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Abstract

Iridium, platinum, and gold nanoparticles, protected with sulfur, selenium, or tel-
lurium dodecane ligands were synthesized under ambient laboratory conditions. These
nine nanoparticles were characterized by thermogravimetric analysis, transmission elec-
tron microscopy, and x-ray photoelectron spectroscopy (XPS). XPS was used to de-
termine the degree of oxidation present at the metal-chalcogen interface at the time of
synthesis and after one week of aging under ambient laboratory conditions. Upon syn-
thesis, interfaces involving sulfur atoms were found to have no degree of oxidation and
to retain this lack of oxidation over the course of one week. In contrast, all interfaces
involving tellurium were found to have some degree of oxidation (28%, 77%, and 76%
for Ir, Pt, and Au particles, respectively) at the time of synthesis, and this degree of
oxidation increased over the course of one week to 38%, 83% and 92% for Ir, Pt, and

Au, respectively. For interfaces involving selenium, all interfaces initially lacked any



oxidation and the the iridium and platinum interface was found to be stable over one
week. On the other hand, the gold interface oxidized over time, reaching 60% oxidation
after one week under ambient laboratory conditions. Thus, our work shows that IrS,
IrSe, PtS, PtSe, and AuS provide metal-ligand interfaces that are stable, with respect

to oxidation under ambient conditions.



Introduction

For decades, noble-metal nanoparticles (MNPs) have been a mainstay of fundamental and
applied materials research. Interest in these systems stems from electronic properties that
emerge when metals are confined to the nanoscale, and which can be used to test and refine
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our fundamental models of solid state physics'™ or used as the basis for applications in
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sensing,® " cancer treatments,® 19 catalysis, and lasers, 6 to name a few.

For much of the above effort, controlling the desirable electronic properties of these parti-
cles has meant modification of the core—usually through changes to the size and shape. 7 '?
However, emerging research on metallic nanoparticles and related atomically precise metal
clusters is highlighting the critical role that the metal-ligand interface can play in controlling
the electronic behavior of ligand-supported metal cores. For nanoscale systems with such
metal-ligand interfaces, Millstone and co-workers have shown that photo-luminescence and
magnetism depends on ligands,?*?! Johnson and co-workers have shown striking changes
in absorption properties accompany subtle changes in ligand set, 224 Weiss and co-workers
have shown that excited state lifetimes and heat capacities can be controlled by ligands,?®
and our own group has shown that the electronic g-factor for metallic electrons depends
on the chemical identity of the surfactants.?62® Jin and co-workers have shown that even
the physical structures of nanoscale metals are impacted by changes to the ligand.?® Anal-

ogous ligand effects arise in calculations performed on small metal clusters by Aikens30:3!

and otherg32:33

and can even be seen in bulk gold, where the nature of the molecules used in
self-assembled monolayers controls properties such as surface potential of the bulk metal. 3435

The link between surface chemistry and electronic behavior suggests that identifying and
using ligands that provide chemically stable interfaces will be a critical aspect of nanoscience
moving forward. In the absence of such stability, the behaviors of particles will continue to
evolve after their synthesis, which nullifies any benefits of careful tuning of the properties

via the ligand-metal interface. To the extent that the utility of nanoscale materials depends

upon the ability to rationally tune particles for a particular application, it is important to



better understand the chemical stability of metal-ligand interfaces and to identify new stable
interfaces that will serve as a scaffold for tuning electronic properties.

At present, one of the best studied metal-ligand interfaces for nanoscale materials is the
gold-thiolate interface,®0 which is valued for its ease of synthesis and chemical stability. On
the other hand, the latter chalcogens are expected to form stronger bonds with metals and,
because of this, potentially exert larger influences over the metal core. Despite this expec-
tation, there is a comparative dearth of experimental investigations into metal-selenolate
and metal-tellurolate interfaces at the nanoscale, with the reports on these interfaces often

38,39 rather than metallic nanoparticles.

focusing on metal clusters” and quantum dots,

Though the stronger expected metal-ligand interactions for Se and Te provide a com-
pelling reason for their use, the representation gap of these interfaces in the literature is not
merely an oversight. To a large extent, the lack of representation owes to the fact that so
much work on nanoscale metals involves gold, for which the gold-thiolate interface is chem-
ically stable under ambient conditions, while the gold-selenolate’ and gold-tellurolate*!
interfaces are susceptible to oxidation. Thus, it can be seen that stable interfaces naturally
attract a large body of literature, while the additional work required to handle unstable
interfaces discourages their use.

It is important to note that the chemical resistance to oxidation of the gold-thiolate inter-
face is not inherent to thiols. All chalcogens (including thiols) are susceptible to oxidation.
Indeed, disulfides are a well-known and regularly used reagent in organic synthesis.*? In
other words, the oxidative stability of thiols is an emergent property of the Au-S interface.
This realization motivates us to look for metals other than gold that might lend oxidative
stability to interfaces formed between them and the latter chalcogens.

To this end, we undertook a study into the oxidative stability of interfaces between
metals and sulfur, selenium and tellurium-based dodecane ligands under ambient laboratory
conditions. Given the relatively well-studied nature of the gold-chalcogen interfaces, and the

utility of noble metals in nanoscience we began with two other late noble metals, Ir and Pt.



