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Abstract
A series of thiol-protected metal nanoclusters of the formula Ag4M2(DMSA)4
(M=Ni, Pd, Pt) was synthesized. These clusters were synthesized by wet chemical
methods and identified by electrospray ionization mass spectrometry. The clusters were
characterized by UV-visible spectroscopy, tandem mass spectrometry, computational
methods, and single crystal x-ray diffractometry. These structural characterization
techniques revealed that the series of clusters was isostructural as well as isoelectronic,
meaning that any change in the cluster properties will predominately be the result of
the shift in identity of the metal M down the periodic table. The properties of the cluster
series as a whole were evaluated in terms of electronic structure and stability. A
stepwise blue shift was found as the metal M was substituted down the periodic table.
The stability of the clusters was found to be somewhat low when M=Ni, but higher for
M=Pt and M=Pd, with the palladium cluster exhibiting exceptionally high stability. The
synthesis of the cluster series significantly expands the diversity of existing thiolprotected nanoclusters, an important class of compounds. The observations of the shift
in properties enhances the general understanding of the structure property
relationships of these clusters, potentially helping to promote more rationally designed
cluster synthesis in the future.
During attempts to synthesize another cluster series to confirm the observed
trends, a novel effect of nickel on an existing cluster synthesis was observed. The
addition of nickel to this existing synthesis did not create bimetallic clusters, but instead
simply altered the size of the monometallic silver clusters synthesized. The origins of this
iii

effect were evaluated and may serve as another mechanism of size control in future
cluster syntheses.
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Chapter 1 - Introduction
1.1 Defining Clusters:
Over the last several decades, there has been a great deal of research interest in
the synthesis and properties of metal nanoclusters. Nanoclusters can be loosely defined
as the intermediate size regime between organometallic complexes containing only a
few metal atoms and larger plasmonic nanoparticles containing thousands of metal
atoms (Figure 1-1).1 This size regime gives rise to interesting electronic properties as the
cluster no longer has enough electrons to support plasmonic resonance and its
electronic structure becomes more molecular, consisting of several discrete energy
levels (Figure 2).2 With so few atoms in a cluster, as opposed to the thousands in larger
nanoparticles, these properties vary on an atom by atom basis. These changes can be
studied as, unlike larger nanoparticles, nanoclusters are synthesized with atomic
precision. Instead of the narrow distribution of sizes seen in particle synthesis, clusters
can be isolated down to a single exact molecular formula. These clusters can be made
of various atoms and can be either free or ligated. Free clusters generally do not exist
for significant periods of time due to their extremely high surface energy and are often
created and studied simultaneously in the gas phase within mass spectrometers.3 The
lifetime of free clusters may be extended by embedding them within a support,
however, generally when longer lifetimes are required protecting ligands are utilized.
Ligated clusters may be synthesized and studied in large quantities in solution. The
degree of stability is highly dependent on the nature of the ligand used. A number of
1

Figure 1-1 (adapted from reference 1): Overview of scales for solid state chemistry,
nanoscale chemistry, and molecular chemistry. Nanoclusters are generally defined as
being in an intermediate size regime between nanoparticles and molecular complexes.

Figure 1-2 (adapted from references 2a and 2b): Comparison of UV-visible spectra of
silver nanoparticles (left) showing a single strong absorbance corresponding to surface
plasmon resonance, and Ag44 clusters (right) showing multiple electronic transitions.

2

different types ligands can be utilized to protect clusters.4 A great deal of recent
research has focused on the use of thiolate ligands. Thiol ligands are particularly
attractive due to a wide variety of available compounds and the exceptional stability
imparted by the strength of the metal-sulfur bond.5 This dissertation will focus
specifically on thiolate protected metal nanoclusters.

1.2 Synthesis of Clusters:
The synthesis of ligated nanoclusters has been studied for many years with
reports of phosphine ligated gold clusters going back to the 1960s.4a For a considerable
period, reduction of gold phosphine complexes was the primary method of cluster
synthesis. In 1994, the field took a significant turn with the development of the Brust
synthesis for the generation of thiol-protected gold clusters6. The Brust synthesis
consists of a biphasic (water-toluene) reduction of AuCl4- with sodium borohydride in
the presence of an alkanethiol protecting ligand. The original synthesis led to a broad
mixture of particles ranging from 1 to 3 nm, but was later refined by the Whetton group,
increasing the thiol metal ratio in order to generate a more narrow distribution of true
nanoclusters7. Various modifications of this synthesis would eventually lead to a broad
variety of isolated gold thiol clusters with defined formulas as identified by mass
spectrometry.8 As this synthesis increased in relevance, understanding of the
mechanism grew. The modern understanding of the process (Figure 3) is that the initial
reaction of Au3+ with alkanethiol first results in a partial reduction, forming Au1+ thiolate
complexes, the nature of which control the final nature of the clusters formed by the

3

Figure 1-3 (adapted from reference 9): An illustration of the general Brust synthesis as
applied to nanocluster synthesis. Metal salts react with thiols and aggregate into
polymeric complexes. These metal thiol complexes are then reduced resulting in metal
metal bonding and coalescence into clusters.

4

final sodium borohydride reduction step.9 Size control is achieved in a variety of ways
including solvent choice, reaction temperature, ligand choice, ligand ratio, counter ions,
and post-reduction size focusing conditions.10 This broad variety of gold clusters has
been utilized in a number of applications,11 and studied by x-ray crystallography to
better understand the nature of the cluster structure and the gold thiol interaction.8d, 12
It is worth noting that a relatively small portion of the identified gold clusters have been
studied by crystallography due to the general difficulty of obtaining high quality crystals
of nanoclusters. When these crystals have been obtained, the determination of the
cluster structures has led to important insights into the nature of these compounds.
In recent years, the successes of research on gold thiolate clusters have inspired
additional research into thiolated clusters of other metals. Thiolated clusters of silver, 13
platinum,14 and copper15 have also been synthesized. These syntheses are generally
accomplished by procedures similar to the Brust reaction used for the synthesis of gold
clusters. A moderate number of silver clusters have been synthesized with those of the
other metals being significantly less common. In addition to simply synthesizing clusters
composed entirely of a different metal, a number of groups have investigated bimetallic
clusters. As gold clusters are the most well studied, the majority of bimetallic clusters
that have been reported use gold as a base, doping in an additional metal. A number of
gold clusters of various sizes have been doped to varying degrees with silver 16,
palladium17, platinum18 and copper19. A select few of these have even been fully
characterized by x-ray crystallography.20 This has allowed the synthesis of clusters with
new properties, as well as modulation of existing properties. An increasing number of
5

examples of non-gold based bimetallic clusters exist, but are still limited in variety and
scope.21 Bimetallic clusters have proven difficult to isolate as syntheses may result in
mixtures of cluster compositions.16, 22 Overcoming these challenges has been the focus
of much of the research on clusters in the last few years and is one of the primary
focuses of the research presented herein.

1.3 Applications of Clusters:
Any discussion of nanoclusters should consider what applications might exist for the
synthesized clusters. Realized applications of nanoclusters generally fall into one of two
categories: catalysis and optics. The ultrasmall sizes and unique electronic structures of
metal nanoclusters make them ideal candidates for interesting catalysis. A number of
examples exist within the literature of cluster catalyzed reactions. Oxidation reactions
are among the most common, including carbon monoxide oxidation,23 oxidation of
cyclohexene,24 oxidation of alcohols,25 and selective oxidation of styrene.26 A number of
hydrogenation reactions catalyzed by clusters have also been studied, such as the
selective hydrogenation of α,β-unsaturated ketones.26 The unique electronic structure
of nanoclusters also often gives rise to interesting optical properties. Many clusters
exhibit fluorescence with particular high quantum yields or that can be selectively
quenched or activated in the presence of particular analytes.27 Additionally, there has
been significant consideration of the potential for nanoclusters to function as
superatoms. Metal clusters can be viewed as analogues to individual atoms in regards to
their electronic structure. Molecular formulas of stable clusters, known as magic

