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C H E M I C A L  P H Y S I C S

Ultrasensitive infrared spectroscopy via vibrational 
modulation of plasmonic scattering from a nanocavity
Danchen Jia1, Ran Cheng2, James H. McNeely2, Haonan Zong1, Xinyan Teng2,  
Xinxin Xu3, Ji- Xin Cheng1,2,3,4,5*

Most molecules and dielectric materials have characteristic bond vibrations or phonon modes in the mid- infrared 
regime. However, infrared absorption spectroscopy lacks the sensitivity for detecting trace analytes due to the 
low quantum efficiency of infrared sensors. Here, we report mid- infrared photothermal plasmonic scattering 
(MIP- PS) spectroscopy to push the infrared detection limit toward nearly a hundred molecules in a plasmonic 
nanocavity. The plasmon scattering from a nanoparticle- on- film cavity has extremely high sensitivity to the spac-
ing defined by the analyte molecules inside the nanogap. Meanwhile, a 1000- fold infrared light intensity enhance-
ment at the bond vibration frequency further boosts the interaction between mid- IR photons and analyte 
molecules. MIP- PS spectroscopic detection of nitrile or nitro group in ~130 molecules was demonstrated. This 
method heralds potential in ultrasensitive bond- selective biosensing and bioimaging.

INTRODUCTION
Mid- infrared (MIR) spectroscopy has emerged as a prominent tech-
nology for the exploration of chemical bond vibrations in biology, 
organic chemistry, and phonon vibrations in material science (1–3). 
Contemporary Fourier transform infrared (FTIR) detection meth-
ods, based on mercury cadmium telluride detectors, have enabled 
infrared (IR) spectroscopy at millimolar levels. Nevertheless, its de-
tection sensitivity is inherently limited by several factors, including 
the weak interaction between IR photons and chemical bond vibra-
tions, as well as the relatively low quantum efficiency of detectors in 
the MIR spectral region. Notably, the MIR absorption cross section 
of a single bond is on the order of 10−20 to 10−16 cm2 (4), limiting the 
accurate detection of analytes at low concentrations. Therefore, 
FTIR is primarily suitable for the analysis of substantial sample vol-
umes, with the detection speed limited to a few seconds to minutes 
per spectrum due to the scanning speed of the interferometer.

In the pursuit of high detection efficiency, a range of indirect 
sensing technologies has been developed. Mid- IR photothermal 
(MIP) microscopy, also called optical photothermal IR microscopy, 
harnesses a visible probe beam to exploit the thermal effect resulting 
from the IR absorption of analytes. This innovative approach refines 
spatial resolution to the visible diffraction limit (5–9), facilitating 
video- rate chemical imaging at subcellular scales (10). MIP imaging 
has unveiled insights into intracellular protein aggregation, lipid dy-
namics, and glucose metabolism (11–13). However, the MIP sensi-
tivity remains constrained by the three- order size mismatch between 
the MIR focusing spot and the characteristic length of a chemi-
cal bond.

Atomic force microscopy–based IR (AFM- IR) spectroscopy uses 
a near- field scanning tip to probe the thermal expansion induced by 
IR absorption of analytes, which transcends the optical diffraction 
limit and much improves the detection sensitivity of MIR spectros-
copy for molecular monolayers and single proteins (14–16). To 

achieve more precise and quantitative results without scratching the 
samples, researchers have developed a peak force IR imaging tech-
nique, which is compatible with tapping- mode AFM (17). With 
these advances, it is crucial to acknowledge that the imaging depth 
achievable with AFM- IR techniques is inherently confined within 
the near- field region defined by the AFM tips, which is limited to 
tens of nanometers from the surface of the material.

Besides innovating sensing methods with high figures of merit, 
amplifying the interaction between IR photons and chemical bonds 
represents an alternative avenue for improving detection limits. 
Surface- enhanced IR absorption (SEIRA) method exploits the strong 
electromagnetic field confinement enabled by the resonance between 
incident IR light and electron waves at the metal- dielectric interface. 
This method provides a substantial enhancement of the IR field, often 
on the order of 104 at localized hot spots (18). An electrically tunable 
nanoribbon array further augments the potential of SEIRA by ma-
nipulating the IR resonant frequencies to encompass a wider spectral 
window for comprehensive spectroscopic analysis (19). Starting from 
the sensing mechanism of SEIRA, the extension to metasurface with 
periodic noble metal nanoantenna with extreme near- field enhance-
ments and engineered multi- resonant spectra have grown in versatile 
designs and broad potential as lab- on- chip sensors (20, 21). The ver-
satility of SEIRA enabled by tailoring diverse nano- geometries has 
proven its wide potential in life science and chemical analysis (22).

Complementing the plasmonic enhancement route, the utiliza-
tion of optical cavities is another approach to boost the IR absorp-
tion of analytes. This is accomplished by prolonging the interaction 
duration between light and matter within an optical cavity, such as 
whispering gallery mode (WGM) within microfibers or waveguides 
(23). WGM- based sensors have enabled label- free biosensing down 
to single molecules. Nevertheless, the bandwidth of these WGM- 
based sensors remains limited by the wavelength- scale dimensions 
of the cavity, resulting in a constrained spectral range for analysis.