This provided six different nanoparticles: IrSNPs, IrSeNPs, Ir'TeNPs, PtSNPs, PtSeNPs,
and PtTeNPs. In this nomenclature, we give the metal, the chalcogen and then ‘NPs’ to
indicate we are discussing nanoparticles, rather than molecular compounds. In cases were a
general chalcogen is referred to, then we use ‘E’ in place of S, Se, or Te. Given the analogous
nature to the gold-chalcogen interface, and the relative abundance of information on that
interface, we felt it could be useful to compare the Ir and Pt particles to the gold, and so
we prepared gold nanoparticles protected by sulfate, senelolate, and tellurolate dodecane
ligands (AuSNPs, AuSeNPs, and AuTeNPs, respectively). Though though we did not find
reports of Ir and Pt interfaces involving selenolate or tellurolate ligands in the literature, we
found we could adapt common synthetic approaches to produce them. With all nine particles
in hand, we used XPS to determine the stability of the interface with respect to oxidation
under ambient conditions. We find that, in contrast to gold, both Ir and Pt provide stable
interfaces for alkane-selenol ligands, though metal-tellurium interfaces are not stable for any
of the metals we examined. Thus, the primary result of this work is the identification of two
new stable interfaces that could be used for generating new and stable electronic behaviors

of metal nanoparticles.

Experimental

Materials

Tetraoctylammonium bromide (98+%), sodium borohydride (99%, VenPure SF powder),
dihydrogen hexachloroplatinate (IV) hexahydrate (99.9%), potassium hexachloroiridate (IV)
(min. 39% Ir), sodium thiosulfate (anhydrous, 99%), chloroauric acid trihydrate (99.999%),
and tellurium powder (99.5%) were purchased from Alfa Aesar. Dodecanethiol (98+%),
dodecylamine (98%), and selenium pellets (<5 mm, 99.99%) were obtained from Sigma-
Aldrich. 1-bromododecane (98%) was obtained from Acros Organics. Solvents were obtained

from Fisher Chemical. All reagents were used without further purification.
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Synthesis

All metal nanoparticles described below may be redispersed in a variety of low-polarity
organic solvents, including hexane, toluene, chloroform, and THF. All particles were syn-
thesized and isolated under ambient laboratory conditions. Our laboratory has temperature
control, but not humidity control. In general, the lab is kept at 21° 4+ 2C and, during the
time the samples were aged, humidity levels fluctuate between 25% and 35%, based upon
a wall mounted hygrometer. Unless otherwise noted, samples were exposed to laboratory
light, produced by overhead fluorescent bulbs. These lights are turned off when the labora-
tory is unoccupied, and so each day would include roughly 14 hours of light. Thus, ambient
conditions imply exposure to oxygen, humidity, and light. After collection they were stored

under a dry nitrogen atmosphere, unless otherwise noted.

Iridium nanoparticles (IrENPs)

Thiolate-protected iridium nanoparticles were synthesized following a literature proce-
dure, with sodium dodecylthiosulfate as the ligand precursor. 4344

Selenolate-protected iridium nanoparticles (IrSeNPs) were prepared as follows: Potassium
hexachloroiridate (193.2mg, 0.40mmol) was added to a round-bottom flask and dissolved in
30mL Milli-Q ultrapure water. A solution of tetraoctylammonium bromide (1.094g, 2mmol)
in 25mL toluene was prepared and added to the stirring hexachloroiridate solution. The mix-
ture was stirred for two hours to ensure complete transfer of hexachloroiridate to the organic
phase. The organic phase was collected. Dodecyl diselenide (300mg, 0.60mmol) was added,
and the solution stirred before adding a 8mL solution of 1M aqueous sodium borohydride
all at once. A color change over several minutes to yellow and then orange indicates the
formation of IrSeNPs. The mixture was stirred overnight with the color gradually darkening
further. The dark-brown organics were separated, concentrated on a rotary evaporator to

a few mL, and 200mL of a 1:1 methanol:ethanol mixture added to precipitate the IrSeNPs.

The mixture was stored in a freezer overnight, centrifuged at 10,000rpm for 15 minutes, and



the non-solvent decanted from the pelleted IrSeNPs.

Tellurolate-protected iridium nanoparticles (IrTeNPs) were syntheized following a procee-
dure similar to that of the selenolate species. However, as dialkyl ditellurides are known to
reduce noble metal salts, a reverse-addition protocol was followed. A 10mL solution of 1M
tetrabutylammonium borohydride in THF was then added, causing the solution to slowly
change from red to yellow-green. This solution was stirred for three minutes, before adding
dodecyl ditelluride, which immediately turned the solution a deep red-brown. Finally, 5mL
of 1M methanolic sodium borohydride was added, and the solution allowed to stir overnight.
The red-brown solution was concentrated on a rotary evaporator to a few mL, and 200mL of
a 1:1 methanol:ethanol mixture added to precipitate the Ir'TeNPs. The mixture was stored
in a freezer overnight, centrifuged at 10,000rpm for 15 minutes, and the non-solvent de-
canted from the pelleted product. The crude product, a mixture of IrTeNPs and a currently
uncharacterized orange material, was purified by column chromatography (1:1 hexane:THF

eluent), The first band eluted contained the desired IrTeNPs.

