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N
anostructures are often used to im-
part new function to surfaces and
hybrid structures with properties

tailored to specific applications.1 These ap-
plications take advantage of enhanced
functions that derive from size-dependent
properties of the nanostructures. For ex-
ample, gold nanostructures exhibit size-
dependent reactivity2,3 for use in catalytic
chemical transformations,2 semiconductor
quantum dot arrays are being harnessed for
photovoltaics,4 and noble metal nanostruc-
tures have shownpromise for solar to chem-
ical energy conversion.5,6 In each case, the
key catalytic, electronic or optoelectronic
properties of the nanostructures are highly
sensitive to particle spacing and changes
in size. The fabrication of such nanostruc-
tures on surfaces with control over both
size and surface chemistry remains a major
challenge.2,7�10

In principle, functionalized, monolayer
protected nanoparticles (NPs) can serve as

building blocks or precursors to produce
well-defined nanostructures on surfaces.
Whereas many commonly employed meth-
ods to deposit nanostructures (e.g., coprecipi-
tation or deposition-precipitation methods)3

provide little control over the structure of
nanoparticle interfaces or the nanostructure
size and uniformity,11 solution phase syn-
thesis of the nanoparticles affords precise
size control and permits detailed character-
ization. Thus, deposition of preformed
nanoparticles onto solid supports permits
greater structural control over the nano-
structures.12 Solution-based approaches
also allow one to tailor the ligand chemistry
to direct self-assembly on the substrate.13

The nanostructures produced through
ligand directed assembly typically retain
the size set by the core diameter of the
component nanoparticles. However, the
stabilizing or directing ligands mask the
particle surface, often blocking chemical re-
actions at the surface or introducing barriers
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ABSTRACT Size-dependent properties of surface-confined inorganic nano-

structures are of interest for applications ranging from sensing to catalysis and

energy production. Ligand-stabilized nanoparticles are attractive precursors for

producing such nanostructures because the stabilizing ligands may be used to

direct assembly of thoroughly characterized nanoparticles on the surface. Upon

assembly; however, the ligands block the active surface of the nanoparticle.

Methods used to remove these ligands typically result in release of nanopar-

ticles from the surface or cause undesired growth of the nanoparticle core. Here,

we demonstrate that mild chemical oxidation (50 ppm of ozone in nitrogen)

oxidizes the thiolate headgroups, lowering the ligand's affinity for the gold nanoparticle surface and permitting the removal of the ligands at room

temperature by rinsing with water. XPS and TEM measurements, performed using a custom planar analysis platform that permits detailed imaging and

chemical analysis, provide insight into the mechanism of ligand removal and show that the particles retain their core size and remain tethered on the

surface core during treatment. By varying the ozone exposure time, it is possible to control the amount of ligand removed. Catalytic carbon monoxide

oxidation was used as a functional assay to demonstrate ligand removal from the gold surface for nanoparticles assembled on a high surface area support

(fumed silica).
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to electron transfer. In these cases, the ligands must be
replaced or removed.
It is typically challenging to remove the ligand shell

without changing the properties of the particles in
the assembly. Nanoparticle core growth and loss of
material from the support typically occur during ligand
removal.14 A survey of the literature reveals several
approaches, often used in concert, for the removal of
the ligand shell once a particle is assembled on a sur-
face. These include thermal11,12 or chemical15�17 treat-
ments either in the gas phase or in solution (Figure 1).
Early approaches focused on heating the supported

nanoparticles in order to vaporize or oxidatively re-
move the stabilizing ligands.18,19 These methods are
effective for the removal of ligands, but induce varying
degrees of particle growth during treatment.20�25 This
growth obviates the advantage in size control when
compared with other methods of generating sup-
ported gold clusters.
For particles passivated by weakly bound stabilizers,

partial removal of the ligand shell and high catalytic
activity has been achieved by refluxing supported NPs
in water.12 After 1 h at reflux 20% of the bound carbon
was removed. Over the course of 1 and 2 h reflux, the
mean NP core diameter increased from 3.0 to 4.8 and
5.7 nm, respectively.12

