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nalized tips driven by m
olecule–plasmon coupling

Huijie He,a Xueyang Zhen,a Shuang Li,a Sibing Chena and Xing Chen *abc

The sensitivity of plasmon-enhanced spectroscopy (PES) fundamentally arises from the near-field

enhancements within plasmonic nanocavities. To further advance PES, we utilized a molecule with

exciton modes that are sensitive to the excitation wavelength to functionalize the metal tip. Our findings

reveal that exciton modes play a dominant role in shaping near-field patterns. Specifically, “hot spots”

within the exciton mode contribute positively to the near-field enhancements, while “dark spots” provide

negative contributions. The functionalized tip exhibits pronounced field gradient effects compared to the

bare tip, significantly improving sensitivity and selectivity in near-field spectroscopy. Moreover, both the

field enhancement and field gradient effects of the functionalized tip can be effectively tuned by

adjusting the excitation energy and tilt angle. These results provide crucial insights into near-field

modulation for molecules resonating with plasmonic nanocavities. The development of molecule-

functionalized tips offers a promising pathway to advancing PES technology, enabling enhanced

sensitivity and selectivity for molecular characterization.
1 Introduction

The enhanced light–matter interactions in nanocavities driven
by plasmonic effects have gained signicant attention due to
their ability to spatially conne electromagnetic elds at the
nanoscale.1–6 Nanocavity plasmon resonances lead to signi-
cant near-eld enhancements, which have inspired the devel-
opment of advanced plasmon-enhanced spectroscopy (PES)
techniques,7,8 including surface-enhanced Raman scattering
(SERS),9–11 tip-enhanced Raman spectroscopy (TERS),12–18 and
surface-enhanced uorescence (SEF).19,20 These techniques
provide rich chemical information about the composition,
structure, and concentration of target substances, which allows
for in-depth studies of reaction mechanisms21–24 and interface
interactions,25–27 providing a deeper understanding of chemical
processes at surfaces and interfaces. These techniques have
been widely used in reaction control, environmental
monitoring,28–30 sensing applications, and biomolecular inter-
actions. As comprehensively reviewed by Itoh and colleagues,31

the development of TERS has further enhanced the spatial
resolution of Raman spectroscopy, even achieving single-
molecule resolution,32–34 enabling the investigation of molec-
ular behaviors at the nanometer scale with unprecedented
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precision.35–37 Furthermore, photo-induced uorescence spec-
troscopy has also reached spatial resolution on the sub-
nanometer scale, facilitating highly sensitive detection of
molecular dynamics and chemical reactions at the molecular
level.38,39

The sensitivity and resolution of TERS are signicantly
inuenced by the physical and chemical properties of tips.
While traditional TERS tips effectively enhance the local elec-
tromagnetic eld to amplify Raman signal intensity, their
sensitivity and applicability are oen limited by surface chem-
istry and molecular selectivity. To address these challenges,
functionalization strategies offer a promising solution.40–42

Through a range of chemical, physical, and biological modi-
cations, likely atomic force microscopy tips, functionalized tips
can achieve high molecular selectivity and greater adaptability.
For example, techniques like self-assembled monolayers and
metal nanoparticle coatings not only strengthen interactions
between the tip and target molecules but also enhance the local
elds. It is possible to achieve higher resolution and broaden
the range of applications in elds such as biological sample
analysis, chemical reaction monitoring, and nanomaterials
characterization.

To advance TERS, it is essential to understand the factors
affecting near-eld distributions in systems involving mole-
cules and plasmonic nanocavities. Recent studies have investi-
gated the intricate interactions governing the positioning of
molecules within nanocavities.43,44 TERS signals have been
demonstrated to exhibit high sensitivity to the tip's relative
position to the target molecule,45,46 and the surrounding
chemical environment.47 Additionally, variations in the tip–
Chem. Sci., 2025, 16, 16187–16195 | 16187
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molecule distance can cause signicant perturbations in
molecular vibrations within the plasmonic nanocavity.48

Despite these insights, the interactions between resonant single
molecules and plasmonic nanocavities, particularly within sub-
nanometers, remain inadequately understood. Additionally,
most existing studies have focused on congurations where the
molecule lies horizontally within the nanocavity, leaving
a notable gap in the understanding of molecules adopting
vertical orientations or existing in more complex environments.
On the other hand, modifying the chemical properties of tips
offers a promising alternative. Advanced molecular functional-
ization techniques have been identied as promising solutions.
However, there is limited research focusing on molecule-
functionalized tips.40

