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The fast metal exchange reaction between Ausg and Ag,Auss., hanoclusters in solution at -20°C has been studied by in situ

X-ray absorption spectroscopy (time resolved quick EXAFS) in transmission mode. A cell was designed for this purpose

consisting of a cooling system, remote injection and mixing devices. The capability of the set-up is demonstrated for

second and minute time scale measurements of the metal exchange reaction upon mixing Auss/toluene and Ag,Ausgy

/toluene solutions at both Ag K-edge and Au Ls-edge. It has been proposed that the exchange of gold and silver atoms

between the clusters occurs via the SR(-M-SR)n (n=1,2; M=Au, Ag) staple units in the surface of the reacting clusters during

their collision. However, at no point during the reaction (before, during, after) evidence is found for cationic silver atoms

within the staples. This means that either the exchange occurs directly between the cores of the involved clusters or the

residence time of the silver atoms in the staples is very short in a mechanism involving the metal exchange within the

staples.

Introduction

Thiolate-protected gold and silver clusters are currently in the
focus of scientific interest.” > Their atomically precise structure
makes them ideal model systems to study the evolution of
structure as a function of cluster size, the properties of the
gold (silver) thiolate interfaces®* and the catalytic properties.5
A rich variety of different cluster compositions has been
reported in the last decade. The search for new cluster
compounds mostly relies on x-ray crystallography,6 mass
spectrometry7’ & and optical spectroscopyg. Some of the
clusters are reported to be “extraordinary stable”, based on
the observation that these compounds remain unchanged for
days or weeks in solution, and even for much longer in the
solid state. However, there is evidence that these clusters are
rather dynamic molecular systems, where atoms can move
between the sites but these transformations can be not
evident as the average cluster structure often remains very
similar or identical. It has for example been shown that
thiolates in Ausg(SR),4 (SR: thiolate) clusters can move between
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different symmetry distinct sites on the cluster surface.™
Furthermore, the racemization of chiral Ausg(SR),4 evidences a
drastic rearrangement of the SR-Au-SR-Au-SR (staple) units on
the cluster surface, without any sign of decomposition of the
cluster during this process.11 The racemization of Ausg(SR),4 is
observed at appreciable rate slightly above room temperature.
It is influenced by Pd doping,12 which reduces the racemization

temperature. At the same time the incorporation of
dithiolates within the ligand shell® leads to higher
racemization temperatures. Gold — silver Ausg,Ag,(SR)s4

clusters also show highly dynamic behavior and , undergo
racemization at room temperature.14 Based on derived
activation parameters it has been proposed that racemization
could occur through consecutive reactions (Sy2 type) between
the staple units within the cluster, in which a sulfur atom
within one staple attacks a gold atom in a neighboring staple.11
More recently it has been observed that metal atoms can
thiolate-protected

minutes in solution.

clusters at
Using mass
spectrometry Pradeep and coworkers reported the exchange
of metal atoms and ligands between Au,5(PET);s (PET: 2-
phenylethylthiolate) and Aga,(FTP)so (FTP: 4-fluorothiophenol).
In these experiments, Auys,Ag.(PET)s.,(FTP), were observed
by mass spectrometry.15 Similar processes were observed
when mixing Au,5(PET);s and Ag,s(DMBT);g (DMBT: 2,4-
dimethylbenzenethiolate).16 Interestingly, the reaction
between Au,5(SR)1g Ag,9(BDT)1 (BDT: 1,3
benzenedithiolate) clusters resulted in metal exchange but not

exchange between room

temperature within

and

exchange of ligands, which was traced to the bidentate binding
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mode of BDT." Up to now the mechanism of this reaction
remains unclear. Some of us have recently suggested that the
metal exchange reaction between clusters takes place upon
collisions rather than exchange of small species through
solution, because separation of Ausg(SR),, and Ausg,Ag,(SR) by
a dialysis membrane completely prevented the reaction from
occurring.18 Based on mass spectrometry and theoretical
calculations Pradeep and co-workers suggested the formation
of a cluster dimer as an intermediate in the reaction.'® In this
structure a metal atom within a staple of one cluster is
interacting with a sulphur atom within a staple of the other
cluster and vice versa. This dimer intermediate is similar to the
ones proposed to explain the racemization reaction mentioned
above with the difference that in one case two staples located
on different clusters react (metal exchange reaction), whereas
in the other case staples on the same cluster are involved
(racemization).u‘ 17 During these reactions metal atoms and
ligands can be exchanged between the staples.