Solvent extraction approaches are not suitable for
particles with more strongly bound ligands, such as
phosphine or thiols. Alternative approaches involve
solution-based oxidation and ligand exchange.
Solution-phase oxidation with t-butyl hydroperoxide
effectively removes triphenylphosphine from gold clus-
ters; however, the clusters underwent morphological
changes and particle growth was significant.15 Another
approach to solution-based ligand removal is to
displace ligands through the addition of a species with
a higher binding affinity for the gold surface (for
example, displacing thiol with hydride). Calculations
suggest that the binding energies between hydride
and a charged gold surface are slightly higher than

gold�thiolate bonds. It appears that the exchange
of ligands is viable for dispersed nanoparticles,
although it does require a large excess of hydride
to completely displace the ligand shell.17 This method
has not been demonstrated for surface-confined NPs.
We chose to focus our efforts on the removal of

thiol ligands because they are one of the most widely
used stabilizers for metal and metal chalcogenide
nanoparticles.26,27 These ligands are popular due to
their strong stabilization/passivation of the particle
core and thewide variety of terminal functional groups
that can be incorporated to control solubility/reactivity
and direct the assembly of the particles. To address
the challenge of removing the ligand shell while
maintaining the NP core size and the NP's attachment
to the surface, we investigated whether a mild
chemical treatment with ozone could decrease the
affinity of thiolate ligands for the surface of the AuNP
core and permit ligand removal under mild condi-
tions. Previous work showed that UV/ozone treat-
ment was effective for the removal of self-assembled
monolayers (SAMs) from planar gold substrates.28,29

In these cases, UV irradiation leads to the production
of O3 that oxidizes the organic ligands.30,31 Previ-
ous studies of thiol-stabilized nanoparticles on oxide
supports showed that once the ligand shell was
oxidized, a subsequent thermal treatment was
required to remove the ligand, and this treatment
leads to core growth in a manner similar to thermal
treatments alone.16

Herein, we report a mild chemical oxidation that
lowers the affinity of thiol ligands for the surface of
gold nanoparticles, facilitating ligand removal with
water rinsing at room temperature. Under these con-
ditions, the NPs remain firmly bound to the substrate
and core size remains the same. The extent of ligand
removal can be controlled by varying the duration of
oxidation. Carbon monoxide oxidation, used as a
functional assay, confirms that a catalytically active
gold surface results from ligand removal.

Figure 1. Methods of removing ligands from surface-confined nanoparticles. First, particles of a desired size are synthesized,
purified and deposited onto a support substrate. In previous approaches, ligands are typically removed using thermal and
oxidative treatments that lead to varying degrees of particle growth and/or loss from the substrate. In contrast,mild chemical
treatment using ozone reduces the affinity of the ligands for the particle core affording the room temperature removal of
those ligands using water without growth of the core or loss of particles from the support.
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RESULTS AND DISCUSSION

A strategy was needed to analyze the function,
composition and structure of the AuNPs on a substrate
after assembly and ligand removal. It is relatively easy
to assess the functional activity of the NPs on the high
surface area supports typically used in catalytic, sens-
ing and electrochemical applications owing to the
relatively large surface area that can be exposed on a
three-dimensional sample. It is more difficult to assess
core size and size variation of statistically representa-
tive populations on these supports because the sup-
port often obscures direct imaging of the nanoparticles
and/or makes it difficult to focus on all the NPs
simultaneously. For these reasons, it is even more
challenging to assess transformations in size as a result
of thermal or chemical treatments. In addition, the
surface chemistry of the NPs on three-dimensional
substrates is difficult to analyze because these signals
are obscured by strong signals from the substrate and
there is significant sample-to-sample variation in sur-
face roughness.32 For monitoring size changes, nano-
particle loss and chemical transformations, monolayer
assemblies on a planar substrate are much more
appropriate. However, it is not typically feasible to
assess the functional (catalytic) properties of NPs on
such a planar platform because there is so little active
surface area (∼ threemillion times less than on 100mg
of fumed silica). Consequently, a we developed a tan-
dem strategy wherein the same NP surface chemistry
can be employed on (i) a surface permitting detailed
structural and surface analysis33 and (ii) a high surface
area substrate suited for functional assessment.34

Ligand-stabilized AuNPs were assembled on two
types of silicon dioxide substrates to permit structural,
chemical and functional analysis of the products
following ozone treatment. Microscale fumed silica
particles offer a high surface area support (200 m2/g)
that can bind a sufficient number of nanoparticles
making it possible to evaluate the function of the
nanoparticles by assessing the catalytic activity of the
nanoparticles toward CO oxidation.35 A second sub-
strate, a planar analysis platform (Smart Grid), permits
detailed structural and surface analysis, by transmis-
sion electron microscopy (TEM) and X-ray photoelec-
tron spectroscopy (XPS), respectively.
The same surface attachment chemistry can be used

to assemble the NPs on the surface in both cases.
Terminal phosphonate groups on the periphery of
thiol-stabilized gold nanoparticles direct the assembly
of the particles onto a Hf(IV)-treated silicon dioxide
surface (Figure 2). The hafnium binds to the free silanol
groups on the SiO2 surface and subsequently binds the
phosphonate groups, resulting in immobilization of
the nanoparticles on the surface.36,37

