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Ligand engineering of immobilized nanoclusters on surfaces:

ligand exchange reactions with supported Aun(PPhs),Brs

Auy nanoclusters immobilized on an alumina surface have
shown to be accessible to ligand sphere transformations by
thiolates in an agueous environment. In contrast to the same
ligand exchange in solution, the number of metal atoms

in the core is preserved. This enables modifications of the
nanocluster’s structure and properties even after surface
immobilization, e.g., by inducing photoluminescence through
binding of fluorescent thiolates.
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The properties of gold nanoclusters, apart from being size-dependent, are strongly related to the nature
of the protecting ligand. Ligand exchange on Au nanoclusters has been proven to be a powerful tool for
tuning their properties, but has so far been limited to dissolved clusters in solution. By supporting the
clusters previously functionalized in solution, it is uncertain that the functionality is still accessible once
the cluster is on the surface. This may be overcome by introducing the desired functionality by ligand
exchange after the cluster deposition on the support material. We herein report the first successful ligand
exchange on supported (immobilized) Auy; nanoclusters. Dropcast films of Au;(PPhs);Brs on planar oxide
surfaces were shown to react with thiol ligands, resulting in clusters with a mixed ligand shell, with both
phosphines and thiolates being present. Laser ablation inductively coupled plasma mass spectrometry
and infrared spectroscopy confirmed that the exchange just takes place on the cluster dropcast. Contrary
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to systems in solution, the size of the clusters did not increase during ligand exchange. Different struc-
tures/compounds were formed depending on the nature of the incoming ligand. The feasibility to extend
ligand engineering to supported nanoclusters is proven and it may allow controlled nanocluster
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Introduction

Ligand protected Au nanoclusters, which exhibit size-selective
molecular properties, are rapidly emerging nanomaterials.'
In general, such clusters consist of a central metal core stabil-
ized by protecting ligands,” such as thiolates,>*” phosphines,®
selenolates,”® tellurolates”® or alkynes.”

As the clusters’ properties, including solubility,"®"" stability
and optical characteristics, not only depend on the Au cluster

“Institute of Materials Chemistry, Technische Universitit Wien, Getreidemarkt 9/165,
1060 Vienna, Austria. E-mail: noelia.rabanal@tuwien.ac.at

bInstitute of Chemical Technologies and Analytics, Technische Universitit Wien,
Getreidemarkt 9/164, 1060 Vienna, Austria

“University Service Center for Transmission Electron Microscopy (USTEM),

Technische Universitdt Wien, Wiedner Hauptstrafse 8-10, 1040 Vienna, Austria
“Department of Physical Chemistry, University of Geneva, 30 Quai Ernest-Ansermet,
1211 Geneva, Switzerland

tElectronic supplementary information (ESI) available: Detailed description of
the experimental procedures, UV-Vis and MALDI-MS spectra of the ligand
exchanges in solution, additional MALDI-MS, LA-ICP-MS, PL, PM-IRRAS and
ATR-IR spectra of the ligand exchange on the surface, TEM images of the clus-
ters and the discussion of another ligand exchange on the surface with 2-PET
under different conditions. See DOI: 10.1039/c9nr10353h

This journal is © The Royal Society of Chemistry 2020

size (number of atoms), but also strongly on the nature of the
protecting ligand, their modification influences the entire
cluster.>*'**® Ligand engineering therefore represents a strat-
egy for producing nanoclusters with well-controlled and
tunable physicochemical properties, as new functionalities
such as solubility, photoluminescence,'>*® optical activity or
chirality?** can be selectively introduced.

Ligand exchange reactions have been widely studied in the
liquid phase, pioneered almost two decades ago by investi-
gations on thiol exchange by Murray and coworkers.”*>®
Aikens’s group recently gained important insights into the
active sites of such exchange reactions through theoretical cal-
culations.? Furthermore, Hutchison and coworkers carried
out intensive studies on phosphine-to-thiol exchange on Au
nanoparticles and clusters.>* > In 2014, they reported that in
solution, Au,;(PPh;),Cl; clusters or mixtures with their ana-
logue [Auy;(PPh;)sCL,]Cl, readily reacted forming Au,s(SG)ig
(SG = glutathionate), whereas [Auy;(PPh;)sCl,]ClI clusters alone
did not exchange unless harsher conditions were applied. This
was attributed to differences in the stability of the two Au,,;
analogues.*