6

number clusters, have been predicted based on the filling of superatomic electronic
shells according to the jellium model28 and electronic structures of clusters have been
shown to mimic electronic structures of individual atoms.29 These observations suggest
that clusters of atoms may serve as analogues for existing elements or exhibit entirely
new chemistries. Although this property has not currently been applied to any
applications, a significant number of examples of this behavior have been reported, and
it has been the subject of much speculation for potential future applications. 30 One of
the primary limitations on the utilization of nanoclusters in interesting applications is
simply the limited variety of well characterized isolated clusters. In order to fully utilize
any applications of clusters, it is important to synthesize clusters from a broader variety
of metals and sizes. Furthermore, it is vital to build a deeper understanding of the
structure property relationships that govern these clusters. We will discuss the synthesis
of a series of clusters that furthers these goals in the next chapter.
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Chapter 2 – Synthesis and Isolation of Novel Bimetallic Clusters
2. 1 Introduction:
The first reports of Au25SR18 nanoclusters generated a tremendous amount of
interest in thiol-protected nanoclusters. In the years since, large numbers of other
atomically precise thiol-protected gold clusters of various sizes have been synthesized.
The generation of this wide variety of sizes has been achieved by modification of
reaction conditions such as temperature, ligands used, reaction times, or solvents used.1
Thiol-protected clusters of other metals have also been synthesized and require their
own specific reaction modifications for size control. In contrast to these monometallic
examples, bimetallic clusters add another layer of complexity as size is no longer the
only parameter. Potential differences in composition and the possibility of the
formation of two monometallic products as opposed to a single bimetallic product
present significant challenges to the isolation of single bimetallic products. In order to
successfully generate samples of isolated bimetallic clusters these challenges must be
overcome. Although the examples are still comparatively limited, some success has
been seen in this area. In certain instances, monodispersity has been achieved by the
intrinsic stability of one cluster.2 In some cases, a particular size or composition is
significantly more stable than any other clusters generated. Even though a mixture of
sizes or compositions results immediately post-reduction, the reaction mixture can be
left sitting while the majority of these other cluster products decompose until the
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Figure 2-1 (adapted from ref 3): An example of mass spectrum data showing size
focusing for gold clusters where a mixture of several gold clusters focuses down to
predominately Au25 clusters over the course of 3 days. Each peak corresponds to a
different sized cluster. (Note: mass spec fragmentation peaks marked with asterisks).
This is one of the means by which size control is achieved in nanocluster synthesis.
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mixture is focused down to a single cluster of a particular size or composition (Figure 21).3 In other cases compositional mixtures are simply unavoidable and desired products
must be separated out post-synthesis in order to obtain a monodisperse sample.4 The
research presented in this chapter is aimed at building on existing successes to help
address the limited variety of existing bimetallic clusters by synthesizing clusters of
novel compositions using metals that had not been utilized together.

2.2 Synthesis and Isolation of Ag4Ni2(DMSA)4:
At the outset of this research, the only bimetallic thiol-protected clusters of
silver that had been synthesized were gold-silver clusters. In searching for novel metals
to combine with silver, nickel was found to be an attractive candidate given its potential
for interesting magnetic properties. An existing synthetic method for silver clusters was
modified to incorporate nickel into the reaction.5 Silver nitrate and nickel nitrate (85:15
molar ratio) were dissolved completely in an ethanol solvent. This solution was cooled
to zero °C and a thiol ligand (dimercaptosuccinic acid, DMSA) was added and stirred
slowly (~60 rpm) for four hours. The slow stir rate, low temperature, and long reaction
time are essential in order to control the formation of the metal-thiol precursor
complexes. After the formation of the thiol-metal complexes, as evidenced by a change
in color to yellow-green, sodium borohydride was added in order to reduce the
complexes into clusters. The solution slowly darkened and was left overnight to allow
clusters to form and equilibrate. The crude reaction product was then centrifuged and
the solid was washed several times with ethanol to remove any remaining salts and
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dried under nitrogen. Since the final cluster product is water soluble, this solid was then
extracted with distilled water. This solution of clusters was then reprecipitated with
ethanol and, once again, dried down under nitrogen creating the final crude product.
This crude product did not contain a single cluster, however, but a mixture of
clusters. To address this problem, a final separation step was employed. Polyacrylamide
gel electrophoresis (PAGE) is a technique traditionally used for protein separation, but
has some history of success with nanocluster separation as well.6 PAGE works by
creating a matrix of polyacrylamide gel, loading a solution of proteins, or clusters, on top
of it, and then applying an electric potential. This potential applies a force to the clusters
based on their charge. They then move through the gel at a rate based on their size,
mass to charge ratio, and the strength of the intermolecular interactions between the
clusters and the polyacrylamide gel. The degree to which movement is influenced by
size can be modulated by the monomer concentration and monomer:crosslinker ratio
used when polymerizing the gel matrix. After finding the appropriate gel conditions, the
synthesized cluster mixture was dissolved in a small volume of buffer and run through
the gel for two hours until a clear separation was observed (Figure 2-2). The bands were
then mechanically cut out of the gel. The upper yellow band was found to consist of a
mixture of pure silver clusters while the lower green band was found to contain a pure
silver-nickel cluster, Ag4Ni2(DMSA)4. The success of the purification can be qualitatively
seen by looking at the UV-visible spectrum of the crude product vs the final purified
cluster. The improvement in sharpness of the peaks is generally associated with an
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Figure 2-2: An example of the results of Polyacrylamide Gel Electrophoresis (PAGE). A
solution is loaded onto the top of a vertical polyacrylamide gel and then an electrical
potential is applied across the gel, negative on top, positive on the bottom. As a result of
this electric field a force is applied to any negatively charged particles, causing them to
move downward through the gel. The rate of this motion is a function of the size, mass
to charge ratio, and chemical properties of the compounds, causing the mixture to
separate into discrete bands. In this example the top orange band corresponds to large
nanoparticles that essentially could not enter the gel, the middle yellow band contains a
mixture of pure silver nanoclusters, and the bottom green band consists of pure
Ag4Ni2(DMSA)4 clusters.
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improvement in purity. Additional methods of characterization will be discussed in the
next chapter. Attempts were made to improve the result of the synthesis by increasing
the nickel:silver feedstock ratio. While this did result in a more pure crude product, it
actually proved more difficult to properly separate the components via PAGE.

2.3 Synthesis and Isolation of Ag4Pt2(DMSA)4:
After the success of the Ag4Ni2(DMSA)4 cluster synthesis, we wished to attempt a
similar synthesis with additional dopant metals. We replaced the nickel nitrate in the
synthesis mentioned above with hexachloroplatinic acid.7 The chloride ions from the
hexachloroplatinic acid do have the potential to react with the silver ions from the silver
nitrate to precipitate silver chloride, however this did not seem to cause major problems
with the synthesis, likely due to a significant excess of silver relative to chloride. Running
the reaction with only this initial modification produced only a poor yield of soluble
material, but further modification of the synthesis to allow a much longer postreduction equilibration time (3 days) significantly improved the results. The crude
product was subjected to PAGE separation, but despite many modifications of the gel,
buffer, and electrophoretic conditions, the best separation obtained was still far from
adequate (Figure 2-3). To obtain the necessary separation, another technique had to be
employed. Size exclusion chromatography is another common protein separation
technique that has seen some success with separating organic soluble clusters. 4b Size
exclusion chromatography works by running clusters through a column of small porous
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Figure 2-3: Best results obtained for PAGE separation of AgPt reaction. Significant
overlap between bands results in incomplete separation and poor yields. Even when
extracting only the very edge of the bottom of the lower band, multiple compounds
were observed.