Synthesis and Assembly of 1.4 nm 2-MEPA AuNPs. AuNPs syn-
thesized for this study possess phosphonate-terminated

thiol ligands that direct assembly of the NPs on silica
surfaces and small core sizes active toward CO
reduction.34,38 Synthesizing the AuNPs in solution, inde-
pendent of the support, allowed for control over size.
Because the ligands are strongly bound, it is possible to
rigorously purify the NPs to remove extraneous species
(which can complicate subsequent assembly steps) fol-
lowing synthesis.3,39 The AuNPs (dcore = 1.4 ( 0.4 nm)
functionalized with (2-mercaptoethyl)phosphonic acid
(2-MEPA) were synthesized using a previously described
method and utilized for all experiments in this study.38

Nanoparticleswerepurifiedbydiafiltration to ensure that
free ligand and extraneous ions from the gold salt were
completely removed. Purification is important as the
presence of free ligand would impede self-assembly39

and the presence of halides during ligand removal has
previously been shown to encourage growth of the gold
clusters during ligand removal.40,41

Assembly of the 1.4 nm 2-MEPA AuNPs on Hf(IV)
treated silica substrates followed the approach pre-
viously reported in the literature.33,34,36 Fumed silica
microparticles were soaked in 5 mMHfOCl2 to function-
alize the silanol-rich SiO2 surface and then rinsed with
nanopure water. To assemble the nanoparticles, the
Hf-treated silica was immersed in a 3:1methanol/water
solution containing 1.6 mg of AuNPs per mL of solu-
tion. After completion of the assembly process, the
derivatized silica was purified by several rounds of
centrifugation and resuspension in nanopure water.
The AuNP loading was confirmed by ICP-OES following
digestion of the sample in aqua regia. Results from this
experiment indicated a final gold loading of 2.1 wt %.
This relatively high loading of discrete AuNPs is appro-
priate for functional assays involving CO oxidation.

TEM micrographs of the samples before and after
nanoparticle assembly (Figure 3) confirmed the pres-
ence of small NPs on the surface of the support, but
did not permit rigorous quantification of nanoparticle
size due to the small core diameters, overlap of neigh-
boring particles and the limited depth of field. Quali-
tative analysis of nanoparticles that are in the same
focal plane yields an average size of∼2 nm. The three-
dimensional nature of these samples makes it difficult to
performmorequantitativemeasurementsof corechanges
and to investigate changes in the surface chemistry.

A planar analysis platform (Smart Grid) was de-
signed and used to fully characterize the changes in
surface chemistry and NP morphology of the assem-
blies by XPS and TEM. Photolithography was used to
etch an octagonal analysis platform from silicon
(Figure 4). One half of the 3 mm diameter platform is
a grid of thermally grown, electron transparent SiO2

windows suitable for direct TEM imaging of the NP
assemblies. The other half is a smooth surface with
more underlying material to prevent charging, making
it more suitable for XPS analysis. The entire surface
of the platform is thermally grown silicon dioxide.
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The chemical treatment used to assemble NPs on the
Smart Grid was the same as for the fumed silica
support. To ensure that the Smart Grid has a high
density of surface hydroxyl groups, comparable to that
found on fumed silica, grids were first treated with O2

plasma prior to the Hf(IV) soak.42 Removal of weakly
bound NPs or other impurities was done by simply
rinsing the grid with nanopure water.

XPS was used to determine the chemical composi-
tion of the NPs on the surface. In particular, the
oxidation state of the sulfur can be determined. Surface
roughness and differences in attenuation lengths
can complicate analysis of nanostructures by XPS.

To circumvent these limitations, we used the planar
analysis platform (etched froma siliconwafer), assembled
a singlemonolayer of nanoparticles, and confirmed that
core sizes were maintained throughout the analysis. By
so doing, we avoided differences in surface roughness
and signal attenuation that might normally make it
difficult to compare spectra for nanostructured samples.

