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We have carried out a photoemission study usinglsyptron radiation of
dodecanethiolate- (DT-) passivated Au nanopartidepported on the highly
oriented pyrolytic graphite (HOPG) substrates. Fawtailed line-shape analyses of
Au 4f core-level photoemission spectra of DT-passivaédednanoparticles, it is
found that Au 4 core-level spectra consist of the two componéffsattribute these
components to the inner Au atoms and surface Aunatbonded to surface
dodecanethiolates. From these results, we disbesshiemical states of the present
DT-passivated Au nanoparticles.
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1. Introduction

Metallic nanoparticles are attracting much intetestause of their distinctive
physical and chemical properties found in neitheifk bnor molecular/atomic
systems, such as high catalytic activity [1] andildmb blockades [2]. Recently, the
surface-passivated metallic nanoparticles have lobemically synthesized in the
solution including surfactants [3, 4]. These suefpassivated nanoparticles are
monodisperse and very stable at room temperatueegefore, these are suitable to
characterize their fundamental size-dependent piiepe Furthermore, these
surface-passivated nanoparticles exhibit closeétgzhoanoparticle self-assemblies
on single-crystalline substrates [5, 6], and theeeit is considered that they could
be important constituents of future nanostructutedices, such as single electron
devices, catalysts, and ultrahigh-density memory. order to elucidate their
intriguing properties and to develop future devjceas is indispensable to
characterize the chemical states of these surfasgi@mted metallic nanoparticles.

On the other hand, the physical and chemical ptiggeof self-assembled
monolayers (SAMs), which are self-assembled moneoubks such as the
alkanethiolates on metallic single-crystal substathave been investigated by
means of various experiments [7]. The stabilitidstltese SAMs have been
considered to originate from the strong chemicaldbat the interface between the
surfactant molecules and metallic substrates. Uyt considerable theoretical and
experimental investigations were made to charastehe surfactant-substrate bonds.
Among the experimental methods which clarify thessies, x-ray photoelectron
spectroscopy (XPS) has been used to investigatehmical bonds between the
self-assembled alkanethiolates and metallic sulestradowever, in the previous
works using XPS [3, 8], almost arguments have beencentrated on sulfur
core-levels of surface alkanethiolates, and furttege no difference between the
bulk atoms and interface atoms bonded ®urface adsorbates of alkanethiolates
has been reported in the core-level spectra oftiaibametals. We believe that three
reasons can explain why only a single componeabserved in core-level XPS of
the substrate metals. First, the number of bulknatevhich are not bonded to the
surfactants largely outhumbers the surface atomsddumbto surfactants. This means



that the observed XPS spectra are dominated byrhsacted atoms in the bulk.
The second and third reasons are related to th# gh@oionization cross-section
at the relevant excitation photon energy with x-nagion [9] and a poor
energy-resolution in the XPS measurements.

In this work, we have carried out a photoemissiotudy using
synchrotron-radiation of dodecanethiolate- (DT)-sg@ated Au nanoparticles
supported on highly oriented pyrolytic graphite (Pi®) substrates. From these
results, we especially discuss the chemical stdtBs-passivated Au nanoparticles.
Photoemission spectroscopy, especially XPS, has bsed to study the electronic
structures and chemical states of free nanopast(clesters) [10] and nanopatrticles
evaporated on the substrates [11-14], but to oomledge there is no report of a
synchrotron-based core-level photoemission study Wwigh energy-resolution to
date that highlightsurface-passivated metallic nanoparticles synthesized by the
chemical method. On the other hand, the nanopadidtems have the large ratio of
the number of surface and inner atoms and highasarérea, indicating that the
surface atoms bonded to alkanethiolate (surfacenmads) molecules largely
contribute to the core-level photoemission speckreerefore, it is considered that
this approach also contributes to the charactévizatf chemical bonds of SAMs on
the bulk metallic substrates.