Figure 2-4: Simplified cartoon schematic of general size exclusion chromatography
principles. Larger compounds are unable to enter the pores of the stationary phase
material and thus move through the column quickly, traveling between beads, and
eluting first. Smaller compounds are more likely to enter the pores, increasing their
travel time and causing them to elute slower.
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beads. The pores in the beads are of varying sizes with the exact pore size distribution
varying based on the size of the compounds you are trying to separate. As the solution
of clusters passes through the column, smaller clusters are more likely to enter the
pores, causing them to have a longer elution time than larger clusters which cannot
enter the pores simply move between the beads (Figure 2-4). For our system, we
utilized commercially available polyacrylamide beads suitable to our water soluble
clusters with a fractionation range of 800-4000 mw. It should be noted that
fractionation ranges are designed for use with proteins rather than clusters, so the
numbers given may not correspond exactly to the actual molecular weights of cluster
compounds, but we still found this range adequate for our purposes. The tenants of SEC
only hold for ideal systems in which there is no attraction between the clusters and the
stationary phase. The carboxylic acid groups on our dimercaptosuccinic acid cluster
ligands have a strong attraction to the amide groups on the polyacrylamide beads
however, causing them to simply get trapped in the pores and not elute through the
column. To better emulate ideal conditions, an ionic strength buffer is required to limit
this interaction. The strength of this buffer must be balanced between limiting the
cluster stationary phase interaction and limiting the cluster-cluster electrostatic
repulsion that allows the clusters to dissolve in water. A reasonable balance was found
at 150 mM salt solution. Originally, sodium nitrate was utilized, but the nitrate ion has a
UV absorbance that interfered with cluster analysis, and was, therefore, switched to
sodium chloride. The separation obtained was monitored visually and by taking UVvisible spectra of each fraction as it eluted. Good separation was obtained and the
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Figure 2-5 (adapted from reference 7): Left) Example of separation obtained with SEC of
silver-platinum reaction crude product. Ag4Pt2(DMSA)4 clusters were found in middle
yellow band. Right) UV-visible spectra demonstrating enhancement in cluster purity
with multiple SEC cycles.
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silver-platinum cluster containing band was rerun through the column to improve the
separation (Figure 2-5).
In an effort to better understand the crude product composition, all fractions
obtained were analyzed; no other cluster products were detected. This, along with the
rapid speed at which the earlier fractions eluted from the column, suggested the
presence of large nanoparticles. To confirm this theory, these fractions were subjected
to transmission electron microscopy (TEM) analysis (Figure 2-6). In the TEM images,
large crystalline nanoparticles exhibiting lattice fringes were observed. Energydispersive X-ray spectroscopy on the regions of the sample observed confirmed the
presence of both silver and platinum. This data suggests that nanoparticles are formed
alongside the clusters as part of the synthesis. It is important to note, however, that
TEM analysis cannot completely rule out the presence of clusters as it is not uncommon
for clusters, particularly silver clusters, to rapidly agglomerate into larger particles when
subjected to an electron beam. Analysis was performed with this is mind using low
intensity beams and rapidly acquiring data, but it is still a consideration. Further
confirmation of the presence of nanoparticles as a major side product was found in
running the crude samples through low molecular weight cut off (10,000 Da) spin filters
as an alternative means of purification. These filters should only be effective at removal
of large nanoparticles, but they managed to do a comparable job at cluster purification
relative to SEC (Figure 2-7).
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Figure 2-6 (adapted from reference 7): A) TEM Image of the isolated large particle
fraction from SEC. Lattice fringes consistent with larger crystalline nanoparticles can be
seen throughout. Fringes measuring both 2.4 Å and 2.0 Å were observed, consistent
with the (111) and (200) planes of silver. A wide variety of particle sizes were present at
different locations within the sample from around ~3 to ~10 nm. These large sizes are
consistent with the rapid rate at which the band traveled through the SEC column. B)
Wide area EDX elemental analysis confirming the presence of both silver and platinum
within the sample.

Figure 2-7: UV-visible spectra of Crude AgPt reaction mixture, and samples purified by
SEC and spin filtration. The spin filtration sample shows a similar purity to that obtained
by SEC.
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2.4 Synthesis and Isolation of Ag4Pd2(DMSA)4:
After obtaining both Ag4Ni2(DMSA)4 and Ag4Pt2(DMSA)4 clusters, the synthesis of
a palladium analogue to complete the series of group 10 metals was highly desirable.
This palladium cluster proved particularly difficult to synthesize due to a side reaction
between palladium silver and nitrate in the presence of ethanol. Immediately after silver
nitrate was mixed with any palladium salt in ethanol, a black precipitate would form and
fall out of solution. In order to determine the nature of this precipitate, powder XRD
analysis was performed (Figure 2-8). This showed both the presence of silver chloride, as
expected, and palladium metal, which was surprising. Literature review yielded an
example of a similar reaction between palladium nitrate and ethanol being used to
generate palladium nanoparticles with ethanol serving as the reducing agent.8 Either
nitrate ions or ethanol had to be removed in order to prevent this side reaction and
leave palladium ions available to react with the thiol ligands to eventually form clusters.
Since changing the solvent system would likely have a significant effect on the final
cluster product, we chose to alter the metal feedstock salts. Instead of silver nitrate,
silver acetate was used, along with palladium acetate as the palladium salt. This resulted
in the formation of clusters after, similar to the platinum analogue, a 3-day postreduction equilibrium period. To improve the purity of the crude cluster product, both
PAGE and SEC purification methods were applied. As with the platinum analogue, the
PAGE results were unsatisfactory, but SEC provided a very pure Ag 4Pd2(DMSA)4 cluster
product after multiple cycles. The entire series Ag4M2(DMSA)4 (M= Ni,Pd,Pt) was
complete with this synthesis.
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Figure 2-8: Powder XRD of black precipitate formed in original silver-palladium cluster
experiments with nitrate salts. The sharper peaks marked with black stars correspond to
silver chloride, while the broader peaks marked with green stars correspond to
palladium. Note due to the lower intensity and broadness of the palladium metal peaks,
they can be difficult to visualize, particularly when overlapping with a more intense
silver chloride peak.
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2.5 Attempts at Other Analogues:
The synthesis of a complete periodic series is interesting for the comparison of
properties and, at the time of their synthesis, bimetallic clusters with silver and
palladium or platinum were not known. Palladium and platinum have, however, seen
considerable use as dopants for gold clusters as opposed to nickel, which has not been
used in any thiol-protected cluster. In an attempt to emulate the novelty of the silvernickel cluster, and further expand the variety of metals used in thiol-protected clusters,
efforts were undertaken with other transition metals not commonly used in cluster
doping experiments. The metals that received the most focus were iron and cobalt.
Unfortunately experiments with cobalt resulted in only very broad distributions of
unidentifiable clusters, even after applying separation techniques and experiments with
iron did not generate any detectable clusters or form any bands within PAGE or SEC
separations. This apparent inability of metals other than group 10 to form similar
clusters within this system suggests there is something intrinsically stabilizing about
group 10 metals in particular. To understand why, we will look in detail at the identity
and structure of the clusters in the next chapter.
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Chapter 3 – Identification and Structural Determination of Clusters
3.1 Introduction:
In the previous chapter, the synthesis of clusters was discussed, but their
identification and characterization was taken for granted. The matter of characterizing
nanoclusters is actually a non-trivial problem. The same ultra-small size that gives the
clusters

novel

properties

confounds

traditional

methods

of

nanomaterial

characterization. Generally speaking, the bread and butter of nanoparticle
characterization is transmission electron microscopy (TEM). This allows visualization of
particles which are generally classified by their shape, size, and uniformity (Figure 31A).1 Nanoclusters, however, are generally too small to be properly visualized by TEM.
Although people have successfully gathered information about clusters with TEM in
some very specific cases using particularly powerful instrumentation,2 under typical
conditions, clusters under TEM tend to look like a series of poorly defined fuzzy dots
(Figure 3-1B)3. This means that different characterization techniques have to be applied.
The most commonly used and useful method of identifying nanoclusters is mass
spectrometry. Mass spectrometry allows for the determination of the mass to charge
ratio of ionized molecules by measuring the degree to which the molecules are
deflected by a magnetic field. Unlike the mass spectrometry typically used to identify
small organic molecules, in order to properly identify clusters, a very soft ionization
method must be used. Soft ionization is defined as the gentlest ionization conditions
that will actually ionize the analyte are used in order to avoid fragmentation.
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Figure 3-1 (adapted from references 1 and 3): Representative TEM images for larger
nanoparticles and small nanoclusters. While the ~15 nm gold nanoparticles (A) are
clearly visible the Ag7 nanoclusters (B) show as little more than small fuzzy dots. This
prevents TEM from being an effective characterization technique for nanoclusters under
most circumstances.
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A heavily fragmented cluster mass spectrum is often not at all informative, because
clusters tend not to fragment in the predictable ways typical of organic molecules. The
two methods that generally allow for intact cluster ionization are matrix assisted laser
desorption ionization (MALDI) and electrospray ionization (ESI). Similar to the cluster
isolation techniques discussed in the previous chapter, these methods have been
traditionally used for protein characterization. MALDI works by embedding the analyte
within a matrix by cocrystallizing a solution of analyte and matrix molecules. Ideal
MALDI matrix molecules are generally small organic molecules which strongly absorb
light of a particular wavelength and serve as good proton donors. Once the crystals form
and dry, the sample is loaded into the instrument. A high intensity laser is then fired at
the matrix causing the crystals to explode, releasing matrix and ionized analyte allowing
for determination of the mass charge ratio. Electrospray ionization, on the other hand,
works by spraying a solution of analyte through a very small and highly charged needle.
This creates very small charged droplets that rapidly evaporate, imparting their charge
to the remaining analyte molecules. Although both methods have been used with a
variety of clusters, generally water soluble clusters respond better to ESI and organic
soluble clusters respond better to MALDI. With either method, it is often difficult to find
appropriate ionization conditions. Once properly executed, mass spectrometry will
provide the exact mass of the cluster which can be converted into a molecular formula.
The other common method of cluster analysis is single crystal x-ray diffraction
(SC-XRD). SC-XRD provides complete structural information as well as a molecular
formula, but is particularly difficult to achieve for thiol-protected clusters. While the first
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report of a thiol-protected cluster by mass spectrometry was in 1998,4 the first
complete structural determination of a thiol-protected cluster by x-ray crystallography
was not until 2007.5 Although tremendous strides in the number and frequency of
nanocluster crystal structures have been achieved in the last 5 years, it is still somewhat
uncommon for new clusters to be reported along with a crystal structure. SC-XRD works
by obtaining an extremely high order crystal of the analyte molecule and shooting x-rays
through the crystal at every possible angle. Each angle creates a series of diffraction
spots based on the spacing between the atoms within the crystal according to Bragg’s
Law. From the positions of these spots, the complete structure can be back calculated.
The difficulty with SC-XRD of nanoclusters lies in obtaining high quality crystals. The
organic ligands protecting the clusters tend to have significant freedom of movement,
which can lead to disorder within the crystals, causing either poor quality data, or
preventing data collection entirely. When this problem can be circumvented, often by
choosing bulky rigid ligands, SC-XRD offers unparalleled information about the nature of
nanoclusters.

