#® ROYAL SOCIETY

Nanoscale
P OF CHEMISTRY

Advances

View Article Online

View Journal | View Issue,

The electronic structure of the metal—organic
interface of isolated ligand coated gold
nanoparticlesy

i ") Check for updates ‘

Cite this: Nanoscale Adv., 2022, 4,
1599

Robin Schurmann, © *2 Evgenii Titov, ©2 Kenny Ebel,? Sergio Kogikoski, Jr, &2
Amr Mostafa,? Peter Saalfrank, @2 Aleksandar R. Milosavljevi¢® and Ilko Bald @ *2

Light induced electron transfer reactions of molecules on the surface of noble metal nanoparticles (NPs)
depend significantly on the electronic properties of the metal-organic interface. Hybridized metal—
molecule states and dipoles at the interface alter the work function and facilitate or hinder electron
transfer between the NPs and ligand. X-ray photoelectron spectroscopy (XPS) measurements of isolated
AuNPs coated with thiolated ligands in a vacuum have been performed as a function of photon energy,
and the depth dependent information of the metal-organic interface has been obtained. The role of
surface dipoles in the XPS measurements of isolated ligand coated NPs is discussed and the binding
energy of the Au 4f states is shifted by around 0.8 eV in the outer atomic layers of 4-nitrothiophenol

coated AuNPs, facilitating electron transport towards the molecules. Moreover, the influence of the
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way towards the engineering of the electronic properties of the nanoparticle surface, which is of utmost
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Introduction

The electron transfer reactions of illuminated noble metal
nanoparticles (NPs) play a significant role in the conversion of
solar light to chemical energy."” These reactions are mediated
by the localized surface plasmon resonances (LSPRs) of the NPs,
which are collective oscillations of the conduction band elec-
trons that are excited by incident light.>* In a non-radiative
decay process of the LSPR, electron-hole pairs are formed,
which can be transferred directly or indirectly to molecules
adsorbed on the NP surface and trigger reactions therein.*™**
The reaction of 4-nitrothiophenol (NTP) to 4’,4-dimercaptoa-
zobenzene (DMAB) on metal surfaces is a show-case reaction for
plasmon mediated chemistry.””>* Even though the parameters
determining the reaction are still under debate, it is assumed to
be triggered by an electron transfer from the NPs to the adsor-
bed molecules forming a stable anion.'*>'%'%16182025 In addition
to the electron transfer also a hole transfer from the NPs to the
adsorbed molecules has a significant role in the dimerization of
NTP.>® The transfer probability depends significantly on the
electronic properties like the density of initial and final states
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and work function, which are significantly influenced by the
metal-organic interface.****” By tuning the properties of the
metal-organic interface, the electron or hole transfer can be
optimized. Self-assembled molecular monolayers of thiolated
molecules like NTP significantly alter the properties of Au
substrates, namely work function®®* and electronic states,*
when the Fermi levels of the molecular layer and NPs are pin-
ned* due to the formation of hybridized molecular-metallic
states.*> The work function of a metal can be significantly
altered by molecular dipole moments, whereas the resulting
work function of the system depends mainly on the adsorbed
molecules.**** Moreover, by tailoring the molecular dipoles the
electronic states at the metal-organic interface can be tuned.**?*
The properties of the NP-ligand interface can be either affected
by the functional groups of the molecules or by their packing
density and alignment.** Recently, it has been demonstrated by
comparing the plasmon mediated formation of diazo bonds
from NTP and 4-nitrobenzylmercaptan (NBM) that the reaction
kinetics are significantly influenced by the molecular geom-
etry.”” The in-depth knowledge of the electronic properties at
the molecule-NP interface allows efficient tuning of the kinetics
of plasmon mediated electron transfer reactions.*® Therefore,
the following needs to be understood:

e How are the electronic states on the NP surface altered by
the adsorption of ligand molecules?

e What is the range of the effects that alter the electronic
properties at the interface?
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e How are the electronic states of the adsorbed molecules
affected by the adsorption on the NPs?