A strong influence of the ligand shell on the catalytic per-
formance of gold nanoclusters has been observed: Wang et al.
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reported a significantly higher activity of Au,;(PPh;),Cl; than
[Auy;(PPh3)sCL]Cl in styrene oxidation with O,, attributed to
slight differences in the surrounding ligand shell.** For
4-nitrobenzaldehyde hydrogenation, Liu et al. showed highest
conversion for Au,;(PPh,Py),Br; (with Py = pyridyl) on CeO,,
when compared to Auy;(PPh;),Cl; and several thiolate pro-
tected nanoclusters.*® An effect of the nature of the ligands on
the catalytic performance has also been reported for
thiolate'>"® and mixed PPhj/thiolate®® protected Au nano-
clusters. Furthermore, comparing the performance of ligand-
protected and bare clusters, phenylalkynyl stabilized Aus,Ag,g
clusters were found to be more active in organosilane oxi-
dation than the ligand-free metal cores by Zheng and co-
workers.®” Altogether, this clearly emphasizes that the con-
trolled modification of the stabilizing ligands of cluster cata-
lysts represents a tool for fine-tuning catalytic activity.

To improve their stability in applications such as
catalysis»*®*° or sensing,’® the ligand-protected clusters are
typically immobilized on different support materials. In the
case of catalysis, the supported clusters usually undergo
partial ligand removal treatments.****"*> However, other post-
synthetic changes in the ligand shell, for example by the intro-
duction of/exchange with different ligands, have not been
reported so far.

With the goal to extend ligand engineering to clusters on
surfaces, we performed the first study of ligand exchange

reactions with supported clusters. The reaction of
Au,4(PPh;),X; (with X = Cl or Br) with thiol
ligands,?**1#%%3715 3 well-established ligand exchange system

in solution, was chosen as a model reaction for supported
clusters. Besides benefitting from the extensive knowledge of
this specific reaction acquired over the last 15 years, the
initial (PPh; and halide) and incoming (SR) ligands contain
different elements (P and X vs. S), enabling straightforward
discrimination. When performing ligand exchange in the
liquid phase, the Au,; clusters are known to grow to
Au,s.>*** Depending on the exchange ligand used, the
ligand shell of the exchanged cluster is then partially or fully
thiolate protected: it was shown that the hydrophilic thiol
ligand r-glutathione (GSH) promotes the formation of
Au,5(SG)1s,>>"* whereas aliphatic thiols soluble in organic
solvents usually react to give [Au,5(PPh;);o(SR)5X,]*".*°

To gain first insights into the reactivity of clusters deposited
on surfaces, dropcasts of Auy; on planar Al,O; (oxide surface
of an aluminum plate) or ZnSe surfaces were exposed to solu-
tions of the thiol ligands. The ligand shell of the supported
clusters indeed reacted, resulting in clusters containing both
triphenylphosphine (PPh;) and thiolates. However, the Au core
of Auy4(PPh;),X; did not grow upon reaction, which is very
different from the same ligand exchange with thiols in solu-
tion. Moreover, the extent of ligand exchange of supported
clusters was found to be significantly lower than that of dis-
solved clusters, which may be attributed to the hindered acces-
sibility of the supported clusters. An effect of the chemical
nature of the thiol on ligand exchange reactivity was also
observed, with glutathione preserving the Au core size upon
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reaction, whereas 2-phenylethanethiol facilitated the dis-
solution of the clusters.

Experimental
Synthetic procedures

Synthesis of Au,,(PPh;),Br;. The starting clusters
Auy;(PPh;),Br; were synthesized following a procedure slightly
modified from that described in the literature®*3>*%*” (see the
ESIT for details). Briefly, the gold precursor HAuCl,-3H,0 was
dissolved in tetrahydrofuran (THF) with the aid of tetraocty-
lammonium bromide (TOAB). After the addition of PPh;, the
reaction mixture was reduced with NaBH, over 48 hours. After
some washing steps, the desired cluster species was obtained
by extraction with dichloromethane (DCM) and characterized
with nuclear magnetic resonance spectroscopy (NMR), matrix-
assisted laser desorption/ionization mass spectrometry
(MALDI-MS) and ultraviolet-visible spectroscopy (UV-Vis; see
the ESIT).