Platinum nanoparticles (PtENPs)

All three chalcogenolate-protected particles were synthesized using the same procedure: syn-
thesis of dodecylamine protected particles via a literature procedure,*® followed by ligand
exchange with the target chalcogenolate ligand. Briefly, dihydrogen hexachloroplatinate
(0.312g, 0.6mmol) was added to a round-bottom flask and dissolved in 30mL Milli-Q ultra-
pure water. A solution of tetraoctylammonium bromide (0.984g, 1.8mmol) in 60mL toluene
was prepared and added to the stirring dihydrogen hexachloroplatinate acid solution. The
mixture was stirred for two hours to ensure complete transfer of hexachloroplatinate to the
organic phase.

Dodecylamine (2.44g, 13.2mmol) was then added, and after five minutes of stirring,
followed by a dropwise addition of a 20mL solution of aqueous sodium borohydride (0.385g,

10.2mmol). The mixture gradually turned dark brown, and was left to stir for two hours.



The organics were separated and 400mL isopropanol added to precipitate the dodecylamine-
protected platinum nanoparticles. The mixture was stored in a freezer overnight, centrifuged
at 10,000rpm for 15 minutes, and the non-solvent decanted from the pelleted nanoparticles.

Dodecylamine was replaced with chalcogenolate ligands on the surface through a lig-
and exchange process. To prepare thiolate-protected nanoparticles, 100mg amine-protected
nanoparticles were dispersed in 50mL THF, and 0.347mmol alkanethiol was added. The
solution was stirred overnight and precipitated and collected as above to obtain PtSNPs.
Using 0.347mmol sodium dodecaneselenolate (prepared by reduction of dodecyl diselenide
with a methanolic solution of NaBH,), yields PtSeNPs, and using dodecyl ditelluride yields
PtTeNPs. It is important to emphasize that dodecaneselenolate and ditelluride ligands were

used for these syntheses.

Gold nanoparticles (AuENPs)

Thiolate, % selenolate,*” and tellurolate-protected gold nanoparticles*' were synthesized us-

ing literature procedures.

Dialkyl dichalcogenides

Dialkyl diselenides*® and ditellurides*” were synthesized using literature procedures.

Characterization

Transmission electron microscopy was performed on an FEI Tecnai G20 20 XTWIN LaB6 at
an accelerating voltage of 200kV. Samples were prepared by drop-casting dilute nanoparticle
dispersions of the NPs onto carbon-coated copper grids (200 mesh, Electron Microscopy
Sciences). When feasible, at least 300 particles were counted for each sample.
Thermogravimetric analysis (TGA) measurements were performed using TA Instruments

Discovery Series TGA Q5500 coupled with Discovery MS. Samples were held in a platinum



pan and heated from room temperature to 1000 °C at a rate of 20 °C/min under Ny atmo-
sphere.

XPS experiments were performed using a Physical Electronics VersaProbe II instrument
equipped with a monochromatic Al k x-ray source (h = 1,486.7 eV) and a concentric hemi-
spherical analyzer. Samples were drop-cast onto a Si substrate, which was mounted with
3M double sided tape. Charge neutralization was performed using both low energy electrons
(less than 5 eV) and argon ions. The binding energy axis was calibrated using sputter cleaned
Cu (Cu 2p3/2 = 932.62 eV, Cu 3p3/, = 75.1 eV) and Au foils (Au 4f7/, = 83.96 eV). Peaks
were charge referenced to CH, band in the carbon 1s spectra at 284.8 eV. Measurements
were made at a takeoff angle of 45 degrees with respect to the sample surface plane. This
resulted in a typical sampling depth of 3-6 nm (95 percent of the signal originated from this
depth or shallower). Quantification was done using instrumental relative sensitivity factors

(RSF's) that account for the x-ray cross section and inelastic mean free path of the electrons.

Results

Synthesis and physical characterization

Synthesis of thiol-protected Ir, Pt, and Au nanoparticles have already been reported, 4346

and we followed these reported preparations with success. For the latter chalcogens, while we

successfully prepared selenolate and tellurolate AuNPs following existing procedures, *47" n

o
analogous procedure existed in the literature for either iridium or platinum nanoparticles. In
order to maximize the contribution of the surface chemistry, we desired small nanoparticles,
which we defined as sub-5nm mean diameter. The most common means of generating such
small particles in the literature is through a one- or two-phase synthesis bearing the metal
salt and ligands, to which reducing agent is added. Such ‘direct’ synthesis was found to

produce small relatively monodisperse iridium nanoparticles bearing thiolate, selenolate,

and tellurolate ligands. Exemplars of the TEMs associated with these particles, as well as



