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Effect of chemically induced permittivity changes
on the plasmonic properties of metal nanoparticles
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Daisuke Tanaka5, Yusuke Arima 1, Koichi Okamoto6, Kazunari Yoshizawa1 & Kaoru Tamada 1✉

Understanding chemical effects on the plasmonic properties of a metal nanomaterial due to

the surface molecules on that metal is of great importance in the field of plasmonics and

these effects have yet to be completely elucidated. Here, we report mechanisms of the

chemically induced change in the electronic state at the metal-ligand interface of silver

nanoparticles due to the ligand molecules, and the effect of this change on the plasmonic

properties of those nanoparticles. It was found that changes in the electron density of states

at the metal-ligand interface cause alterations in the induced and permanent dipole moments,

and eventually to the permittivity at the interface, when the wave function near the Fermi

level is localized at the interface. These alterations play a key role in determining the plas-

monic properties of silver nanoparticles. The present findings provide a more precise

understanding of the interconnection between the electronic states at the metal-organic

interface and the plasmonic properties of the metal.
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The initiation of changes in the localized surface plasmon
resonance (LSPR) properties of plasmonic nanomaterials by
the chemical bonding of organic molecules to their surface

is one of the most important photochemical research objects for
both fundamental and applied science. Therefore, understanding
this object will not only provide us with more choices for con-
trolling LSPR properties but also increase flexibility when
designing plasmonic devices1–6. Recently, surface molecules on a
plasmonic metal nanomaterial have been reported to cause an
additional damping and density alteration of the free electrons in
the metal via changes in the electronic state at the metal–organic
interface, and these changes are caused by chemical interactions
between the metal and surface molecules7–10. The additional
damping, called chemical interface damping (CID), is induced by
interactions between the electron wave functions localized at the
metal–organic interface and the free electrons that contribute to
the LSPR, thereby resulting in LSPR decay because of an increased
scattering rate of the free electrons7–9. Thus, the CID effect basi-
cally provides a decrease and increase in the peak intensity and
full-width at half maxima (FWHM), respectively, in a plasmon
resonance spectrum. Moreover, an alteration in the free electron
density in metal can be caused via an energy level alignment
between the electronic states of the metal and the surface mole-
cules at the interface, and/or via a spill-out of the electrons con-
tributing LSPR in the core metal to the ligand molecules10,11. As
the density of free electrons directly contributes to determining the
plasmon frequency, the electron density alteration results in a peak
shift in the LSPR in the plasmon resonance spectrum. Recent
works have expanded the understanding of these effects on LSPR
properties due to chemically induced changes in the electronic
states at the metal–organic interface7–12. However, these works do
not take into account a change in dipole moments at the interface
due to the chemical interactions between the metal and organic
molecules, despite the fact that the localized dipole moment is
recognized to be a critical factor for determining the LSPR
properties. Here, both the permanent and induced dipole
moments should be taken into account, because the metal–organic
interface is situated in a plasmonic electric field around the surface
of a plasmonic metal nanomaterial. Therefore, it is important to
precisely determine the roles of the localized dipole moment at the
metal–organic interface on the LSPR properties of plasmonic
nanomaterials to further understand the mechanism underlying
plasmon resonances in the presence of different electronic states at
the interface.

In this study, we report a chemically induced change in the
localized dipole moments at the metal–organic interface and how
these changes affect the plasmonic properties of metal nanoma-
terials qualitatively. It was found that changes in the electron
density of states (DOS) at the metal–organic interface due to the
surface molecules cause alterations in the localized dipole
moments and finally in permittivity at the interface, and these
alterations are involved in determining the plasmonic properties.
Two kinds of Ag nanoparticles with myristate and thiolate/
dithiolate ligands are employed in this study, and changes in the
electron DOS and permittivity, which depends on the dipole
moment, at the interface before and after ligand displacements
are examined by measuring the tunneling currents and activation
energies of single-electron transport between nanoparticles,
respectively. In addition, these physical properties are theoreti-
cally investigated by first-principles calculations. The causality
between the DOS and the localized dipole moments at the
metal–ligand interface and the roles of the localized dipole
moments on the LSPR properties of Ag nanoparticles are finally
discussed. In addition, the CID effect in each nanoparticle is
discussed by measuring the complex dielectric functions by
ellipsometry.

