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In-situ tracking of the transient processes of surface/interfacial chemical
reactions is of great significance for understanding the essence of catalytic
mechanisms but remains highly challenging. Herein, shell-isolated nano-
particle-enhanced femtosecond stimulated Raman spectroscopy (SHINE-
FSRS) with high sensitivity and temporal resolution has been developed to
explore the ultrafast molecular dynamics of surface reactions. The FSRS sig-
nals have been greatly enhanced through the fabrication of plasmonic nano-
cavities, achieving a maximum enhancement factor of ~10° through optimal
matching of the plasmonic band of the nanocavity with the wavelength of the
Raman pump laser, using malachite green (MG) as the probe molecule. Using
SHINE-FSRS, the ultrafast structural evolution during the photo-induced
reaction of malachite green molecules adsorbed on Au or Ag surfaces has been
successfully in-situ monitored at the femtosecond timescale. Direct spectro-
scopic evidence reveals that malachite green undergoes intramolecular
twisting with 100 fs, and the strong localized plasmonic field can accelerate the
twisting process. This work showcases the capability of SHINE-FSRS to effec-
tively probe the molecular structural evolution of surface species during
reactions with high temporal resolution, underscoring its potential for in-situ
investigations of surface and interfacial catalytic processes.

In-situ monitoring of the dynamic processes of chemical reactions
and identifying the molecular structure of key reaction inter-
mediates are of great significance for elucidating molecular reac-
tion mechanisms'*. Normal Raman spectroscopy’ or infrared
spectroscopy (IR)® is a versatile tool to reveal the fingerprint
structures of steady species, but is often frustrated for the

dynamic study, especially in detecting the key intermediates
within extremely short lifetimes (from femtoseconds to nanose-
conds). The transient absorption (TA) spectroscopy’® can capture
the electronic relative process with temporal resolution up to
femtoseconds, but it still remains a significant challenge to reveal
the molecular structures of short-lived intermediates.
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With the development of femtosecond laser technology, femto-
second stimulated Raman spectroscopy (FSRS)*'° has emerged as a
powerful vibrational spectroscopy. In FSRS, the temporal overlap
between Raman pump and probe pulses (typically, a femtosecond
white light continuum (WLC)) creates the population at the vibrational
excited state and slices the target dynamics with femtosecond tem-
poral resolution firstly. Then the picosecond Raman pump reads out
the vibration population at the following process and provides a high-
frequency resolution™" Thus, high temporal and frequency resolution
can be achieved simultaneously with the measurement at different
delays™*. FSRS can reveal molecular structures and properties, such as
the magnitude of the bond strengths, the nature of chemical envir-
onments, and even the characteristics of the electronically excited
state’>'®, By employing the pump-probe technique, FSRS represents a
fundamental advancement in the quest for real-time structural mea-
surements of chemical transformations” .

To further improve the sensitivity and generality of Raman spec-
troscopy, our group invented a technique named shell-isolated nano-
particle-enhanced Raman spectroscopy (SHINERS)***. The underlying
principle of SHINERS involves chemically coating an ultra-thin (-2 nm)
silica shell onto gold nanoparticles (Au NPs), creating shell-isolated
nanoparticles (SHINs)*>?*, The Au core can generate strong localized
electromagnetic fields to amplify the Raman signals of molecules near
SHINs, while the silica shell serves as a chemical protector that isolates
the Au core from the external environment. This design preserves the
enhancement effect while avoiding the charge exchange between Au
and its surroundings®. Such a shell-isolated enhanced mode has also
been successfully expanded to other techniques to improve their
sensitivity’®, such as tip-enhanced Raman spectroscopy, sum fre-
quency generation, second harmonic generation, fluorescence, and
even mass spectrometry”’°,