a box and whisker plot of the size distributions can be seen in Figure 1. Histograms of the
particles and log-normal fits to the distributions are shown in Figure S1. For all nanoparticle
systems, with the exception of the IrSeNPs and Ir'TeNPs, 300 particles were counted for each
histogram. In the case of the IrSeNPs and Ir'TeNPs, difficulty in acquiring images of sufficient
quality for size determination limited us to 148 and 48 particles, respectively. Particularly
for the latter, this is very few particles. Thus, the reports of means and standard deviation
in size should be judged appropriately. Of course, the increased uncertainty in these values
is reflected in the standard errors reported for these values in the SI. However, as the focus
of this manuscript was not on size control, but the XPS, this lack of particle counts was not
overly concerning to us. The number of particles was sufficient to demonstrate the targeted
sub-5nm mean diameter, and justified proceeding with further XPS characterization.
Direct synthesis of PtENPs from hexachloroplatinate salt and dialkyl chalcogenide pre-
cursors did not consistently yield small particles with narrow size dispersity; consequently,
other routes were explored. Exchange of weakly adsorbed ligands, such as amines, for
more strongly bound ligands, such as thiols, is a common method for functionalizing metal
nanoparticles while maintaining consistent physical properties of the metal core. We suc-
cessfully applied this approach to the synthesis of alkanethiolate, alkaneselenolate, and alka-
netellurolate protected platinum nanoparticles. Exemplars of the TEMs associated with the
final particles, as well as a box and whisker plot of the size distributions can be seen in
Figure 1. Histograms of the particles and log-normal fits to the distributions are shown in
Figure S1. TEM characterization reveals that platinum nanoparticles initially prepared with
dodecylamine ligands retain a similar size, dispersity, and morphology after ligand exchange
(Figure S2). Specifically, we find that all three exchanges produce slightly larger particles,
with slightly narrower disparities, all with a spheroid shape. XPS verified the presence of
chalcogens on the nanoparticle surface after exchange. In the case of PtTeNPs, we also

performed elemental mapping to verify that the Pt and Te signals were co-located (Figure

S3).
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Comparing all of the synthesized particles, the box and whisker plots of Figure 1 show that
fairly tight dispersions of particles are generated for both Pt and Ir, with lager dispersions
generally associated with the AuTeNPs. From the associated TEMSs, it is clear that our
syntheses predominantly produce spheroid particles. Though we generally obtain TEM
images with excellent contrast, the ['lENPs were consistently difficult to obtain clear TEMs,

no matter the chalcogen. This difficulty is reflected in the reduced counts for the particle

sizes of IrSeNPs and IrTeNPs.

TGA characterization

In addition to determining the size of the particles, we also performed thermogravimetric
analysis on both the Ir and Pt particles. Because the Au interfaces have been well char-
acterized 104149 (including TGA), we did not repeat this characterization here. The curves
we obtained are shown in Figure S4. For all particles examined, we observed significant
mass losses assigned to loss of solvent and ligands. Because the focus is on stability of the
interface, as measured by XPS, we do not present a detailed analysis of the TGA. Neverthe-
less, we can make three comments regarding them here. First, for both metals, the curves
for the sulfur ligands were the simplest, reflecting the relative simplicity of this interface
(see below). Second, for both metals particles, the tellurium ligands showed multiple high
temperature features, indicating that the surface may be more complex than for the sulfur
interface. Finally, we notice that, in general, the smaller particles experience larger percent
mass losses, consistent with the fact that the smaller the particles the larger percent com-
position is due to the ligands. Thus, the TGA curves we obtain are in qualitative agreement

with the remainder of our findings.

11



XPS characterization

We used XPS to determine the degree of oxidation of the chalcogenide-metal interfaces.
Specifically, we focused on the oxidation of the chalcogen, using the signals associated with
ionization from the 2p, 3d, and 4d orbitals of the S, Se, and Te atoms, respectively. In
the case of Te, signals involving both the 3d and 4d orbitals can provide usable data, and
sometimes the transition involving the 3d orbital discussed in the literature;*!*® however, we
decided to focus on the highest energy subshell of the chosen ¢ value. This choice was made
to provide more similarity between final states, when compared to using identical orbitals for
elements in different periods. Specifically, the 3d orbital for Te is much lower energy than the
3d orbital for Se, which can cause larger differences in the final state and depth of sampling
of reported on by XPS, than when comparing transitions involving the 3d orbital in Se and
4d orbital in Te. Finally, we note that, though we could observe XPS signals associated with
ionization from the metal atoms, these signals arise from atoms at both the surface and bulk,
making isolation of the interface difficult. For this reason, we felt the chalcogens provided a
more selective probe of the interface, and we focus on their signals.

To determine the stability of the interface with respect to oxidation, we characterized
both ‘as-prepared’ samples and ‘aged’ samples, which had been exposed to ambient condi-
tions for one week. For the as-synthesized samples, the particles were isolated, immediately
resuspended in dichloromethane, and dropped-cast on a Si substrate. These samples were
then stored under a dry nitrogen atmosphere in a glovebox until their analysis. Thus, the
as-synthesized samples do not imply oxygen-free conditions; rather, they report on the con-
ditions of the particles, when freshly prepared under the ambient conditions described in
the experimental section. The focus of the paper is on if these particles continue to evolve
post-synthesis.