Synthesis of fluorescein labeled ir-glutathione. The fluo-
rescent ligand was prepared following a published protocol.*®
Oxidized glutathione was reacted with fluorescein isothio-
cyanate to yield a mixture of fluorescein labeled disulfides,
which were separated by solid phase extraction. The desired
reduced fluorescein labeled r-glutathione (F-GSH) was then
obtained by reacting it with tris(2-carboxyethyl)phosphine, fol-
lowed by another solid phase extraction step. Refer to the ESI{
for further details.

Ligand exchange in solution. The ligand exchange reactions
of the dissolved Au,;(PPh;),Br; with r-glutathione (GSH) and
2-phenylethanethiol (2-PET) were carried out as described
elsewhere.?3973343745 The Au,s clusters obtained after 24 hours
of reaction time - Au,5(SG);g for GSH as the exchange ligand
and [Au,s(PPh;);o(2-PET);sBr,]** for 2-PET - were analyzed with
UV-vis spectroscopy and MALDI-MS. Spectra can be found in
the ESI (Fig. S2-S5%). The results were in perfect agreement
with the literature, confirming the purity and reactivity of the
synthesized Au,,(PPh;),Brs.

Ligand exchange with supported clusters. For ligand
exchange with supported clusters, the Au,,; precursor was
dropcasted onto a planar Al,O; surface (top layer of an alumi-
num plate). The samples were then exposed to solutions of the
two thiols glutathione (GSH) or 2-phenylethanethiol (2-PET) at
room temperature and the reactions were followed with polar-
ization-modulation infrared reflection-absorption spectroscopy
(PM-IRRAS). The exchange products [Au,,:GSH] (for GSH) and
[Au,4:2-PET] (for 2-PET) were further analyzed: the presence of
sulfur in the reacted samples was confirmed with laser abla-
tion inductively coupled plasma mass spectrometry
(LA-ICP-MS); transmission electron microscopy (TEM), high-
angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM) and MALDI-MS were performed to
investigate possible changes in cluster size. For ligand
exchange with GSH, a corresponding ligand exchange experi-
ment with Au,4(PPh;),Br; supported on a ZnSe crystal was per-

This journal is © The Royal Society of Chemistry 2020
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formed and monitored in situ with attenuated total reflection
infrared (ATR-IR) spectroscopy. Ligand exchange on supported
Auy; with fluorescein-labeled glutathione (F-GSH) was con-
ducted following the same procedure as for the exchange with
unlabeled GSH.

Characterization

UV-Vis, PL, IR (PM-IRRAS, ATR-IR) and NMR spectroscopy, as
well as mass spectrometry (LA-ICP-MS, MALDI-MS) and elec-
tron microscopy (TEM, HAADF-STEM) measurements were
employed to study the pure and supported cluster samples.
Refer to the ESIT for details.

Results and discussion

As a starting point, the synthesized Au,,(PPh;),Br; was reacted
with the thiol ligands r-glutathione (GSH) and 2-phenyletha-
nethiol (2-PET) in solution, to confirm that the undecagold
clusters showed the same reactivity as reported
previously®**?1?3434> (see the ESIf). Indeed, we obtained
Au,5(SG);g for GSH as the exchange ligand and
[Au,s(PPh;);(2-PET)sBr,]*" for 2-PET as the exchange ligand,
confirming core growth from Au;; to Au,s upon reaction
(Scheme 1). For ligand exchange with supported (immobilized)
clusters, experiments were subsequently carried out with
Au,4(PPh;),Br; dropcast films on alumina plates, which were
exposed to solutions of the same thiol ligands, leading to pro-
ducts referred to as [Au;1:GSH] and [Au,4:2-PET] as follows
(Scheme 1).

Clusters in Solution

T
LA

Au11(PPhs)7Brs Auzs(SG)1s

AU11(PPh3)7BI’3

|
|
|
|
[Auzs(PPhs)10o(2-PET)sBr,]* |
|
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Polarization-modulation  infrared reflection-absorption
spectroscopy (PM-IRRAS) was applied to monitor the reactions.
Due to the modulation, the signal of background gas phase
molecules is removed and the surface sensitivity is thus high,
making it an ideal method for analyzing the reacted
samples.” The aluminum plate supporting the clusters was
taken out of the ligand solution in regular intervals, washed
and fully dried before recording PM-IRRAS spectra. In the
examined wavenumber region, only vibrations of the organic
ligands contribute to the spectrum and changes in the clus-
ters’ ligand shell should thus cause pronounced changes in
the PM-IRRAS spectral features.