Within this work we study the electronic properties, namely
work function and core level states, by XPS of isolated NTP
coated AuNPs and elucidate the role of surface dipoles by
comparison with NBM. By tuning the inelastic mean free path
(IMFP) of the generated photoelectrons, depth dependent
information is obtained.

Results and discussion

In the present experiments a focused beam of ligand coated
AuNPs has been generated and transferred into a vacuum,
where it is crossed with the tunable soft X-ray beam of the
PLEIADES beamline at the Synchrotron SOLEIL to perform X-
ray photoelectron spectroscopy (XPS) measurements (see
Fig. 1(a)). In this way, both the X-ray induced photodamage to
the studied NPs and the effects from a substrate are prevented.

In a typical solid state XPS experiment, the sample and the
detector are grounded; hence the reference energy for the
binding energy (BE) is the Fermi energy, which is calibrated
with well-accepted binding energies, e.g. the C 1s state of
adventitious carbon or the Au 4f,, state of bulk gold.***
However, in the present experiment the AuNPs are isolated in
a vacuum and the detector and sample are decoupled, which
leads to the consequence that the Fermi energy of the sample
and detector might differ.”* Therefore, the ionization energies
of dilute Ar** gas have been used for the calibration of the
kinetic energy (KE) of the photoelectrons, and hence, the
vacuum energy of Ar is the reference of the BE (see Fig. S31). In
Fig. 1(c) an energy diagram of the XPS measurements of isolated
NPs is presented, showing that the vacuum energy of Ar gas and
the vacuum energy at the surface of the NPs might differ due to
the action of the surface dipoles of the NP sample.**** In
consequence, the energy difference between the BEs deter-
mined in the present experiment (i.e. with respect to the
vacuum level) and the BEs determined in solid state XPS
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experiments (i.e. with respect to the Fermi level) corresponds to
the work function ¢ of the NP system reduced by the dipole
energy of the surface. It has to be noted that, in contrast to
ambient pressure XPS measurements,* an impact of the surface
dipoles of the sample on the vacuum energy of the Ar atoms can
be neglected due to the small size and dilute concentration of
the NPs in a vacuum (see Fig. S47 for details).

Depth dependent measurements of isolated AuNPs

XPS is a very surface sensitive technique, which allows the
determination of the composition and position of electronic
states in a material, as the inelastic mean free path (IMFP) of the
photoelectrons is limited.**** The effective sampling depth in
XPS is three times the IMFP of the sample, and therefore, only
those photoelectrons that are generated in the outer layers of
the AuNPs can escape the particle and reach the detector, even
though they are produced through the entire NPs. In XPS
measurements, the KE of the photoelectrons originating from
an atomic shell with a certain BE depends linearly on the
photon energy (PE):

KE = PE — BE. (1)

The IMFP 1 of electrons, which gives the average path length
an electron can move in a solid without an inelastic scattering
event, depends significantly on their KE:*°

A= iz + BVKE. )
KE

Hence, the IMFP of the generated photoelectrons can be
tuned by the PE and the depth dependent information of the
NP/ligand interface can be obtained. XPS measurements of
AuNPs with an average diameter of 10 nm coated with NTP have
been performed as a function of the PE to vary the KE and in
consequence the IMFP of the photoelectrons. In Fig. 2(a) the Au
4f spectra of the NTP coated AuNPs are presented, and have
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(@) Scheme of the crossed NP-beam X-ray-beam setup at the PLEIADES beamline. (b) Schematic representation of the two ligand

molecules NTP and NBM, which are bound to the AuNP surface. (c) Energy diagram of the XPS measurements and KE calibration of isolated