Herein, we developed shell-isolated nanoparticle-enhanced fem-
tosecond stimulated Raman spectroscopy (SHINE-FSRS) with ultrahigh
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sensitivity and temporal resolution by combining SHINERS and FSRS,
and achieved the in-situ monitoring of the ultrafast molecular
dynamics of surface reactions (Fig. 1a, b). Meanwhile, Raman-induced
Kerr effect (RIKE) spectroscopy has been adopted to address the lim-
itations of traditional FSRS, such as dispersive line shapes®** and
intense probe background. The correlation between the Raman
enhancement and excitation wavelengths has been explored in a
home-built FSRS setup (Fig. 1c), and a maximum Raman enhancement
factor of ~10° has been obtained for various probe molecules when the
excitation wavelength matches with the plasmonic band of SHINs.
Using the SHINE-FSRS, we monitored ultrafast dynamics of photo-
induced process of MG molecule adsorbed on Au surfaces. It is found
that the MG molecule would undergo intramolecular twisting within
100fs, and the strong localized plasmonic field can accelerate the
structural evolution process.

Results and Discussion

Development of SHINE-FSRS methodology

Here, we propose a SHINE-FSRS method by combining SHINERS with
FSRS (Fig. 1a-c). RIKE has been introduced by employing a circularly
polarized Raman pump via a quarter-wave plate and crossed polarizers
in the probe path (Fig. 1c)** . A polarizer, half-wave plate, and quarter-
wave plate (fixed at 45°) in the Raman pump path generate circularly
polarized light, enabling crossed polarizers to suppress -99% of the
probe background while preserving the Raman signal via the Kerr
effect. This configuration not only eliminates the white light inter-
ference, allowing extended integration for detecting the weak inter-
facial signals, but also circumvents the dispersive line profiles inherent
in conventional FSRS¥, thereby facilitating the acquisition of sym-
metric vibrational spectra with an enhanced signal-to-noise ratio
(Supplementary Fig. 1). Meanwhile, we implemented a chopper-Galvo
synchronized system that spatially and temporally isolates pump-on/
off signals through 1kHz modulation coupled with probe beam

S

>

;(“i,?f

Ml
Ig(EIE,)*

V
G000 0fWav000e 1 1 1
Ve pump

Pulse Laser Sourco

SH8G ey oPASA0

Pt w2 L Time Delay
— — .

R
Pol(H)

Sapphire  Fijger

i 4 Sal;ple

V)
A2..__Chopper fime Delay
[ / -
@@ a1
>

Fig. 1| Filming molecular movie through SHINE-FSRS. a Concept image of this
work. b Schematic diagram of the molecular movie. ¢ Schematic diagram of FSRS
experimental set up. d, e TEM and SEM images of Au SHINs. f A 3D-FDTD simulation
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for a SHINs dimer on Au film under 640 nm electromagnetic plane wave, where £
and E, denote the localized electric field and the incident electric field. g FSRS
spectra of MG with and without SHINs.
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dithering. Time-resolved Raman spectra were acquired using a nor-
malized differential approach; by subtracting the Raman spectrum
without the 400 nm pump pulse from that with the pump pulse at
specific time delays (Fig. 1c).

We deposited ~20 nm Au film on a quartz wafer as the substrate of
sample, so that it can transmit light while generating surface plasmon
resonance (SPR). SHINs with a shell thickness of ~2nm were self-
assembled to form a mono-layer on the Au film adsorbed with probe
molecules (Fig. 1d, e). Under light irradiation with a specific wavelength,
the Au SHINs can generate a strongly coupling effect with SPR generated
on the Au film, significantly enhancing the electromagnetic field intensity
within a narrow range in the nanocavity between the SHINs and the
substrate®™. The localized surface plasmon resonance (LSPR) of the
sample can be derived from the dark-field scattering shown in Supple-
mentary Fig. 2. A broad scattering peak ranges from 550 nm to 800 nm
indicating SERS ability of the sample. This localized electric field
enhancement effect has been proven to be widely applicable in various
spectroscopic techniques, such as Raman spectroscopy, fluorescence,
second harmonic generation, and sum frequency generation® .