In the assembled samples, XPS analysis confirms
that the sulfur is in the thiolate form (Figure 4). TEM
micrographs of the AuNPs on the planar platform
following assembly showed that coverage was similar
to the high surface area supports and further analysis
determined the diameter of the AuNPs following
deposition to still be 1.4 ( 0.4 nm (Figure 4).43

Removal of Ligands from Supported AuNPs Using a Dilute
Ozone Treatment. In order to unmask the gold surfaces of
the AuNPs without NP desorption or core size changes,
we investigated the oxidation of thiol ligands by O3.
Initial experiments with UV/O3 generators produced
large (15�20 nm diameter), often nonspherical NPs. It
also proved difficult to control and quantify ozone
exposure. To address these issues, AuNP assemblies
were treated with O3 generated ex situ by a corona
generator supplied with dry air. This concentration of
ozone (∼500 ppm) led to oxidation and significant
growth of the AuNPs within the first few minutes
(Figure S1, Supporting Information). Thus, the O3 was
dilutedwith nitrogen using air flowmeters to produce a

Figure 2. Assembly of 2-MEPA functionalized AuNPs onto both a high surface area support (fumed silica) and a planar
analysis platform based on Smart Grid TEM grids. In either case the tethering chemistry is the same: Hf(IV) binds to surface
silanols on the support and serves to anchor the AuNPs to the surface through the NP's terminal phosphonate groups.

Figure 3. TEMmicrographs of fumed silica before (left) and
after (right) assembly of 1.4 nm 2-MEPA AuNPs. Scale bar
shown is 50 nm. Assembly was accomplished by soaking
fumed silica in a 5mMHfOCl2 solution and then utilizing the
terminal phosphonate on the stabilizing thiol ligand (2-
MEPA) to bind the nanoparticles.
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final O3 concentration of 50 ppm. Under these condi-
tions it is possible to slow the oxidation and precisely
control the exposure of the ligand shell. Both the planar
and high surface-area assemblies were treated with
dilute ozone as described in the Methods section.

XPS analysis of ozone-treated 1.4 nm 2-MEPA
AuNPs on the planar analysis platform showed
changes in the amount and oxidation state of sulfur
in the ligand shell over the course of treatment. The S
2p peaks were initially difficult to quantify using curve
fitting algorithms due to interference from the under-
lying silicon plasmon loss feature. To address this we
performed background subtraction from a sample
without gold nanoparticles resulting in flatter base-
lines. Following baseline correction the peak area,
representing relative amounts of bound reduced-
sulfur (B.E. = 162 eV) and oxidized sulfur (B.E. = 168 eV)
were determined.44�46 Changes to the type of sulfur
species present before treatment, after 8 min of ex-
posure to 50 ppm ozone, and finally after the subse-
quent water rinse are shown in Figure 5.

XPS data are consistent with a portion of the ligand
shell being oxidized, as evidenced by the presence of
both bound thiolate and oxidized sulfur species follow-
ing exposure to dilute ozone. Previous literature in-
dicated that the oxidized sulfur may be strongly
associated with the gold surface;16 however, the re-
duction in the signals due to oxidized sulfur suggest
themajority of the oxidized species are easily removed
at room temperature by water rinsing. Observation of
the residual bound thiolate suggests that some of the
ligand shell is resistant to oxidation, providing a stable
tether between the AuNPs and the support.

Quantifying Nanoparticle Stability Over the Course of Ligand
Removal. Following ozone treatment and removal of
oxidized ligand by soaking inwater, TEM analysis of the
planar substrate suggested no significant nanoparticle
loss (Figure S2). To corroborate these data, we quanti-
fied by ICP-OES the amount of gold that was lost
following the oxidation of gold particles attached to
fumed silica. Because of the higher surface area and
increased hindrance to accessing the surface com-
pared to the planar system, the ozone treatment time
was increased to 20 min. Following ozone treatment

Figure 5. Stacked plot of XPS spectra for S 2p illustrating
the influence of ligand oxidation and removal. Red trace (A)
represents AuNPs as assembled on the planar substrate.
Green trace (B) represents nanoparticles after 8 min of
dilute ozone treatment. Purple trace (C) represents the
ozone-treated sample following an 11 min nanopure water
rinse. Contributions from sulfur bound to gold appear near
162 eV (Sred), whereas oxidized sulfur species have abinding
energy near 168 eV (Sox).

Figure 4. Schematic of the analysis strategy used to evaluate ozone-mediated oxidative ligand removal on the planar
assembly. 1.4 nm AuNPs were attached to custom Smart Grids with only half of the surface containing windows, shown left.
The portion of the substrate without windows reduces charging and facilitates XPS analysis (center). The portion with
windows affords the direct observation of AuNPs by TEM (right, scale bar = 50 nm). The combination of techniques permits
detection of subtle morphological and chemical changes between treatment steps.