AuUNPs.
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(a) Au 4f spectra of NTP capped AuNPs recorded at PEs between 400 eV and 800 eV. Dashed lines at 88.5 eV and 92.2 eV represent the

center of the peak maxima of the lower spectrum recorded at PE = 400 eV. (b) Au 4f spectra recorded at a PE of 400 eV (APE = 892 meV and AKE
=625 meV), 600 eV (APE = 1003 meV and AKE = 1250 meV) and 800 eV (APE = 1273 meV and AKE = 1250 meV) fitted with 3 components at
88.4 eV, 87.2 eV and 89.2 eV for the Au 4f;,, component and the respective Au 4fs,, with an intensity of 0.75 of the Au 4f;,, signals and
a separation of 3.7 eV. The components are fitted with a Voigt function with a Lorentzian to Gaussian ratio of 80 : 20. (c) Intensities of the Au 4f;/»
components as a function of the IMFP, and the respective PEs are given in the scale above.

been recorded at PEs between 400 eV and 800 eV, wherein
special care was taken for a precise calibration of the KE of the
photoelectrons at the different PEs to avoid possible effects of
the PE peak position (see the Methods part for details). In solid
state XPS, the Au 4f signal of bulk Au consists of two compo-
nents (Au 4f,,, and Au 4f;),) located at 84.0 eV and 87.7 eV with
respect to the Fermi level with a fixed ratio of 4 : 3 due to the
spin-orbit coupling.®® Hence, the KE of the photoelectrons
varies between approximately 310 eV to 710 eV, assuming
a work function of the AuNPs of around 5 eV. In this case, the
IMFP is varied from approximately 0.6 nm to 1.1 nm (ref. 51-53)
and in consequence, only the outmost atomic layers of the
ligand coated AuNPs are probed in this energy range. Fig. 2
shows that with increasing PE, the maximum of the Au 4f signal
shifts from 88.5 eV at PE = 400 eV and reaches 88.9 eV at PE =
800 eV, which indicates a lower BE of the Au atoms at or close to
the surface compared to those in the bulk. The Au 4f spectrum
recorded at a photon energy of 400 eV reveals three components
of the Au 4f;, peak, wherein the most intense is centered at
88.4 eV and two shoulders at 87.2 eV and 89.2 eV respectively
(see Fig. 2(b)). For the fitting of the peaks the energy resolution
of the photoelectrons has been used as the peak width, which
has been validated by the FWHM of the Ar 2p and Ar 3s spectra
recorded under the same conditions. Typically on a plane
Au(111) surface, three Au species would be expected, namely
bulk Au atoms, “free” surface Au atoms and surface Au atoms
involved in Au-S bonding.>**” The 89.2 eV signal shows a shift
of 5.2 eV compared to the Au® signal in the solid state located at
84.0 eV, which agrees well with the work function of bulk
gold.”®* Hence, it is concluded that the 89.2 eV signal origi-
nates from the Au atoms inside the AuNPs, where the electronic
environment is comparable to that of bulk gold. The signals at
88.4 eV and 87.2 eV are assigned to surface Au atoms, which
represent Au(111) facets and further Au species originating
from edges or other crystalline facets present on an AuNP
surface. The lower binding energy compared to bulk gold might
be caused by several, possibly superimposed effects that are
shortly explained in the following:

© 2022 The Author(s). Published by the Royal Society of Chemistry

(i) On the one hand, the Au 4f states at a clean Au surface are
typically shifted by 0.4 eV to lower BE compared to bulk gold
due to a redistribution of the atomic-like valence-band states at
the surface, since the coordination number of the surface atoms
is lower, which affects the core level states as well.*>*' Hence, for
AuNPs this effect is likely to be even more pronounced than for
flat gold surfaces.®

(ii) Moreover, surface dipoles caused by ligand molecules at
the metal-organic interface can significantly alter the work
function and the vacuum energy of coated gold surfaces.* Since
the Au 4f core level states are localized at the individual gold
atoms their BE follows the dipole induced change of the z-
component of the dipole.” The z-component of the dipole
moment of a complex of NTP coupled to the (111) surface of
a cluster of 30 Au atoms has been calculated by density func-
tional theory (DFT) with the B3LYP functional and determined
to be —2.88 Debye.