The described highly dynamic nature of thiolate-protected
clusters has of course important implications for any kind of
application and it is therefore essential to better understand
this reaction and its mechanism in more detail. The model
described above implies that the exchange takes place via the
staples however, up to now experimentally this issue remains
open. Also, if the exchange takes place in the staples the metal
atoms in the staples may further exchange with atoms within
the cluster core. (See scheme 1 for staple and cluster core
position of Ausg(SR),4 cluster). Indeed, Pradeep and co-workers
observed high numbers of metal atoms exchanged within one
cluster, which implies that the exchange processes also involve
the cluster core. If this indeed happens, i.e. if the metal atoms
exchange between staples and then exchange within the core,
what is the residence time of the atoms within the cluster
staples? Addressing questions requires special
techniques. To shed some light on these questions, we have
chosen the X-ray absorption spectroscopy (XAS). XAFS (X-ray
absorption fine structure) spectroscopy is a powerful
technique, which has been used to study the synthesis and
catalytic properties of nanoparticles with high temporal
resolution and site selectivity.lg"23 XAFS has been applied for
understanding the local structure (coordination numbers and
bond distances) of gold in pure and doped nanoclusters.”® 2!
These studies revealed the surface and core structure of gold
nanoclusters,21 its evolution during thermal treatments®® and
shed light on the position of heteroatom doped

25, 26 .
nanoclusters. XAFS measurements can be carried out

such

either in transmission or fluorescence modes. Transmission
mode is preferred over fluorescence due to shorter exposure
time of nanoclusters to intense X-ray beams®” *® and higher
signal-to-noise ratio allowing for better time resolution to
probe their reactivity. Liquid phase XAFS measurements,
however, have limits related to low sample concentration and
absorption by the solvent. XAFS measurements in solution
revealed the unique structure and bonding properties of metal
nanoclusters,”® which makes this technique promising for
various operando studies including homogenous catalytic
reactions.’® The short staples are arranged along the equator
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of the prolate core and the long staples form two triblade fans

staple

core

at its ends. The dopant locations are in the staple and in the
core of the nanocluster, red: dopant atom; yellow: Au; green:
S. The organic part (R) is omitted for clarity.

Scheme 1. Structure of doped Ausg nanocluster. The cluster consists of a face-
fused bi-icosahedral Au,; core which is protected bysgix dimeric $SR—Au—sr—Au—SR)
and three monomeric (SR-Au-SR) staples.reactors.” Stopped-flow and freeze
quenching was used to study fast reactions in solution.” To the best of our
knowledge, no in situ time-resolved XAFS studies have been reported on the
metal exchange between small nanoparticles in solution.

A key aspect of the presented in situ XAFS study on the
silver migration mechanism concerns the cell design. In situ
and ex situ cells/reactors have also been designed for liquid
phase measurements, including windowless measurement

33-35 e 35 . T 36
reactor, modified autoclaves,” microfluidic reactors,” or
. g 31 are
multidispenser-reactors™. In addition, stopped-flow and freeze
quenching.

In addition, stopped-flow and freeze quenching were used
to study fast reactions in solution.* When using the liquid cells
for XAS in transmission mode, X-rays are transmitted through
the liquid which is confined by two ultrathin windows. To the
best of our knowledge, no in situ XAS studies have been
reported on the reaction between two ultra-small
nanoparticles in solution.