2. Experiment

The DT-passivated Au nanoparticles were synthesibgd a two-phase
(water-toluene) reduction method [3]. An aqueous-gan solution (HAuUCJe3H,0)
was mixed with a toluene solution of phase trans&alyst, tertraoctylammonium
bromide ((GH17)sNBr), and consequently the gold salts were transfemto the
toluene phase. This toluene phase was subsequentBcted, and a dodecanethiol
(CioH2sSH) and an aqueous sodium borohydride (NgBWere added as a
surface-passivant and reducing catalyst, respdgtivéfter stirring, the
toluene/nanoparticle-rich phase was corrected aad wwvaporated in a rotary
evaporator, and then was washed three times withnet to remove the phase
transfer catalyst, excess dodecanethiol, and oeabitproducts. This crude product



was redispersed in toluene and was annealed a 3681 dodecanethiol, and then
was washed three times again with ethanol to rentbgeexcess dodecanethiol.
After that, the product was redispersed in tolueaed finally size-selective
precipitation using the toluene/ethanol as theestalmonsolvent pair was performed
by a centrifugation to improve the nanoparticleesizstribution. In this method, the
nanoparticle size can be controlled by the rationdafal Au (HAuCl;*3H,O) and
dodecanethiol. The size distributions in diameted ahapes of the synthesized
DT-passivated Au nanoparticles were characterizededessitu observations with
JEM-2000EXII (JEOL Co.) transmission electron mgagope (TEM). The samples
for TEM observations were prepared by drying théudoe dispersions of
DT-passivated Au nanoparticles on the amorphousocacoated copper TEM grids.

Photoemission measurements were carried out atABbfSUVSOR Facility,
Institute for Molecular Science, Okazaki, Japan.r Rbe photoemission
measurements, the synthesized DT-passivated Aupaditdes were supported on
HOPG substrates by evaporating the solvent (toludrean the dispersion of
DT-passivated Au nanoparticles on the single-chys¢éaHOPG cleaved surface in a
nitrogen-filled glove bag directly connected to thirahigh-vacuum photoelectron
spectrometer. Then the samples were transferredtimt photoemission analysis
chamber without exposure to air. The cleanliness wlgecked byn situ Auger
electron spectroscopy (AES). The thus-prepared lesngimow no AES signals from
the contaminants. Photoemission measurements vegferped using EA-125HR
(OMICRON Co.) photoelectron spectrometer with theident photon energy of
180 eV. The base pressure of photoelectron speetesrwas in the IDPa range.
The photoemission spectra were recorded at roorpdeature, and no degradation
of the samples was observed.

3. Results and Discussion

Figure 1 shows the TEM micrographs and the cormedipg size distributions
in diameter obtained by TEM observations for thefdassivated Au nanoparticles
used in this work. The obtained mean diametgrare 2.6, 3.0, 4.9, and 5.2 nm. An
important point to note is that each nanopartidewell separated from its



neighboring nanoparticles, indicating that the enésAu nanoparticles are well
surface-passivated by the dodecanethiol molecules.

Figure 2 shows the Auf4ore-level photoemission spectra of the DT-passd/a
Au nanoparticles with the various diameters on H@PG substrates at room
temperature measured with photon energy1efl80 eV, compared with that of bulk
Au polycrystalline evaporated film. The At dore-level photoemission spectrum of
bulk Au crystallite in Fig. 2 is almost identicalttvthe previously reported ones [15,
16]. On the other hand, as shown in Fig. 2, thesgmke DT-passivated Au
nanoparticles exhibit the significant higher-birghenergy shifts of Auficore-level
photoemission spectra, compared with the bulk Aysteflite. Furthermore, the
binding energies of Auf4&ore-level spectra seem to shift to a higher-ligeenergy
side with decreasing the nanoparticle diameteadatition, Au 4 core-level spectra
of the present DT-passivated Au nanoparticles exhilslightly asymmetric peak
with a tail at the higher-binding-energy side, ahtés asymmetry increases with
decreasing the nanoparticle diameter. In order isguds the detailed spectral
features, we carried out the line-shape analysésaiaff;,, core-level photoemission
spectra by a least-square method. Figure 3 shosveettults of line-shape analyses
of Au 4f;, core-level spectra for bulk Au crystallite and pdssivated Au
nanoparticles with various mean diameters. As presly well established [15, 16],
we decomposed the Auf €ore-level spectrum of bulk Au crystallite into dw
components, which originate from the Au atoms m bllk and topmost surface Au
layer. Each peak was described by a convolutioRarfiach-Sunjic line shape with
a Gaussian due to the instrumental and phonon énoagl This Doniach-Sunijic
line shape is characterized by a Lorentzian dugneolifetime broadening and the
singularity index. The difference between the obsér spectra and sum of
decomposed components are also shown at the bottéig. 3. As shown in Fig.
3(a), it is found that thef4&ore-level spectrum of bulk Au crystallite is ditt fairly
well by the two components corresponding to bulit smrface components, and that
the observed surface core-level shift of —0.3 e\tossistent with the literature
values [15, 16]. The higher-binding-energy (dotlieé) and lower-binding-energy
(short dashed line) peaks are bulk and surface coends, respectively. On the
other hand, it is found that the Afiébre-level photoemission spectra of the present



