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Introduction

Comparative study of electron transport through
aromatic molecules on gold nanoparticles:
insights from soft X-ray spectroscopy of
condensed nanoparticle films versus flat
monolayer filmst
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Shogo Tendo,
Jun-ichi Adachi,

Understanding electron transport in self-assembled monolayers on metal nanoparticles (NPs) is crucial
for developing NP-based nanodevices. This study investigates ultrafast electron transport through
aromatic molecules on NP surfaces via resonant Auger electron spectroscopy (RAES) with a core-hole-
clock (CHC) approach. Aromatic molecule-coated Au NPs are deposited to form condensed NP films,
and flat monolayers are prepared for comparison. Soft X-ray techniques, including X-ray photoelectron
spectroscopy and near-edge X-ray absorption fine structure spectroscopy, confirm oriented monolayers
in both NP and flat films. The nuclear dynamics is studied via ion yield measurements. After subtracting
secondary processes, the ion yield spectra of the condensed NP films reveal site-selective desorption of
the methyl ester group by resonant core excitation. The ultrafast electron transport time from the
carbonyl group through the phenyl rings to the metal surfaces in the condensed NP films is successfully
determined via the RAES-CHC approach by subtracting inelastic scattering components. The chain
length of the aromatic molecules influence the electron transport time in the NP films, reflecting the
trends observed in the flat films. This evidence supports ultrafast electron transport via the through-
bond model, independent of interactions between the molecules adsorbed on an NP itself or adjacent
NPs. Identifying and subtracting background spectral components of the condensed NP films allows
accurate analysis of the ultrafast dynamics. This study suggests that insights gained from electron
transport processes in the flat monolayer films can be extrapolated to practical NP—molecule interfaces,
providing valuable insights for the molecular design of NP-based devices.

unique properties distinct from metal substrates, primarily
because of the high surface area-to-volume ratio of metal

Metal nanoparticle (NP) films coated with organic molecules
are essential for advancing fields such as electrochemistry,"
photovoltaics,” and nanoscale electronics.”” These films possess
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NPs.° For instance, incorporating gold or silver NPs into
electrodes increases the photoelectric conversion efficiency of
organic solar cells compared with electrodes without NPs.” This
improvement is mainly attributed to the transport of excited
electrons at the NP-electrode interface, although the physical
properties governing this charge transfer process are not yet
completely understood. Understanding the elementary processes
of electron transport between molecules and NPs in condensed NP
films is critical for further enhancing solar cell performance.
Electron transport related to NPs has been studied using
various methodologies, including macroscopic conductivity
measurements,® scanning tunneling microscopy (STM),” and
transient laser spectroscopy.'® Macroscopic conductivity mea-
surements assess the conductivity of condensed NPs between
electrodes.'™? Although this technique is highly quantitative
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and applicable to various NPs, it cannot measure the electron
transport within individual NPs. STM-break junction (STM-BJ)
techniques can measure the conductivity of single NPs™® but
cannot observe interfacial electron transport on an ultrafast
timescale. Pump-probe experiments using ultrafast lasers
enable real-time probing of interfacial electron transport
between molecules and metal NPs,"*" but they are still limited
to subpicosecond timescales.*®

The core-hole-clock (CHC) approach using soft X-ray eluci-
dates ultrafast electron transport dynamics at the molecule-
metal interface through kinetic analysis via resonant Auger
electron spectroscopy (RAES)."®™'® The transport time can be
determined based on the lifetime of core-hole states on the
order of a single femtosecond in light elements."®"** Therefore,
the RAES-CHC approach offers a distinctive advantage in the
measurement of ultrafast electron transport in time domain
ranging from hundreds of femtoseconds to subfemtoseconds.
This synchrotron radiation (SR)-based technique is advanta-
geous because of its elemental selectivity and noncontact
measurement capability, allowing for precise observation of
the ultrafast electron transport from a specific excited molecu-
lar sites to metal surfaces.