Indeed, when following the reaction of a dropcast film of
Auy,(PPh;),Br; with GSH to [Au;;:GSH], drastic changes were
observed (Fig. 1a). The bands showed significant broadening,
in addition to new spectral features, which can be assigned to
the characteristic vibrations of GSH. Besides the C=O
vibration at ~1720 cm™', bands were also appearing in the
amide I & II regions (1500-1700 cm™").>**" Referenced to the
spectrum of a pure GSH dropcast on alumina (Fig. 1a), the
profile exhibits a very similar shape, though appearing slightly
red-shifted compared to the free ligand due to bonding to the
Au clusters. In addition, the most intense bands of the original
PPh; ligand were still visible in the final spectrum after the
reaction (1436, 1097 and 1025 em™"). This clearly indicates a
partial exchange of the ligands, with both PPh; and GSH being
present in the product. In contrast, for the ligand exchange of
Auy,(PPh;),Br; with 2-PET to [Auy4:2-PET], smaller changes in
the PM-IRRAS spectra were observed (Fig. 1b). The character-
istic vibrations of the PPh; ligands were still clearly visible and
intense, indicating that the original Auy; cluster structure did

Supported Clusters

(2a)

—_— >
Au11:GSH
/
(2b) 2
—
AU11(PP|"I:|)7BF:| Au11:2-PET

Scheme 1 Left (1): Ligand exchange reactions of Au1(PPhs);Brs in solution with GSH (1a) and 2-PET (1b). Right (2): Ligand exchange reactions of

supported Auy;(PPhs),Brs with GSH (2a) and 2-PET (2b). Color code: Au =
the cluster structures after exchange is not shown.

This journal is © The Royal Society of Chemistry 2020
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Fig. 1 PM-IRRAS spectra of the ligand exchange of supported Aui;(PPhsz),Brs with GSH (a) and 2-PET (b). Bands from the initial PPhs ligands are
indicated by dashed lines, and colored areas mark regions with characteristic vibrations of the ligands. A full range (1800-900 cm™) spectrum of
the exchange with 2-PET can be found in Fig. S10.7 A reference MIR spectrum of pure 2-PET can be found in Fig. S11.}

not change significantly. Note that the newly incoming 2-PET
shows similar infrared absorption bands to the already present
PPh; ligands. This is attributed to the characteristic aromatic
ring in both structures, making it difficult to distinguish the
two ligands via IR spectroscopy.

To confirm the reactivity of the supported Au;;(PPhj;),Brs
clusters with GSH, the ligand exchange with GSH was also
monitored in situ by attenuated total reflection IR (AT-IR) spec-
troscopy (Fig. 2). The Au,,(PPh;),Br; clusters were dropcast
directly onto a ZnSe ATR crystal instead of the aluminum
plate. The crystal was mounted into an ATR flow cell, through
which the GSH solution was slowly passed, while simul-

Absorption [a.u.]
Absorption [a.u.]

Auy,(PPh,),Br;

T T T T T T T T T
3100 3075 3050 3025 3000 2975 3100 3050 3000 2950

Wavenumber [cm') Wavenumber [cm']

Fig. 2 (a) In situ monitoring of the CH-stretching vibration region
within the first 2 h of the ligand exchange between Au,1(PPhs);Brs and
GSH (violet: time 0 h, red: time 2 h). Spectra have been offset for better
visibility; (b): comparison of the CH-stretching region of unreacted
Au,1(PPh3),Brs dropcast, the product [Au;1:GSH] after exchange and a
GSH dropcast.
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taneously recording IR spectra (see the ESIt). This allowed to
follow the reaction progress in shorter time intervals than with
PM-IRRAS (assuming that the substrate does not affect the
exchange reaction). In addition, the spectra of the dry dropcast
on the ATR crystal (no solution in the cell) were recorded
before and after the reaction, as well as of the pure GSH
ligand.