(iii) In addition, also an electron transfer from the metal to
the molecule affects the work function, which has been
described elsewhere in more detail for the present system.?”

(iv) A fourth effect is a possible shift of the Au 4f signals due
to the different chemical environment of the gold sulfur bond.
The shift for NTP coupled to a single Au atom compared to pure
Au has been calculated by DFT to be 1.3 eV to higher BE, which
is in good agreement with previously reported values for Au-S*
and other hybridized Au species.* For larger Au complexes, the
calculated shift of the Au 4f orbitals decreases to 0.9 eV for Au,
and 0.4 eV for Au,y, indicating a minor influence of the chem-
ical shift for larger Au complexes with attached molecules (see
Table S17 for details). Moreover, the Au 4f,,, signal of species
with higher BEs would be overlapped by the 5/2 signal and the 5/
2 component would be overlapped by the Lorentzian tail of the
higher BE species in a region, which is significantly impacted by
the correction of the Shirley type background.

It needs to be mentioned that these four effects act in
different directions and raise or lower the BE of the Au 4f states,
and consequently, the resulting BE is determined by their
superposition. In Fig. 2(b), the decomposition of the peaks

Nanoscale Adv., 2022, 4,1599-1607 | 1601
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contributing to the Au 4f signal is presented, revealing
a predominant contribution of the 88.4 eV signal to the Au 4f;),
spectrum recorded at 400 eV, whereas with increasing PE the
contribution of the 88.4 eV signal decreases, and the 89.2 eV
signal increases. The relative intensities of the Au 4f;, peaks are
plotted against the IMFP in Fig. 2(c). The decrease of the 87.2 eV
and 88.4 eV signals with an increasing IMFP supports the
assignment of these signals to Au atoms located at or close to
the surface of the AuNPs, whereas the increase of the 89.2 eV
signal with the IMFP confirms that this signal originates from
the inner atoms of the AuNPs.

Calculation of the Au shell thickness

The thickness of the Au shell at the interface, where the Au 4f
states vary from the bulk gold signal, can be determined from the
signal intensities of the different contributions of the Au 4f
states. In general, in a substrate covered with a layer of thickness
d, the signal intensity I of the underlying substrate is given by:

I=1Ie 3)

where I, is the unattenuated signal intensity and A is the IMFP
of the photoelectrons in the covering layer. Thus, the thickness
d can be calculated from the ratio of the different signal
contributions. In the following, the relative intensities of the
signals have been calculated for spherical AuNPs. A core-shell-
shell structure of the ligand coated AuNPs (10 nm diameter) has
been assumed and is sketched in Fig. 3(a). The core consists of
Au® with the work function of bulk gold, the inner shell consists
of Au with altered electronic properties and the outer shell is the
organic NTP layer. However, since the NTP layer is attenuating
the signal from the Au core and the Au shell by the same factor,
only relative and not absolute intensities will be discussed in
the following.

To calculate the relative intensities of the XPS signals, it has
been assumed that the intensity of the X-ray beam passes
through the AuNPs without attenuation, and only non-scattered
photoelectrons emitted at a 90° angle have been taken into

a)
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account. In an infinitesimal small slice, the AuNPs can be
considered as a plane layer structure (see Fig. 3(a)), where the
relative intensities can be calculated by assuming an exponen-
tial signal attenuation of the upper layers shown in eqn (3). By
integration of the slices over the whole nanoparticle in cylin-
drical coordinates, the intensity of the signal originating from
the core of the AuNP I, and the signal originating from the Au
shell I can be obtained by:

Lipen =
TAuNP ~ Zshell () —Zcore (1) ~ Zshen (1) +Zcore (1) _ 2Zgen(r)
21 rfl—e B +e A —e r (4)
0
and
"AuNP  Zshell (1) —Zeore (1) ~ Zshett (1) +Zcore (1)
Loore = 270 r A —€ A dr (5)
0
with Zcore (I‘) = \/(rAuNP - dshell)2 —r? and