The RAES-CHC approach has been successfully used to inves-
tigate interfacial electron transport from functional groups
through molecular backbones to metal surfaces. Considerable
research has focused on self-assembled monolayers (SAMs) on
flat substrates. Zharnikov et al. studied electron transport times
for various molecular chains, such as alkane, phenyl, acene,
and azulene backbones, in nitrile-substituted SAMs.'?*372°
Their findings suggest that electron transport time obtained
via RAES-CHC exhibits an exponential relationship with the
molecular chain length, similar to the conductance behavior
observed in STM-B]J experiments."®

Herein, interfacial electron transport and nuclear dynamics
of SAMs on gold NPs (AuNPs) is explored via RAES-CHC and
mass spectrometry under condensed NP film conditions. The
focus was on aromatic thiols with methyl ester-substituents as
X-ray absorption centers, as shown in Fig. 1(a) and (b). NP films
were prepared by depositing AuNPs coated with aromatic
thiolate SAMs (Fig. 1(c)). The electron transport properties of
these NP films are compared with those of aromatic thiolate
SAMs formed on flat Au substrates (flat films, Fig. 1(d)).
In addition, the nuclear dynamics of molecules in the NP and
flat films is investigated via time-of-flight mass spectrometry
(TOF-MS), which measures desorbed ions after site-specific
core excitation by soft X-ray.?°>® Our previous studies have
shown that site-selective bond scission occurs after site-specific
excitation of methyl ester compounds.?”**~*! Molecular adsorp-
tions on NP and flat surfaces are characterized via X-ray photo-
electron spectroscopy (XPS), which analyzes the elemental
composition and chemical states of the films.** Near-edge
X-ray absorption fine structure (NEXAFS) spectroscopy is used
to investigate the electronic structure of the films and provide
insights into the molecular orientation.*> Comparing these
spectroscopic and dynamical findings between NP and flat
films reveals the influence of NP surroundings. Understanding
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Fig. 1 Methyl ester-substituted aromatic thiols: (a) MP, which has one
phenyl ring, and (b) MBP, which has two phenyl rings. Graphical image of
the (c) NP and (d) flat films.

electron transport processes in NP films is crucial for optimizing
NP-based devices, such as solar cells, biosensors, and memory
devices.***

Experimental

NP and flat films were fabricated using precursor aromatic
molecules, and soft X-ray spectroscopy experiments were con-
ducted at the SR facilities HiSOR and Photon Factory (PF) in
Japan. We employed two aromatic thiols (Fig. 1(a) and (b)) to
compare them based on effect of chain length on electron
transport dynamics. Methyl 4-mercapto benzoate (MP) was
obtained from Toronto Research Chemicals Inc., methyl
4’-mercapto (1,1’-biphenyl)-4-carboxylate (MBP) and methyl
16-mercaptohexadecanoate (MHDA) from NARD Institute Ltd,
and 1-hexadecanethiol (HD) from Tokyo Chemical Industry.
MHDA was used for photon energy calibration and as a reference
sample for RAES-CHC, while HD served as a reference for XPS film
thickness measurements.

Flat and NP film preparation processes are described in
the ESI.f The SAMs of aromatic thiolate were prepared on Au
substrates as flat films using the conventional immersion
method. AuNPs with an average particle size of 7 nm were syn-
thesized via pulsed laser ablation in liquid (Fig. 2(a)).*® The
AuNP colloidal solution was mixed with thiol solution to prepare
AuNPs coated with aromatic SAMs. After removing residual solute
molecules, the solution was dropped on Au substrates, forming
NP films.

NEXAFS, XPS, and RAES measurements were performed
using HiSOR BL-13, a bending magnet beamline suitable for
investigation of organic materials. All measurements were per-
formed at ~10~® Pa atmospheric pressure. The photon energy
calibration relied on NEXAFS peaks from flat MHDA SAMs
(for the C K-edge with a ©*(C—O0) peak at 288.4 eV and for
the O K-edge with a n*(C=0) peak at 532.3 eV)*° and further
referenced against the n* peaks of gaseous CO located at 287.41
and 533.57 €V.*” The resolving power used in this energy range
exceeded 3000. Polarization of the incident SR was determined
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Fig. 2 Experimental setups. (a) Pulse laser ablation in liquid, (b) XPS and
RAES measurements at HiSOR BL-13, and (c) TOF-MS measurements at
PF BL-2B.

to be 95%, based on polarization angle-dependent NEXAFS
measurements of tilted highly oriented pyrolytic graphite.*®
NEXAFS spectra were obtained by measuring the drain currents
from the sample and an upstream Au mesh installed in the
measurement chamber. For electron spectroscopy, a hemisphe-
rical analyzer (Omicron, EA125) was employed, with slit widths
of 1 mm for XPS and 4 mm for RAES measurements positioned
at 0° emission angle (Fig. 2(b)). The electron binding energy
was calibrated to 84.0 eV for the Au 4f,,, peak.*®