In this work, we elaborately designed a tip functionalized by
the pyrrolo[3,4-c]pyrrole (pp) molecule. The exciton mode
pattern of pp, nely tuned by the excitation wavelength,
predominantly governs the near-eld distributions in the plas-
monic nanocavity. To better understand the interactions
between the pp molecule and the nanocavity, we analyzed the
contributions from both molecules and nanocavities to the
near-eld enhancements. The effects of excitation wavelengths
and nanocavity separation on the near-eld response of the
functionalized tip were systematically investigated. Compared
to conventional metal tips, the pp-functionalized tip exhibited
signicant enhancements in eld-gradient effects. Further-
more, the impact of tilting the pp molecule on the nanocavity's
near-eld response is studied, revealing that the tilt can
signicantly modify the distribution and strength of the eld
gradient. These enhancements are crucial for improving the
selectivity and sensitivity of PES technology, expanding the
potential applications of TERS, particularly in elds such as
biological sample analysis, chemical reaction monitoring, and
nanomaterials characterization, where molecular-level preci-
sion is required. By bridging gaps in understanding these
interactions, the functionality of TERS tips can be further
optimized for more diverse and challenging applications.

2 Methods

In this study, all calculations were performed at 0 K using the
Amsterdam Density Functional (ADF) package.49 For the struc-
ture optimization, the Becke three parameter Lee–Yang–Parr
(B3LYP) exchange–correlation functional and triple-z polarized
(TZP) Slater-type basis set with none frozen cores were
employed. For the other calculations, the Becke–Perdew (BP86)
XC-potential and TZP Slater-type basis set with none frozen
cores from the ADF basis set library were used. The polariz-
ability of the molecule–metal system was calculated utilizing
the discrete interaction model/quantum mechanical (DIM/QM)
method with the local eld in ADF.50 The DIM/QM method
integrates QM calculations for molecules with DIM for metal. In
this framework, each metal atom is represented as a polarizable
sphere, which is polarized by external electric elds. The
external electric elds arise from the electron density of the QM
part inducing an image-dipole effect and external perturbations
inducing a local-eld effect. The induced atomic dipoles then
16188 | Chem. Sci., 2025, 16, 16187–16195
perturb the molecular electron density through an embedding
operator, leading to a self-consistent solution of the DIM/QM
system. This approach overcomes the limitations of tradi-
tional macroscopic dielectric models by retaining atomic-level
details of the nanoparticle while signicantly reducing
computational costs through parameterized atomic responses.
It has been successfully applied to the simulations of surface-
enhanced Raman scattering, plasmonic circular dichroism,
and other plasmonic phenomena.51 In the DIM/QMmethod, the
total polarizability of the system is partitioned into contribu-
tions frommetal atoms andmolecular atoms. The polarizability
of metal atoms is further decomposed into image polarizability
(aimage) and local polarizability (alocal). aimage arises from image
dipoles induced by the molecular charge, reecting the inu-
ence of the molecule on the nanoparticle. alocal originates from
surface plasmon resonance excited by incident light, repre-
senting dynamic polarization effects of collective electron
oscillations. The polarizability of molecular atoms is catego-
rized into atomic polarization (local) and interatomic charge
ow (nonlocal) contributions by Hirshfeld partitioning.52 Local
polarization refers to the polarization effect generated when the
electron cloud of an atom itself distorts relative to the atomic
nucleus under the action of an external electric eld. Nonlocal
polarization is caused by the interatomic charge ow under the
action of an external electric eld. By independently extracting
the atomic polarizabilities of the metal and the molecule, along
with their respective components, the contributions of each
component to the near-eld response in the exciton–plasmon
coupling can be analyzed. The damping factor is 0.1 eV during
frequency-dependent polarizability calculations. The optical
absorption across section at any frequency (u) can be written as,

sabs ¼ 4pun

c
Im

�
aNPðuÞ�; (1)

where n is the refractive index of the environment (vacuum in
this work) and c is the speed of light. In order to correlate the
exciton mode pattern to the induced charge density (rind) of the
pp molecule, rind is dened by,

rindz ¼ razzE0

rz
; (2)

where ra is the polarizability density. We focused on the azz

component of polarizability density due to the plasmon polar-
ization predominantly occurring along the z direction within
the nanocavity. rz denotes the z-component of the position
vector r, where the coordinate origin is dened at the centroid of
the pp molecule. E0 is the incident eld, which is typically
dened as an external perturbation eld that interacts with the
system. The near-eld at a given position is dened by,