After acquiring XPS on the as-synthesized samples, the samples were then left under
ambient laboratory conditions (as described in the experimental section) for 1 week, after

which XPS was again acquired. Thus, the same samples that provided the as-synthesized
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spectra, also provided the aged spectra.

Figure 2 shows the XPS spectra for regions including signals associated with S 2p, Se
3d, and Te 4d of the I'rENPs, PtENPs, and AuENPs. In this figure, the open circles are the
collected data. The data was fit to a linear combination of Lorentzian profiles and Tourgaard
background,® the result of this fit is shown as the solid black line. To aid in interpretation,
the individual Lorentzian profiles are shown as the shaded regions. Lorentzians that are
associated with the chalcogen at the interface are shaded in either red (oxidized) or blue
(unoxidized). Lorentzians shaded in gray come from other contributions, such as metal
orbitals, or chalcogens that are not assigned to the metal-ligand interface. All assignments
of the Lorentzians are made based upon the position of the Lorentzian maximum (Table 1),
as detailed below for each chalcogen. Finally, we note that, for ease of comparison between
samples, the data shown in Figure 2 have had the Tourgaard background subtracted. Raw
spectra are shown in Figure S6.

When fitting and interpreting the data in Figure 2 is important to remember that the
S, Se, and Te signals involve transitions from 2p, 3d, and 4d orbitals respectively. Because
these orbitals have ¢+ 0, each give rise to a doublet of peaks, associated with two different
spin states. For signals involving the p-orbitals, the individual peaks are associated with
p3/2 and py /o states, while for those involving from d-orbitals, they are associated with ds,
and ds/, states. The ratio of intensities within each doublet is given by theory to be 1:2 for
P1/2:p3/2 and 2:3 for ds/p:ds . These intensity ratios within each double are enforced during
the fitting.

The energy separation between band maxima within a doublet is expected to be the
same for each species, as is the widths of the individual Lorentzian profiles. Thus, for each
spectrum, the separation between maxima and the profile widths for the doublets are allowed
to vary by a small amount (+1%). Because the magnitude of the splitting between peaks is
an adjustable parameter, we present the position the signals from both spin-states. Though

it is common to report the position of a single peak, we give the position of both peaks of
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the doublet so that the validity of the model’s (with respect to the adjustable parameters)
can be judged. The equations used for the fitting and a discussion of the fitting approach is
detailed in the SI.

For this report, the parameter of most interest obtained from the the fitting of the XPS
spectra is the area of the doublets. The relative areas of the doublets for the oxidized
(red profiles) and non-oxidized (blue profiles) species can be used to estimate the degree of
oxidation at the interface. The fractional composition of he oxidized species at the interface
(frox) is giving in Figure 2 for each sample. It is important to realize that this analysis
ignores the contribution from the grey profiles, which we do not assign to species specific
to the interface. The specific assignment of the grey bands and the results of fitting are

discussed next, grouped by chalcogen.

sulfur

Though XPS of thiols on all three metals are already known in the literature, %-41-44,52

we are
unaware of studies that specifically address changes to the XPS upon aging of the particles.
Even though the thiol interface is expected to be stable, we include these result in order to
establish the method that we apply to the other chalcogens. The existence of prior XPS
studies greatly simplifies the assignments of the peaks that we observe for the thiolate-
protected nanoparticles. The signals we report on involve the S 2p orbital. The prior
work on gold nanoparticles reported values of 164.2 eV (2p1/2) and 162.9 eV (2ps/2) for
the sulfur bound to gold.4® In the prior reports on Ir and Pt nanoparticles, the doublet
was not explicitly considered, and peak position was given by the maximum of the overall
XPS band. A binding energy of ca. 162 eV was reported for both platinum and iridium.
Given the separation between the doublet maximums (ca. 1-2 eV) and the widths expected
for the individual Lorentzians, the overall profile maximum reported in the prior studies is

expected to be a good approximation for the more intense of the Lorentzian profile (ps/2) of

the doublet.
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Examination of Table 1 shows the values we extract for the signals involving the 2p are
in good agreement with the prior reported values for thiolate-protected nanoparticles. 4 It
is worth noting here that, while the binding energies we obtain for the thiolate on the gold
nanoparticles are larger than observed for thiolates on Au(111) surfaces,® > they are in
agreement with prior work on nanoparticles.? This likely reflects the fact that the chemical
environment found at the interfaces of the nanoparticle is different from that found at uniform
Au(111) surfaces.

It is also worth noting the relative complexity for the Ir particles. Decomposition of this
spectrum into Lorentzians requires three doublets (Figure 2). The doublet at the lowest
binding energy is assigned to the metal-chalcogen interface. The other two doublets are
assigned to thiosulfate remaining from the synthesis. Three facts allow us to make these
assignments with confidence. First, the lowest energy doublet is in the best agreement with
the expected position for sulfur at metal interfaces. Second, the ‘extra’ features align closely
with literature values for thiosulfate (ca. 166-168 eV), which was used in our synthesis.* Fi-
nally, the prior report on thiolate-protected iridium nanoparticles also reported the presence
of thiosulfate bands in the XPS, yielding an overall profile similar to the one we observe. 44

Examination of Figure 2 will show that the XPS spectra in the S 2p region of all three
particles remains essentially unchanged upon aging. Specifically, we observe no evidence for
the emergence of oxidized thiols at the thiol-metal interface, which should present as new
features at higher binding energy. Of course, oxidized sulfur signals do appear for the iridium
samples, but we again assign them as thiosulfate remaining from the synthesis.**** Thus,
all three interfaces appear to be stable with respect to oxidation on the timescale of weeks.