Experimental
Experimental Set-up

To study the fast metal exchange between thiolate-protected
clusters in solution the liquid cell should meet the following
specific requirements: (1) fast mixing of reactant solutions; (2)
fast XAFS acquisition (3) adjustable cell length allowing to work
in optimal conditions at different X-ray absorption edges and
with different concentrations of solutions; (3) minimal sample
exposure preventing X-ray beam damage; (4) possibility to cool
the reaction solutions to slow down fast reactions.

The in situ system designed in this work comprises a syringe
pump, a T mixer, a cooling gun and a liquid cell.
Polytetrafluoroethylene (PTFE) tubing is used for the pump, T
mixer as well as for connecting T mixer and liquid cell (Fig.1)

This journal is © The Royal Society of Chemistry 20xx
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Figure 1. Schematic illustration and photo of the experimental set-up for the mechanism study of Ag migration between Ag,Ausg, and Ausg nanoclusters in solution: a.

syringe pump; b. T mixer; c. cooling gun; d. liquid cell

To follow the reaction immediately after the mixing the
two starting solutions containing two types of clusters, a
remote-controlled syringe pump is employed.

Thin PTFE tubing (1/16°° OD) is used to minimize the
dead volume and to facilitate the solution mixing. The
length of PTFE tubing between the T mixer and the cell is
minimized at 7 cm. To slow down the silver migration
reaction, the measurement cell was cooled down to -20 °C
using a cooling gun. In addition, after the fast mixing in the
T mixer and filling of the cell, the reaction mixture was not
stirred. To fill the cell a flow rate of 3 mL/min was used for
both syringes.

The liquid cell design is schematically illustrated in
Figure S1. The cell comprises a glass tube (OD 12 mm, ID 5
mm), which is sandwiched by two sets of a Teflon O ring
(OD 12 mm, ID 7 mm), a Kapton window (thickness 0.76
mm, diameter 12 mm), a rubber O ring (OD 12 mm, ID 7
mm) and a metallic holder. A hole (diameter 3 mm) is made
in the middle of the glass tube to fix the tubing and prevent
overpressure upon liquid filling. All the units are fixed
together by three screws that connect the metallic part on
both ends. The thickness of the Kapton window takes into
account the robustness of the material in the reactor and
its absorption of X-rays. Transparent glass material is
chosen for the cell to follow the reaction solution filling and
the liquid level in the cell. The diameter and length of the
glass tube were optimized based on calculations taking in
account the theoretical absorption of each element along
the beam path, such as the Kapton windows and the
solvents that can have an effect on the cluster signal. The
theoretical transmission with the optimal amount of
nanoclusters, in the case of the two metals, was calculated
from XAFSmass program®’. Toluene is used as solvent for
the measurement in order to obtain high cluster

This journal is © The Royal Society of Chemistry 20xx

concentration and low beam absorption. The length of the
cell is adjusted for different measurements at Au L3-edge
(10 mm) and Ag K-edge (30 mm). An advantage of this cell
for studying the solution phase reaction between ultra-
small nanoparticles is the facile set up and easily adjustable
cell parameters.

In situ QEXAFS measurements

In situ time resolved quick XANES measurements 3 at
the Ag K-edge (25.51 keV) and Au Ls-edge (11.92 keV) of the
silver migration reaction between Ag,Auss, and Ausg in
toluene were carried out at the SuperXAS beamline at the
Swiss Light Source (Villigen, Switzerland).39 Ag,Ausg, and
Ausg samples were dissolved in toluene at a concentration
of 10 mg/mL and loaded in the syringe pump. Before
mixing, the cell was cooled down to -20 °C by the cooling
gun. Toluene solutions of Ag,Ausg,, and Ausg were mixed in
the T mixer and filled in the cell. A total volume of 0.6 mL
and 0.13 mL was set for the measurements in Ag K-edge
and Au L3-edge respectively. Low solution volumes are
crucial for the measurements as the purified samples are
precious. The spectra were measured in transmission mode
using ionization chambers as detectors. Channel cut Si(311)
and Si(111) monochromators, were used to measure XAFS
spectra at Ag K-edge and Au Ls-edge, respectively. For Ag K-
edge measurements we used Pt-coated mirrors at 2.5 mrad
and for Pt L; edge we used Rh coated mirrors at 2.5 mrad.
Quick XAFS (QXAFS) measurements were started before the
mixed solution reached the cell and were continued for 30
min acquiring 1000 eV XAFS spectrum every 0.1 s for Ag K-
edge and every 1s for Au Ls-edge. After starting the pump
injection, the two starting solutions are mixed at the
M, L mixer and filled the cell within 3 s before the first stable
spectrum was obtained. As references, the QXAFS spectra
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of pure solutions of Ag,Ausg, and Ausg nanoclusters were
recorded in the same cell and the same conditions. All XAFS
spectra were background subtracted and normalized to the
edge jump of 1 following standard procedures using
Demeter software.*