Three-dimensional finite differential time-domain (3D-FDTD)
simulation was conducted to calculate the electric field distribution
surrounding SHINs and Au film under 640 nm circularly polarize
electromagnetic wave excitation. Strong electromagnetic fields are
observed in the nanocavity between Au SHINs and the Au substrate,
and the Raman signals of the molecules located at these hot spots can
be enhanced by more than seven orders of magnitude (Fig. 1f). The
stimulated Raman spectra were conducted on an Au film adsorbed
with MG molecules in the presence and absence of SHINs (Fig. 1g). It
can be seen that SHINE-FSRS significantly amplifies the SRS signal,
while no signals of MG are observed for normal SRS.

The SHINE-FSRS with different polarized Raman pump is present
at Supplementary Fig. 3. The left circle polarized Raman pump can
keep the enough Raman signal while the baseline aroused from the
non-resonant signal is very small. Although the linear polarized Raman
pump leads to larger Raman signal, the non-linear signal would also be
larger. Thus, the Raman pump was set to left circle Raman pump.
Meanwhile, the spectral intensity is proportional to the square of
pump intensity (Supplementary Fig. 4). At the following experiments,
the Raman pump power was optimized to -200 nJ. Higher power
would easily lead to sample damage and the lower power need a long
time to obtained a quality spectrum.

The enhancement factor of SHINE-FSRS was quantitatively inves-
tigated using 4-nitrobenzenethiol (pNTP), phenyl isocyanide (PIC), and
MG as probe molecules. The Raman intensity of each molecule varies
with Raman pump wavelength (Fig. 2a-c). The trend of variation is
consistent with the dark field scattering spectrum of SHINs
(Fig. 2d, Supplementary Fig. 2), indicating the Raman enhancement
originates from the plasmonic effect of SHINs. The maximum
enhancement factor of SHINE-FSRS, obtained at 640 nm, when their
corresponding wavelength falls around 710 nm, the SPR resonant
wavelength. The result indicated that the enhancement is associated
with radiational enhancement*>*>. The enhancement factor (EF) is up
to ~10°, and the EFs of different molecules are on the same order of
magnitude (Fig. 2e), indicating that EF is primarily driven by the elec-
tric field generated by the SHINs, with minimal interference from the
electronic resonance (Supplementary Fig. 5)**.

Transient reflection spectroscopy revealing electronic
dynamics of MG

In order to investigate the relaxation of the excited states of MG
molecules, we used transient reflection spectroscopy to test MG
adsorbed on an Au substrate (Supplementary Fig. 6). We select a
400 nm femtosecond pulse laser as the actinic pump, and a super-
continuum white light as the probe. The MG molecules are placed in
the gap between SHINs and Au substrate (see detailed experimental

procedure in the “Methods” section). The transient reflection spectral
map of the sample contains three sets of transient characteristics,
corresponding to molecules at different electronic energy states
(Fig. 3a). We extracted three kinetic characteristic curves from the
spectrum with a singular value decomposition algorithm (Fig. 3b), the
broad absorption band at 550-720 nm can be attributed to ground
state bleaching (GSB) of MG molecules according to the steady
absorption spectroscopy (Supplementary Fig. 7). The fitting result
indicates a rising time of about 0.3 ps and a relaxing time of about
1.95 ps. The transient signal at 760-880 nm corresponds to the S; > So
emission according to the steady emission spectroscopy (fluorescence
spectroscopy, Supplementary Fig. 8). The kinetics at 760-880 nm can
be fitted by a two-exponential function with time constants of 0.3 ps
and 0.6 ps. The first-time constant originates from an internal con-
version process from S, > S;, while the second time constant originates
from an internal conversion from S; to So (Supplementary Fig. 9). As
the S, excited state emission band decays, the S; excited state emission
band gradually grows and decays with a time constant of 2 ps. Thus, we
can reconstruct the process of MG molecules transferring between
different electronic states after being excited by a 400 nm pulse.
Under femtosecond pulse excitation at 3.1eV, corresponding to the
So > S, energy gap (Supplementary table 2), the molecule is excited
from Sg to the S, state and relaxed to the S; state, and then returns to
the ground state (Fig. 3e).