A
RTIC

LE



ELLIOTT ET AL. VOL. 9 ’ NO. 3 ’ 3050–3059 ’ 2015

www.acsnano.org

3055

the high surface area support assembly was soaked in
nanopure water for 11 min and the supernatant was
collected and analyzed by ICP-OES. The recovered
supernatant indicated a negligible loss of gold (<0.2
wt%of gold loaded on the fumed silica support). These
data demonstrate that particles are not lost from the
surface. Taken together with the fact that some of the
gold thiolate bonds are not oxidized during treatment,
this suggests that these remaining covalent linkers
continue to tether the AuNPs to the substrate.

TEM measurements were also used to determine
whether nanoparticle growth occurs when ligands are
no longer present to prevent coalescence of neighbor-
ing AuNPs. AuNPs on the planar assemblies were
exposed to the dilute ozone stream for up to 16 min.
These samples were then soaked for 11min in 20mL of
nanopure water, dried under a stream of argon, and
finally analyzed by TEM (Table 1). For ozone treatment
times up to 8 min, the core sizes remained constant
even after the removal of oxidized ligand. Only after
the planar system was exposed to dilute ozone for
twice that time did the TEM images of the particles
show evidence of slight growth following the water
soak (from 1.4 ( 0.4 to 1.6 ( 0.6 nm).

Ligand Removal Produces Catalytically Active Gold Sites. To
examine whether ligand removal produces a catalyti-
cally active gold surface following ozone treatment
and rinsing, the oxidation of CO was evaluated for NPs
on the high surface area (fumed silica) support. The
room temperature oxidation of CO was chosen, be-
cause the reaction is sensitive to both the preparation
method of the supported AuNPs as well as the final
gold cluster size.40 In addition, any catalytic activity
observed was unlikely to be influenced the SiO2, which
is generally thought to be nonparticipating.3 Control
experiments, using both bare fumed silica and AuNP
assembled on the high surface area support without
ozone treatment, were performed by adding 0.1 g of
each solid to an IR gas cell that had been flushed with
N2 before the addition of equal molar concentrations
of O2 and CO. Neither of these untreated samples
demonstrated measurable catalytic activity. A sample
of the AuNPs on the high surface area support was
treated with dilute ozone and rinsed as described

previously. Following lyophilization, 0.1 g of the solid
was added to the IR gas cell, flushed as before, and
charged with CO and O2. The conversion of the CO to
CO2 was monitored until the reaction had gone to
completion (Figure 6).

Given that thiols poison the surfaces of gold
catalysts,11 the catalytic activity observed confirms that
ozone treatment and rinsing produces an active gold
surface. Additional confirmation that a reactive gold
surface has been generated comes from the rapid
reaction of those surfaces with added thiol. A sample
of the ozone treated and rinsed AuNP assemblies on
the planar analysis platform were placed in a 1 mM
2-MEPA ligand solution for 1 and 10 min and charac-
terized using high resolution XPS scans of the S 2p
region (Figure S3). An increase in reduced sulfur and
loss of the small amount of oxidized sulfur remaining
on the surface after ozone treatment occurs within
1min; no further change occurs during the subsequent
10 min of soaking. In contrast, place exchange reac-
tions of thiol typically reach equilibrium on the order of
hours to days.47 This method may therefore afford a
facile method for installation of other ligand function-
alities without lengthy treatment times.

To summarize, the combined data from XPS anal-
ysis and CO oxidation obtained from oxidized and
rinsed assemblies provide a picture of the physical
and chemical changes that occur over the course of
ligand removal from supported AuNPs. A portion of the
ligand shell was oxidized during treatment, and we
hypothesized that remaining ligands continue to
tether the particles to the surface allowing the oxidized
sulfur to be rinsed away with water, affording access to
the active gold surface.

Characterizing the Stepwise Removal of Ligands from Sup-
ported 1.4 nm 2-MEPA AuNPs. To characterize the extent of

TABLE 1. AuNP Core Diameter Following Ligand Removal

with Ozone Treatment and Water Rinsing

ozone treatment

(min)

size following treatment and rinsea

(nm)

number of particles

analyzed

no treatment 1.4 ( 0.4 5392
4 1.4 ( 0.3 6759
8 1.4 ( 0.4 3564
16 1.6 ( 0.6 3273

a Gold nanoparticle diameter and polydispersity were determined by TEM analysis
on the Smart Grid (Figure S2) during ozone treatment between 4 and 16 min,
followed by an 11 min soak in nanopure water to remove oxidized ligand.