3.2 Mass Spectromety of the Ag4M2(DMSA)4 cluster series:
In the previous chapter, the synthesis of each of the three clusters in the
Ag4M2(DMSA)4 (M= Ni, Pt, Pd) series was discussed. The characterization of these
clusters, however, was equally important and challenging. The first line of this
characterization is mass spectrometry in order to obtain a molecular formula. Since
these clusters utilize dimercaptosuccinic acid as a ligand, they are water soluble and
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easily lose protons from the carboxylic acid groups in order to ionize. This made
negative mode electrospray ionization mass spectrometry the ideal technique. Some
MALDI experiments were also conducted, but lead to excessive fragmentation and were
quickly abandoned (Figure 3-2). In contrast, when our clusters were subjected to ESI,
they ionized relatively easily and gave a good signal in the mass spectrometer.
Unfortunately, the data that comes out of mass spectrometry of metal clusters is highly
complex and must be carefully analyzed before a formula can be definitively assigned.
This complexity stems from three sources: isotope distributions, ion exchange peaks,
and differing charge states. The molecular ion of an organic molecule containing mostly
carbon, hydrogen, and oxygen exists almost entirely as a single peak, as the majority of
carbon, hydrogen, and oxygen atoms exist as a single isotope. On the other hand, the
transition metals in a cluster, and, to a lesser extent the ligating sulfur, often consist of 2
or more isotopes in significant portions, leading to an envelope of closely spaced peaks
with varying intensities based on the ratios of isotopes (Figure 3-3).6 This does
significantly complicate the final spectrum, but also helps eliminate any possibilities of
multiple formulas for a particular mass as isotope distributions are typically
characteristic of a particular formula. In addition to having each cluster generate
multiple peaks due to its isotope distribution, the carboxylic acid groups do not only give
up protons in the ionization process, but exchange those protons for any ions the
clusters are exposed to during their synthesis and isolation. Each instance of this
exchange gives rise to a new mass, and, therefore, a new peak. Finally since mass
spectrometry measures mass to charge ratio rather than actual mass, every cluster
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Figure 3-2: Matrix Assisted Laser Desorption Ionization (MALDI) mass spectrometry data
for AgNi clusters. The large number of closely spaced peaks is indicative of
fragmentation, making the actual cluster peak extremely difficult to identify and assign .
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Figure 3-3: Examples of isotope distributions generated from the combination of silver
atoms. Each additional silver atom increases the number of peaks. For every atom with
multiple stable isotopes in a cluster that cluster’s mass spectrum becomes broader and
more complex.
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envelope for every degree of ion exchange can exist in multiple charge states, which will
show up at different locations. For instance a peak envelope for a cluster with a mass of
1000 dalton could show up at 1000 m/z, 500 m/z, and 333 m/z for the -1, -2, and -3
charge states, respectively. All of these factors combine to generate a significant
number of peaks even for a single isolated cluster. For each cluster we analyzed we
looked at each series of sodium exchange peaks and attempted to find the first peak
with no exchange. From this starting point, we identified the charge state of the cluster
based on both the spacing within the peak envelope and the spacing between the
peaks. In a silver-nickel cluster, the peak envelope spacing results predominately from
the isotopes of silver (107, 109) and the common isotopes of nickel (58, 60), both 2 units
apart. Therefore, a peak spacing of 2 between the high intensity peaks corresponds to a
-1 charge, a peak spacing of 1 corresponds to a -2 charge, and so on. Likewise, the
spacing between peak envelopes generally results from sodium exchange where the loss
of one proton and the gain of one sodium atom increases the mass of the cluster by 22.
This means a spacing of 22 corresponds to a -1 charge, a spacing of 11 corresponds to a 2 charge, and so on. Once the peak envelope charge state and degree of ion exchange
was known, the formula (XM1 + YM2 + ZL) = cluster mass was applied to the observed
mass resulting in between one and several possible integer solutions for X, Y, and Z.
Each of these solutions was simulated in mass spectrometry isotope distribution
software6 and compared to the observed peak envelope distribution. Once an exact or
near match was found, the cluster was considered definitively identified. This
methodology was applied to the purified samples of silver-nickel, silver-palladium, and
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silver-platinum clusters allowing for the identification of Ag4Ni2(DMSA)4, Ag4Pd2(DMSA)4,
and Ag4Pt2(DMSA)4 (Figures 3-4 to 3-6). Every peak with significant intensity was
examined to ensure it originated from the expected cluster and that no unwanted side
products were present in any significant concentration. (Figures 3-7 to 3-9)
Normal soft ionization mass spectrometry can only give the molecular formula
and provides no information about the nature of the bonding within the cluster or its
geometry. To gather some additional information about the cluster structure, we also
applied tandem mass spectrometry, known as MS/MS. MS/MS provides some structural
information by segregating an ion from the soft ionization step, feeding it into another
chamber, and applying a second harder ionization. This second ionization step can be
carried out at varying energies and the fragments seen at each step can give vital
information about the structure of the cluster. The MS/MS analysis of our
Ag4Ni2(DMSA)4 cluster is given in Figure 3-10. The initial low energy fragmentation
quickly generates an Ag4Ni2S4 fragment, which then sequentially spits off Ag atoms as
the energy increases until only nickel-sulfur fragments remain. The immediate removal
of the organic ligands followed by later removal of metal atoms is consistent with the
idea that the structure of the cluster is a single metal core ligated by more easily
removed organic fragments. By itself, however, mass spectrometry simply cannot
provide much detail about the nature of the metal core. For that, additional methods
had to be applied.
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Figure 3-4: Experimental data of major peak series from ESI-MS analysis of AgNi cluster
sample (red) overlaid with simulation of expected isotope distribution for
Ag4Ni2(DMSA)4 cluster (dashed blue). Excellent match of both peak positions and
intensity ratios clearly confirms the identity of the cluster.
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Figure 3-5: Experimental data of major peak series from ESI-MS analysis of AgPd cluster
sample (red) overlaid with simulation of expected isotope distribution for
Ag4Pd2(DMSA)4 cluster (dashed blue). Excellent match of both peak positions and
intensity ratios clearly confirms the identity of the cluster.
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Figure 3-6: Experimental data of major peak series from ESI-MS analysis of AgPt cluster
sample (red) overlaid with simulation of expected isotope distribution for
Ag4Pt2(DMSA)4 cluster (dashed blue). Excellent match of both peak positions and
intensity ratios clearly confirms the identity of the cluster.