Zshell () = VTaunp® — 12 (see derivation in ESI, below Fig. S57).
The IMFP 1 of the photoelectrons in gold at different KEs has
been used from the NIST electron inelastic mean free path
database (Version 1.2.) based on the values for gold reported by
Powell and Jablonski.*»** The contributions Ige; and I.qre to the
Au 4f signal have been calculated for different layer thicknesses
between 0.2 nm and 1 nm for the IMFP occurring in the XPS
measurements of the Au 4f states presented in Fig. 2. In Fig. 3(b)
an exemplary plot of normalized I.ore and Isey versus the layer
thickness dgnen is presented, for an IMFP of 0.86 nm at PE =
600 eV. The plots for the PE of 400 eV, 500 eV, 700 eV and 800 eV
are shown in Fig. S6.f The calculated intensities have been
fitted with exponential functions to allow an assignment of
intensity ratios to Au shell thicknesses at a given IMFP A. To
determine the Au shell thicknesses for the experimental data,
the signal intensity of the 89.2 eV Au 4f component determined
from the XPS measurements has been used as I, and the sum
of the 88.4 eV and 87.2 eV signals as Ig;. From the Au 4f spectra
presented in Fig. 2(a), the Au shell thickness has been

Au-shell thickness (nm)

Fig. 3
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(a) Sketch of an AuUNP with NTP ligands with a cross section of the layers. Arrow thickness on the left side indicates the electron escape

probability. (b) Calculated relative intensities originating from the core (gold) and shell (brown) of the AuNPs as a function of the shell thickness
fitted with exponential functions. (c) Plot of the relative intensities of the peaks fitted in the Au 4f spectra as a function of the IMFP together with
the simulated values for a shell thickness of 0.38 nm. Colored background shows the error interval of the simulated values. The error bars of the
experimental values are given by the square root of the absolute peak intensities.
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determined using the calculated exponential intensity vs. Au
shell thickness plots (see Fig. 3(b) and S61). The Au shell
thickness with altered electronic properties at the surface of the
NTP coated AuNPs is consequently given by dghen = 0.38 £
0.12 nm, where the error is given by the standard deviation of
the values for dgpp for different PEs. In Fig. 3(c), the intensities
I.ore and Ignep at different IMFPs for a 10 nm AuNP with an Au
shell thickness of 0.38 nm are plotted together with the
measured signal intensities of the 89.2 eV, 88.4 eV and 87.2 eV
signals, revealing good agreement of the experimental values
with applied theoretical model results. As the thickness of the
layer with altered Au 4f states is only about 3.8 A, which corre-
sponds to the first atomic layer of the AuNPs, it can be
concluded that the adsorption of ligand molecules impacts
electronic properties at the metal-organic interface within
a very short range.

Role of ligand molecules

In order to elucidate the influence of the ligands on the XPS
signals, we have compared NTP with NBM capped AuNPs. In
Fig. 4(a) the Au 4f spectra of NTP and NBM coated AuNPs are
presented, which have been recorded at a PE of 400 eV. The
IMFP of the photoelectrons is 0.64 nm, and thus the measure-
ments mainly probe the topmost layers of the AuNPs. The center