Ea ¼
XN
I

T
ð2Þ
ab ðrÞmind

I ;b þ dind;a; (3)

where N is the total number of atomic induced dipoles, mind
I;b is

the atomic induced dipole, which accounts for contributions
from all atoms in DIM and QM parts, r is the vector pointing
from the given position to the atomic induced dipole I, and
T ð2Þ
ab ðrÞ is the screened second order interaction tensor. The
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Einstein summation convention is employed for repeated
indices. The average near-eld magnitude is dened by,

��E�� ¼
PN
i¼1

jEiðrÞj
N

; (4)

where N represents the total number of evenly distributed grids
within the dened volume. The near-eld gradients were
calculated by numerical differentiation between the elds at
two adjacent grids along each axis. The eld gradient magni-
tude of the near-eld along the z-axis is given by,
jVEzj ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�����
Ezðxþ DxÞ
�Ezðx� DxÞ

�����
2�

1

2Dx

	2

þ
�����
Ezðyþ DyÞ
�Ezðy� DyÞ

�����
2�

1

2Dy

	2

þ
�����
Ezðzþ DzÞ
�Ezðz� DzÞ

�����
2�

1

2Dz

	2

vuut (5)
The eld gradient effects can be quantied through the ratio of
eld gradient magnitude to eld magnitude (FG ratio). In this
work, only the eld and eld gradient components along the z-
axis were considered. Therefore, the FG ratio is written as,

RFG ¼ jVEzj
jEzj : (6)

The dressed-tensor formalism53,54 was utilized for the TERS
simulations, which involves local elds, eld gradients, and
derivatives of electric dipole–dipole, dipole–quadrupole, and
quadrupole–quadrupole polarizabilities. In this formalism, the
molecular transition polarizabilities are dressed as:

a
D;ðkÞ
ab ¼ F loc;a

g

�
a
ðkÞ
gd F

loc;b
d þ 1

3
A

ðkÞ
g;deF

loc;b
de

�

þ1

3
F loc;a
gd

�
AðkÞ

gd;3F
loc;b
3 þ 1

3
C

ðkÞ
gd;3zF

loc;b
3z

�
(7)

where a(k), A(k), AðkÞ, and C(k) are the electric dipole–dipole,
dipole–quadrupole, quadrupole–dipole, and quadrupole–
quadrupole transition polarizabilities, respectively, for normal
mode k, and the Einstein summation convention is assumed for
repeated Greek subscripts. The local eld of the bare AgNC was
simulated using DIM, while those of functionalized tips were
modeled using the DIM/QM hybrid approach.51 In the DIM/QM
framework, the pp was treated as the QM part, and the AgNC
was represented as the DIM part. The derivatives of electric
dipole–dipole, dipole–quadrupole, quadrupole–dipole, and
quadrupole–quadrupole polarizabilities with respect to the
mass-weighted normal modes were obtained using three-point
numerical differentiation.
Fig. 1 The exciton modes of free pp at the excitation wavelengths of
338 nm (a), 346 nm (b), 349 nm (c), and 353 nm (d), respectively. The
imaginary components of the induced charge density of the free pp at
the excitation wavelengths of 338 nm (e), 346 nm (f), 349 nm (g), and
353 nm (h), respectively. The real components of the induced charge
density of the free pp at the excitation wavelengths of 338 nm (i),
346 nm (j), 349 nm (k), and 353 nm (l), respectively. Blue represents N
atoms, gray represents C atoms, and white represents H atoms.
3 Results and discussion
3.1 Excitons coupled with plasmons