It is worth noting here that our analysis only speaks to the stability of the interface, rather
than to the species present. Even for the extremely well characterized gold-thiolate interface,
the interface is complex and multiple species are possibly present at the interface. 3¢ The same
is expected to hold true for the selenolate and tellurolate interfaces discussed below. For the

iridium and platinum particles, the interfaces are less-well characterized than for gold and,
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given the relative reactivity of these metals, it is reasonable to expect them to be even more
complex. However, despite this complexity, the XPS measurements do provide insight into

the oxidative stability of the interface that is present.

selenium

The XPS of Se on Ir and Pt is unreported. However there is a prior XPS study of Se on
AuSeNPs,** which assigned the 3ds to a feature with binding energy of 55.2 ¢V, and did not
assign the associated 3ds/, contribution. Our fitting of the AuSeNPs XPS allows assignment
of both members of the 3d doublet to 55.9 eV (3ds,2) and 56.8 eV (3dg/2). In addition,
we include a doublet assigned as involving the 5p orbital of Au, shown in grey in Figure 2.
The appropriateness of including this doublet, and the validity of its assignment, is testified
to by the XPS of pure bulk gold, which shows a clear band that can be fit to a doublet
arising from a transition involving a p-orbital (Figure S5). We do note that the binding
energy we obtain for the Se bound to gold is larger than prior reports for nanoparticles* or
on Au(111) surfaces.5¢ At this time, we do not have an explanation for our larger observed
binding energy. As a reminder, in the case of the AuSNPs discussed above, the thiolates
attached to nanoparticles give different values from those attached to Au(111) surfaces and
so we might expect that the values found for AuSeNPs would differ from those arising from
Au(111) films. Given the paucity of XPS studies on AuSeNPs; it is hard to know if our
deviation from the single prior report on selenolate-protected gold nanoparticles is spurious
or not. The establishment of a larger body of work will be needed to make this judgement.

Even in light of questions concerning the precise expected value of the binding energy,
our results allow comment on the degree of oxidation at the metal-selenolate interface, which
is the focus of this report. For the as-synthesized particles, a single Se 3d doublet and the
Au 5p doublet yields satisfactory agreement with the experimental spectrum for the as-
synthesized AuSeNPs. Thus, we do not find evidence for oxidized selenium at the time that

the AuSeNPs are oxidized.
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Just as the binding energy for S 2p was similar across all three metals (see above), we
expect that the the position of the Se 3d doublets for Ir and Pt particles will be similar to
those for the Au particles. This reasoning allows us to assign the pairs of peaks at 55.1 eV
(ds/2) and 56.3 eV (ds2) for the as-synthesized Ir and 55.0 eV (d5/2) and 56.0 eV (ds/2) for the
as-synthesized Pt. For the Ir samples, the spectrum is satisfactorily fit using just this single
doublet, without the need for oxidized species. However, for Pt, there is again contribution
from the metal, in this case, a doublet associated with the Pt 5p orbital. Inclusion of this
contribution produces satisfactory fits of the spectrum, without the need for contributions
from oxidized Se.

The above analysis suggests that no significant oxidized selenium exists for the as-
synthesized particles of all three metals. We also find that aging of the particles produces
little change to the XPS spectra for Ir and Pt, indicating that these interfaces are resistant
to oxidation on the timescale of weeks.

However, we do find that aging of the particles leads the emergence of a new feature
at higher binding energy for the AuSeNPs. This new feature is much narrower than the
contribution from Au 5p, and so we do not assign this as a new Au 5p signal. Instead,
fitting of the spectrum for AuSeNPs requires the addition of a new doublet that has similar
spacing and width as the unoxidized Se 3d signal. This doublet has features at at 58.1 eV
eV (ds/2) and 58.9 eV (ds/2) and is assigned to oxidized Se. The possible chemical nature of

the oxidized Se is addressed in the discussion section.

tellurium

As was the case for Se, prior reports of XPS of our particles exist only for AuTeNPs,*!
which reported a spectrum with the 4d doublet at 43.54 eV (4ds5/2) and 44.93 eV (4d3/,) and
assigned these signals to oxidized Te. In this prior report, a shoulder was present at lower
binding energy, but was not commented on. We observe a similarly shaped spectrum for

the aged AuTeNPs (Figure 2). However, in the spectrum for the as-synthesized sample, the
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lower binding energy feature is much more prominent, to the point that it provides a resolved
maximum. The overall spectrum is then fit by addition of a second 4d; /5 3/2 doublet at lower
energy. Thus, we conclude that the as-synthesized AuTeNPs contains both unoxidized and
oxidized species of Te, with a high energy (oxidized) doublet at 43.0 eV (4ds/2) and 44.3
eV (4dz/2) and a low binding energy (unoxidized) doublet at 40.4 eV (4ds5/2) and 41.8 eV
(4dg/2). These positions are also consistent with those found for an Te-based ligand bound
to Au(111).57