SHINE-FSRS revealing structural changes of MG

To elucidate the evolution of the molecular structure of MG molecules
during excited state relaxation, time-resolved in-situ SHINE-FSRS has
been employed to monitor the reaction. We employed the narrow
Raman pump at 640 nm and the broadband (400-800 nm) super-
continuum white light to obtain stimulated Raman signals. The fem-
tosecond stimulated Raman spectra of the samples under a 400 nm
actinic pump (Fig. 3c) were presented as the difference between the
spectra with and without the actinic pump pulse. The main bands were
the in-plane ring deformation + C-H in-plane bending (aing + B1) at
1250cm™, and the N-ph-C skeleton asymmetric and symmetric
stretching at 1400 cm™ and 1440 cm™, respectively. Detailed Raman
band assignments are given based on DFT calculation and listed
(Supplementary table 1).

The kinetics of the photo-induced MG reaction can be obtained
based on the evolution of the intensities of the characteristic Raman
bands. Figure 3d displays the normalized intensity of the three Raman
peaks (1250 cm™, 1400 cm™, and 1440 cm™) as a function of the delay
time between the 400 nm actinic pump pulse and the SHINE-FSRS
signal acquisition. It can be seen that the kinetic curves of these three
Raman peaks show an exponential decay with different lifetimes and
are in one-to-one correspondence with transient reflection results
(Supplementary table 3). The relaxation time of the Raman band at
1400 cm™ (2.0 ps) matches the time scale of GSB in transient reflection
spectra (2.4 ps), indicating that the molecular skeleton of MG mole-
cules undergoes deformation after excitation. The Raman band at
1440 cm™ shares the same time constant with S, excited state emis-
sion. Thus, it can be assigned to N-ph-C skeleton symmetric stretch-
ing mode of MG at S, excited state. The Raman band at 1250 cm™ can
be assigned to ding + Bu of MG at S, state. Thereby, we successfully
observed the evolution of the molecular structure of excited MG
molecules using SHINE-FSRS. The distinct kinetics of different vibra-
tional modes, along with their one-to-one correspondence with the
dynamics observed in transient reflection spectra, indicate that elec-
tronic excitation initiates subsequent geometric restructuring.
According to these findings, we therefore hypothesize that the
observed dynamics originate from intramolecular twisting triggered
by the altered electronic distribution in the excited state.

To verify this hypothesis, we performed density function theory
(DFT) to calculate the Raman cross-section of molecules at different
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torsion angles. The configurations of MG at different electronic states
with minimum energy are calculated and shown in Fig. 3e. We calcu-
lated the Raman spectra of the molecule in the saddle point config-
uration of the potential energy surface, and extracted three vibrational
modes with Raman shifts of 1255 cm™, 1400 cm™, and 1440 cm™ from
the results. It can be seen that the Raman cross-section of vibrational
modes with Raman shifts of 1255cm™ and 1400 cm™ increase with
increasing torsion angle, while the 1440 cm™ mode decrease. These
results verify our hypothesis that intramolecular torsion occurs in MG
after excitation (Supplementary Fig. 10b)*.

Plasma-induced resonance energy transfer produced by

Ag SHINs

Plasmon-induced resonance energy transfer between plasmonic
materials and molecules has been proven to be a promising pathway
to accelerate excited state relaxing®®*. The results in Fig. 3 was

obtained using Au SHINs as the Raman amplifiers. As the LSPR band
of Au nanoparticles is located at > 500 nm, the 400 nm pump cannot
excite the LSPR effect of Au. Compared with Au, the plasmonic band
of Ag nanoparticles is located at a shorter wavelength range.
Therefore, Ag SHINs may generate stronger plasmonic electro-
magnetic fields under the 400 nm pump, thus accelerating the
photo-induced reaction of MG.