39

Peak #

m/z

z

Peak Identity

Assigned Formula (mass and isotope distribution match)

1

120.0844

-1

Tris buffer

C4H11NO3

2

241.1332

-1

Tris Buffer Dimer

(C4H11NO3)2

3

286.8791

-1

Ag(DMSA)

Ag(C4H5O4S2)

4

422.0829

-3

Ag4Ni2(DMSA)4 3-

Ag4Ni2(C4H4O4S2)4

5

429.4408

-3

Ag4Ni2(DMSA)4 3- (Sodium Exchange)

Ag4Ni2(C4H4O4S2)3(C4H3O4S2)Na

6

462.4706

-3

Ag4Ni2(DMSA)4 3- (Tris Exchange)

Ag4Ni2(C4H4O4S2)3(C4H3O4S2)(C4H12NO3)

7

469.7998

-3

Ag4Ni2(DMSA)4 3- (1 Sodium 1 Tris Exchange)

Ag4Ni2(C4H4O4S2)2(C4H3O4S2)2(C4H12NO3)Na

8

488.7313

-2

Cannot assign (probable fragment)

9

543.1955

-3

Ag4Ni2(DMSA)4 3- (3 Tris Exchange)

Ag4Ni2(C4H4O4S2)1(C4H3O4S2)3(C4H12NO3)3

10

559.6754

-2

Ag4Ni2(DMSA)4 2- (fragmented ligand)

Ag4Ni2(C4H4O4S2)3S

11

633.6326

-2

Ag4Ni2(DMSA)4 2-

Ag4Ni2(C4H4O4S2)4

12

644.6717

-2

Ag4Ni2(DMSA)4 2- (Sodium Exhange)

Ag4Ni2(C4H4O4S2)3(C4H3O4S2)Na

13

694.2151

-2

Ag4Ni2(DMSA)4 2- (Tris Exchange)

Ag4Ni2(C4H4O4S2)3(C4H3O4S2)(C4H12NO3)

14

705.2187

-2

Ag4Ni2(DMSA)4 2- (1 Tris Exchange 1 Sodium Exchange)

Ag4Ni2(C4H4O4S2)2(C4H3O4S2)2(C4H12NO3)Na

15

754.7489

-2

Ag4Ni2(DMSA)4 2- (2 Tris Exchanges)

Ag4Ni2(C4H4O4S2)2(C4H3O4S2)2(C4H12NO3)2

Figure 3-7: Full annotated electrospray ionization mass spectrum of Ag4Ni2(DMSA)4
cluster sample. The small peaks seen around 1000 and 1600 do not show an isotope
distribution consistent with nickel or silver containing compounds and are therefore
likely minor contamination from solutions used in instrument calibration.
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Peak
#

m/z

z

Peak Identity

Assigned Formula (mass and
isotope distribution match)

1

695.67
5

-2

Ag4Pt2(DMSA)4 2- (partially fragmented ligand)

Ag4Pt2(C4H4O4S2)3S

2

706.66
7

-2

Ag4Pt2(DMSA)4 2- (partially fragmented ligand)
(sodium exchange)

Ag4Pt2(C4H4O4S2)3SNa

3

769.66
3

-2

Ag4Pt2(DMSA)4 2-

Ag4Pt2(C4H4O4S2)4

4

780.65
3

-2

Ag4Pt2(DMSA)4 2- (sodium exchange)

Ag4Pt2(C4H4O4S2)4Na

5

791.64
6

-2

Ag4Pt2(DMSA)4 2- (2x sodium exchange)

Ag4Pt2(C4H4O4S2)4Na2

6

802.63
5

-2

Ag4Pt2(DMSA)4 2- (3x sodium exchange)

Ag4Pt2(C4H4O4S2)4Na3

7

813.63
7

-2

Ag4Pt2(DMSA)4 2- (4x sodium exchange)

Ag4Pt2(C4H4O4S2)4Na4

8

832.64
9

-2

Ag4Pt2(DMSA)4 2- (2x nitrate ion adduct)

Ag4Pt2(C4H4O4S2)(NO3)2

9

843.63
6

-2

Ag4Pt2(DMSA)4 2- (2x nitrate ion adduct) (sodium
exchange)

Ag4Pt2(C4H4O4S2)(NO3)2H2Na

10

854.62
6

-2

Ag4Pt2(DMSA)4 2- (2x nitrate ion adduct) (2
sodium exchange)

Ag4Pt2(C4H4O4S2)(NO3)2H2Na2

Figure 3-8: Full annotated electrospray ionization mass spectrum of Ag4Pt2(DMSA)4
cluster sample.
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Figure 3-9: Full annotated electrospray ionization mass spectrum of Ag4Pt2(DMSA)4
cluster sample. Envelope A corresponds to the peak [Ag4Pd2(DMSA)4 -3H]3- located at
454.1 m/z and its subsequent sodium exchange peaks. Envelope B corresponds to a
series of Ag4Pd2(DMSA)4 peaks displaying varying degrees of minor ligand fragmentation
and their various sodium exchange peaks. Peak overlap within that envelope makes the
exact identification of the fragmentation impossible, but the isotope distribution
remains consistent with Ag4Pd2 cluster core. Envelope C corresponds to the peak
[Ag4Pd2(DMSA)4 -2H]2- located at 681.6 m/z and its subsequent sodium exchange peaks.
Envolop D corresponds to some very low intensity single charged peaks. These peaks
likely correspond to single charged fragmentation peaks, but their low intensity makes
definitive identification impossible.
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Figure 3-10: Tandem mass spectrometry data for Ag4Ni2(DMSA)4 cluster. Spectra
increase in fragmentation energy from 1 to 5. With each increase in fragmentation
energy additional fragmentation peaks form. In spectrum #2 the cluster quickly sheds its
ligands to reveal a metal sulfur core. As the energy increases atoms fragment off this
core until the emergence of nickel sulfur fragments at the highest energy levels. At each
energy level new fragments are labeled in red.
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3.3 Computational Structural Determination:
In order to determine the likely three-dimensional structures of the clusters that
we had synthesized it was necessary to employ computational methods. To this end, we
collaborated with computational physicists in the Khanna group at Virginia
Commonwealth University. Potential geometric configurations of each cluster were
calculated using density functional theory (DFT). For each of these potential isomers, the
expected UV-visible spectrum was calculated based on the cluster’s energy transitions.
The highest probability isomer for each cluster was selected based on the fit of the
calculated spectrum compared to the experimental spectrum and the cluster energy
(Figure 3-11).7 In each cluster, the dopant metal atoms form a square planar orientation
with the bidentate sulfur ligands. This interaction seems to stabilize this particular
cluster geometry and is likely the reason this cluster forms only with nickel, palladium,
and platinum dopants. Certain isomers were very close in energy and difficult to assign,
but, in those cases, the only variance was in the ligand orientation. The structure of the
cluster core was calculated with a high degree of certainty in each case. The certainty of
any computational structure is never 100%, however, so an additional means of
structural determination was also employed.

3.4 Single Crystal X-ray Diffraction:
Single Crystal X-ray Diffraction (SC-XRD) allows for essentially absolute structural
determination. SC-XRD works by firing an x-ray beam through a single crystal of your
analyte at a large number of angles. The beam creates a particular diffraction pattern
44
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Figure 3-11: Calculated structures for each of the three members of the Ag 4M2DMSA4 cluster series. Below each
calculated structure are the experimentally obtained UV-visible spectrum (left) and the calculated spectrum for
the proposed structure (right).