The assignments of the Te spectrum for the Ir and Pt particles follow directly from those
for the AuNPs. Indeed, we find that adequate fitting of the Te 4d region for both the as-
synthesized and the aged samples of all three metals requires two doublets. The locations
of all Lorentzians are given in Table 1. The doublet at large binding energies we assign to
oxidized Te and doublet at smaller banding energies we assign to unoxidized Te. In other
words, we always observe the presence of both oxidized and unoxidized Te, no matter the
identity of the metal.

Though oxidized Te is present for the as-synthesized samples of our nanoparticles, the
degree of oxidation continues to evolve over time, with all samples also showing an increase in
the relative proportion of oxidized Te upon aging. We also note that within the as synthesized
and aged series of samples, the degree of oxidation follows the order Ir < Pt < Au. The

possible identity of the oxidized species is considered in the discussion section.

Discussion

The motivation for this study was to understand the oxidative stability of the interfaces
present for Ir, Pt, and Au nanoparticles bearing S, Se, and Te-based ligands. The reason
for exploring the chalcogenides was their relative abundance in the nanoparticle literature,
their known susceptability to oxidation, and the emergent oxidative resistance for the Au-S

58

interface. Though other binding motifs are known for metals, such as amines, ®® isocyanides,
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alkynes, % and carbenes,®' these binding groups are not as susceptible to oxidation as the
chalcogenides, and so emergent resistance to oxidation would not be required for stability of
the interface.

To begin with, we note that the results shown in Figure 2 demonstrate that interfaces
based upon S and Se can be prepared under ambient conditions without oxidized species
present at the interface for all three metals. Though we do observed oxidized species present
in the case of the IrSNPs, we again note that prior work assigns this as residual thiosul-
fate, not expected to be present at the as-synthesized interface. Thus, in the case of S and
Se-based interfaces, keeping particles under inert conditions would presumably preserve the
non-oxidized nature of the interface. In contrast, all particles bearing Te-based ligands con-
tained oxidized species, as synthesized. As a reminder, all nine particles examined here were
produced under the ambient laboratory conditions described in the experimental section,
which included exposure to oxygen, moisture, and light. Thus, in order to produce non-
oxidized species, it would likely be necessary to synthesize the tellurolate-bearing particles
under inert conditions.

The results shown in Figure 2 clearly show that interfaces based upon S are stable to
oxidation for all three metals, on the timescale of weeks. This result is expected, and a large
reason why thiols are so widely used as metal binding groups for the organic surfactants
used in the synthesis of metallic nanoparticles.

Our results also show that Se provides a stable interface for both Ir and Pt. Se is not a
commonly used binding group in the literature of gold surface science, either for nanoparticles
or for self-assembled monolayers on bulk gold. In part, this is due to the difficulty in preparing
oxidatively stable interfaces, and so much of the work on Au-Se interfaces has been conducted
in the context measurements performed under vacuum. Our work shows that, if Se interfaces
are of interest, Ir and Pt provide more stable interfaces under ambient conditions.

The final result, in regards to oxidative stability, is that tellurium does not provide a

stable interface for any of the metals examined. Over the course of a week, we see statistically
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significant oxidation of this interface for all three metals. In addition, for all three metals,
both oxidized and unoxidized signals remain. However, for gold, it seems likely that the
interface may eventually completely oxidize, after which point it would become stable towards
further oxidation.

The changes in oxidation of the Se and Te interfaces raises the question as to the chemical
identity of the oxidized species. Though we emphasize that the focus of the this study was
on whether the interface changed, rather than what it changed to, we can speculate some
regarding the possible identity of the oxidized Se and Te species.

For Se, it is likely that the oxidized species present is SeO,. The nature of the gold-
selenolate interface has been studied, and Se(IV) species are the predominant oxidation
products found. %2 Furthermore, the chemical shift of the oxidized species corresponds closely
with the shift known for pure SeO,.%® Although the shifts do not match perfectly, the dif-
ference is small enough to attribute to the interaction with the underlying gold surface of
the nanoparticle. As neither the Ir nor the Pt interface showed oxidation, we do not need to
comment on the nature of the oxidized species for those metals.