Results and discussion
Experimental evaluation of the localized dipole moments. To
discuss the effects on the LSPR properties of Ag nanoparticles due
to changes in the localized dipole moments at the metal–ligand
interface, three kinds of Ag nanoparticle monolayer films capped
with different ligands: (i) myristate (AgMy)13,14; (ii) 1-
tetradecanethiol (AgSC), which has the same number of carbon
atoms as myristate; and (iii) 1,16-hexadecanidithiol (AgDT),
which provided cross-linked molecular structures between the
nanoparticles, were prepared by the immersion method
(Fig. 1a–c). As the plasmon resonance spectrum of nanoparticle
films depends on the metal type, particle size, neighboring
interparticle distance, and ligand refractive index, these factors
must be the same for each nanoparticle film to discuss only the
effects of the change in the localized dipole moments15. Thus, the
above three kinds of ligands, with almost the same refractive
index, and the immersion method, which provides ca. 85% ligand
displacements, while maintaining the interparticle distance, were
employed in this study (see “Methods”)16. Indeed, the same
particle size (radius r= 2.4 nm) and interparticle distance (edge-
to-edge d= 1.9 nm) are observed in the scanning electron
microscopy (SEM) and transmission electron microscopy (TEM)
images, as shown in Fig. 1d–f.

Interestingly, only the AgMy (blue) films show a decidedly
different plasmon resonance spectrum with a shorter resonance
wavelength, larger intensity, and narrower FWHM compared
with those of the AgSC (red) and AgDT (green) films (Fig. 1g);
this result occurs despite each film having the same value of the
above four factors (metal type, particle size, neighboring
interparticle distance, and ligand refractive index). Therefore,
an alteration in the free electron density in the core metal, which
is caused by effects of the energy level alignment and/or the spill-
out, due to the ligand displacements is potentially a contributor to
the difference in the spectra. However, it is unreasonable to
explain the difference in the spectral properties among these Ag
nanoparticle films by only the electron density alteration. If the
difference in the spectra is caused only by an alteration in the
density of the free electrons, the spectral area, which is equal to
the integrated spectrum, should be different among them, because
the total number of electrons (N) can be described as below17,

N ¼ ∑ f ð1Þ

f /
Z

αeðνÞ dν: ð2Þ

Here, f, αe, and ν denote the oscillator strength, the molar
extinction coefficient, and the wavenumber (1/λ), respectively.
However, the spectral area is almost the same for each film: 172.6,
182.5, and 172.4 for AgMy, AgSC, and AgDT, respectively.
Therefore, the other factors, such as the change in the localized
dipole moments and/or CID, contribute to the differences in the
plasmon resonance spectra shown in Fig. 1g.

The dipole moments reflecting the DOS affect the permittivity.
Thus, we measured Arrhenius plots of conductivity (σ), because
the activation energy (Ea) and tunneling current between
nanoparticles, which depend on the permittivity and the DOS
near the Fermi level, respectively, can be estimated by these
plots18–20. In the thermal hopping mechanism, conductivity can
be described with Ea as follows:

σ / exp � Ea

kBT

� �
: ð3Þ

Here, kB is the Boltzmann constant and T is the temperature.
The Arrhenius plots of AgMy (blue), AgSC (red), and AgDT
(green) films reveal that Ea significantly depends on the anchor
atoms of the ligands (Fig. 1h). Although a carbon chain is the
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main part of the ligands for all three nanoparticles, the Ea of the
AgMy (44.2 meV) film is a remarkably higher value than that of
AgSC (32.1 meV) and AgDT (29.7 meV) (see Supplementary
Fig. 1). As the activation energy Ea corresponds to the minimum
energy required for overcoming the energy barrier of single-
electron transport between nanoparticles, both the electronic
states of the metal–ligand interface and the ligand bodies
contribute Ea values. However, in this study, because the anchor
atom is oxygen in AgMy nanoparticles, whereas the anchor atom
is sulfur in AgSC and AgDT nanoparticles, the relatively high Ea
value of AgMy films can be mainly attributed to the electronic
states of the Ag-O interface. Here, Ea is interrelated to
permittivity εrε0 between Ag nanoparticles, where εr and ε0 are
the relative and vacuum permittivity, respectively, as described in
the following equations with the capacitance (C), the elementary
charge (e) particle radius (r), and edge-to-edge interparticle
distance (d)21,