To reveal the role of plasmonic effect in the photo-induced
reaction of MG, we further investigated the ultrafast reaction dynamics
by putting MG molecules in the nanocavity between Ag SHINs and Ag
substrate using SHINE-FSRS (Fig. 4a). We observed similar Raman
features as those obtained when using Au SHINs. However, compared
with Au SHINs, the excited state signal lifetime of MG molecules is
much shorter for Ag SHINs. We extracted the kinetic curves of the
Raman peak located at 1400 cm™ of two types of SHINs, and plotted
them in the same diagram.
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1400 cm’, and 1440 cm™. The dots: the experimentally measured data. The solid
lines: the fitted data. e Schematic illustration of the potential energy surfaces of MG
at different states and the lowest energy configuration of each state.

Detailed kinetic fittings of MG within Ag SHINs are shown in
Fig. 4b. In the presence of Ag SHINSs, the excited state signal of MG
molecules undergoes a - 1 ps relaxation, which is much faster than that
for Au SHINs (-5ps) (Fig. 4b). Meanwhile, unlike Au SHINs, three
characteristic Raman features decay with almost the same time con-
stant. This indicates that Ag SHINs alter the excited state relaxation
pathways of MG. We compared the transient reflection spectra of the
MG on quartz and Au/Ag SHINs (see Supplementary Fig. 11). The kinetic
features of MG on quartz and within Au SHINs show no apparent dif-
ference, indicating that Au SHINs does not significantly affect the
molecular excited state dynamics. However, we did not observe any
MG transient signal within Ag SHINs. This is probably because the
opto-induced strong coherent acoustic vibrations conceal any tran-
sient signal generated by MG. Therefore, we can only investigate this
phenomenon from the perspective of the influence of the localized
plasmonic field on the emission of molecular excited states.

Previous works have reported that photonic environment can
modify the emission rate of the emitters, known as the Purcell
effect*’*%, The Purcell effect consists two parts: enhanced excitation
and enhanced emission rate. We performed 3D-FDTD to simulate the
electromagnetic field distribution under 400 nm excitation (Fig. 4c)
and emission rate enhancement of MG molecules within Au and Ag
SHINs (Fig. 4d)***°. In brief, the emission rate of MG y; in the pre-
sence of Au/Ag SHINs by the excitation rate y. and the quantum
efficiency (QE):

Vemi = Vexc - QE 1)

where, Y. can be estimated as the square of the plasmonic field. The
plasmonic field generated at the gap between Ag SHINs and Ag sub-
strate is much stronger than that between Au SHINs and Au substrate
(Fig. 4c). The averaged E/E, values in the nano-gap from Fig. 4c were
taken to estimate Y., which is 1.4 for Au SHINs and 10.2 for Ag SHINs.
The QE is the ratio between the decay rate due to radiative transitions
and the total decay rate, which is a function of the emission
wavelength. The results are plotted in Fig. 4d. For Au SHINs, the
emission rate enhancement is close to 1, as MG's S, > Sy emission
processes do not overlap with Au SHINs” SPR band (Supplementary
Fig. 2). The kinetics of MG in ethanol show no obvious difference
compared to MG with Au SHINs further confirmed the weak
interactions between the MG molecules and Au SHINs (Supplementary
Fig. 12)*.. For Ag SHINs, the emission rate enhancements for S, > Sp and
S;1~>Sp are ~8-fold and 10-fold, respectively, due to their SPR band
aligning with MG’s emission bands (Supplementary Fig. 2). These
findings are consistent with ultrafast Raman results. The fluorescence
intensity of Ag SHINs is ~10 times greater than that of Au SHINs at
around 750 nm and -5 times greater at around 560 nm, as evidenced by
the enhanced fluorescence spectra (Supplementary Fig. 8) further
confirm Ag SHINs’ enhancement of MG’s emission. These results
proved the acceleration of the molecular dynamic caused by localized
plasmonic field, providing direct experimental evidence for under-
standing fundamental mechanism of plasmon-molecules interactions
and plasmon-enhanced photocatalysis.