View Article Online
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of the Au 4f;,, signal of the NBM coated AuNPs is located at
89.1 eV, which is shifted by (0.6 £ 0.2) eV compared to NTP
coated AuNPs and indicates a lower work function at the
interface. Even though the center of the Au 4f signal is not
directly reflecting the states at the surface and is partly over-
lapped with the bulk signal, the strong contribution of the
surface signal clearly indicates a significant shift of these states.
The differences of the Au 4f states for the two ligand molecules
can be explained by a different dipole moment induced by the
ligand molecules. Using DFT the z-component of the dipole
moment had been calculated for the complex of a molecule
bound to an Aujs, cluster giving —2.88 Debye for the NTP-Auz,-
and —3.44 Debye for NBM-Au;o-complex. This would lead to
a shift of the Au 4f states to higher BEs for NBM compared to
NTP. The direct calculations of the Au 4f orbitals by DFT reveal
a shift of the Au 4f signal of the gold complex of 0.357 eV for
NTP-Au,, and 0.321 eV for NBM-Au,, (see Table S1%}). There-
fore, the shift of the Au 4f states caused by the different
chemical environment of the molecular-metal bonds can be
neglected compared to the shifts of the near surface vacuum
level by molecular dipoles. Besides the surface dipoles, the
differences of the work function can be explained by different
packing densities of the molecules, since the adsorption of the
molecules can be significantly influenced by the additional
carbon linker. Moreover, the packing density can influence the
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Fig. 4 High resolution XPS spectra of NTP (red) and NBM (blue) coated AuNPs. (a), (c) and (d) have been recorded with Ar carrier gas and (b), (e)
and (f) have been recorded with N, as the carrier gas to avoid overlap with Ar satellite states. (a) Au 4f spectra recorded at PE = 400 eV (APE = 892
meV and AKE = 625 meV) with Ar carrier gas. The dashed line marks the center of the NTP signal to visualize the shift. (b) S 2p spectra recorded at
PE = 395 eV (APE = 660 meV and AKE = 625 meV). (c) N 1s spectra recorded at PE = 650 eV (APE = 1138 meV and AKE = 1250 meV). N 1s of N,
gas (green) recorded under the same experimental conditions to determine the possible contributions of residual gas molecules. The dashed line
marks the maximum of the NBM and of the N; signal. (d) O 1s states recorded at PE = 650 eV (APE = 1138 meV and AKE = 1250 meV). Dashed
lines mark the contribution from the coated AuNPs (left) and of the gas phase water (right). (e) High resolution C 1s spectrum of NTP capped
AuNPs recorded at PE = 395 eV (APE = 660 meV and AKE = 625 meV) plotted together with the C 1s spectrum of NTP on an Auzg cluster
obtained by DFT using the same energy resolution. Colored areas on the NTP molecule sketch indicate the origin of the individual signals. (f) C 1s
spectrum of NBM capped AuNPs recorded under the same conditions as (e).
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alignment of the molecules and consequently affect the z-
component of the surface dipole.** The S 2p spectra shown in
Fig. 4(b) reveal a maximum of S 2p;3,, of 166.9 eV for AuNPs
capped with NTP and 167.3 eV capped with NBM. This corre-
sponds to a difference of (0.4 + 0.2) eV for the NTP capped
AuNPs compared to NBM, which is in agreement with the shift
of the Au 4f states.

The Au 4f and S 2p spectra reflect the metal-organic inter-
face, whereas the O 1s and N 1s signals originate from the nitro
group, which is separated from the gold surface by the benzene
ring. In Fig. 4(c), the N 1s spectra of NTP and NBM capped
AuNPs are presented together with a spectrum recorded in the
same energy range in the absence of AuNPs, when N, is intro-
duced into the chamber. The center of the N 1s peak of gaseous
N, is located at 409.9 eV, whereas the N 1s signals of the NTP
and NBM coated AuNPs give rise to a center peak position of
409.7 eV and 409.8 eV, respectively. Moreover, due to the
centered distribution of the electrons on the detector, the signal
shows a significant contribution from the NP beam (see Fig.
S4t). Nevertheless, due to the proximity of the peaks the
decomposition of the N 1s signal of NTP and NBM from the
contribution of residual N, gas in the chamber is not precisely
possible and an uncertainty remains. In XPS measurements of
the NTP monolayer on an Au(111) substrate by Nielsen et al. and
Waske et al., the N 1s peak has been observed at 405.5 eV and
405.4 eV, respectively, with respect to the Fermi level and
consequently the expected shift of 4.5 eV due to the AuNP work
function would lead to the observed overlap.®*®” The O 1s
spectrum of NTP and NBM capped AuNPs is dominated by the O
1s signal of gaseous water at 539.9 eV,*** which has been used
to precisely calibrate the binding energy. The O 1s signal orig-
inating from the nitro group of the molecules is located well
separated from the water peak at 537.4 eV, for NTP and NBM
likewise.