Figure 6. FT-IR spectra for a gas cell containing ozone-
treated and rinsed AuNP assemblies on fumed silica and
3 mL each O2 and CO. Catalytic oxidation of CO is indicated
by the decreasing peaks for CO at 2150 cm�1 and the
growth of peaks for CO2 at 2450 cm�1. The spectra were
normalized at 2600 cm�1 to correct for changes in cell
position.
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ligand removal as a function of ozone treatment time,
we employed TEM and XPS analysis of assemblies of
the 1.4 nm 2-MEPA AuNPs on the planar characteriza-
tion platform. Samples were introduced into the dilute
ozone gas stream, and pairs of samples were removed
at various time points for analysis. One of each pair was
analyzed by XPS and TEM, while the other was first
rinsed with nanopure water before the same analysis
(Figure S4). The ratio (as a percentage of total sulfur) of
oxidized sulfur (B.E. 168 eV) to bound thiolate ligand
(B.E. 162 eV) was determined by XPS analysis (Figure 7).

The duration of ozone exposure, as well as the
subsequent rinse time, was optimized to expose as
much of the active gold surface as possible while
maintaining covalent tethering and preserving the
average particle size. A dilute ozone treatment time
of 8 min was chosen as an ideal treatment point from
the observed crossover between oxidized and reduced
sulfur at this point contrasted to the roughly 20%
oxidized it had attained after only about 3 min of
ozone treatment and a relatively steady 30% oxidized
over the next 5 min. The removal of the oxidized
ligands by rinsing with water was optimized for a set
of samples exposed to dilute ozone for 8 min. These
samples were then placed in 20 mL of nanopure water
and allowed to soak for between 1 to 20 min. The
samples were removed one by one, dried under a
dilute stream of argon, and then analyzed by XPS.
Analysis of these samples showed that the amount of
oxidized sulfur remaining leveled off after 10 min in
water, so this was taken as the optimal rinse time
(Figure 8).

The relative amounts of reduced and oxidized31,48

sulfur throughout the treatments can be used to
determine the number of ligands involved in each

process (Table 2). 1.5 nm 2-MEPA functionalized AuNPs
have previously been well characterized and shown to
have an average of 35 ligands bound to the surface of
the gold core.38 Because the average particle size does
not change over the course of treatment (Table 1) the
number and type of ligands involved in each treatment
step can be calculated. Initially, all 35 ligands are in the
form of bound thiolate. Following 8min of exposure to
the 50 ppm ozone gas stream the average particle
contains 52.6% oxidized sulfur and 47.4% bound thio-
late indicating that 17 ligands remain unchangedwhile
18 of the ligands have been oxidized.31,48 Although it
was not possible to determine the spatial distribution
of the remaining ligands by XPS, reports using sum
frequency spectroscopy on much larger AuNPs
(>15 nm) during the initial stages of ligand oxidation
suggest the preferential oxidation of ligands on the top
half of gold nanoparticles.49

After 10 min of water rinsing, the ratio of oxidized
sulfur to thiolate decreases (33.1% oxidized sulfur and
66.9% bound thiolate) due to release of some of the
oxidized sulfur. Because the thiol ligands are stable for
days in nanopure water, it is reasonable to assume that
the 66.9% thiolate signal comes from the same 17
bound thiolate ligands; that is, no thiolate is rinsed

Figure 7. Amounts of reduced sulfur (thiolate) and oxidized
sulfur species resulting from exposure in dilute ozone
from 0 to 8 min based upon the S 2p peak area ratios. Each
treatment timewas sampled over three spots to account for
surface variation and error bars represent one standard
deviation from the mean. Peaks were fit to S 2p trace
and each percentage calculated from the sum of oxidized
(168 eV) and reduced (162 eV) calculated area.

Figure 8. Amount of oxidized ligand remaining on the gold
nanoparticle surface versus the rinsing time. After 10 min
the number of ligands remained stable at 10% as desig-
nated by the dashed line. The percentage of ligands was
calculated from XPS ratios of oxidized to reduced sulfur 2p
peaks as described in Figure 7.

TABLE 2. Number of Ligands Oxidized and Removed

during Ozone Treatment

number of ligands per particlea

treatment step bound (reduced) oxidized removed

initial 35 � �
ozone treated 17 18 �
ozone treated and rinsed 17 8 10

a Calculated on the basis of the ratio of oxidized to reduced sulfur for an average
1.5 nm AuNP with 35 2-MEPA ligands.
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away. It follows that there were still approximately 8
oxidized sulfur atoms remaining following treatment.
We can therefore reason that themild ozone treatment
followed by a room temperature water soak was able
to remove 10 of the 35 thiols initially found in the
ligand shell of a 1.5 nm 2-MEPA functionalized AuNP,
revealing an active gold surface.