To understand the near-eld modulation of the molecule in
plasmonic nanocavities, particularly in sub-nanometer-scale
© 2025 The Author(s). Published by the Royal Society of Chemistry
cavities where a single molecule is on resonance, we explore
the interaction mechanism of the pp molecule coupled with the
Ag nanocavity (AgNC). The AgNC is composed of two icosahe-
dral Ag309, each consisting of 309 silver atoms. The selection of
pp was driven by its wavelength-dependent near-eld properties
and its small size, which allows it to orient vertically within the
sub-nanocavity. The pp molecule is resonantly excited with the
AgNC across the 250–500 nm range (Fig. S1a). Furthermore, the
maximal absorption wavelength of bare AgNCs (350 nm)
remains unchanged aer coupling with pp, regardless of vari-
ations in nanocavity separation distances (d) (Fig. S1b).
The exciton mode patterns of the pp molecule are shown in
Fig. 1a–d, with their three-dimensional distributions under
different excitation wavelengths illustrated in Fig. S2. These
patterns illustrate the distinct characteristics of the exciton
modes and highlight their sensitivity to the excitation wave-
length. The induced charge distributions, depicted in Fig. 1e–l,
further elucidate the primary factors driving the variations in
exciton mode patterns. Specically, the real components of
induced charge exhibit distinct distributions at different exci-
tation wavelengths, while the imaginary components remain
unchanged. These ndings suggest that the unique features of
exciton mode patterns are predominantly governed by the real
component of the induced charge.
Chem. Sci., 2025, 16, 16187–16195 | 16189
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Fig. 3 The partition of near-field distributions of pp@AgNC with the
gap size of 9.97 Å into the contributions from the AgNC (a–d) and pp
(e–h), contributions of atomic polarization of pp (i–l), and contribution
of interatomic charge flow of pp (m–p) under different excitation
wavelengths.
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To explore the near-eld response of pp in an AgNC
(pp@AgNC), we selected various excitation wavelengths to
characterize the exciton modes, aligning with those observed in
the free molecule. The near-elds distributions in the mid-
section of the bare junction under different conditions are
presented in Fig. S3. A pronounced gap plasmon forms in the
junction with a gap of 9.97 Å. As the gap separation increases,
the near-eld enhancements diminish, and the gap plasmon
gradually transitions into individual dipole plasmons. Although
the eld enhancements vary across excitation wavelengths, the
eld distribution patterns remain unchanged. The presence of
pp in an AgNC results in a signicant increase in the eld
enhancements (Fig. S4). Moreover, the eld distributions of
pp@AgNC, with the same gap, exhibit hot spot transfer at
different excitation wavelengths. This phenomenon, character-
ized by molecule-induced hot spot transfer, has been observed
experimentally.55,56 At 342 nm and 350 nm, the elds are
predominantly enhanced at the molecular center. In contrast, at
354 nm and 357 nm, the elds are enhanced at both the tip ends
and the molecular center, with the intensity varying with the
increasing gap distances. These ndings indicate the charac-
teristics of the near-eld response in pp@AgNC, inuenced by
both excitation wavelengths and gap separation.

The near-eld distribution of pp@AgNC is strongly inu-
enced by the exciton mode of pp. By comparing the near-eld
distributions of pp@AgNC and the bare AgNC, we character-
ized the alterations in the near-elds, as shown in Fig. 2. At the
excitation wavelengths of 342 nm (Fig. 2a–c) and 350 nm
(Fig. 2d–f), substantial eld enhancements are observed in the
gap center, corresponding to the center of pp, while the elds
are diminished in the vicinity of nitrogen atoms in pp. At
excitation wavelengths of 354 nm (Fig. 2g–i) and 357 nm
(Fig. 2j–l), noticeable eld enhancements are observed at the
Fig. 2 Field distribution difference between pp@AgNC and the bare
AgNC at the excitation wavelengths of 342 nm (a–c), 350 nm (d–f),
354 nm (g–i), and 357 nm (j–l), respectively.

16190 | Chem. Sci., 2025, 16, 16187–16195
AgNC center and both tip ends, while the elds are signicantly
screened at the ends of pp. The eld distribution changes in
pp@AgNC are strongly correlated with the exciton modes of pp.
In particular, at 342 nm and 350 nm, the exciton modes of pp
are characterized by a hot spot in the center of pp (Fig. 1a and
b), aligning with near-eld pattern variation in pp@AgNC.
Similarities are observed at 354 nm (Fig. 1c) and 357 nm
(Fig. 1d), indicating that the “hot spots” in the exciton modes
positively contribute to the near-elds and “dark spots” nega-
tively affect the near-elds in the AgNC.