Ea ¼
e2

2C
; ð4Þ

C ¼ 4πεrε0
1
r
� 1

r þ d

� ��1

ð5Þ

Therefore, the present results suggest that the permittivity of
the Ag-O interface is smaller than that of the Ag-S interface. On
the other hand, the tunneling currents show different values for
each film and the AgMy film shows the smallest conductance of

the three (Fig. 1h). In the low-temperature region (below 25 K, 1/
T= 0.04) of the Arrhenius plots, each conductivity value is
independent of temperature, indicating that the tunneling current
is the dominant conduction mechanism in this temperature
region (Fig. 1h). As the tunneling current is proportional to the
local DOS near the Fermi level, the lower tunneling conductance
in the AgMy film indicates a lower DOS near the Fermi level at
the metal–ligand interface compared with that of the AgSC film,
because the two ligands have the same structure but different
anchor atoms. Further details of the conduction mechanism are
discussed in the Supplementary Information (see Supplementary
Fig. 2).

The plasmon resonance spectra and the Arrhenius plots for
AgMy, AgSC, and AgDT films revealed three facts as follows: (i)
the Ag-O interface causes a shorter resonance wavelength, higher
intensity, and narrower FWHM in its plasmon resonance
spectrum compared with those of the Ag-S interface; (ii) the
permittivity of the Ag-O interface is smaller than that of the Ag-S
interface; and (iii) the DOS near the Fermi level at the Ag-O
interface is lower than that of the Ag-S interface. We next discuss
the relations among the three facts via first-principles calculations
of the electronic states in AgMy and AgSC nanoparticles.

Theoretical evaluation of the localized dipole moments. For
AgMy and AgSC films, the nanoparticle distance is d= 1.9 nm,
which is comparable to the molecular length of each ligand.
Therefore, the unit model consisting of two interdigitated
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Fig. 1 Physical properties of AgMy, AgSC, and AgDT films. a–c Schematic illustrations of each ligand: a myristate (My), b 1-tetradecanethiol (SC), and c
1.16-hexadecanidithiol (DT). d–f SEM images of each Ag nanoparticle monolayer film: d AgMy, e AgSC, and f AgDT. Scale bars correspond to 100 nm and
the inset figures are TEM images of each film. For all films, the same particle size (radius r= 2.4 nm) and interparticle distance (edge-to-edge d= 1.9 nm)
are observed, because the immersion method provides ligand displacements, while maintaining the interparticle distance in a film. g Plasmon resonance
spectra of the AgMy (blue), AgSC14 (red), and AgDT16 (green) monolayer films. h Arrhenius plots of conductivity for the AgMy (blue), AgSC14 (red), and
AgDT16 (green) monolayer films. Details of how to estimate Ea are described in the Supplementary Information (see Supplementary Fig. 1).
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molecules between Ag nanoparticles, as shown in Fig. 2a, b, is
reasonable to discuss the DOS, the localized dipole moments, and
the permittivity between the Ag nanoparticles. Thus, the DOS of
the unit model consisting of Ag-ligand–ligand-Ag were calcu-
lated. However, as the actual structure between the Ag nano-
particles is a much more complex interface, this point should be
studied in detail in the future. The total DOS values for the whole
optimized slab models of AgMy and AgSC nanoparticles were
found to be almost the same (Fig. 2c), because the main energy
level distributed between E− EF=−2 and −6 eV corresponds to
the d-band of Ag atoms. Here, E and EF denote the energy level
and Fermi level, respectively. The two ligands have the same
structure, except for their terminal groups; the DOS values pro-
jected for both ligands also show a similar distribution and reflect
their gap of the highest occupied and the lowest unoccupied
molecular orbital (Fig. 2d). Indeed, the main DOS values dis-
tributed in the range of −2 to −10 eV, as shown in Fig. 2d,
correspond to carbon chains (see Supplementary Fig. 3). Notably,
the present calculations reveal the presence of DOS values near
the Fermi level that are caused by chemical interactions between
the Ag surface and ligands; in addition, the DOS near the Fermi
level (−1 to 1 eV) of AgMy is lower than that of AgSC (Fig. 2e).
This difference in the DOS values seems to be the main factor
causing the difference in the plasmon resonance spectra between
AgMy and AgSC, because the free electrons in the vicinity of the
Fermi level play a role as valence electrons in the determination of
physical properties.