CONCLUSION

We examined the reactivity of ozone with surface-
confined alkanethiolate-stabilized AuNPs and showed
that ligands can be successfully removed from NPs
tethered to an oxide support while leaving the particle
core attached and unchanged. This approach, using
ligand-stabilized nanoparticles for assembly on a sup-
port, offers several advantages over other methods
previously demonstrated for creating supported gold
clusters. Specifically, it is possible to precisely control
and thoroughly analyze the size and composition of
the nanostructures prior to assembly. It is also possible
to direct the assembly of nanoparticles to specific
patterned regions on the surface through the terminal
functional groups on the ligand shell.34 In the present
example, the terminal phosphonate groups directed
assembly onto the SiO2 supports used.
We also demonstrated the utility of using two

complementary analytical platforms to address the
challenge of characterizing chemical transformations
of NPs and their ligands on surfaces. The removal of
ligands with dilute ozone was confirmed bymeasuring
the catalytic activity of the gold surface. The activity of
these supported AuNPs suggests efficient ligand

removal. Using the planar grid structure, we examined
the chemical transformations of the ligand shell that
occurred during oxidative ligand removal. XPS analysis
confirmed that some thiol remained on the AuNPs and
tethered it to the SiO2 surface even after oxidation and
rinse. TEM size analysis showed that particle growth
did not occur and ICP-OES confirmed that AuNPs were
not lost during treatment.
The assembly of ligand-stabilized NPs on surfaces,

followed by oxidation and removal of thiols may con-
stitute a general approach to produce surface-active
nanostructures on surfaces given thewidespread use of
thiol ligands48,49 and the susceptibility of those ligands
to oxidation.50 By lowering the affinity of the ligands for
the nanoparticle surface, ligands can be removed at
room temperature without causing core growth or loss
of material from the support, thus maintaining and
revealing their valuable size-dependent properties. In
addition, the use of dilute ozone provides a degree of
control over the extent of removal of ligands.
Finally, ligand removal may advance the use of

ligand-protected nanoparticles as precursors for thin
film formation. In these cases preservation of the core
diameter is not a concern; however, removal of the
ligand directly by thermal sintering can be problematic
because flexible substrates may not tolerate the high
temperatures required for ligand removal. However, a
ligand removal treatment like the one demonstrated
herein, that degrades the ligand shell prior to thermal
treatment, can reduce the temperature required for
core fusion enough to be compatible with these
sensitive substrates.50,51

METHODS

Gold Nanoparticle Synthesis. The nanomaterials used for experi-
ments were all 1.4 nm gold nanoparticles (AuNPs). Synthesis of
triphenylphosphine-stabilized particles was accomplished
through a sodium borohydride reduction of HAuCl4, triphenyl-
phosphine, and TOAB in water and toluene following the
literature preparation.38 Biphasic ligand exchange was per-
formed with (2-mercaptoethyl)phosphonic acid (2-MEPA)
ligand synthesized from a literature preparation.34 Exchanged
particles were purified using a diafiltration membrane39 with
100 volume equivalents of nanopure water. Following purifica-
tion, 1.4 nm 2-MEPA AuNPs were concentrated, lyophilized, and
stored in the freezer until use.34

High Surface Area Support Preparation. Two aliquots of 0.5 g of
fumed silica were placed in 20 mL centrifuge tubes. A 15 mL
solution containing 5 mM HfOCl2 was added to the silica with a
stir bar. This solution was stirred for 2 days. Hf(IV)-functionalized
silica was pelleted by centrifugation and resuspended in nano-
pure water. This process was repeated three times to ade-
quately rinse the sample.

Gold Nanoparticle Assembly on Fumed Silica. Into each centrifuge
tube of Hf(IV) functionalized silica was added 15mL of gold soak
solution (1.6 mg of 1.4 nm 2-MEPA AuNPs)/(1 mL of 3/1 MeOH/
H2O) and the mixture stirred for 2 days. The 2-MEPA AuNP-
decorated fumed silica was pelleted by centrifugation and
resuspended in 15 mL of nanopure water. This process was
repeated three times to rinse the sample. The rinsed material
was lyophilized and stored in the freezer until use.

Planar Analysis Platform Preparation. To prepare the Smart Grid
substrate for TEM and XPS analysis, a silicon wafer was diced
into chips and an thermal oxide layer grown by heating it at
1100 �C in O2 for 13 min. Positive photoresist was used to
establish window boundaries. The oxide was etched in diluted
buffered oxide etch and the silicon was etched away soaking in
10% TMAH solution at 60 �C for 8 h to reveal windows.33

Tethering 1.4 nm 2-MEPA Gold Nanoparticles to Analysis Platform.
Grids were cleaned with oxygen plasma and soaked for 15 min
in a dilute NH4OH and H2O2 solution to maximize the concen-
tration of surface silanol groups. Grids were rinsed in nanopure
water prior to soaking overnight in 5 mMHf(IV). AuNP tethering
to the bound Hf(IV) sites was afforded with an overnight soak
(1.6 mg-1.4 nm 2-MEPA AuNPs)/(1 mL 3:1 MeOH:H2O).