Because of the high absorption of the solvent mixture used
(MeOH/H,0), only the C-H stretching vibration region
between 3100 and 2950 cm™" is shown. Fig. 2a shows spectral
changes in the first 2 hours of reaction: while the absorption
features in the aromatic region (>3000 cm™') were constant,
indicating that the PPh; ligands remained unchanged, a small
band in the aliphatic C-H stretching region at ~2970 cm™*
characteristic of GSH was evolving. The IR absorption spectra
of the unreacted Au,,(PPh;),Br; dropcast, the GSH reference
and the product after exchange are shown in Fig. 2b. The pres-
ence of the intense aliphatic C-H stretching band at
2970 cm™" after the experiment is a clear indication that GSH
reacted with the cluster dropcast, as the original PPh; ligand
does not possess any aliphatic structure motifs. After 120 min,
the absorption remained constant, indicating no further
reaction.

The IR absorption of Auy;(PPhjy),Brs, [Au,;:GSH]| and GSH
dropcasts on the ZnSe ATR crystal was also compared at lower
wavenumber regions (Fig. S127). As in the PM-IRRAS experi-
ments, the characteristic C=0 and amide vibrations of GSH
can be clearly identified in the exchanged sample. The PPh;
bands were still present after exchange, as the comparison
with the spectrum of Auy;(PPh;),Br; shows, again resembling
the PM-IRRAS observations. In addition, no S-H stretching

This journal is © The Royal Society of Chemistry 2020
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vibration was observed around 2500 cm ™. This is a clear indi-
cation that the S atom of the GSH ligand present in the
exchanged system [Au;,:GSH] is forming a bond with either
the ZnSe support material or the cluster dropcast. However, no
evidence for a S-support bond could be found in the corres-
ponding blank experiment (see Fig. S13t), confirming the
existence of a preferential cluster-thiolate interaction.

To examine whether the cluster (Au core) size was altered
upon ligand exchange, as reported for the reaction in solution,
matrix-assisted laser desorption/ionization mass spectrometry
(MALDI-MS) was conducted. Accordingly, a small amount of
dropcast sample was scratched off the aluminum plate and
dissolved in MeOH for the measurements. Interestingly, no
peaks of clusters larger than Au,; were observed for both
samples. This is different from ligand exchange in solution,
when the cluster size increased to Au,s, and is likely related to
the hindered mobility of the supported clusters.

In the m/z region between 3000 and 4400 (Fig. 3), the main
fragments of Auy; clusters were found, which can be assigned
to [Auy;(PPh;),Br,]", [Au;o(PPh;),Br]" and [Aue(PPhy),]" frag-
ments, in agreement with the fragmentation pathway proposed
for PPh; protected undecagold by Tsukuda and coworkers.>?
Additionally, the sample after exposure to GSH [Au;,:GSH] also
showed peaks indicating exchanged clusters containing SG™
instead of Br~. The fragments [Au,;(PPh;)s(SG),]" (marked
with *), as well as [Au;o(PPh;3),SG]" (marked with **) and
[Au,0(PPh;)eSG]', could be detected. Thus, the ligand exchange
of the bromide did indeed occur for glutathione. However, the
most intense peaks were still associated with Au,;(PPh;),Br;,
indicating that only a part of the dropcast clusters did react
with the GSH ligands. This may be associated with GSH solu-
tion having less access to clusters close to the support surface.
However, for the MALDI-MS analysis it was necessary to
scratch off some clusters from the plate and dissolve them for
the measurements. Thereby, not only the upper layers of the
dropcast that had better access to the GSH ligands and
reacted, but the whole sample thickness was probed, explain-

[Au;4(PPh3);Br]"

:[Auy4:2-PET]

-PPhs s«

*

Intensity
-

i [Auyy:GSH]

o

T T
3600 3800
m/z

Auy4(PPh3);Br3

T T T T
3000 3200 3400 4000 4200 4400

Fig. 3 MALDI-MS spectra of Au;1(PPhs);Brs before and after the ligand
exchange reaction [Auy;:GSH] and [Aus4:2-PET]. Fragments of [Auy;:GSH]
confirming ligand exchange with GSH are marked with asterisks: * for
[Auy;(PPh3)s(SG),1" and ** for [Auyo(PPhs),SGI* (further fragmentation to
[Au10(PPh3)sSGI* indicated by the arrow).