DT-passivated Au nanoparticles are also reprodbgasvo components. Firstly, we
attempted the one-component fits to Al ebre-level spectra of the present
DT-passivated Au nanoparticles. However, the rediduquite large in each sample
compared with the case of two-components fits, #red obtained parameters of
linewidths by the one-component fits are signifibaifferent with those of bulk
Au crystallites. Therefore, it is concluded thag thwo-components fits to Auf4
core-level spectra of the present DT-passivated nanoparticles also provide
satisfactory results as shown in Fig. 3. The pataraebtained from the line-shape
analyses are listed in Table | for the fairly gdibgl shown in Fig. 3.

From the line-shape analyses of Afy4ore-level photoemission spectra of
DT-passivated Au nanoparticles, we find that thedatnee intensity of
two-components depends on the nanoparticle diaméiat is, the relative intensity
of higher-binding-energy component (long dashece lim Figs. 3(b)-(e)) to
lower-binding-energy component (dotted line in Figgb)-(e)) increases with
decreasing the nanoparticle diameter. The nanofmrfystems have a higher
number ratio of surface atoms to atoms in bulk vd#dtreasing the nanoparticle
diameter. Furthermore, the binding energy and salecteature of the
lower-binding-energy component in each sample amglas to those of bulk
component in the Au f4core-level spectrum observed for bulk Au crystalli
Therefore, it is considered that the lower-bindermgrgy and higher-binding-energy
components originate from the inner Au atoms oframoparticles and the surface
Au atoms of Au nanoparticles bonded to surfaceipasts of DT molecules,
respectively. An important point to note is thaggh surface components accompany
with chemical shifts to higher binding energiesteke to the bulk components. This
indicates the different chemical states in the asigf Au atoms bonded to DT
molecules with the inner Au atoms and existence aofchemical reaction
(chemisorption) between the surface-passivants df mDolecules and Au
nanoparticles. That is, the charge transfer ocfrora the core Au nanoparticles to
surface-passivants of DT molecules. The reasonwdgan separate first time the
two components in the core-level spectra due torther and surface atoms bonded
to surface-passivants is considered to originadenfthe higher number ratio of
surface to inner atoms in the nanoparticles ant-hegolution measurements based



on the synchrotron-radiation. As shown in Tablethe chemical shifts of
DT-passivated Au nanoparticles with the mean diamsetf 5.2, 4.9, 3.0, 2.6 nm are
0.27, 0.27, 0.28, and 0.33 eV, respectively. Thengbal shifts of surface Au atoms
bonded to DT molecules increase with decreasingntdmparticle diameter. This
indicates that the bonding nature between the &eHpassivants of DT molecules
and Au nanoparticle surface, such as a coordinationber and configuration of
surface-passivants, changes with the nanopartial@eder. The above dependence
of bonding nature on the nanoparticle diameter maglginate from the structural
factor such as size-dependent curvature of nanolgagurface, effect due to the
existence of habit in the smaller nanoparticls, Since the chemical shifts of
surface components depend on the nanoparticle thigeyroader linewidths of the
surface components than those of the bulk compenientonsidered to originate
from the inhomogeneous width due to the size thstions.

In addition, the bulk components in the Alucbre-level photoemission spectra
of the present DT-passivated Au nanoparticle shoftsigher binding energy relative
to the bulk Au crystallite. Furthermore, this enesift increases with decreasing
the nanopatrticle diameter. The final-state effacthie photoemission spectrum due
to the positively charged photohole created bypth@toionization has been reported
in previous photoemission studies for nanopartige®-14, 17, 18]. When the
exciting light emits a photoelectron, the photohlelt behind in the nanoparticles
during the time scale relevant to the photoemisgimtess will lower the kinetic
energy of photoelectrons through the Coulomb imteya. Thus, although the
relaxation response within the nanoparticle mayetise proceed normally, an
excess positive charge left behind in the nanapartsignificantly induces the
final-state effect in the photoemission. This fistdte effect would play a more
important role in the present surface-passivatechawooparticles supported on the
substrates, since the surface-passivated nandesartwweakly couple with the
substrates through the surface-passivants. Theretbe higher-binding-energy
shifts of the bulk components in the DT-passivadednanoparticles are considered
to originate from this final-state effect. From ttatic viewpoint, the kinetic energy
shift of photoelectrons due to the photohole Iehibd in the nanopatrticle is give by
AE=€?/2C, whereC=47%R is the self-capacitance of the nanoparticle witAdius