The C 1s spectrum of NTP capped AuNPs has been recorded
with a high kinetic energy resolution (FWHM = 0.66 eV) to
distinguish the signals of the different carbon atoms (see
Fig. 4(e)). According to DFT calculations of NTP on an Aug,
cluster two main signal components can be expected with
aratio of 1 : 2 (see Fig. S71), wherein one signal originates from
the sp> hybridized C atoms 2, 3, 5 and 6 bound to two C and one
H atom and a second signal from the C atoms 1 and 4 bound to
the nitro and the thiol group, respectively, which are expected to
be shifted by approximately 1 eV towards higher binding energy.
This is comparable to previous interpretations of XPS
measurements of NTP on an Au(111) substrate.®”” However, by
taking into account the given experimental energy resolution,
which has been verified by the 2s and 2p ionization edges of Ar
gas, the experimental spectrum is significantly broadened
compared to the theoretical predictions (see Fig. 4(e)). There are
several effects that might explain the broadening of the C 1s
spectrum of NTP on the surface of a nanoparticle. It was re-
ported previously by Taucher et al. that in the XPS measure-
ments of the C 1s states of molecular monolayers on gold
surfaces an electrostatic environment influenced by internal
dipole moments of the molecules and their intermolecular
interaction must be considered in addition to the chemical
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environment of the C atoms.** Besides the effect of intra-
molecular surface dipoles shifting the C 1s states, it is also
possible that the C 1s signal is broadened by the contributions
of NTP molecules bound to surface sites with different work
functions. A third possibility is a broadening due to thermal
atom motion and intermolecular interactions in the NTP layer
as described by Ehlert et al.” In Fig. 4(f) the C 1s spectrum of
NBM on AuNPs is presented together with the calculated spec-
trum for NBM on an Auj, cluster (see Fig. S8f) taking into
account the experimental resolution. Also in the case of NBM
the experimental C 1s spectrum is broadened compared to the
DFT calculations. The center of the C 1s peak for NBM, located
at 290.0 eV, is shifted by 0.7 eV to higher BEs compared to the
signal of NTP located at 289.3 eV. Hence, the shift of the C 1s
signals of the two AuNP ligand systems is comparable to the
shift of the Au 4f signals.

Conclusions

The Au 4f states of surface and bulk of ligand capped isolated
AuNPs have been determined by PE dependent measurements,
to modulate the escape depth of the photoelectrons. It has been
shown that there is a significant shift of Au 4f states in the outer
Au layer, which significantly depends on the adsorbed ligand
molecule and might be caused by different dipole moments that
modify the work function of the AuNP surface. The range of this
effect is limited to the topmost atomic layer of the AuNPs. By the
modification of the interface dipoles due to the functional
groups of the molecules or different orientations to the surface,
e.g. as a consequence of the packing density, the charge transfer
between NPs and adsorbed molecules can be tuned. This allows
for the engineering of NP systems using tightly bound ligands
in plasmonic catalysis. Moreover, also the core level states of the
ligands, most remarkably the C 1s states, are affected by the
dipole moments or due to the binding of the molecules to
different adsorption sites. These effects need to be considered
by the evaluation of the XPS core level states of ligands bound to
NP surfaces.

Methods

Chemicals

AuHCl,, trisodium citrate (TSC), and 4-nitrobenzylmercaptan
(NBM) have been purchased from Sigma Aldrich and 4-nitro-
thiophenol (NTP) has been purchased from Alfa Aesar. All
chemicals have been used without further purification.

Preparation of AuNPs

AuNPs have been synthesized by citrate reduction of HAuCl,
according to a modified version of the Turkevich protocol.”*
Briefly, a 500 mL stirred aqueous solution of 1 mM HAucCl, has
been heated up in a 1 L 2 neck round bottom flask to a rolling
boil under reflux in an oil bath. Subsequently, 4 mL of 500 mM
TSC has been added using a syringe and the solution has been
kept boiling for 20 more minutes and cooled down to room
temperature and stored at 4 °C. The diameter of the AuNPs

© 2022 The Author(s). Published by the Royal Society of Chemistry
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determined from SEM images is 8.7 £ 1.7 nm and the
maximum of the SPR is located at A = 518 nm (see Fig. S17).