Molecular orbitals near the Fermi level generally provide
important information for understanding the physical properties
of the object. In the cases of both AgMy and AgSC nanoparticles,
the wave functions around the Fermi level (−0.1 to 0.1 eV) are
localized around the anchor atoms, although the wave functions
are mostly distributed in Ag atoms (Fig. 3a, b). The partial DOS
(PDOS) values of the anchor atoms clearly show that O atoms
have lower electron density than that of S atoms near the Fermi
level, even though the DOS intensity of the O atoms looks larger
than that for the S atoms in the whole range from −10 to 10 eV
(Fig. 3c, d). These calculation results are consistent with the
experimental results discussed in Fig. 1; namely, the DOS near the
Fermi level at the Ag-O interface is thus experimentally and

theoretically found to be lower than that of the Ag-S interface.
In a comparison of single O and S atoms, the difference in PDOS
values is much more noticeable (Fig. 3e). Here, a different
molecular length for each ligand potentially causes the PDOS
difference shown in Fig. 3. However, the main factor causing the
PDOS difference is the anchor atom, because Ag nanoparticles
capped with 1-tridecanethiol (AgSC13), which has the same
molecular length as AgMy, show nearly identical PDOS values as
AgSC (see Supplementary Fig. 4) and PDOS properties of AgDT
also indicates almost the same as that of AgSC (see Supplemen-
tary Fig. 5). In a qualitative manner, a small number of electrons
near the Fermi level, i.e., valence electrons, can cause a small
dipole moment and a small permittivity when the electronic band
structures are almost the same between comparison molecules,
because the dipole moment μ and the relative permittivity εr can
be respectively described by

μ ¼ Ql; ð6Þ

εr ¼ 1þ NDe
2

mε0
∑
i

f i
ω2
i � ω2 � iωγi

: ð7Þ

Here, Q, l, ND, m, fi, ωi, and γi denote magnitude of the
charge, distance between charges, the electron density, the
electron mass, the oscillator strength, the resonant frequency,
and the damping coefficient, respectively, for the ith type of
electron. In this study, as the electronic band structure of My
molecules in AgMy is almost the same to that of SC molecules in
AgSC (Fig. 2d) and the electron density near the Fermi level in
My molecules is lower than that in SC molecules (Figs. 2 and 3),
the dipole moment and the permittivity of My molecules on the
Ag nanoparticle is qualitatively assumed to be lower than those of
SC molecules.

The polarizability (α), which is involved in the induced dipole
moment (μI), the permanent dipole moment (μP) of the
constituent molecules, contribute to the polarization (P) of the
molecules. To consider the above speculation and how the dipole
moments contribute to the permittivity of the molecules, the
relation between the dipole moments and the permittivity for
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Fig. 2 Comparison of the electron density of states (DOS) between AgMy and AgSC. a, b Optimized structures of the slab model for the calculations:
a AgMy and b AgSC. c DOS values of the whole atomic model (total DOS values) of AgMy (blue) and AgSC (red). These DOS values appear to be almost
overlapping, because electrons from the Ag atoms are numerically in a majority and are dominant. d DOS values projected for the ligand part of AgMy
(blue) and AgSC (red). These DOS values are also almost the same, because the two ligands have the same structure, except for their terminal groups.
e Expanded DOS values for the ligand part of AgMy (blue) and AgSC (red) in the range of −2 to 2 eV. These DOS values are present near the Fermi level
because of chemical interactions between the Ag surface and ligands; in addition, the DOS near the Fermi level of AgMy is lower than that of AgSC.
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AgMy and AgSC is evaluated by the Langevin–Debye formula:22