This journal is © The Royal Society of Chemistry 2020
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ing the high percentage of unreacted Auy,(PPh;),Br; peaks in
the spectrum.

The MALDI-MS of [Au,,:2-PET] between m/z 3000 and 4400
resembled the one of Au,,(PPh;),Br;, indicating that no
exchanged Au,; clusters were present. Additionally, several
peaks below mj/z 2000, associated with smaller gold com-
ponents, were detected (Fig. S6T). This suggests, together with
the LA-ICP-MS results (as shown below), that the Au,; cluster
dropcast reacted with 2-PET to smaller Au components, result-
ing in a polydisperse mixture. For [Au;;:GSH], only a few
signals at low mass (below m/z 3000) were detected by
MALDI-MS, indicating the stability of the cluster core
structure.

Complementing IR spectroscopy and MALDI-MS, elemental
analysis was performed with laser ablation inductively coupled
plasma mass spectrometry (LA-ICP-MS), confirming the pres-
ence of sulfur, phosphorus and gold in the reacted samples.
After the reaction, the aluminum plates with the supported
cluster (samples [Au;;:GSH] and [Auy;:2-PET]) were immedi-
ately placed in the sample compartment of the instrument
(without the need to remove and dissolve part of the cluster
dropcast), thus allowing direct investigation of the entire
cluster-on-support system. As can be seen in Fig. 4 by the sig-
nificant rise of the S/Au ratio, sulfur was found in both
exchanged samples [Auy;:GSH] and [Au,;:2-PET]. Differences
were noticed among the thiols, with more sulfur being present
after the exposure of Au,; clusters to the water-soluble ligand
GSH.

When comparing the P/Au ratios in Fig. 4, no significant
change occurred upon the reaction of Au,,(PPh;),Br; with the
thiol ligands. This is consistent with the observations by IR
spectroscopy, in which triphenylphosphine was still detected
in the samples after the reaction. One can therefore assume
that the halide ligands of Au,;(PPh;),Br; are exchanged by
thiolates. On preserving the Auy; cluster size, complete
exchange would result in the formation of Auy,(PPh;),(SR);.
Clusters of that principal formula have already been
synthesized,**>* but, to our knowledge, never by ligand
exchange from Au,,(PPh;);Br;. Indeed, fragments corres-

0,06

Mass ratio [ug/ug]

P/Au

S/Au

I unreacted [ [Au,,:GSH] [0 [Au11:2-PET]]

Fig. 4 Mass ratios P/Au and S/Au for unreacted clusters Au;1(PPhz);Brs
(black) and reacted samples [Au;1:GSH] (blue) and [Au,4:2-PET] (green).
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ponding to that principal formula have been observed for
[Auy;:GSH] by MALDI-MS (see Fig. 3).

However, for the sample [Au,,:2-PET] reacted with 2-PET,
no such clusters could be identified in MALDI-MS, even
though the sulfur content in the sample increased upon reac-
tion (Fig. 4, right). Furthermore, taking into account the pres-
ence of smaller cluster species detected by MALDI-MS
(Fig. S67), this strongly suggested etching of the Auy, clusters
by 2-PET. In addition, a slight yellowish color of the solution
(previously colorless) was noted after the reaction with 2-PET,
which indicated that the gold was partially dissolved in the
ligand solution. To prove this hypothesis, the solution before
and after the reaction was dropcast and the remaining residues
were measured by LA-ICP-MS. The increase in the intensity of
the '’Au and *'P signals in the reacted solution (Fig. S8%)
indeed confirmed partial leaching of gold compounds.
However, at this point, it is unclear how the etching and dis-
solution exactly progressed.

Furthermore, it was demonstrated that the thiol exchange
ligands only interacted with the supported clusters, but not
with the alumina support. The LA-ICP-MS line scans in Fig. 5
show that the S signal in the exchanged samples [Au;;:GSH]
and [Au,;:2-PET] was much higher at positions where clusters
were deposited, corroborated by the simultaneous enhance-
ment of the Au signal (beige regions in Fig. 5). If the laser was
instead directed to positions on the support plate without clus-
ters, the S signal remained at the background level (grey
regions in Fig. 5). This, together with blank experiments (see
Fig. S77), confirmed a selective Au-S interaction and excluded
random adsorption of thiolates on the surface of the support
material.