In summary, we have established a SHINE-FSRS method that has
ultrahigh sensitivity and temporal resolution. By putting molecules in
the nanocavity between Au/Ag SHINs and Au/Ag substrates, the FSRS
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signals of surface species can be enhanced, thus allowing the in-situ
monitoring of ultrafast surface reaction processes on the picosecond
or even femtosecond timescale. The enhancement is strongly depen-
dent on the matching degree between the Raman pump and the

plasmonic band of SHINs, and a maximum enhancement factor of ~10°
has been obtained. Using SHINE-FSRS, the ultrafast molecular dynamic
process of the photo-induced reaction of MG molecules adsorbed on
Au surfaces has been in-situ studied. Direct spectroscopic evidence,
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combining DFT simulations, demonstrates that MG would undergo
intramolecular torsion with 1 ps under the excitation of a400 nm pulse
laser. Meanwhile, it is found that Ag SHINs can generate strong plas-
monic fields under such excitation conditions. This can greatly accel-
erate the photo-induced reaction of MG, leading to the relaxation time
decrease from -5 ps to ~1 ps. The SHINE-FSRS method developed in this
work can effectively study the structural evolution of surface species
during reactions with ultrahigh temporal resolution, thus exhibiting
great potential in the in-situ study of surface/interface catalytic
processes.

Methods
Preparation of Au and Ag SHINs
Gold nanospheres were prepared according to the method of Frens.
First, 1.4 mL of sodium citrate solution (1 wt.%) was added to 200 mL of
boiling chloroauric acid solution (0.01 wt.%). The mixture was refluxed
for 1h and then cooled to room temperature to obtain 55-nm bare Au
nanoparticles. A silica shell was coated on the bare Au nanoparticles®.
First, 0.4 mL of (3-aminopropyl) trimethoxysilane solution (1 mM) was
mixed with 30 mL of previously prepared bare Au nanoparticle solu-
tion. Next, 3 mL of sodium silicate solution (0.54 wt.%) was added, and
the resulting mixture was placed in a water bath at 95°C for 15 min.
This resulted in the coating of a 2 nm silica shell. The Au@SiO, SHINs
were centrifuged at 5500 x g and washed twice with Milli-Q water.

Silver nanospheres were prepared as the following procedures.
First, 10 mL of sodium citrate solution (1 wt.%) was added to 200 mL of
boiling 1 mM AgNO; solution (0.01 wt.%). The mixture was refluxed for
1h and then cooled to room temperature to obtain 55-nm bare Ag
nanoparticles. A silica shell was added to the bare Ag nanoparticles
using the method mentioned above*.

Self-assembly of SHINs mono-layer film was prepared as follows.
10 pL 1mM MG ethanol solution was dropped onto a quartz plate
covered with a~20 nm Au film. 10 mL SHINs solution was centrifuged
at 5500 x g and washed with water three times. 3 mL cyclohexane and
5mL 40 pM tetrabutyl-ammonium nitrate were then added into the
concentrated solution. The solution was shaken and poured into a
10 mL beaker and stood to form two phases. A large and uniform
monolayer of SHINs appeared at the interface between water and
cyclohexane. The SHINs monolayer was then transferred onto
the Au film.

The preparation of samples

Molecules (MG, PIC, pNTP) were adsorbed on Au/Ag films with self-
assembled SHINs (Au or Ag cores, ~2 nm SiO, shell). The substrate was
prepared by depositing a~20nm Au/Ag film on glass, followed by
adsorption of 10°® M MG, pNTP, or PIC in ethanol for 1hour, and
deposition of SHINs. Measurements were conducted in air at 25°C.