P ¼ Nmμ
2
PE

3kBT
þ NmαE ¼ 3ε0

εr � 1
εr þ 2

E; ð8Þ

εr � 1
εr þ 2

¼ ρN
αþ μP

2=3kBT
3ε0

� �
; ð9Þ

where Nm, E, and ρN are number of molecules per volume, an
electric field, and the molecular number density, respectively.
Here, P and μP of each ligand with and without three Ag atoms
bonded to the O or S atoms were calculated by first-principles
calculations. However, the actual structure between the Ag
nanoparticles is a much more complex interface. Thus, the
relation between the dipole moments and the permittivity for the
unit model is discussed by the form of the Langevin–Debye as a
first approximation. Therefore, the understanding of the relation
between the dipole moments and the permittivity at the interface
by the Debye formula will be limited to a qualitative discussion.
As a large value on the right side of Eq. (9) causes a large relative
permittivity, ρN, α, and μP are the determining factors for

permittivity (see Supplementary Fig. 6). In the present study, the
number of ligands on an Ag nanoparticle remains unchanged
before and after the ligand displacement reactions, because the
number of Ag atoms involved in bonding to a single ligand is the
same for both ligands (Table 1). In addition, as aggregations of Ag
nanoparticles after the ligand displacement reactions were never
observed, the density of ligands on the surface of the Ag
nanoparticle was not so different between AgMy and AgSC,
meaning that α and μP are the critical factors causing the
difference in the permittivity between AgMy and AgSC. The
calculated α, μP, and the term (α+ μP2/3kBT)/3ε0 of each ligand
with and without Ag atoms are summarized in Table 1. In the
case of pristine ligands without Ag atoms, the ratios of α, μP, and
the term relating SC to that of My are 1.09, 1.10, and 1.21,
respectively, indicating that both ligands have almost the same
relative permittivity and refractive index (εr1/2), as mentioned
above. On the other hand, the ratios increase to 1.14, 3.36, and
2.17 for ligands with Ag atoms. This result strongly suggests that
the Ag atoms bonded to the ligands cause changes in the physical
properties between AgMy and AgSC, i.e., smaller DOS resulting
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Fig. 3 Comparison between the electron partial density of states (PDOS) projected only for the O atom in AgMy and only for the S atom in AgSC. a, b
Isosurfaces of the band decomposed charge density around the Fermi level (the squared wave function integrated from −0.1 to 0.1 eV) calculated for a
AgMy and b AgSC. The isovalue was set to 0.0005 in both systems. Each wave function is found to be localized at the interface between the anchor atoms
and the surface. c PDOS values projected only for the O atoms in AgMy (blue) and only for the S atom in AgSC (red). On the whole, the PDOS of the O
atoms exhibits a higher value than that of the S atom in the range from −10 to 10 eV. d Expanded PDOS values for the O atom in AgMy (blue) and the S
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difference in the PDOS values is much more noticeable.

Table 1 Calculated physical parameters of My and SC molecules with and without Ag atoms.

My AgMy SC AgSC

Structure

Polarizability α [C · m2 · V−1] 2.64 × 10−39 4.97 × 10−39 2.88 × 10−39 5.66 × 10−39

Dipole moment μP [C · m] 1.18 × 10−28 2.64 × 10−30 1.30 × 10−28 8.87 × 10−30

αþμP
2=3kBT
3ε0

4.25 × 10−26 2.08 × 10−28 5.16 × 10−26 4.52 × 10−28

Polarizability α, permanent dipole moment μP, and the term (α+ μP2/3kBT)/3ε0 of each ligand with and without Ag atoms bonded to the ligands are calculated.
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in smaller induced dipole moment, smaller permanent dipole
moment, and lower permittivity at the Ag-O interface than those
at the Ag-S interface. These facts are consistent with the above
speculations with Eqs. (6) and (7), and also with the experimental
results discussed in Fig. 1; namely, the permittivity and the dipole
moment of the Ag-O interface are smaller than those of the Ag-S
interface.