TOF-MS measurements were carried out at PF BL-2B to
obtain the ion yield spectra. In this facility, a hybrid operation
mode was employed, consisting of a high-current bunch and
trains of low-current bunches in the storage ring. A high-
current SR component was mechanically extracted using a
pulse selector to obtain pulsed SR for TOF measurements, as
shown in Fig. 2(c) and the ESL{*° Although PF BL-2B is an
undulator beamline, the SR flux is reduced by about two orders
of magnitude after passing through the pulse selector. As a
result, no sample damage that would alter the spectrum during
the measurements was observed. A TOF spectrometer was
installed downstream of the pulse selector connected to the
free port of the beamline and was maintained at ~10~° Pa
atmospheric pressure. The sample was irradiated with a soft
X-ray beam at a 20° oblique incidence, and desorbed cations
were detected using a microchannel plate with a TOF drift tube
positioned perpendicular to the sample surface.

Results and discussion

Evaluation of NP and flat films coated with aromatic
monolayers

XPS spectra were measured to evaluate the chemical states and
molecular layer thicknesses of the NP and flat films. The results
are summarized here, and details are provided in the ESL¥
The O 1s, C 1s, S 2p, and Au 4f photoelectron spectra along
with their assignments are depicted in Fig. 3. The absence of
significant peak shifts in the O 1s, C 1s, and S 2p spectra
suggests that the NP and flat films do not differ in terms of the
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Fig. 3 XPS spectra of the flat and NP films measured for (a) O 1s, (b) C 1s,
(c) S 2p, and (d) Au 4f regions. Spectra for MP flat films (red dots), MBP flat
films (orange dots), MP NP films (green dots), and MBP NP films (blue dots)
are displayed from top to bottom, respectively. The spectra were obtained
at photon energies of (a) 650 eV and (b)-(d) 396 eV. (c) S 2p spectra, the
fitted lines of chemisorbed components (pink lines), physisorbed compo-
nents (skyblue lines), Shirly background (black lines), reproduced spectra
(gray lines), are shown for clarity.

chemical states of MP and MBP. The S 2p spectra of the NP and
flat films show that aromatic thiols adsorb onto the Au surfaces
through both chemisorption and physisorption. Further, the
effective thicknesses of the molecular layers on the Au surfaces,
estimated using the intensity of the C 1s and Au 4f peaks
(Fig. S2 in the ESIt), were determined to be 7.5 A for MP and
14 A for MBP in the flat films and 10 A for MP and 19 A for MBP
in the NP films. The approximate agreement of the effective
thicknesses suggests that an identical monolayer had been
formed on the Au surfaces of both the NP and flat films.

Fig. 4 shows the C K-edge NEXAFS spectra of the NP and flat

films at various SR incident angles. The first peak (~285 eV)
— 20° — 30° — 40° — 50°
55° — 60° — 70° — 80° — 90°
T T T T T T T T
(a) MP Flat  ||(b)] MBP Flat

Intensity / arb. units
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Fig. 4 C K-edge NEXAFS spectra of the flat and NP films for (a) MP and
(b) MBP molecules. Polarization angle dependence of spectra was inves-
tigated by altering the incident direction of the light from grazing (20°) to
normal (90°). All spectra were normalized at the pre-edge and post-edge
at 317 eV. Measurements for the flat films were taken at 10° intervals
between 20° and 90°, as well as at the magic angle of 55°. Measurements
for the NP films were performed at 20°, 55°, and 90°.
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was assigned to the m;*(C=C) resonances and the second peak
(~288 eV) to the n*(C=0) and m,*(C=C) resonances.*™**
At photon energies exceeding the ionization potentials (IPs),
several o* resonant peaks associated with the C—=C, C=O0,
and C-O antibonding orbitals were observed. The NP and
flat films exhibited identical spectral features, indicating the
inherent electronic states of molecules and, thus, there is no
difference in adsorption states between both films. The spectra
of the flat monolayer films exhibited an evident polarization
angle dependence, corresponding to the orientation of the
molecules adsorbed on the Au substrates. However, the spectra
of the condensed NP films did not show such dependence
because of randomization of the anisotropic transition dipole
moments on spherical surfaces.?” From the fitting analysis of
the first n* peak of the flat films, it was found that the aromatic
molecules were in an upright orientation relative to the sub-
strate surface (see the ESIt). The result suggests that aromatic
SAMs are suitable for measuring ion desorption.