FSRS Setup and Experimental protocol of SHINE-FSRS

We designed and built the experimental setup (Supplementary Fig. 13).
Briefly, a femtosecond Ti: Sapphire laser system provides fundamental
output at 800 nm (100 fs, 1 kHz) (Legend Elite-Duo-FS, Coherent). Part
of the 800 nm output is used to pump a BBO to create the pump pulse
at 400 nm (100 fs, 1 kHz). Another part of the 800 nm output is used to
pump visible optical parametric amplifier (OPA) (Topas400-WL, Light
conversion) after second harmonic bandwidth compressor (SHBC) to
create the tunable picosecond Raman pump. The pulse duration is
about 2.5 ps within the tuning range from 470 to 900 nm (with SHG
300-900 nm), and the line width is ~7 cm™. A super continuum white
light generated by focusing a small portion of the fs 800 nm output
into a 2 mm thick sapphire window is used as the Raman probe. The
white light spectrum covers from 420 nm to 800 nm. In the SHINE-
FSRS setup, the picosecond Raman pump (2.5 ps, 640 nm) and the
femtosecond Raman probe (broadband, 420-800 nm) are temporally
overlapped to optimize the stimulated Raman signal, with the delay

between the 400 nm actinic pump and the Raman pump-probe pair
varied to capture the ultrafast dynamics.

To obtain SHINE-FSRS signals of the MG molecule, we assembled
the molecules on the Au film, then transferred the SHINs monolayer on
them. Due to its strong enhancement ability, only trace amounts of
molecules are needed to generate significant Raman signals. In order
to figure out the best working condition of our home-built SHINE-
FSRS¥, we use 4-nitrophenylthiophenol (pNPT) as a Raman probe to
identify the enhancement of our equipment. pNPT molecules are
chemically adsorbed on ~20 nm Au film plated on a 1x1cm? Quartz
sheet. A mono-layer Au SHINs is assembled onto the Quartz sheet. The
SHINE-FSRS setup used a 400 nm actinic pump (100fs, 70 nJ), a
640 nm Raman pump (2.5ps, ~200 nJ), and a 420-800 nm Raman
probe (300 fs, 20 nJ), with pulse energies optimized to avoid artifacts.
Meanwhile, to prevent sample damage from excessively high pulse
energy and to place more probe molecules within our detection field,
we employ a defocused detection method, which moderately enhan-
ces the signal intensity. Notably, the molecules absorbed in the gap
between the SHINs and the Au film experience a significant enhance-
ment in Raman intensity, reaching up to -107 times, owing to the strong
near-field coupling between the localized surface plasmons (LSPs) of
the SHINs and the surface plasmon polaritons (SPPs) of the gold film.
The wavelength-dependent correlations between extinction spectra
and SHINE-FSRS enhancement factors (EFs) were investigated. The
ensemble-averaged enhancement factor is estimated to be in the range
of 10°-107 with the Raman pulse at 640 nm.

DFT calculations and optical simulations

The DFT calculations were performed using the Gaussianl6 program
suite (Supplementary table 1)**. The geometric structures optimization
of malachite green molecules at different electronic states were car-
ried out at the B3LYP/6-31 G* theoretical level. The Raman spectra of
the molecule at each configuration were then calculated (Supple-
mentary Fig. 10a).

The electromagnetic field distribution of Au/Ag SHINs dimer on
the Au/Ag film surface under a 400 nm wavelength plane electro-
magnetic wave was calculated using commercially available Lumerical
3D-FDTD Solutions software. The diameter of the original Au/Ag NPs in
the simulation was set as 55 nm. The thickness of the silica shell was set
as 2nm. The refined structure was 0.3 x 0.3 x 0.3 nm’. The dielectric
function of Au, Ag and silica was chosen from the material library of the
software.

Data availability

The data generated or analysed during this study are included in this
published article and its Supplementary information files. Source data
are provided with this paper.
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