Taking pp@AgNC with a gap of 9.97 Å as an example, we
analyzed the eld enhancements at four excitation wavelengths
(Fig. 3). The elds produced by the AgNC under photoexcitation
and molecular perturbation, as well as those generated by the
molecule under photoexcitation and AgNC coupling, can be
derived from the atomic polarizabilities of the AgNC and the
molecule, respectively. As illustrated in Fig. 3a–d, the contri-
butions from the plasmon response of the AgNC, characterized
by the “hot spots” around the Ag tip, becomemore prominent at
357 nm. This eld distribution aligns with the exciton mode
pattern of pp at 357 nm (Fig. 1d). The contributions from the
resonant excitation of pp (Fig. 3e–h), characterized by the “hot
spots” in the center of the molecule, are particularly
pronounced at 350 nm. This enhancement results from the
resonant coupling between pp and the AgNC at this wavelength.
These ndings indicate that the near-elds are most strongly
© 2025 The Author(s). Published by the Royal Society of Chemistry
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enhanced when the plasmon and exciton are both in resonance,
and their individual eld distributions spatially overlap.

The near-eld of the AgNC (9.97 Å) in the presence of pp can
be partitioned into two components based on its alocal and
aimage: the local eld due to incident light and the image eld
arising from mutual interactions between the AgNC and pp. As
shown in Fig. S5, the local elds are concentrated around the
tips, and the image elds are distributed within the junctions.
Notably, both the local and image eld enhancements increase
as the light frequency approaches 357 nm, following a similar
trend. Based on the Hirshfeld charge analysis, the molecular
contributions to near-elds can be further partitioned into
locally polarized near-eld dominated by atomic polarization
and nonlocal near-eld dominated by interatomic charge ows.
As the excitation wavelength varies, the near-elds from the
local component are mainly localized around the center of pp
(Fig. 3i–l), while the near-elds from the charge ow are
distributed throughout the molecule (Fig. 3m–p) and are
consistently stronger than the local elds. A detailed discussion
of individual contributions to near-eld distributions within
the nanocavity for various gap separations is provided in the SI
(Fig. S6 and S7).
3.2 Molecule-functionalized tip

The near-eld response of the pp molecule coupled with the
AgNC has been discussed. In this section, we examine the
characteristics of the molecule-functionalized tip, where pp is
Fig. 4 Near-field distributions of the pp molecule-functionalized tip at a
(b). The white dot marks a characteristic position 2 Å away from the e
molecule). Difference in near-field enhancement and field gradient betw
from the functionalized tip end, as a function of gap size at 354 nm (c). Th
functionalized tip end, as a function of gap size at 354 nm (d). The near-fi
axis (e) and x-axis (f) at a gap size of 10.97 Å, with the white dot position c
themolecule-functionalized tip at the white dot as a function of the tilt an
white dot as a function of the tilt angle at 354 nm (h).

© 2025 The Author(s). Published by the Royal Society of Chemistry
attached to the Ag tip. This modication allows for effective
tuning of the near-eld distribution within the nanocavity,
particularly through the excitation wavelength, offering new
possibilities for enhancing surface-enhanced spectroscopy
techniques. As shown in Fig. 4a and b, the near-eld intensity of
the molecular-functionalized tip is signicantly enhanced at an
excitation wavelength of 354 nm, compared to the weaker
intensity observed at 342 nm. Furthermore, the near-eld
distribution of the pp@AgNC tip is highly sensitive to the gap
distance between the functionalized tip and the substrate.
Notably, the hot spot at the molecular end diminishes as the tip
moves further away from the substrate (Fig. S8a–d). These
ndings indicate the critical role of both excitation wavelength
and gap distance in governing exciton–plasmon coupling,
which in turn strongly inuences the near-eld distributions
within the plasmonic nanocavity.