Sample Synthesis

All chemicals were used as received. Ausg(SR).a (-
SR=PET, -SR is omitted below for simplicity) was synthesized
by thermal etching of polydispersed Au,(SG),, nanoclusters
prepared from Brust method with phenylethanethiol.41
Ag,Ausg, was obtained from metal exchange between Ausg
and AgSR, according to a recent protocol.14 The purity of
Ausg and Ag,Ausg, (x refers to the Ag dopant number in
Ag,Ausg, sample) was confirmed by MALDI-TOF mass
spectrometry using a Bruker Autoflex mass spectrometer
equipped with a nitrogen laser at near threshold laser
fluence in positive linear mode. Trans-2-[3- (4-tert-
Butylphenyl)-2-methyl-2-propenylidene] malononitrile was
used as the matrix with a 1:1.000 analyte:matrix ratio. A
volume of 2 pl of the analyte/matrix mixture was applied to
the target and air-dried.

Results and Discussion

Figure 2 shows the MALDI mass spectra of the Ag,Ausg.,
and Auzg nanocluster samples used for the XAS
measurements. Whereas the Ausg sample contains a single
species the Ag,Ausg., sample is a mixture of several species
differing in the number x of silver atoms replacing gold in
the cluster. As can be seen from Figure 2 x ranges from 1 to
10 with a maximum around 8. Note that Dass and
coworkers were able to crystallize Ag,Ausg, clusters and
they found that the silver atoms preferentially occupy nine
positions within the 23 atom core of the cluster, namely the
two vertex edges (three atoms on each edge) and the
middle face-shared three-atom ring (see Scheme 1).42 Our
XAFS spectra of AgAuss, (see below) also indicate core
positions of the Ag atoms. Observe that the core atoms at
the vertex edges bind to the sulfur atom of the dimeric SR-
Au-SR-Au-SR staples.

Fig. 3 shows the Au Ls;-edge XANES of the reaction
mixture of Ag,Auss, and Ausg nanoclusters. The spectra of
Ag,Ausg, and Ausg references were averaged over 10 min.
Good quality XANES spectra were achieved already for 1s
acquisition time, revealing the power of the cell and
experimental approach. Compared to metallic gold foil, the
white line positions of Au,S, AuCl and AuCl;, exhibit energy
shift of 1 eV, -2 eV and -2.5 eV, respectively.43 However, we
observed no changes in the edge position. Also the white
line intensity remained unchanged during the first 3s of
reaction between Ag,Ausg, and Ausg nanoclusters and also
after longer times. In comparison to the reference samples
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(Ausg and Ag,Ausg,), the XANES spectra do not change
much during reaction. This insensitivity can be related to
the fact that XANES spectra represent an average of Au
atoms in different oxidation states, related to core and
staple positions (Scheme 1). During the Ag migration
process, both metallic (core) and oxidized charged states
(staple) of Au atoms exist in the reaction mixture. The ratio
between metallic and oxidized states could vary during the
reaction depending on the position of the Au atoms in the
clusters (core vs. staple).