10"
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3ipieg 2gien B Time [s]

Fig. 5 LA-ICP-MS line scans of Auy;(PPhz);Brs (top), product [Auy,:GSH]
after exchange with GSH (middle) and product [Au;.:2-PET] after
exchange with 2-PET (bottom). Background colors in profiles: laser-off
(grey hatched), laser-on but not directed onto cluster dropcast (grey),
laser on and directed onto cluster dropcast (beige). The optical
microscopy images of the samples after LA-ICP-MS analysis on the right
show the line scan of the laser across the plates.
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Fig. 6 Photoluminescence spectra of dropcast F-GSH and the samples
after reaction with glutathionates, [Auy;:F-GSH] and [Auj:GSH] with
excitation at 450 nm. The images on the right show the fluorescence
behaviour of the solid samples on the support plate upon irradiation
with UV/Vis light.

To further test the ligand exchange behavior of supported
Auy, clusters with glutathionates and to expand the scope of
this new modification pathway, the reaction was also repeated
with fluorescein labeled r-glutathione (F-GSH). Since fluo-
rescent Au nanoclusters are increasingly studied for a range of
applications,’”>® modifying their ligand sphere in the solid
state might become of great importance. The reaction con-
ditions were identical to the ones of the exchange with regular
t-glutathione. Therefore, the outcome expected was partial re-
placement of the original ligands of Au,,(PPh;),Br; with
F-GSH. As this newly incoming ligand is strongly fluorescent,
this should result in the supported cluster system becoming
photoluminescent. As can be seen in Fig S18, the unreacted
Auy, clusters as well as the product of the exchange with
regular glutathione, [Au;,:GSH], did not exhibit any relevant
fluorescence pattern. Fluorescence activity should therefore be
a clear indication of a change in the system induced by the flu-
orescein labeled exchange thiol.

The photoluminescence spectra of the glutathione-reacted
systems, [Au;;:GSH] and [Au,;:F-GSH], are shown in Fig. 6.
Fluorescence activity was indeed induced in the sample after
exchange with F-GSH. The bands appearing are broad, but still
resemble the ones of the solid F-GSH ligand supported on the
same aluminum plate as used for the reactions. In addition,
the fluorescent behavior can also be observed visually upon
exposing the sample plates to UV light, as shown by the photo-
graphs in Fig. 6.

Conclusions

This work presents the first proof of the partial functionali-
zation of immobilized nanoclusters on surfaces by ligand
exchange. The reaction of Au;;(PPh;3),Br; on an alumina
surface with two different thiol ligands, GSH and 2-PET, was
investigated by combining IR spectroscopy (PM-IRRAS, ATR-IR)
with mass spectrometry (LA-ICP-MS, MALDI-MS). The presence

This journal is © The Royal Society of Chemistry 2020
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of the exchange ligands in the reacted samples was confirmed
by infrared measurements, while LA-ICP-MS indicated a selec-
tive Au-S interaction as the incoming thiolates only interacted
with the cluster itself, but not with the alumina support.
Whereas ligand exchange in solution is accompanied by core
growth from Au,; to Au,s, the core size of the supported Auy,
clusters did not increase. Moreover, after exchange, the result-
ing clusters exhibited a mixed ligand shell, containing both
the initial phosphine ligand PPh;, as well as the incoming
thiolate. Tremendous differences were found depending on
the chemical nature of the thiolate: the water-soluble GSH led
to clusters whose core size was maintained as Au,q, with part
of the halide ligands exchanging with glutathione. However,
when 2-PET was used as the exchange ligand, the cluster size
decreased and smaller Au components were formed,
accompanied by the partial leaching of Au compounds into
the solution.

This novel functionalization route towards obtaining atom-
ically controlled surfaces enables further insights into cluster—
surface interactions, which is key to applications in several
fields. The current study is just a starting point for the future
optimization of such systems. Whenever applications require
to induce specific properties (fluorescence, chirality, solubility,
etc.), tailored cluster/ligand/surface systems must be explored
in more detail. As a first step in this direction, we could show
that fluorescence can be induced in the supported cluster
systems by reacting immobilized Auy; clusters with fluorescein
labeled glutathione.
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