In brief, these experimental and theoretical results make us
conclude that Ag atoms result in the lower DOS at the
metal–ligand interface of AgMy than that at the metal–ligand
interface of AgSC because of the different chemical interactions
between Ag-O and Ag-S; furthermore, the lower permittivity at
the Ag-O interface than that at the Ag-S interface is finally caused
by the lower induced and permanent dipole moments, which
reflect the DOS at Ag-O interface. However, the wave function at
the interface absolutely needs to correspond to the Fermi level so
that the electrons at the interface behave as valence electrons
involved in the permittivity. This chemically induced
permittivity-change (CIP) due to the alteration in the DOS at
the metal–ligand interface before and after ligand displacement
can play a key role in determining the LSPR properties of Ag
nanoparticles. As a higher permittivity around the nanoparticle
surface generally results in redshift and a higher intensity in a
plasmon resonance spectrum (see Supplementary Fig. 7)12,23, the
longer plasmon resonance wavelength of AgSC films compared
with that of AgMy films can be accounted for by the Ag-S
interface having a higher permittivity than that of the Ag-O
interface. The microscopic interface properties finally determine
the macroscopic properties, as shown in Fig. 1. As the CIP effect
is caused by the electronic state at the interface between a metal
nanomaterial and the surface molecules on that metal, these
dependences of plasmon resonance wavelength on capping
molecules are observed in isolated Ag nanoparticles in a solution
and in films (see Supplementary Fig. 8). As these plasmon
resonance energy shifts due to the surface molecules have not
been well understood, excluding the case of a change in the
electron density of the metal9,10, the CIP effect can be one of the
reasons for these plasmon resonance energy shifts. However, the
lower intensity and significantly wider FWHM in the spectrum of
AgSC films shown in Fig. 1g cannot be explained by only the CIP
effect, indicating that other effects contribute to the difference in
the plasmon resonance spectra of AgMy and AgSC. Thus, we
finally discuss the CID effect on the present Ag nanoparticles.

CID effect on AgMy and AgSC. The binding energy between Ag
and O atoms is lower than that between Ag and S atoms, because
the Ag-O interface has a higher ionic bonding property than that
of the Ag-S interface (see Supplementary Fig. 9)16. These inter-
actions are consistent with the principle of hard and soft acids
and bases. As the orbitals for covalent bonding at the
metal–ligand interface increase the scattering rate of the free
electrons that contribute to the LSPR, the CID effect in AgMy is
predicted to be smaller than that in AgSC, resulting in higher
intensity and narrower FWHM in the plasmon resonance spec-
trum of AgMy. Indeed, AgMy films show higher intensity and
narrower FWHM, as shown in Fig. 1g. To examine the influence
of the CID effect on the LSPR properties of each nanoparticle
experimentally, the complex dielectric functions of each film were
measured by ellipsometry.

Figure 4a shows the real parts ε1 in the complex dielectric
functions ε= ε1+ iε2 for each Ag nanoparticle film. The function
characteristics seem to be mainly attributed to electrons accorded
to Lorentz model, suggesting that the electrons behave as bound
electrons. When analyzing the results with only the Lorentz
model, the ε1 properties of AgMy exhibit a longer mean free path