The identity of the tellurium species on each metal is more uncertain. As neither IrTeNPs
nor PtTeNPs have been reported prior to this report, there is no prior information available
to guide this discussion. For AuTeNP interface, the one study on AuTeNPs claimed that the
ligands are adsorbed predominantly as telluroxide (R-(Te=0)-Au) based on the Te:O atomic
ratio and observed chemical shift in binding energy of the Te electrons upon oxidation.*!
A comparable ratio and shift (for the oxidized component) was observed for the AuNPs
synthesized in our work, but only after aging; aging shifts both components by +0.50eV
compared to freshly prepared AuNPs. Thus, we feel it is likely that we have the same species
present at our AuTeNPs. Given the similarity between the spectra for the IrTeNP, PtTeNP,
and AuTeNP interfaces, it seems likely that the same oxidized Te species are present in all
three cases, although more work is needed to clearly establish the exact speciation present

at the metal-tellurium interfaces.
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Finally, though we did obtain mass spectra associated with the TGA measurements, we
were unable to find any conclusive evidence for speciation at the surface. This is likely
due to the mass cutoff for the instrument, which occurs at m/z=201. Thus, the suspected
oxidized tellurium and selenium species would only be present for fragments containing less
than 3 carbons or less than 7 carbons for Te and Se, respectively. However, we find no
evidence for fragments of this size. The absence of these fragments, however, should not be
taken as conclusive evidence for absence of the suspected species, as it could simply be that
the longer chain carbon does not yield these fragments in appreciable amounts, under our
instrumental conditions. Thus, the identity of the surface species must remain inconclusive.
Nevertheless, no matter the exact chemical identities, the results here demonstrate that care
will be needed if one is to characterize or exploit the properties of Ir, Pt, or Au particles
protected by Te-based ligands. On the other hand, both Ir and Pt provide substrates on
which the influence of S and Se ligands can be examined and designed, without concern over

the oxidative evolution of the interface during analysis and use.

Conclusions

We have synthesized and characterized the oxidative stability under ambient laboratory
conditions over the timescale of weeks for nine metal nanoparticles: Ir, Pt, and Au particles
protected with dodecane-chalcogen ligands (chalcogen = S, Se, and Te). Of these, four
particles (IrSeNPs, PtSeNPs, IrTeNPs, and PtTeNPs) are new. For all metals we examined,
the sulfur binding group provides an interface that is oxidatively stable over the course of
a week. For particles bearing selenium-based ligands, all particles initially do not posses
oxidized species. Both the IrSeNPs and PtTeNPs remain unoxidized over the course of a
week, while oxidized selenium appears for the AuSeNPs. When employing tellurium as the
ligand binding group, oxidation is present at the time of synthesis for all three metals, and

the degree of oxidation at the interface continues to increase over the course of a week of
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aging. This study reveals that [rSeNPs and PtSeNPs provide new interfaces that can be used
to explore the dependence of nanoparticle properties of changes in chalcogen binding group,

and to provide new electronic properties without worry over the stability of the interface.
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Figure 1: TEM exemplars and box and whisker plots of the distribution of diameters obtained
from TEM for the final products of our syntheses. All TEMs share the same scale bar, shown
at the bottom of the figure. For the box and whisker plots, the median size is given by the
line in the middle of the box, while the mean is indicated by the ‘x’. The box contains the
inner quartile of diameters, the whiskers mark 1.5 times the inner quartile, and any particles
outlying this range are marked by the ‘4’ symbols.
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Figure 2: Background corrected XPS spectra of the MNPs before and after aging. The uncorrected spectra
can be found in the SI. For each spectrum, the open circles indicate the experimental data and the solid
black line indicates the fit to this data. Fits are comprised of several pairs of Lorentzian profiles. Profiles
assigned to the chalcogen-metal interface are colored either blue (non-oxidized chalcogen) or red (oxidized
chalcogen). The relative area of these Lorentzian profiles are used to determine the fraction of the surface
that is oxidized, which is given in the top right corner of each plot. Lorentzian profiles not assigned to the
chalcogen-metal interface are shown in grey for the IrS, PtSe, and AuSe systems. These are assigned to
thiosulfate S 2p , Pt 5p , and Au 5p, respectively.



Table 1: Positions of the Lorentzians components of the fits to the experimental spectrum. Given are are
the positions of the profiles associated with the chalcogenides assigned to the metal-ligand interface. These
are the Lorentzians shown as either blue (non-oxidized) or red (oxidized) in Figure 2. The error in the
maxima were +0.1 eV or less, for each band

species condition binding energy binding energy

/ eV / eV
S 3P1/2 S 3p3/2
IrS fresh 164.1 162.9
IrS aged 164.1 162.9
PtS fresh 163.4 162.1
PtS aged 163.5 162.1
AuS fresh 163.3 162.2
AuS aged 163.4 162.3
Se 3ds/» Se 3ds /2
IrSe fresh 56.3 55.1
IrSe aged 56.2 55.0
PtSe fresh 56.0 55.0
PtSe aged 55.8 54.8
AuSe fresh 56.8 55.9
AuSe aged 56.1 55.3
AuSeO, fresh — —
AuSeO, aged 58.9 58.1
Te 4d3/2 Te 4d5/2
IrTe fresh 42.3 40.9
IrTe aged 42.3 40.9
PtTe fresh 42.6 41.1
PtTe aged 42.5 41.0
AuTe fresh 41.8 40.4
AuTe aged 42.4 41.0
IrTeO,, fresh 44.1 42.5
IrTeO, aged 44.1 42.7
PtTeO, fresh 44.9 43.5
PtTeO, aged 44.9 44.9
AuTeO, fresh 44.3 43.0
AuTeO, aged 44.8 43.4
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