In order to exchange the citrate ligands of the AuNPs with the
analyte molecules, the AuNP solution has been incubated with
NTP or NBM overnight. Using 15 mL Amicon filters (Merck
Millipore) the AuNP solution has been centrifuged at 3000 g for
10 min and refilled with H,O Milli Q trice. After the final
centrifugation step the concentration of the AuNP solution has
been adjusted to approximately 3 mM referring to the Au atoms
in the solution. Raman spectra validating the bond of the
ligands to the AuNP surface are shown in Fig. S2.f

Synchrotron XPS

The XPS measurements of isolated AuNPs have been performed
at the PLEIADES beamline at the synchrotron SOLEIL using
a multipurpose source chamber (MPSC).”»”* The AuNPs have
been brought to the gas phase from a colloidal solution using
a TSI 3076 atomizer, with argon as the carrier gas at 35 Psi. The
solvent (water) has been mainly removed by passing the aerosol
through silica desiccators. The AuNPs then have entered the
MPSC through a limiting orifice (240 um) and have been
focused with an aerodynamic lens system through a skimmer
(1.5 mm) into the ionization chamber. At the entrance of the VG
Scienta R4000 hemispherical electron energy analyzer the Au
nanoparticle beam has been crossed with the soft X-ray photon
beam produced by a permanent magnet APPLE II type undu-
lator, with a period of 80 mm, in combination with a high-flux,
600 L mm ' grating of the modified Petersen plane grating
monochromator used to monochromatize the synchrotron
radiation. The binding energy of the Au 4f energy level was
calibrated according to the kinetic difference with respect to the
2p and 3s ionization edges of the carrier argon gas** at all
recorded PEs (see Fig. SI 3T). The linearity of the kinetic energy
scale has been validated by using 2s, 2p, 3p and 3s ionization
edges*” and KLL Auger electrons’™ of the carrier argon gas, as
discussed before.” The overall uncertainty of BE due to the
calibration is estimated to be 0.1-0.2 eV. It should be noted that
in the PLEIADES setup, the photoelectron lines from the
focused AuNPs can be resolved from those produced by residual
H,O0 solvent molecules and Ar carrier gas, which are not focused
by the aerodynamic lens.”

The peaks have been distinguished using XPSPEAK 4.1
software assuming a Gaussian-Lorentzian fit function with
a ratio of 80%. The FWHM has been fixed for all components to
the experimentally determined FWHM from the measurements
of the Ar ionization edges.

DFT

DFT calculations were performed with the quantum chemical
package Gaussian 16.7° The gold-molecule complexes were
optimized using the global hybrid functional B3LYP.”””® The
TZVP basis set” was used for the H, C, N, O, and S atoms and
LANL2TZ(f) effective core potential with the corresponding
basis set® (of triple zeta valence orbital quality and an f polar-
ization function) was used for the Au atoms. Spin-unrestricted
DFT was used for doublet species (neutral complexes with an

© 2022 The Author(s). Published by the Royal Society of Chemistry
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even number of gold atoms; one gold atom) and spin-restricted
DFT for singlet species (neutral complexes with a single gold
atom; gold clusters with an even number of gold atoms).

Au 4f orbital shifts were calculated with the all-electron ANO-
R basis set® (the largest one in the recent ANO-R series) for gold
and TZVP for the other atoms, again employing B3LYP.

The LANL2TZ(f) and ANO-R basis sets were downloaded
from the Basis Set Exchange® website (https://
www.basissetexchange.org/). The complexes of NTP and NBM
with 1, 2, 10, and 30 atoms were considered. Further details of
the used models are reported in ref. 37.
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