and smaller damping factor of the electrons that contribute to the
LSPR (see Supplementary Fig. 10)24, compared with those of
AgSC. As the Drude–Lorentz model is, however, an accurate
model to explain the electrons that contribute to the LSPR in
nanoparticles25, it is important to analyze the results from the
aspect of the Drude model, i.e., free electron behaviors. As pure
Ag nanoparticles without ligands show a negative value of ε1 in
the visible region in the experimental and Drude models26, the
negative value of ε1 for AgMy in the region of 393.7–459.3 nm
implies that the electrons oscillating with this frequency in AgMy
can behave as free electrons that are not affected by CID from the
ligands (Fig. 4a). Interestingly, this negative ε1 can be caused by
the Ag-O interface, because AgSC and AgDT show only positive
values of ε1 (see Supplementary Fig. 11). Thus, these results
suggest a smaller CID effect in AgMy than in AgSC, which is
expected. Each imaginary part ε2 in the complex dielectric
functions is also consistent with the other results in this study.
The peak intensity of ε2 for AgMy films is larger than that of
AgSC films (Fig. 4b). Here, the complex conductivity σ= σ1+ iσ2
depends on the complex dielectric function ε, which is
described below,

ε ¼ 1þ i
σ

ωε0
; ð10Þ
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Fig. 4 Complex dielectric functions of AgMy and AgSC films measured by
ellipsometry. a Real parts ε1 of the complex dielectric function for AgMy
(blue) and AgSC (red). Compared with that of AgSC, the ε1 value of AgMy
indicates a longer mean free path and smaller damping factor of the
electrons that contribute to the LSPR; moreover, the electrons oscillating
with the frequency corresponding to the negative value of ε1 in AgMy can
behave as free electrons without the CID effect. b Imaginary parts ε2 of the
complex dielectric function for AgMy (blue) and AgSC (red). The higher
peak intensity of ε2 for AgMy films indicates a higher conductivity of
electrons oscillating as the LSPR in AgMy compared with that in AgSC.
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where ω is the angular frequency of oscillating electrons.
Then, the real part of the complex conductivity σ1 is expressed as

σ1 ¼ ωε0ε2: ð11Þ

The experimental result of the high peak intensity of ε2 for
AgMy films shown in Fig. 4b thus indicates the higher
conductivity of electrons oscillating as the LSPR in AgMy
compared with that in AgSC. In other words, the effective mean
free path (lCID) attributed to the CID effect in AgMy is longer
than that in AgSC. As the CID effect (ΓCID) can be described with
the Fermi velocity vF and lCID,

ΓCID / vF=lCID; ð12Þ
a longer lCID is equivalent to a smaller CID effect, thereby
resulting in a larger intensity and narrower FWHM in a plasmon
resonance spectrum.

In summary, the mechanisms and effects of a chemically
induced change in the localized, induced, and permanent dipole
moments at the metal–ligand interface on the LSPR properties of
Ag nanoparticles were experimentally and theoretically examined
in this study. The electron DOS at the metal–ligand interface was
found to depend on the ligand. In addition, a smaller or larger
DOS results in smaller or larger induced and permanent dipole
moments, and finally a smaller or larger permittivity at the
metal–ligand interface. However, it is noteworthy that the wave
function at the interface absolutely needs to correspond to the
Fermi level so that the electrons at the interface behave as valence
electrons involved in the determination of the localized dipole
moment. As the permittivity around the metal nanomaterial
surface is one of the main determining factors of the LSPR
properties of nanomaterials, this CIP due to surface molecules
plays a key role in determining the LSPR properties. Indeed, this
CIP effect is observed in other plasmonic nanoparticles (see
Supplementary Figs. 12 and 13). Therefore, the CIP effect may be
a novel factor for controlling the LSPR properties, thereby
enabling us to design plasmonic materials and structures with
more flexibility. Indeed, the combination of CID and CIP effects
causes drastic changes in the plasmon resonance spectrum in the
present Ag nanoparticle films, namely, an ~47% change, 93 meV
shift, and 324 meV change in peak intensity, peak position, and
FWHM, respectively. From the viewpoint of applied science,
because the present results indicate the importance of the Fermi
level of materials surrounding plasmonic nanomaterials in terms
of LSPR properties, the final energy level alignment among the
plasmonic nanomaterials, surrounding materials, and other
materials used in an optoelectronics device would be important
to design plasmonic matching. The findings presented here can
contribute to the understanding of the interconnectedness
between the electronic states at the metal–organic interface and
the plasmonic properties of the metal from the perspectives of
both fundamental materials science and applied science.