To quantify the impact of gap separation on the near-eld
distribution of the functionalized tip, we analyzed the near-
eld enhancement and eld gradient at a position 2 Å away
from the pp-functionalized tip along the z-direction, comparing
the counterparts under a bare tip. As shown in Fig. 4c, the
functionalized tip signicantly enhances both the near-eld
intensity and eld gradient. At a gap distance of 10.97 Å, the
near-eld enhancement of the pp-functionalized tip reaches the
maximum. However, as the gap distance increases further, the
eld enhancement at this position gradually decreases. The FG
ratio serves as a key indicator representing the eld gradient
gap size of 10.97 Å under excitation wavelengths of 342 nm (a), 354 nm
nd of the functionalized tip (the N atom on the lower side of the pp
een the molecule-functionalized tip and the bare tip at a position 2 Å
e FG ratio of the molecule-functionalized tip at a position 2 Å from the
eld distributions of the pp-functionalized tip tilted by 30° around the y-
onsistent with that in (a). Near-field enhancement and field gradient of
gle at 354 nm (g). The FG ratio of themolecule-functionalized tip at the
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Fig. 5 Comparison of near-field responses of the Ag nanocavity under molecular-functionalized and bare tips with the same tip–molecule
distance. Average near-field intensity of functionalized and bare tips in the region of 5 × 5 × 1 Å3 (x × y × z) above the Ag substrate (a). Field
gradient distributions in the xy-plane under the functionalized tip at excitation wavelengths of 342 nm and 354 nm, with the white asterisk
corresponding to the tip position (b). The FG ratio around the vertically orientated benzenemolecule in the AgNC at 342 nm, comparing the bare
metal tip (left panel) and functionalized tip (right panel) (c). The FG ratio around the horizontally orientated benzene molecule in the AgNC at
365 nm (d) and 342 nm (e), respectively, comparing the bare tip (left panel) and functionalized tip (right panel). The isovalue is set to 1.2 Å−1.

Fig. 6 TERS spectra of a single benzene molecule oriented vertically
(a) and horizontally (b) in the AgNC at 342 nm.
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effect, which plays a crucial role in PES. The FG ratio at a posi-
tion 2 Å from the pp-functionalized tip decreases along the z-
direction as the gap increases, reaching a minimum at a gap
distance of 13 Å, and then it increases again (Fig. 4d). This
suggests that tuning the gap of the molecule-functionalized tip
effectively modulates both the near-eld and the eld gradient,
thereby optimizing the performance in PES.

Considering that the orientation of the pp molecule on the
functionalized tip may vary during experiments, it is important
to examine how the tilts inuence the near-eld response
within the plasmonic nanocavity. As shown in Fig. 4, tilting the
pp molecule by 30° around the y-axis (Fig. 4e) or x-axis (Fig. 4f)
results in signicant changes in the near-eld distributions.
The near-eld response at the same reference point, as
mentioned earlier, reveals that both the eld gradient and near-
eld enhancement decrease, with their rates of decline differing
as the tilt angle increases (Fig. 4g). For tilt angles less than 30°,
the reduction in eld gradient is less pronounced than the
decline in eld intensity. For example, a 30° tilt relative to the y-
axis results in decreases of 6.4% and 13.9% in the eld gradient
16192 | Chem. Sci., 2025, 16, 16187–16195
and near-eld enhancement, respectively. In contrast, a 30° tilt
relative to the x-axis causes reductions of 23.7% and 26.6%,
respectively. For tilt angles in the range of 30° to 60°, the decline
in the eld gradient exceeds that of the eld intensity. Taking
30° as a reference, a 60° tilt relative to the y-axis leads to
reductions of 32.4% and 22.3% in the eld gradient and near-
eld enhancement, respectively, while the same tilt relative to
the x-axis results in decreases of 28.3% and 13.5%. Conse-
quently, the FG ratio reaches its maximum at a 30° tilt (Fig. 4h).
These results demonstrate that the tilt of the molecule-
functionalized tip signicantly inuences the balance between
the eld gradient and near-eld enhancement. This depen-
dency provides an opportunity to nely tune the near-eld
distribution, potentially enabling precise control over the eld
gradient effect.