according to Bragg’s Law (nλ=2dsinθ) because the spacing between atoms is similar in
magnitude to the wavelength of the x-ray beam. From the sum of the diffraction
patterns at each angle, it is possible to back calculate the exact atomic positions within
the crystal. In order for this to work properly, the crystal must be highly ordered.
Irregularities within the crystal structure cause irregularities in the diffraction patterns
and, therefore, lead to uncertainty in the calculations. The growth of these highly
ordered crystals of analytes is often the most challenging component of SC-XRD; this is
particularly the case with nanoclusters. It is extremely challenging to grow high quality
crystals of nanoclusters, likely because of freedom of movement from the organic
ligands. Generally speaking, only a small portion of reported clusters are characterized
by SC-XRD and, often, only years after they are first reported.
Our Ag4M2(DMSA)4 clusters also proved extremely difficult to crystalize. A wide
number of crystallization techniques exist and they are all centered on the general
principle of causing analyte molecules to very slowly precipitate out of a solution. This
can be done by evaporating solvent, changing temperature, or the addition of a
secondary solvent in which the clusters are insoluble. For our system, vapor diffusion of
an incompatible solvent yielded the best results in all cases (Figure 3-12). Crystallization
conditions were optimized around a large number of parameters including cluster
concentration, rate of vapor diffusion, choice of incompatible solvent, temperature, and
the addition of various small organic molecules to improve crystal packing. In the case of
the Ag4Ni2(DMSA)4 cluster, a crystal of sufficient quality was eventually obtained only
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Figure 3-12: Cartoon schematic of vapor diffusion crystallization. A solution of clusters in
a compatible solvent is placed into a small inner vial. This inner vial is then placed in a
larger out vial filled with a volatile solvent miscible with the original solvent, but in
which the clusters are not soluble. This outer vial is sealed and over several days the
outer solvent diffuses in to the inner vial. This results in a slow controlled precipitation
of crystals of clusters.
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after the addition of sodium acetate to the crystallization solution. This changed the pH,
ionic strength, and provided additional molecules to assist in crystal packing. Analysis of
these

crystals

also

revealed

that

small

amounts

of

leftover

tris(hydroxymethyl)aminomethane from the purification process were incorporated into
the crystal structure and, thus, played a key role in the crystal formation (Figure 3-13).
SC-XRD of these crystals revealed the structure of the Ag4Ni2(DMSA)4 cluster
(Figure 3-14)(Table 3-1). This structure is highly consistent with the structure previously
calculated by DFT. The cluster contains an octahedral core composed of a plane of four
silver atoms with the two nickel atoms centered on opposing sides. Bond angles and
lengths within the structure indicate significant metal-metal bonding interactions
between the silver atoms themselves and between the silver and nickel atoms. The
average Ag-Ag bond length is 2.986 Å. In order to interpret the meaning of this length,
this value can be compared to both the Ag-Ag bond length in bulk silver (2.889 Å) and
the Ag-Ag bond lengths observed within another published silver-thiol cluster crystal
structure Ag44(SPh)304- (2.826 Å internal) (3.184 Å external).8 The Ag-Ag bond length is
slightly longer than those in both bulk silver metal and in the metallic core of the larger
Ag44 cluster due to the impact of the thiol bonding. This effect has also been seen in
both gold clusters and the Ag44 cluster which show a significantly longer M-M bond
lengths for the metal atoms participating in thiol bonding.9 The Ag-Ni bond length within
the Ag4Ni2(DMSA)4 cluster is 3.167 Å. This is slightly longer than the Ag-Ag bond, but still
close enough to indicate bonding is occurring. Ag-Ni bonding is also indicated by the
angle of the S-Ni-S bonds. Without the influence of Ag-Ni bonding, we would expect the
48

Figure 3-13: Crystal packing of the Ag4Ni2(DMSA)4 cluster crystal. The crystal consists of
long stacked columns of Ag4Ni2(DMSA)4 clusters with water, sodium, and
tris(hydroxymethyl)aminomethane filling in the areas between columns. (Ag - dark blue,
Ni - green, S - yellow, C - gray, O - red, H - white, N - blue, Na-Teal).

49

Figure 3-14: Single crystal x-ray structure of the Ag4Ni2(DMSA)4 cluster. The metal atoms
form an octahedron with the nickel atoms at opposite vertices consistent with the
previously predicted structure. (Ag - dark blue, Ni - green, S - yellow, C - gray, O - red, H white).
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Table 3-1: Crystal data and structure refinement for Ag4Ni2(DMSA)4.
Identification code
srb3o
Empirical formula
C23.12H29.24Ag4N2Na6.51Ni2O35.34S8
Formula weight
1855.64
Temperature/K
-80
Crystal system
orthorhombic
Space group
Pbca
a/Å
25.054(5)
b/Å
17.452(4)
c/Å
26.296(6)
α/°
90.00
β/°
90.00
γ/°
90.00
3
Volume/Å
11498(4)
Z
8
3
ρcalcg/cm
2.144
-1
μ/mm
2.412
F(000)
7266.0
3
Crystal size/mm
0.2 × 0.15 × 0.1
Radiation
MoKα (λ = 0.71073)
2Θ range for data collection/°
3.24 to 56.6
Index ranges
-29 ≤ h ≤ 33, -23 ≤ k ≤ 23, -34 ≤ l ≤ 34
Reflections collected
103984
Independent reflections
14245 [Rint = 0.0840, Rsigma = 0.0558]
Data/restraints/parameters
14245/705/773
2
Goodness-of-fit on F
1.139
Final R indexes [I>=2σ (I)]
R1 = 0.1024, wR2 = 0.2313
Final R indexes [all data]
R1 = 0.1243, wR2 = 0.2427
-3
Largest diff. peak/hole / e Å
2.57/-3.30
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nickel and the four surrounding sulfur atoms to be within in a plane, giving rise to 180°
bond angles between nickel and the opposite sulfur atoms. Within the Ag4Ni2(DMSA)4
cluster, however, the nickel is pulled slightly downwards towards the silver atoms and
out of the sulfur plane, resulting in bond angles averaging 178.112°. The presence of
silver-nickel bonding with separation between the nickel atoms is particularly interesting
given the tendency of silver and nickel to phase segregate, both in bulk and at the
nanoscale.10 The core is predominately stabilized by metal sulfur bonding, however it is
possible that there is also a stabilization effect from a silver-oxygen interaction. One
oxygen on one carboxylic acid group of each ligand is particularly close to one of each of
the four silver atoms (2.543 Å). The square plane of silver atoms is slightly twisted out of
alignment from the two sulfur planes in the direction of this interaction.
In order to confirm similar structures in Ag4Pd2(DMSA)4 and Ag4Pt2(DMSA)4
efforts to grow crystals of these clusters are ongoing but, while crystals have been
obtained, they are not yet suitable for high quality data collection. However, based on
the similarity of the DFT calculated structures to one another and the now proven
accuracy of the computed, Ag4Ni2(DMSA)4, we are confident that the calculations for
Ag4Pd2(DMSA)4 and Ag4Pt2(DMSA)4 are largely accurate as well, allowing for a
consideration of the entire series as isoelectronic and isostructural clusters.
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Chapter 4 - Trends in the Ag4M2(DMSA)4 (M= Ni, Pd, Pt) Cluster Series
4.1 Introduction:
In previous chapters we have outlined the successful synthesis, isolation,
identification and structural characterization of a series of clusters Ag 4M2(DMSA)4
(M=Ni,Pd,Pt). This series has been shown not just to have similar formulas, but also to
be isostructural. The completion of this series provides excellent potential for the
analysis of the effects of metal substitutions down the periodic table on the properties
of a bimetallic cluster. Some existing literature has scratched the surface of this topic.
Initial work focused on the well-studied Au25 cluster. This cluster was doped with
platinum to create an Au24Pt cluster. The effect of this platinum substitution on the
cluster electronic behavior was studied.1 Additionally, a palladium doped version,
Au24Pd, was also synthesized; The effects of this substitution were studied as well.2
Effects of doping have also been studied in a few other gold clusters, with a focus on
stability, catalytic activity, and changes to electronic structure.3 More recently this work
has begun to be extended to silver-based clusters. Shortly after the first reports of the
highly significant Ag25 cluster, reports of Ag24Pt and Ag24Pd were also published, along
with some analysis of the changes this doping causes to the electronic structure of the
cluster.4 Platinum and palladium are particularly interesting to look at together since
they are in the same group of the periodic table. Unfortunately, there has been a
complete absence of any nickel doped analogues of Ag25. It is very difficult to properly
analyze or draw conclusions about any trends between only two compounds. This
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deficiency is somewhat addressed by our Ag4M2(DMSA)4 (M = Ni,Pd,Pt) cluster series. By
synthesizing a nickel analogue, as well as the platinum and palladium versions, we can
evaluate some of these trends with greater depth. Since we have shown this series is
likely isostructural as well as isoelectronic, any significant changes in properties should
be the direct result of the change in the identity of the metal M.