Methods
Preparations of Ag nanoparticles and Ag nanoparticle films. Ag nanoparticles
(4.8 nm diameter) capped by myristate (AgMy) were synthesized by thermal
decomposition method with silver acetate and myristic acid13,14. AgMy nano-
particles dispersed in a mixture of toluene and ethanol were centrifuged at 6000 r.p.
m. for 10 min at 15 °C, to remove unreacted excess myristic acid molecules, and
toluene dispersion of AgMy nanoparticles was subsequently centrifuged at 15,000 r.
p.m. for 10 min at 15 °C, to remove aggregates. The AgMy monolayer films were
fabricated by Langmuir–Schaefer method with surface pressure of 15 mNm−1,
then the films were transferred onto a BK7 glass substrate for UV-visible absor-
bance spectrum measurements, a SiO2 substrate for SEM observations, and a
carbon grid for TEM observations. The reproducibility of the preparations of Ag
nanoparticles and its films has been ensured by previous works16,27–29. For AgSC
and AgDT film preparations, AgMy films on each substrate were immersed into
ethanol solution containing 1-tetradecanethiol (SC) or 1,16-hexadecanidithiol

(DT), respectively. The concentration of SC- and DT-ethanol solution was 1.7 mM
and immersion time was 5 min, because this experimental condition was found to
result in displacements of >85% ligands (from My to SC or DT) (see Supple-
mentary Figs. 14 and 15)16.

Current–voltage measurements of Ag nanoparticle films. The gold inter-
digitated array electrodes with 20 μm space were fabricated on a SiO2 substrate by
photolithography for current–voltage (I–V) measurements. The substrates were
cleaned by immersing into H2SO4 over 2 h and annealed over 6 h at 473 K in
vacuum before transferring an AgMy film by Langmuir–Schaefer method. For
Arrhenius plots, temperature dependences on I–V measurements were performed
between −20 and 20 V under ultra-high vacuum condition and temperatures were
controlled from 13 to 300 K by a cryostat (see Supplementary Fig. 16). Activation
energies were estimated by fitting the Arrhenius plots in 100–300 K with Eq. (3).

First-principles calculations. To simulate the nanoparticle interfaces of AgMy
and AgSC, density functional theory (DFT) calculations with periodic boundary
conditions were carried out by using Vienna ab initio simulation package (VASP
5.4.1)30. To model the nanoparticle surfaces, two Ag slabs exposing the (111)
surface were constructed. The generated slabs have a 5 × 5 surface in the unit cell
with a thickness of three atomic layers. They were placed parallel and spaced at a
distance of 1.9 nm. Two My/SC molecules were placed between the two slab sur-
faces. In the direction perpendicular to the slab, a vacuum layer of 2 nm was
inserted so that it can hinder the interaction between the junction structure and its
replica in the neighboring cell. The molecule and the topmost layer of the Ag slab
were allowed to relax in geometry optimization. The generalized gradient
approximation was adopted with the functional described by Perdew, Burke, and
Ernzerhof31. The Kohn–Sham equations were solved with a plane-wave basis set
using the projector-augmented wave method32,33. The cutoff energy for the plane-
wave basis set was set to 450 eV. The break condition for the electronic self-
consistent field loop was set to 1.0 × 10−5 eV. The force tolerance for the optimi-
zation of atomic positions was set to 0.05 eV Å−1. A Monkhorst–Pack k-point
sampling of 2 × 2 × 1 was used. For the dispersion correction, the
Tkatchenko–Scheffler method34 was adopted. The optimized structures were
visualized by using VESTA35. For the calculations of polarizability and dipole
moment, the cluster model structures shown in Table 1 were cut out from the
optimized slab model structures. A single point DFT calculation was carried out for
each cluster model at the B3LYP level as implemented in the Gaussian 09
program36. The LANL2DZ basis set was used for the Ag atom and the 6–31 G(d)
basis set for the other atoms. The charge of the cluster without metal was set to −1,
whereas that of the model with metal was set to 0.

Data availability
The datasets that support the findings of this study are available from the corresponding
authors upon reasonable request.
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