To investigate the near-eld response of probe molecules
under a molecule-functionalized tip, we assumed a benzene
molecule within the nanocavity and analyzed the near-eld
distribution around it (Fig. S9a and b; note: no benzene mole-
cule was actually introduced in the simulation). In the hori-
zontal direction, we quantied the average near-eld intensity
within a region (5 × 5 × 1 Å3) surrounding the benzene mole-
cule and conducted visual analysis on the eld gradient across
the molecular plane. Since the bare tip can be brought closer to
benzene molecules in experiments to enhance the eld inten-
sity, we compared the near-eld intensities in this region
between the two types of tips under the condition of the same
tip–molecule distance. The results showed that the average
near-eld intensity under the functionalized tip is weaker than
that under the bare tip (Fig. 5a), and the intensity is more
sensitive to the excitation wavelength, as indicated by the rate of
change in near-eld intensity (Table S1). However, at a xed Ag
nanocavity gap distance, the pp decoration enhanced the near
© 2025 The Author(s). Published by the Royal Society of Chemistry
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elds under excitation wavelengths of 350 nm, 357 nm, and
365 nm (Fig. S10b). Furthermore, the noticeable differences in
eld gradients under various excitation wavelengths indicate
that the eld gradient of the functionalized tip can be tuned by
adjusting the excitation wavelength (Fig. 5b). This observation
highlights the critical role of the pp molecule-functionalized tip
in optimizing local eld distribution and improving the sensi-
tivity of PES technology.

Subsequently, we placed a benzene molecule with vertical
and horizontal orientations relative to the substrate under both
the functionalized and bare tips (Fig. S9). A comparison of FG
ratios around benzene under the bare tip (Fig. 5c–e, le panel)
and functionalized tip (Fig. 5c–e, right panel) reveals the eld
gradient effect. For a vertically oriented benzene molecule on
the substrate, the functionalized tip signicantly boosts the
eld gradient effect, particularly at the center of benzene
(Fig. 5c). In contrast, for a horizontally oriented benzene on the
substrate, the eld gradient effect becomes pronounced around
the benzene ring, with its enhancement increasing as the exci-
tation wavelength shis from 365 to 342 nm (Fig. 5d and e).
These ndings suggest that vibrational modes with a strong
dependence on the eld gradient effects will be signicantly
enhanced in TERS spectra.

To verify the sensitivity of the functionalized tip in molecular
spectrum simulation, we carried out simulations of the TERS
spectra of benzene molecules using a metal tip and a function-
alized tip respectively. The simulation results are shown in
Fig. 6. When the benzene molecule is vertically oriented in an
AgNC under a functionalized tip (Fig. 6a), it exhibits new TERS
signals at 662 cm−1, 1142 cm−1, and 1329 cm−1, compared to
the same orientation under a bare metal tip. These signals
correspond to the v6b, v15, and v14 vibrational modes of benzene,
respectively. Meanwhile the intensity of the v19 vibrational
mode at 1464 cm−1 increases signicantly, clearly indicating
that the eld gradient takes effect.57 By further examining the
benzene molecule horizontally oriented in an AgNC in Fig. 6b,
TERS spectra show that under a functionalized tip the signals
arising from the v10 (834 cm−1) and v14 (1329 cm−1) vibrational
modes are enhanced. Moreover, signals of v6b and v19 also
become prominent. This result further reveals that functional-
ized tips play a crucial role in probing the eld-gradient active
signals of the benzene molecule in TERS. It should be noted
that the vibration of pp superimposes with that of benzene
(Fig. S11a and b). Of course, for a simple molecule like benzene,
whose TERS spectrum is dominated by a single band, this
superposition is not obvious. However, for generic target
molecules, the situation is likely to be more prominent. In
addition, the mutual polarization between pp and benzene
(Fig. S11c and d) changes the spectral line-shape, but it doesn't
signicantly affect the main band.

4 Conclusions

In this study, we designed a novel molecule-functionalized tip
for enhanced PES applications and investigated the interaction
mechanism of the molecule coupled with a plasmon. Our
simulations reveal that the eld distribution patterns in the
© 2025 The Author(s). Published by the Royal Society of Chemistry
nanocavity are predominantly governed by the exciton modes,
where “hot spots” contribute positively to the near-eld inten-
sity, while “dark spots” inversely affect the elds. We demon-
strated the ability to control eld distributions and eld
gradient effects within the nanocavity by manipulating the tip–
substrate distance and tuning the excitation wavelength, which
are critical for improving selectivity and sensitivity in near-eld
spectroscopy. Furthermore, the tilt of the functionalized tip
signicantly inuences near-eld enhancement and eld
gradient effects, both of which decrease as the tilt angle
increases, with variation in the FG ratio depending on the tilt
angle. This research highlights the potential of molecule-
functionalized tips as promising tools for designing efficient
and sensitive plasmonic devices, paving the way for future
advancements in molecular measurement.
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