Intensity / a.u.
o
3
>

T T
8000 9000 10000 11000
mlz

Figure 2. MALDI spectra of AgxAu38-x and Au38 nanoclusters. The dopant
numbers x in AgxAu38-x sample are marked at the corresponding peak.
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Some fragmentation peaks were also observed in both samples.

Figure 3. In situ XANES spectra at Au L3-edge of the silver migration reaction.
The spectra were stacked for clarity. Shown are the spectra of the initial
AgxAu38-x and Au38 samples as well as of the reaction mixture after 1
second, 2 seconds and 3 seconds of reaction. Note that time zero was set at
the time where the first stable XAS spectrum was measured, i.e. when the
liquid level in the cell covered the X-ray beam path.

Fig. 4 shows the XANES of the reaction mixture at Ag K-
edge. The XANES of Ag foil, the starting Ag,Ausg,, and the
reaction mixture after 10 min are shown in Fig. 4a.

This journal is © The Royal Society of Chemistry 20xx
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Figure 4. XANES spectra of the silver migration reaction at Ag K-edge: a. starting (AgxAu38-x nanocluster before reaction) and final (t=10 min) reaction solution. The
spectrum at 10 min was obtained by averaging the recorded spectra over 45s. b. in situ spectra at the beginnini of the reaction. The recorded spectra were averaged
every 15 s, the corresponding reaction time is shown on the right: i. 0-15s, ii. 15-30s, iii. 30-45s. Figure 4b is stacked for clarity.

The quality of the XANES spectra at the Ag K-edge is not as
good as the one for the Au L;-edge shown above. The main
reason for this is the low silver concentration and
absorption by the solvent. We therefore averaged over 45
seconds in order to obtain a XANES spectrum of reasonable
quality for the reaction mixture 10 minutes after mixing.
Note that Ag migration from Ag,Ausg., to Ausg under these
conditions should occur within 10 min (or faster) according
to our previous study.18

Compared to the Ag foil, the Ag,Auss, sample shows
slightly higher Ag K-edge white line intensity and
broadening of the first peak above the edge, which is in
agreement with the reported XANES of AuggAgus
nanocluster.*® No representative energy edge shift was
observed between the starting Ag,Ags;s« sample and the
sample after 10 min of the reaction, indicating similar Ag
location and implying that the Ag remains in the core
position in the nanocluster (Scheme 1), in agreement with
X-ray crystallography.42 In the compounds containing
cationic silver, such as Ag,S, AgCl, Ag-thiol or Ag-
glutathione, the Ag K-edge XANES spectra show obvious
shifts in the positions and intensities of the white line and
other peaks above the edge in comparison to Ag foil (Figure
S3 and S4).45'49 For Ag atoms forming covalent bond with S
the white line systematically shifts to lower energies (Figure
S4). The slight shift in the Ag K-edge XANES of the Ag,Ausg.,
sample before and after reaction is rather positive, which
suggests Ag is not abundantly present in the staple
positions (Figure S4). To track possible reaction
intermediates, the Ag exchange reaction was also followed
by the Ag K-edge XANES during the first 45 s (shown the Fig.
4b). The spectra were averaged over 15 s due to the low
data quality. If Ag atoms temporary migrate to the staples
to form S-(M-S), (n=1, 2; M: Ag or Au) bonds, one should
expect formation of cationic Ag and corresponding shift and
intensity change of the Ag K-edge white line. However, no
significant changes in the white line was observed after 15,
30 and 45 s of the reaction.