The O K-edge NEXAFS spectra of the NP and flat films shown
in Fig. 5 also exhibited identical spectral features, characteristic
of molecules with methyl ester groups.** Similar to that for the
C K-edge NEXAFS spectra, the peaks appeared at the same
energy positions for both the NP and flat films. In particular,
three prominent peaks were observed: the first peaks for MP
(at 531.7 eV) and MBP (at 531.5 eV) were assigned to O(C—O0)
1s — 7*(C—0O0) excitation, the second peaks for MP (at 534.3 eV)
and MBP (at 533.9 eV) were assigned to O(OCH;3) 1s —
n*(C=O0) excitation, and the peaks at ~ 540 eV were assigned
to O(OCH;) 1s — o*(C-OCHj;) excitation. We focused on the
O-excited CHC at the first n* peaks, for which the energies
relative to the Fermi level were crucial for assessment.
Considering the XPS data of O 1s (C—O0) binding energy of
531.7 eV for MP, which coincided with the n* excitation energy,
the core-excited electron in the first n* orbital could move from
molecules to substrates in the case of MP. Meanwhile, the first
n* orbital of MBP is located 0.1 eV below the Fermi level by
considering the O 1s (C—O0) binding energy of 531.6 eV, but
electron transport may still be possible within the photon
energy resolution.

Thiolates adsorbed on the 7-nm-diameter AuNPs are expected
to be less ordered than on a flat Au (111) surface. The AuNP

P (a) MP Flat (b) MBP Flat
K=
=)
X!
©
>
‘»
C
|5}
= NP NP
530 540 550 530 540 550

Photon energy / eV

Fig. 5 O K-edge NEXAFS spectra of the flat (red lines) and NP films (blue
lines) for (a) MP and (b) MBP molecules. The incident angle was set to 55°.

This journal is © the Owner Societies 2025

View Article Online

PCCP

surfaces are dominated by {111} terraces, rather than NP corners
and edges.** Alkanethiolates on AuNPs with particle sizes
>4.4 nm have been reported to form “bundles” on the {111}
terrace, forming SAMs similar to flat films.**™*” Based on these
findings, an oriented monolayer, similar to that on a flat Au
surface, is suggested to form on NP surfaces. Overall, the XPS
and NEXAFS measurement results revealed that SAMs were
identically formed on both the NP and flat surfaces, enabling
the analysis of nuclear and electron dynamics within well-
characterized molecule-metal interfaces.

Nuclear dynamics via resonant core excitation

Nuclear dynamics after resonant core excitation was investi-
gated via soft X-ray spectroscopy. The core electron of a specific
atom can be excited to an antibonding orbital localized to the
adjacent bond, often resulting in selective chemical bond
breaking. This is facilitated by the weakening of the bonding
power by pumping the core electron into the antibonding
orbital and by the Coulomb repulsion between the two holes
created in the bonding orbital after the subsequent Auger
decay.”” Such site-selective chemical bond breaking indicates
nuclear dynamics that reflect the localized nature of core
excitation and has been found in gaseous molecules®® and
SAMs®! since its discovery by Eberhardt et al.?® In this study,
site-selective ion desorption was measured for aromatic mole-
cules adsorbed on NP and flat metal surfaces to demonstrate
the local core excitation character.

The ion desorption induced by resonant core excitation in
the C K-edge region was studied via TOF-MS. As a representa-
tive example, TOF-MS spectrum of the MP flat films at 289 eV is
shown in Fig. 6(a). Predominantly, the H', H,", and CH,," (n = 0-3)
ions desorbed from the films, whereas C,H,," (m = 0-5) and C;H;"
(I = 0-7) ions were also detected as minor products. In conven-
tional TOF measurements with single-bunch operation at the PF
facility, all mass peaks were restricted within 624 ns.*" However,
using the SR pulse selector solved this problem,*® allowing for
clear detection of heavier- and weaker-mass peaks. Fig. 6(b) and
(c) show the total ion yield (TIY) spectra and partial ion yield (PIY)
spectra of H" and CH,," ions desorbed from the flat films at the
C K-edge. The PIY spectra were obtained via integration of each
mass peak of the TOF-MS spectra measured at various photon
energies. The TIY and PIY spectra of the MP and MBP flat films
exhibited similar features. The PIY spectra of the CH,' ions
showed single sharp peaks at 289 eV, corresponding to the site-
selective desorption of CH,," ions due to scission of the O-CH,
bond via C(OCHj;) 1s — o*(O-CH3) excitation, consistent with the
characteristics observed for flat MHDA SAMs.**?! However, such
selectivity was not observed in the photodissociation of gaseous
methyl benzoate molecules (similar to that for MP molecules)*®
but was characteristic of adsorbed molecules. Compared with
aliphatic MHDA SAMs, the site-selective ion desorption at the
6*(0-CH3;) resonance occurred with violent fragmentation from
the desorbed CH;" ions, as shown in Fig. 6(a).>' The PIY spectra
of H' show peaks at the 6*(O-CH;) resonance, but the spectral
shapes follow the absorption spectra rather than single peak