34

Ex Situ Ozone Generation and Dilution. Ozone was produced
by pumping dry air into a corona ozone generator. The concen-
tration of the undiluted ozone was determined to be 500 ppm
by an Ozone 10/a Draeger tube and UV�vis absorption at
253.7 nm. By diluting the ozone-enriched gas stream with
N2(g), the concentration was lowered to approximately
50 ppm (as measured by 10/a Draeger tube and UV�vis
absorption at 253.7 nm).

Removal of Ligand from 1.5 nm Gold Nanoparticles Tethered to Fumed
Silica. To remove the ligands from AuNPs tethered to fumed
silica, 0.9 g of AuNP-functionalized fumed silica was placed in a
50 mL crystallization dish with a stir bar inside a sealed ozone
treatment chamber and stirred. Ozone was flowed into the
chamber over 20 min. Following ozone treatment, the chamber
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was flushed with N2. Material was removed from chamber and
rinsed using nanopure water into a centrifuge tube and rinsed
three times with 15mL of nanopurewater with 15mL nanopure
water. Following the final rinse, samples were resuspended in
nanopure water, frozen over dry ice, and recovered as a dry
powder by lyophilization.

CO Oxidation as a Functional Assay of the Nanoparticle Surface. To
evaluate the reactivity of the AuNP surface, 0.1 g of dry activated
fumed silica was added to a IR gas cell with CaF2 windows that
had been flushed with N2, the IR sample chamber was again
flushed with N2 for 20 min, and a background spectrum was
taken. Next, 3 mL of O2 and 3mL of CO were injected into the IR
cell, and spectra were taken to monitor the conversion of CO to
CO2. FT-IR spectra were collected using a Thermo Scientific
Nicolet 6700 spectrometer at a resolution of 16 cm�1 to improve
signal-to-noise.52

XPS Chemical Characterization. XPS spectra were taken at 20 eV
pass energy with a ThermoFisher ESCALab 250 with a mono-
chromated Al K-alpha, using a 400 μm spot size. The number of
scans was determined empirically to obtain optimal signal/noise.

XPS Sulfur 2p Background Subtraction. To quantify the oxidation
of sulfur 2p peaks using XPS we adjusted for the presence of the
silicon loss feature in our spectral window. Baseline correction
was performed by taking spectra from Hf functionalized plat-
form (blank) and subtracting these spectra from samples of
interest. Gain correctionwas required to adjust for differences in
peak intensity, but peaks were not shifted on the binding
energy scale. Background subtraction was performed in the
program Avantage for ease of comparison with other peaks
(Figure S5). This technique facilitated quantification of a signal
masked by the silicon shake up feature present due to our silica
platform.

TEM Microscopy and Nanoparticle Size Determination. Bright-field
TEM micrographs were taken using an FEI Tecnai Spirit TEM
operated at 120 kV or FEI Titan TEM operated at 300 kV. For each
sample a size distribution was determined from multiple
representative micrographs using image analysis software
(ImageJ). High magnification is used to verify the deposition
of a single layer of particles as well as particle morphology prior
to acquisition at an appropriate magnification to capture
300�500 particles per micrograph. In order to provide a
statistically significant population, several thousand particles
were analyzed for each sample. The size distribution is gener-
ated by number of particles by established protocols for image
analysis as described previously.43 Briefly, a threshold is applied
so that the black and white composite images were represen-
tative of the original scanned photos when overlaid prior to
automated size analysis by a best-fit ellipse.43

ICP-OES Determination of Gold Loading and Particle Desorption. Aqua
regia was made from concentrated, high purity, 3:1 nitric
acid:hydrochloric acid. To determine gold loading on the fumed
silica, 6 mg samples of AuNP-decorated fumed silica were
digested in 0.75 mL of aqua regia, diluted to 15 mL with
nanopure water and analyzed by ICP-OES. To determine if gold
was lost during ozone treatment, following the rinse step, one
milliliter of the rinsate was digested in 0.3 mL of aqua regia,
diluted to 15mLwith nanopure water and analyzed by ICP-OES.
ICP-OES data was taken on a Teledyne Leeman Prodigy running
with standard operating parameters in axial mode.
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