairs of enantiomers (I3/I5 and 14/16) can be distinguished
(Fig. 3). In consequence, a secondary level of chirality was
induced due to the arrangement of the adsorbed BINAS.
(Fig. S31) However, the enantiomeric relationship is destroyed
by the chiral BINAS ligands.

Next, DFT calculations were performed in order to find out
whether some of the possible isomers are unlikely due to
steric constraints arising from interactions between the two
BINAS molecules. We used S-BINAS for the calculations but
since the cluster is achiral the results are identical to R-BINAS.
Note that the Au-S interface of PdAu,,(SR),s and its parent
cluster [Au,5(SR);5]” has the same structure and therefore the
more ubiquitous [Au,s(SR)1g]”
calculations. The relative energies of all isomers were calcu-
lated and are listed in Table 1, whereas the corresponding
structures are shown in Fig. 4. The calculations revealed
isomer I6 as the most stable.

Isomer I5 has considerably higher energy than the other
isomers, indicating that the corresponding arrangement of
BINAS molecules is hindered. Surprisingly, a large energy
difference is observed between I3 and I5, which are enantio-
mers concerning the adsorption pattern. When considering
the structure of BINAS on the cluster, I3 and I5 become dia-
stereomers. The orientation of ligands in 15, imposed by the
chiral adsorption pattern, increases the steric hindrance and
therefore the energy of this isomer with respect to 13. It should
be noted that the calculations neglect both solvent and ligand
(2-PET) interactions, which can influence the relative energy of
the cluster isomers. In consequence, out of the six possible

cluster was considered for the

This journal is © The Royal Society of Chemistry 2016
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Table 1 Isomers of [Au,5(SCH3)1g_2,(S-BINAS),I~, their degeneracies g;
(representing the number of ways to construct the same cluster from
different numbered exchange sites, see the ESI) and relative energies. All
values refer to PBE single point calculations on LDA optimized
structures

Cluster Isomer gi EieleV
[Au,5(SCH;),5]” — 1 0.00
[Au,5(SCH;),6(BINAS), |~ — 1 0.00
Au,5(SCH;),4(BINAS),]~ 11° 1 0.16
124 1 0.14
3¢ 2 0.07
14” 2 0.08
15 2 0.54
16¢ 2 0.00

“ Absolute configuration at the apex atom is inverted. ” Absolute con-
figuration at the core atom is inverted.  Absolute configuration of both
apex and core site atoms is inverted. The inversions refer to the
incorporation of the second BINAS ligand.

11,0.16 eV 13,0.07 eV

15, 0.54 eV

12,0.14 eV 14, 0.08 eV 16, 0.00 eV

Fig. 4 Optimized structures of [Au,s5(SCH3)14(S-BINAS),] ™.

structures one structure seems highly destabilized, as indi-
cated by the calculations, due to unfavourable interactions
between the two adsorbed BINAS molecules. In the chromato-
grams only four bands that are assigned to PdAu,4(2-
PET),4(R-BINAS), are observed. Possible explanations are that
two isomers have the same retention time or that one isomer
has too low abundance to be observed.

Niihori et al. reported a comparable separation of coordi-
nation isomers using HPLC after ligand exchange by mono-
thiols.”> An unequal isomer distribution due to the
preferential core sulfur exchange site was observed. Addition-
ally, they observed statistical behaviour of the exchange after
some time, indicating that in their case the different isomers
have merely the same energy. It seems that in our case the situ-
ation is different. We observe four bands in the chromato-
grams associated with PdAu,,(2-PET);,(R-BINAS), isomers
with different intensities and relative ratios. Interestingly these
relative ratios do not change with time. The relative intensities
do not fit with the degeneracies emerging from the systematic
analysis of the possible isomers, which indicates that the rela-

Nanoscale, 2016, 8, 11130-11135 | 11133
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—— PdAu,(2-PET),,, (R-BINAS)_(15h)
——PtAu,,(2-PET),,, (R-BINAS)_ (15h)

Intensity / a.u.

40 45 50 55 60
Retention time (min)

Fig.5 HPLC chromatograms after exchange of PdAuy4(2-PET)ig 2«
(R-BINAS), and PtAu4(2-PET)15_o(R-BINAS),.

tive abundance of the isomers is not statistical. Therefore, the
first adsorbed BINAS molecule, to some extent, influences the
adsorption site of the second incoming BINAS molecule.

To support the findings discussed above the same ligand
exchange reaction was performed on PtAu,,(2-PET) g oy
(R-BINAS),.. Hence with the structural similarities of Pd and Pt
doped Au,5(2-PET), 5 clusters, an identical exchange behaviour
is predicted. As expected, the chromatograms of both the
doped clusters (Fig. 5) show similar separation of exchange
products, with slightly different relative intensities. Since the
two heteroatoms are located in the centre of the cluster
without direct contact with the ligands,***° this finding indi-
cates that electronic effects can influence the relative stability
of coordination isomers.

Increasing the reaction time, new peaks appear at higher
retention times (Fig. 1). Continuing on the previous line of
reasoning, these signals can be assigned to the third and
fourth exchange of BINAS, as confirmed by MALDI mass spec-
trometry. Systematic analysis reveals in total 15 different
isomers for PdAu,,(2-PET);,(R-BINAS);. Considering that the
relative arrangement of two BINAS molecules as for isomer 15
in Fig. 4 is energetically disfavoured reduces this number to
seven (see the ESIt). In the HPLC traces there are two major
bands that can be associated with PdAu,,(2-PET);,(R-BINAS);
at 53-55 min retention time. The true nature of higher
retained products (>57 min RT) could not be clarified due to
unclear separation. Peak 5 collected in the HPLC (Fig. 2)
contains several smaller bands. The corresponding MALDI
trace shows a mixture of PdAu,,(2-PET);,(R-BINAS); and
PdAu,,(2-PET);o(R-BINAS), with a maximum for x = 3. There-
fore the former cluster contains additional isomers besides the
two major ones collected in band 4 (Fig. 2).

Conclusions

In summary, we were able to separate different exchange pro-
ducts and isomers of PdAu,,(2-PET);s_,,(R-BINAS),. The
results indicate that BINAS adsorbs selectively on a site that

11134 | Nanoscale, 2016, 8, 11130-11135
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bridges the core and the apex of two adjacent staples. Although
twelve such sites exist on the cluster only one isomer is formed
for PdAu,4(2-PET);(R-BINAS); because all sites are symmetry
equivalent. For PdAu,,(2-PET)4(R-BINAS), six isomers are
possible but calculations indicate that one isomer is strongly
disfavoured. At least four isomers were identified by HPLC sep-
aration. A secondary level of chirality arises in some of the
clusters from the adsorption pattern of the substituted
ligands. In contrast to the statistical isomer distribution found
for monothiols,® a preferential exchange pattern was
observed, which can presumably be assigned to interactions
between the adsorbed BINAS dithiolate and/or to the structural
distortion of the cluster. Similar exchange behaviour was
observed for PtAu,,(2-PET);s and is also expected for mono-
metallic Au,s5(2-PET),5. However, the different relative abun-
dance of the isomers of the Pd and Pt doped clusters points
towards the importance of electronic effects. Isolation of
different place isomers is expected to be interesting for future
use as atomically precise nanoscale entities. In this respect
rigid dithiolates as the one used here may have advantages
over monothiolates due to the fewer number of possible
isomers and lower probability that the entities move on the
cluster surface and between the clusters.
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