shapes such as CH,,".*

Phys. Chem. Chem. Phys., 2025, 27, 388-396 | 391
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Fig. 6 (a) TOF-MS spectra measured at 289 eV for MP flat films using an
SR pulse selector. TIY and PIY spectra for the (b) MP flat, (c) MBP flat, (d) MP
NP, and (e) MBP NP films.

The ion yield spectra of the NP films are shown in Fig. 6(d)
and (e). The PIY spectra of the C*, CH", and CH," ions exhibited
sharp peaks at 289 eV for both NP films, indicating site-
selective ion desorption even in the condensed NP films, as
observed in the case of the flat films. The CH;" ion for MBP NP
films also exhibited sharp peak at 289 eV, whereas the spectrum
of the CH;" ion for MP NP films notably differed and resembled
the absorption-reflected H' spectrum, seemingly decreasing
the site-selectivity. Such differences might have arisen depend-
ing on the NP films prepared from different batches. Fig. 6(d)
and (e) show representative examples of the poor selectivity
of MP NP films and the satisfactory selectivity of MBP NP
films, respectively. The opposite situation was also measured,
as shown in Fig. S3 in the ESI,{ where MP NP films retain
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satisfactory selectivity but MBP NP films lose selectivity. Thus,
the PIY profiles sensitively represented the condensation con-
ditions of NP films.

Such poor selectivity was attributed to increase in ion
desorption indirectly caused via secondary processes. One
process is delocalization of excess energy within a molecule
via statistical energy redistribution. This relaxation can non-
selectively cause ion desorption that is unrelated to the excita-
tion site. This nonselective ion desorption results in a PIY
profile that reflects the absorption intensity, with this effect
being specifically pronounced in H' ions, which desorb more
easily.>" Another secondary process is bond scission induced by
energetic photoelectrons and Auger electrons, commonly called
X-ray-induced electron-stimulated desorption (XESD).*"49°°
This phenomenon is frequently observed in surface-condensed
molecules. Such XESD also induces ion desorption depending
on absorption intensity, as seen for condensed multilayer films of
methyl isobutyrate molecules.* In particular, these secondary
processes might be prominent in condensed NP films.

The site-selective ion desorption was measured to some
extent for both NP films, representing the combination of
selective and nonselective desorption processes. The CH;" PIY
spectra of NP films depicted in Fig. 7 show variations due to
different condensation conditions, where blue line in Fig. 7(a)
is redrawn from Fig. S3(a) (ESIt), in Fig. 7(b) is from Fig. 6(e), in
Fig. 7(c) is from Fig. 6(d), and in Fig. 7(d) is from Fig. S3(b)
(ESIY). The PIY spectra in Fig. 7(a) and (b) were the case when
satisfactory selectivity was observed, wheareas selectivity was
lost in Fig. 7(c) and (d). As previously mentioned, the H" PIY
(red dotted lines) was used to represent the desorption via
secondary processes. To extract the site-selective components

(b) MBP NP-1
— CH;

n o — Difference

(d) MBP NP-2

Intensity / arb. units

W

295

295

305 285
Photon energy / eV

1
285 305
Fig. 7 PIY spectra of CHz" ions (blue lines) measured for MP ((a) and (c))
and MBP ((b) and (d)) NP films prepared from different batches. To extract
the site-selective components of CHz* PIY, the H* PIY (red dotted lines)
was aligned by matching the spectral intensities at 285 eV and above the
IP. The difference spectra of CHz* and H* PIY, represented by black lines,
correspond to the single site-selective peaks.
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of CH;" PIY, we aligned H' PIY at spectral intensities at 285 eV
and above the IPs. The difference spectra depicted by black
lines describe single peaks at the o*(O-CH;) resonances,
similar to that for the flat films. Through the analysis of CH;"
PIY, the site-selectivity for each film was estimated from the
component ratios at 289 eV to be (a) 78% for the MP NP-1 films,
(b) 69% for the MBP NP-1 films, (c) 39% for the MP NP-2 films,
and (d) 30% for the MBP NP-2 films. These findings highlight
that ultrafast nuclear dynamics, such as site-selective ion
desorption induced by site-specific core excitation,' occurs in
the NP films despite these films having predominant secondary
processes, and that site-selective components can be reflected
in PIY.