4.2 Trends in Electronic Structure:
Many of the important potential applications of nanoclusters revolve around
their unique electronic structures and optical properties. If these applications are ever
to achieve their full potentials, it is vital to understand exactly how the formula and
structures of nanoclusters affect their electronic properties. As we synthesized each
member of the Ag4M2(DMSA)4 series, we kept an eye towards differing electronic
structures between clusters. The Ag4Ni2(DMSA)4 and Ag4Pt2(DMSA)4 clusters were
synthesized first and showed similar, but shifted, UV-visible spectra. Computational
work on these two clusters showed similar results and also predicted that an
Ag4Pd2(DMSA)4 cluster would likely show a similar structure with electronic transitions
of an energy between those of the nickel and platinum analogues (Figure 4-1).5 Shortly
after this computation was performed, we were able to confirm this prediction with the
synthesis of the palladium analogue and the completion of the series. As predicted, the
energy of the transitions within the palladium cluster fit between those of the platinum
and nickel analogues (Figure 4-2). Existing literature has also shown similar changes
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Figure 4-1 (Adapted from reference 5): Calculated UV-visible spectra of the three
clusters in the Ag4M2(DMSA)4 series. Each blue line corresponds to a calculated
electronic transition, while the black lines represent the expected UV-visible spectra.
The three spectra are somewhat similar, but show a blue shift as the metal M is
substituted down the periodic table from Ni to Pd to Pt.

56

Figure 4-2: Measured UV-visible spectra of the three clusters in the Ag4M2(DMSA)4
series. The spectra are relatively similar with a significant blue shift in the most intense
peak as the identity of the metal M is changed. Significant variation from the previous
calculated spectra is observed, but the general predicted trend holds true.
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in optical properties due to similar changes in composition.4, 6 Changes in dopant metals
in gold based clusters have also been shown to shift electronic structures. Generally a
switch in dopant metal from palladium to platinum has resulted in a blue shift in the
electronic structure (Figure 4-3). A similar result was reported very recently for silver
based clusters (Figure 4-4). The observation of this effect in our three membered series
provides further confirmation that this is a generalizable trend. In future work,
additional series will need to be synthesized to fully understand this phenomenon. This
may allow for rational designs of clusters for particular applications based on the tuning
of electronic properties to meet required specifications.

4.3 Trends in Cluster Stability:
One of the key properties driving the interest in thiol-protected nanoclusters is
their stability. While these clusters are generally significantly more stable than would be
expected for such small clusters, it is still extremely worthwhile to consider means to
enhance this stability. Doping of gold clusters has been shown to have an impact on
their stability in certain instances, either enhancing or diminishing it based on the metal
used.3b, 7 We wanted to examine the relative stability of our silver cluster series and
determine what effect each metal would have in this case. One simple way to assess the
stability of a cluster over time is by monitoring its UV-visible spectrum. As the cluster
decomposes, the characteristic peaks go down in intensity and the spectrum becomes
progressively smoother. We prepared solutions of each of the three clusters in our
series and, because we were also interested in the effects of oxygen on the cluster
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Figure 4-3 (adapted from reference 6): Experimental UV-visible spectra of palladium and
platinum doped analogues of the Au25(SR)18 cluster. The spectra are quite similar to one
another with the platinum-containing cluster slightly blue shifted from the palladium
version.

Figure 4-4 (adapted from reference 4): Experimental UV-visible spectra of palladium and
platinum doped analogues of the Ag25(SR)18 cluster. Just as with the Au25(SR)18 cluster,
the platinum doped version has a similar but slightly blue shifted spectrum compared to
the palladium analogue.
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stability, separated them into both sealed and unsealed cuvettes. The UV-visible
spectrum of each solution was taken every 24 hours for 5 days (Figure 5). Predictably,
the Ag4Ni2(DMSA)4 cluster decomposes the fastest, particularly in the presence of
oxygen, likely because nickel oxidizes much more readily than palladium or platinum. A
less predictable difference was observed between palladium and platinum, however.
The Ag4Pd2(DMSA)4 cluster exhibited exceptional stability and was essentially
indefinitely stable when protected from oxygen. The Ag4Pt2(DMSA)4 cluster was
significantly less stable than the palladium analogue, showing measurable
decomposition even without oxygen exposure. This result is not as intuitive as the
instability of the nickel cluster given the similar oxidation resistance of palladium and
platinum. It is possible the higher bond energy of the Pt-Pt bond (306.7 ± 1.9 kJ/mol )8
opposed to the Pd-Pd bond (<136 kJ/mol)9 encourages agglomeration of the platinum
clusters. Further investigation will be required to fully understand the origin of this
stability difference.

4.4 Future Directions:
The completion of this series allows for a deeper understanding of the structureproperty relationships of bimetallic clusters in many areas. One area of great
importance that often shows significant changes upon doping a cluster or changing the
identity of the dopant is catalytic activity. Our clusters were screened for catalytic
activity in a number of reactions, but, unfortunately as of now, none have been found. If
such activity could be found, it would be highly informative to compare the activity or
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Figure 4-5: Stability study of all three clusters in the Ag4M2DMSA4 (M= Ni, Pd, Pt) series. Cluster stability in aqueous
solution studied over 72 hours by UV-visible spectroscopy. Solutions kept either sealed under nitrogen or open to air to
measure the effect of oxygen on the cluster stability. The order of cluster stability is Ag4Pd2DMSA4 > Ag4Pt2DMSA4 >>
Ag4Ni2DMSA4.

selectivity of each member in this series.
Furthermore, it is highly desirable to continue to investigate the trends observed
in this series for their general applicability towards clusters, rather than simply look at
them in this isolated case. This is key for the development of rationally designed clusters
rather than the highly empirical current state of the field. For this reason, it is important
to synthesize another separate three-membered isostructural series of clusters. Due to
the preexistence of palladium and platinum doped analogues of the Ag 25(SR)18 cluster,4
this goal could be accomplished simply by the synthesis of an Ag 24Ni(SR)18 cluster. Our
efforts to synthesize such a cluster are detailed in the next chapter.
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Chapter 5 - Unexpected Effects of Nickel Dopant on an Existing Silver
Cluster Synthesis
5.1 Introduction:
To examine the generalizability of the trends discussed in the previous chapter
to other clusters, we were extremely interested in the synthesis of another cluster series
of some formula AgXMLY (M=Ni,Pd,Pt). Since considerable work has already been
reported in the literature regarding the synthesis of Ag24Pd(SR)18 and Ag24Pt(SR)18
(SR=(SC6H3(CH3)2) we set out with the target of Ag24Ni(SR)18. Although this cluster was
ultimately not obtained, during the course of those synthetic attempts, interesting
effects of dopant atoms on the cluster synthesis were noted. In this chapter we will
discuss these effects, their origins, and their significance.