of Ru. An exact calculation shows that this energy-skifjiven byAE=ae’/47&,Ry
with a=0.41 for Au nanopatrticle [17]. The higher-energpfts with decreasing the
nanoparticle diameter also can be qualitativelylarpd by this final-state effect.
However, from the previous works [12, 13, 17, 1B§ experimental photoemission
spectra have been well characterized by a dynamatgtate effect model that takes
into account the Coulomb interaction between thatglectron and photohole with
a finite tunneling time during the photoemissionogass. This discussion is
described in detail elsewhere [12, 13, 17, 18].

4. Summary

We have performed a photoemission study using ggbt@m radiation of
DT-passivated Au nanoparticles supported on the GlQGibstrates. From the
detailed line-shape analyses of Aucére-level photoemission spectra, it is found
that the Au 4 core-level spectra of the present DT-passivatednAnoparticles
consist of two components, which originate from theer Au atoms of Au
nanoparticles and surface Au atoms bonded to s#fassivants of DT molecules.
Furthermore, it is found that the chemical-shiftsh@se surface components depend
on the nanoparticle diameter. This indicates thatadhemical states of the surface
Au atoms bonded to surface-passivants of DT modscutlepends on the
nanoparticle diameter.
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FIGIURE CAPTIONS

Fig. 1. TEM micrographs and size distributions imet diameter of
dodecanethiolate-passivated Au nanoparticles waamdiameterd,, of 2.6 nm, 3.0
nm, 4.9 nm, and 5.2 nm.

Fig. 2. Au 4 core-level photoemission spectra of dodecanetieiqglassivated Au
nanoparticles supported on the HOPG substratesumeshsvith photon energy of
hy=180 eV at room temperature. The mean diamdens indicated on each
spectrum. The top spectrum shows the Aacte-level spectra observed for bulk Au
polycrystalline evaporated film for a comparison.

Fig. 3. Results of line-shape analyses for A 4ore-level photoemission spectra
of (a) bulk Au crystallite, and dodecanethiolatsgr@ated Au nanoparticles with
mean diameter of (I,,=5.2 nm, (c)}d,=4.9 nm, (d)d,,=3.0 nm, and (efl,,=2.6 nm,
The observed spectrum of bulk Au crystallite isaeposed into bulk (dotted line)
and surface (short dashed line) components, and sethoof
dodecanethiolate-passivated Au nanoparticles arengd@osed into bulk components
(dotted lines) and surface components bonded tairdodecanethiolates (long
dashed lines). The bottom of each panel is theerdiffice between the observed
spectrum and the sum of the decomposed components.
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Table |. Fitted parameters for the line-shape a®ayof the Au #, core-level
photoemission spectra of bulk Au polycrystallitedadodecanethiolate-passivated
Au nanoparticles with mean diameter &=5.2 nm,d,=4.9 nm,d,=3.0 nm, and
dn=2.6 nm.ls is the intensity of surface component, dgds the intensity of bulk
component.

Binding energy  Lorenzian width  Gaussian width

(eV) (eV) (eV)
Bulk Au crystallite
Bulk component 84.00 0.30 0.45
Surface component 83.70 0.30 0.45

Dodecanethiolate-passivated Au nanoparticle

d,=5.2 nm
Bulk component 84.00 0.36 0.51
Surface component 84.27 0.36 0.53
d=4.9 nm
Bulk component 84.04 0.33 0.48
Surface component 84.31 0.33 0.53
d,=3.0 nm
Bulk component 84.27 0.32 0.47
Surface component 84.55 0.32 0.56
d,=2.6 nm
Bulk component 84.32 0.35 0.58
Surface component 84.65 0.35 0.60

Is/ g

Dodecanethiolate-passivated Au nanoparticle

dr=5.2 nm 0.73
d=4.9 nm 0.83
d=3.0 nm 1.21
d=2.6 nm 1.31
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