Electron dynamics via resonant core excitation

RAES-CHC is a powerful tool for monitoring electron transport
dynamics on the basis of the RAES spectral shape charac-
teristics of various Auger decay processes. Resonant excitation
is generally followed by spectator or participator Auger decay,
resulting in emission of an Auger electron. If delocalization of
the core-excited electron is allowed and the electron can be
transported to the substrate within the core-hole lifetime, the
resonant Auger decay and electron transport processes compete
with each other. Thus, the Auger decay spectrum represents a
combination of resonant Auger decay and electron transport
contribution, with the latter corresponding to normal Auger
decay and differing from the former in terms of spectral shape
and position. To determine the branching ratio between reso-
nant and normal Auger decay pathways, the spectrum was
decomposed into a linear combination of the normal and pure
resonant Auger spectra. The latter was obtained from a refer-
ence sample with negligible electron transport contribution.®
Consequently, the electron transport time could be derived
from the branching ratio defined using the core-hole lifetime.

Fig. 8(a) shows the RAES spectra of the NP and flat films
where the O(C=O0) 1s core electron was excited to the conju-
gated n*(C—0O0) orbital at ~532 eV. The nonresonant contribu-
tions were subtracted using the electron spectra recorded at
525 eV of pre-edge excitation. The RAES spectra are shown for
the MP flat (red dots), MBP flat (orange dots), MP NP (green
dots), and MBP NP films (blue dots). The spectral shapes of the
NP and flat films were almost identical, representing the same
final states overall. However, the NP films exhibited notably
higher intensity around 460 eV compared with the flat films.
This intensity difference was attributed to inelastic scattering
due to condensed NPs and was accounted for by the Shirley
background, represented by black lines.

The background-subtracted RAES spectra of the NP and flat
films shown in Fig. 8(b) were analyzed via the CHC approach.
The fitted pure resonant Auger spectra represented by pink
lines and the normal Auger spectra denoted by sky-blue lines
are also depicted in the figure. The gray lines represent the
reproduced spectra obtained via linear combination of the
pure-resonant and normal Auger components. The analysis
was conducted within the kinetic energy range of 460-517 eV.
The normal Auger spectra were measured at 541 eV, which was
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Fig. 8 (a) RAES spectra for MP flat (red dots), MBP flat (orange dots), MP

NP (green dots), and MBP NP (blue dots) films with Shirley’s background
represented by black lines. (b) RAES spectra after subtraction of Shirley's
background were analyzed via a core-hole-clock approach. The pink and
sky-blue lines represent the pure resonant and the normal Auger spectra,
respectively. The gray lines represent the reproduced spectra obtained by
summing the weighted pure resonant and normal Auger spectra.

considerably more than IPs. As the pure resonant Auger spec-
trum of the reference sample, we used the resonant Auger
spectrum at O(C = O) 1s — ©*(C = O) excitation for flat MHDA
SAMs, in which methyl ester group as an X-ray absorption
center is isolated from the metal substrates via the long and
insulating methylene chains.>® The branching ratio of electron
transport, Pgr, was obtained using the proportion of the normal
Auger components. The Pgr values were determined to be 0.26
for the MP flat films, 0.20 for the MBP flat films, 0.27 for the MP
NP films, and 0.20 for the MBP NP films. The following CHC
analytical expression was used to express the electron transport
time, Tgr, using Pgp:'°

TET = Tcore
Per

I

where 7. denotes the core-hole lifetime of an O 1s electron
(3.85 fs).”! The g values at ©;*(C—0) resonance were deter-
mined to be 11 + 3 fs for the MP flat films, 15 + 4 fs for
the MBP flat films, 10 + 5 fs for the MP NP films, and 15 + 6 fs
for the MBP NP films. tgr in both the NP and flat films
was observed to increase with chain length, similar to the
values reported by Zharnikov et al.'®** report for flat films of
aromatic SAMs with nitrile groups, as summarized in Table 1.
Most importantly, the tgr obtained in this study remained
unchanged across the condensed NP and flat films.