5.2 Initial Attempts at Synthesizing Ag24Ni(SR)18:
The first step in any bimetallic nanocluster synthesis is to adapt an existing
synthesis with additional metal feedstock. This approach successfully generated
palladium and platinum doped analogues of the Ag25(SR)18 cluster.1 We adapted the
Ag25(SR)18 synthesis2 to dope in a 15% molar ratio of nickel atoms. A solution of nickel
nitrate hexahydrate and silver nitrate in 2 mL methanol was prepared by sonication. To
this solution, 100 μL of 2,4-dimethylbezenethiol ligand was added under rapid stirring.
This immediately resulted in the precipitation of a yellow gel-like solid, which was
stirred until the formation of a homogenous yellow suspension. To this suspension, 18
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mL of dichloromethane was added. The suspension was cooled in an ice bath and
allowed to react for 20 minutes. At this point, tetraphenylphosphonium bromide, which
serves as a counter ion for the eventual cluster, was added. This was followed by the
addition of a solution of sodium borohydride reducing agent in ice cold deionized water.
The solution was stirred for 6 hours in the ice bath then placed in a freezer overnight
and allowed to equilibrate. The solution was then centrifuged to remove insoluble
material and clusters were precipitated by the addition of methanol. The clusters were
then redissolved in dichloromethane for analysis.
Analysis by UV-visible spectroscopy did not show the spectrum of Ag25(SR)18, as
might be expected of a failure to incorporate nickel atoms, or a shifted version of that
spectrum, as would be expected of Ag24Ni(SR)18. Instead, the synthesized cluster had an
entirely unrelated spectrum (Figure 5-1). This effect was found to be dependent on the
concentration of nickel used, with a higher ratio leading to more pronounced peaks and
a lower ratio resulting in peaks similar to Ag25(SR)18 (Figure 5-2). To determine the
nature of this new cluster, ESI-MS was employed. The mass spectrum of the cluster
sample showed only one clear peak series (Figure 5-3). This peak series was analyzed
and, based on its location and isotope distribution, was identified as an Ag5(SR)6- cluster.
It is important to note, however that in some cases, it can be difficult to make larger
clusters ionize, so the presence of larger side products cannot be fully discounted. In
particular, our instrument could not detect the presence Ag25(SR)18 even when using a
standard literature preparation. The synthesis of the Ag5(SR)6- cluster is particularly
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Figure 5-1: UV-visible spectra of both literature prepared Ag25(SR)18 (red) and cluster
product of nickel doped reaction (blue).
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Figure 5-2: UV-visible spectra of reaction products with varying degrees of nickel doping.
At low nickel doping the spectrum still retains many features of the Ag 25(SR)18 cluster
spectrum. At higher levels of doping these features vanish and a new spectrum
emerges.
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Figure 5-3: Experimental data of major peak from ESI-MS analysis of product of nickel
doped reaction (red) overlaid with simulation of expected isotope distribution for
Ag5(SR)6- cluster (dashed blue). Peak positions match extremely well, peak intensities
match reasonably well.
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interesting given the lack of nickel incorporation into this compound. Clearly, the
presence of nickel ions in the reaction had a significant impact on the final cluster
product even without being incorporated into it. This opens the potential for another
aspect of size control and a deeper understanding of the mechanisms of bimetallic
cluster formation. A series of experiments modifying this synthesis were carried out to
determine the nature of this impact.
5.3 Influence of Nickel on Silver Cluster Reaction:
Modification of the base Ag25(SR)18 synthesis with nickel results in a new, smaller,
monometallic silver cluster. This is contrary to modification with platinum and palladium
which result in doped versions of the Ag25(SR)18 cluster; some element of the reaction
with nickel was clearly unique. One key visual difference between the pure silver
reaction and the nickel modified version is the rate at which the reduction occurs when
the sodium borohydride solution is added. In the original reaction, this is a very slow
process, aided by the low temperature, poor solubility of the silver-ligand complex, and
the biphasic nature of the sodium borohydride addition. The rate of the reduction can
be visualized by darkening of the solution, which occurs over the course of several
minutes. With the presence of nickel in the reaction mixture, this process happens very
differently. When the sodium borohydride solution is added, the drops immediately
turn black as they make contact with the solution and the mixture as a whole darkens
much faster. One possible cause of this difference is that, unlike the silver ligand
complex, the nickel ligand complex is completely soluble in methanol and
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dichloromethane. It is possible that the ligand reacts so quickly with the silver ion that it
is all pulled out of solution and does not have any chance to bind with the nickel ions.
The free nickel ions would then react very rapidly with the reducing agent, which is
consistent with the observed behavior.
In order to test the validity of this theory, the synthesis was repeated twice with
two slight modifications. Rather than adding the ligand to a mixed solution of silver and
nickel nitrate, the ligand was added to a solution of either pure silver nitrate or pure
nickel nitrate, allowed to react, and then a solution of the second metal was added
before carrying on with the reaction as normal. In the reaction where the nickel ligand
complex was formed first, a significant difference in the final suspension was seen. The
nickel ligand complex in methanol exists as a light brown solution. Addition of the silver
solution did cause the same immediate gel-like precipitation typically seen, but the
brown color of the nickel ligand complex was maintained within this gel and within the
final suspension that formed, indicating that the nickel was better incorporated into the
final complexes formed. This suspension reacted slightly slower upon sodium
borohydride addition, but did still exhibit roughly the same behavior. The silver first
reaction, on the other hand, generates the same yellow suspension as in the mixed
reaction. The UV-visible spectrum (Figure 5-4) of the product of the nickel first reaction
is more similar to that of Ag25(SR)18 indicating that some other clusters have formed in
addition to the Ag5(SR)6-, which still remains visible in the ESI-MS. reaction. The UVvisible spectrum of the silver first reaction products, however, is similar to the products
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Figure 5-4: Effects of change in reagent addition order on final product UV-visible
spectra. In one case nickel nitrate is fully reacted with ligand before the addition of a
solution of silver nitrate (dark green). In the other case silver nitrate is fully reacted with
the ligand before the addition of a solution of nickel nitrate (light green).
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from simply mixing both salts together prior to ligand addition. This strongly indicates
that the origin of the cluster size reduction is based in the free nickel ions.
One possibility is that these nickel ions form particles upon reduction that
catalyze a different reaction pathway for the forming silver clusters. To test this
hypothesis, these particles were synthesized independently and added to a pure silver
reaction immediately pre-reduction. The nickel particles were synthesized following the
same procedure as the silver clusters, but with a pure nickel nitrate solution as the
starting feedstock. In order to ensure that these particles are similar to those made
during the reaction, these particles were removed from the reaction mixture one hour
after reduction. The particles were precipitated with methanol, resuspended in
dichloromethane, and then added to a pure silver reaction immediately before the
reduction step. This reaction was finished by the standard procedure and the product
analyzed by UV-visible spectroscopy. The spectrum of the product was identical to that
of an unaltered pure silver reaction, indicating that only Ag 25(SR)18 had formed, and the
nickel particles had no effect. This may be because the nickel particles were already too
large by the time they were added to the silver reaction, or it may be that unreduced
nickel ions are key to the process.

5.4 Experiments with Other Metals:
In an attempt to further understand the process resulting in the size change, we
considered if a similar effect could be produced by metals other than nickel. One factor
separating nickel from the base silver and the palladium and platinum that were
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successfully used to generate doped Ag25(SR)18 clusters is the solubility of its complex
with the 2,4-dimethylbenzenethiol ligand in the initial methanol solvent. Palladium,
platinum, and silver complexes all form precipitates in methanol. In order to find
another metal with this property, a number of transition metal nitrate salts were mixed
with the ligand in methanol. Neither iron nor cobalt generated any precipitates, but
while the iron (III) nitrate solution changed from a dark yellow solution to a colorless
one, the cobalt (II) nitrate solution remained pink, showing no visual change. For this
reason, iron nitrate was chosen as an ideal candidate to attempt to replicate the effects
of nickel doping. The reaction was run with a mixture of silver nitrate and iron nitrate as
the initial feedstock. Once again, a very rapid effect was observed upon the addition of
the sodium borohydride, although slightly slower than in the case of nickel. The clusters
were analyzed by UV-visible spectroscopy and did not show a Ag25(SR)18 spectrum, but
also did not show a spectrum matching that of the nickel doped reaction (Figure 5-5). It
seems likely that no clusters were generated by the reaction.

5.5 Conclusions:
Adding nickel nitrate to an existing synthesis for Ag25(SR)18 results in a Ag5(SR)6cluster instead. This is an interesting result with potential applications in cluster size
control and building a better understanding of bimetallic cluster synthesis. Experiments
to determine the exact cause of this change suggest that the nickel ions do not fully bind
to the ligand and that this is likely responsible for the effect on the final silver product.
Considerable work still needs to be carried out to fully understand the mechanism of
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this effect, and to determine if it could be applied in other cases as another method of
size control.
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Figure 5-5: UV-visible spectrum of product from iron doping experiments. The spectrum
does not match any previously seen, and is not even indicative of cluster formation.
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Concluding Remarks
In conclusion, we have synthesized a novel cluster series of the formula
Ag4M2(DMSA)4 (M=Ni, Pd, Pt) and studied its structural characteristics and properties as
a function of the identity of the metal M. We have also explored the effects of
additional metal salts on the synthesis of monometallic silver clusters. This work
enhances existing cluster field in a number of ways. The synthesis of the series itself
significantly enhances the diversity of existing thiol-protected metal clusters. Existing
silver clusters are somewhat uncommon, with bimetallic analogues being even less
common. The Ag4Ni2(DMSA)4 cluster is particularly significant given the complete lack of
nickel containing clusters within the literature. The obtained crystal structure of this
cluster helps validate existing computational methods and provides significant insights
into the nature of metal-thiol bonding and metal-metal interactions within a bimetallic
cluster. Beyond the individual clusters, the series as a whole allows for a deeper
understanding of the structure property relationships that govern cluster behavior.
Trends observed in stability and electronic structure have the potential to assist in more
rationally selected synthetic targets for particular applications where a dopant metal
can be selected for the effect is has on the cluster target. This work also provides a
significant framework upon which additional future studies of cluster series can be built,
further expanding the field and the understanding of cluster properties.
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