This journal is © The Royal Society of Chemistry 20xx

To summarize, the XAS spectra presented above reveal
that (i) the silver atoms are located in the core of the
Ag,Ausg, starting cluster and (ii) at no point during the
reaction (within experimental time resolution) an indication
of silver atoms within the staples can be found. In the
context of previous findings, namely that the metal
exchange is taking place during collisions between clusters
rather than exchange of small species through solution®™
the current results are consistent with two scenarios: (1) Ag
migrates directly from the core AgxAu38-x to the core of
Au38 (and Au concomitantly in the opposite direction)
without passing through the nanocluster staple. (2) The
lifetime of possible staple Ag intermediates are too short
and therefore their concentration too low to be detected.
Note that in a consecutive reaction (A -> B -> C) the
concentration of the intermediate species (B) depends on
the relative rate constants for the two reactions (A -> B and
B -> C). The concentration of the intermediate will be very
low if the second reaction is much faster than the first one.
Translated to scenario (2) this means the following:
Formation of Ag in staple positions (intermediate) through
a collision between clusters is slow compared to the
migration of Ag from staple to core position within a
cluster. Considering that the metal exchange reaction is
fast, as confirmed by several studies, the migration of silver
atoms from staple to core positions is even faster.

Up to now there is no direct information available,
which would allow one to discriminate between the two
scenarios mentioned above. However, direct exchange of
core atoms during collision (scenario (1)) seems unlikely in
view of the steric requirements imposed by the ligand shell.
Exchange of metal atoms between staples seems more
likely. The current measurements therefore indicate that
the residence time of the Ag atoms in the staples is very
short, meaning that exchange within the cluster, between
staple and core sites, is fast.

In order to verify that the silver migration reaction
occurred under the QXAFS measurement conditions, the
reaction mixture was collected after in situ measurements
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from both Au L3-edge and Ag K-edge experiments. The
highly doped Ag,Ausg, species (x=9, 10) in the starting
sample disappeared. Instead, the reacted mixture showed
new Ag,Ausg., species with Ag dopant number from 0 to 8.
Redistribution of the silver atoms is therefore confirmed
and most obvious by comparing MALDI spectra of the
samples after reaction (Figure 5) with the one of the initial
AgxAu38-x sample (Figure 2).

The average number of silver atoms in Ag,Ausg., clusters
before the Ag migration reaction was 7.5. During the Ag
migration experiment the Ag,Auss, cluster was mixed with
Ausg in the 1:1 ratio and therefore, the average x after the
reaction should be a half of the value for the initial Ag,Auss.,
sample. Nevertheless, after in situ XAS measurements at Ag
K- and Au L;-edges MALDI indicated the average number of
silver atoms of 2.8 and 2.5, respectively. The discrepancy
between the experimental and theoretical values may be
due to the several reasons including small errors in
weighting and addition of volumes to the cell. We believe
the main reason however, is related to the laser intensity in
the MALDI process causing more  pronounced
fragmentation of highly doped Ausg nanoclusters in
comparison to the lower doped ones.

Intensity / a.u.

Au L3-edge

T T T
9500 10000 10500 11000
m/z

Figure 5. MALDI spectra of the reaction solution after in situ measurement at
Au L;-edge and Ag K-edge. Ag dopant number is marked for each species.

Conclusions

We report a novel in situ set-up for time-resolved
transmission QXAFS studies of chemical reactions in
solution on second and minute time scales. The simple and
adjustable components of the set-up make it suitable for
mechanistic studies of different reactions in solution. It is
particularly suited for fast reactions due to the low dead
time of solution mixing and filling the cell in only 3s. Using
this setup we studied the mechanism of silver migration in
thiolate protected gold clusters. Good data quality has been
obtained in Au Ls;-edge XANES with a time resolution of 1s,
whereas the XANES spectra recorded at Ag K-edge had
lower quality and at least 45 s required for reliable chemical
speciation.

The experiments show that at no time (before and
during the reaction between Ag,Ausg, and Ausg clusters in
solution) silver atoms are found in significant amounts
within the staples. This means that either the metal
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exchange occurs directly between core sites or, if the
exchange happens between metal atoms within the staple,
that the residence time of the silver in the staples is very
short and therefore its concentration low. Further
experiments are needed to discriminate between these two
scenarios.
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Figure S2. XANES spectra of the silver migration reaction at Ag K-edge at longer reaction times
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Figure S4. White line Energy from XANES spectra of silver references and sample after 10 min
reaction at Ag K-edge. **
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