Prior to examining the CHC results of the NP films,
we discuss the electron transport dynamics in the flat films.
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Table 1 Comparison of g1 and f values for oligophenyl backbones

Methods  Molecules Films  tpr/fs AT
CHC Methyl ester Ph (MP) Flat 11+3 0.072
2Ph (MBP) 15+ 4
Methyl ester Ph (MP) NP 10+5 0.094
2Ph (MBP) 15+ 6
CHC* Nitrile Ph Flat 9+3 0.27
2Ph 29+ 6
STM®? Oligophenylene  1-3Ph Flat NA 0.44

tgr Was observed to exponentially increase with number of
phenyl rings, ny:

Ter o€ exp(fnpn),

where f represents the decay coefficient defined in the tunnel-
ing equation.'® The f value for the methyl ester-substituted
aromatic thiolates in our study was derived to be 0.31 (0.072 A™),
smaller than that for nitrile-substituted aromatic thiolates reported
by Zharnikov et al. (0.27 A~").>* Although both f values are
derived for the excitations to the conjugated n* orbitals,
the difference between them is substantial, even if we consider
the uncertainty in the f values determined using tgr for only
two molecules. These values also differ from those of STM
measurements®” without molecular orbital sorting (Table 1).
It has also been reported that the f values for oligophenylene
ethynylene chains with ferrocene substituents differ signifi-
cantly depending on the delocalization nature of the n*
orbital.>®> While Zharnikov et al. measured 1y for electron
transport from the nitrile substituents of aromatic thiolates to
substrates, this study focused on 7gr for such electron trans-
port from methyl ester groups with same molecular chains.
Therefore, tgr might also change if the functional group as
absorption center changes, reflecting the difference in con-
jugation with nitrile and carbonyl, potentially explaining the
discrepancies in f values even when the molecular chains
were same.

The tgr and f values of the NP films quantitatively agreed
with those of the flat films. Even in environments where
interactions between the molecules adsorbed on an NP itself
or those on adjacent NPs cannot be ignored, such as in the
condensed NP films, the electron transport process could be
understood similarly to that in the flat films. These findings
were supported by the fact that the spectral energy positions in
the XPS and NEXAFS spectra remained unchanged. These
results supported the validity of the through-bond electron
transport model, in which electron transport was mediated
via molecular orbitals, both for the condensed NP films and
flat films.

We could explain the electron dynamics by subtracting the
inelastic scattering processes. Compared with the flat films,
increased background components were observed in the XPS,
RAES, and PIY spectra of the condensed NP films. By elucidating
the origin of these background components, we could successfully
employ soft X-ray spectroscopy to understand electron transport
for molecules on metal NP surfaces even under the condensation
conditions of NP films.

394 | Phys. Chem. Chem. Phys., 2025, 27, 388-396

View Article Online

Paper

Conclusions

Nuclear and electron dynamics at aromatic molecule-metal
interfaces in condensed AuNP films was elucidated via soft
X-ray excitation. The XPS and NEXAFS measurements revealed
no notable differences in the chemical states and electronic
structures of the aromatic molecules between NP and flat films.
In both cases, the aromatic molecules formed SAMs on the
metal surfaces, adopting an upright orientation relative to the
metal surfaces. Ultrafast nuclear dynamics investigated using
ion yield spectra revealed site-selective ion desorption via site-
specific core excitation, similar to that observed in the flat
films, even in condensed NP films where the secondary pro-
cesses were dominant. The electron transport time of the
condensed NP films was successfully determined via the
RAES-CHC approach by subtracting the inelastic scattering
components. Despite the presence of intermolecular interac-
tions, the ultrafast electron transport in the NP films remained
comparable to that of flat surfaces. The decay coefficients,
which were consistent between NP and flat films, supported
the through-bond transport model. Our results demonstrate
the feasibility of evaluating electron transport and site-selective
bond scission for molecules on metal NP surfaces by account-
ing for the inelastic scattering of electrons and secondary ion
processes. The RAES-CHC results extend our understanding
of electron transport properties from flat to NP films. These
insights provide crucial information for optimizing electron
transport properties in the design of next-generation NP-based
materials, including molecular electronics, solar cells, biosen-
sors, and memory devices.
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