Upconversion- based techniques further break the detection lim-
it of MIR spectroscopy through converting MIR measurements into 
detection in the visible regime, operating in both the far- field and 
near- field manners. Facilitated by the strong pulse energy of ultrafast 
laser pulses, these methods achieve remarkable upconversion effi-
ciency from MIR to fluorescence, and MIR spectroscopic information 
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becomes readily detectable by visible photon detectors (24–26). This 
method offers an unprecedented sensitivity for sensing and imaging 
of fluorescent dyes down to single- molecule level. Notably, the 
upconversion- based MIR detection extends beyond ultrafast lasers 
aided by plasmonic nanocavities. Plasmonic nanocavities harness 
the strong local field confinement to increase the energy density and 
thus the upconversion efficiency. By tailoring nanocavity with dual 
resonant frequencies to align with both visible and MIR region, the 
upconversion efficiency from IR to visible light through surface- 
enhanced Raman scattering is magnified by 1010. This strategy en-
ables MIR detection of few target molecules within the plasmonic 
nanogaps using continuous- wave (CW) pump lasers (27, 28). Sub-
sequently, benefitting from the geometric design of plasmonic 
nanostructures, single- molecule IR spectroscopy has been achieved 
through upconversion from IR to fluorescence, even with CW 
pump sources (29). Notably, these techniques constrain the ana-
lytes to be IR- active fluorescent molecules or nonfluorescent 
molecules with both IR and Raman activity, limiting the IR detec-
tion to specific species. Consequently, the scope of detection re-
mains confined to specific energy bands. Benefitting from the field 
enhancement of nanocavities, surface- enhanced Raman scattering 
signals perturbed by MIR absorption have enabled IR spectroscopy 
of phonons in substrates, which helps to the understanding of plas-
monic nano- design for ultrasensitive IR analysis (30).

Here, we report MIP plasmonic scattering (MIP- PS) spectros-
copy with ultrahigh sensitivity to detect a trace amount of small 
molecules, facilitated by the strong interaction between the plas-
mons in the nanocavity and the vibrations of the analytes inside the 
nanogap. The vibration of chemical bonds interacts with nanocavity- 
enhanced IR field, leading to increased MIR absorption of detected 
molecules by thousand folds. Meanwhile, the visible plasmons inter-
act with amplified molecular vibrations, and, thus, the scattering 
spectrum of the nanostructure is altered by the MIR absorption of 
the molecules in the nanogap. Benefitting from the extreme sensi-
tivity of the plasmonic scattering spectra to the bond- regulated 
spacing of the nanogap, MIP- PS identifies chemical bond informa-
tion through MIR- encoded plasmonic scattering of nanocavities. 
Detailed results are shown below.

RESULTS
MIP- PS principle
To overcome the dimensional mismatch between the focusing area 
of the MIR beam and the size of the chemical bonds (Fig. 1A), a 
plasmonic nanocavity is introduced to bridge the gap. Here, the 
plasmonic nanocavity sensor is composed of a smooth Au nanofilm, 
an Au nanoparticle, and the analyte molecules formed by a self- 
assembled monolayer (SAM) inside the nanogap between them 

Fig. 1. Principle of a MIP- PS sensor. (A) Size mismatch between molecules (<1 nm) and focal area of mid- iR beam (>1 μm) leads to weak interaction of the bond vibration 
and the mid- iR field. A plasmonic nanocavity with high effective index of refraction confines the iR field and molecules. the nanocavity has extreme sensitivity dependent 
on the spacing between the nanoparticle and the nanofilm. (B) Photothermal expansion induced by iR absorption of chemical bonds at vibrational excited states with 
respect to ground states modifies the far- field scattering distribution of the plasmonic nanocavity. (C) Simulated light intensity enhancement factor at the hot spot of the 
nanosphere- on- film (nSoF) cavity indicates an enhancement of 103 excited in mid- iR regime. inset: near- field distribution of the nanocavity (diameter of the Au nano-
sphere, 50 nm; thickness of the Au nanofilm, 15 nm; spacer thickness, 1 nm) excited at the wavelength of 4.6 μm. (D) Simulated near- field of the nSoF cavity excited at the 
probe wavelength of 638 nm with the spacer thickness of 1.0 nm (left) and 1.5 nm (right).
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(Fig. 1A). The MIP- PS sensor takes advantage of the extremely sen-
sitive dependence of the plasmonic scattering from a nanoparticle- 
on- film (NPoF) cavity on the separation between the nanoparticle 
and the nanofilm. According to rotational- vibrational coupling 
theorem, bond length changes as molecule vibrates; at higher vibra-
tional states, the rotational constant B̃ of a molecule decreases, its 
momentum of inertia increases, and, thus, its bond length increases, 
according to l =

√

h

8π2c B̃μ
 (31). Here, μ is the reduced mass of the 

chemical bond, and l is the bond length. Meanwhile, IR absorption 
of molecules results in a photothermal expansion (Δ l = loαthΔT), 
which also modulates the spacing distance of the nanogap. Here, lo 
is the initial molecule length, αth is the thermal expansion coeffi-
cient, and ΔT is the change of temperature. As the analyte molecules 
are thiol–self- assembled on the Au nanofilm and its functional 
groups contact with the Au nanoparticle, the spacing of the NPoF 
cavity, thus the plasmonic scattering, is regulated by the varied size 
of the molecules at certain vibrational mode (Fig. 1B).

The nanosphere- on- film (NSoF) cavities display two characteris-
tic plasmonic bright modes in visible and near- IR regime as shown 
in the simulation results in Fig. 1C (32–34). These two plasmonic 
bright modes locate at around 580 and 810 nm dependent on the 
spacing distance, the size of the Au nanosphere, and the thickness of 
the Au nanofilm. Here, the NSoF cavity is composed of an Au nano-
sphere with the diameter of 50 nm and an Au nanoplate with the 
thickness of 24 nm separated by a thiol–self- assembled layer of 
small molecules. The 580- nm peak represents the transverse dipole 
mode of the Au nanosphere (fig. S1). The 810- nm peak represents 
the vertical antenna mode resulted from the coupling between the 
Au nanosphere and the surface plasmon polariton (SPP) modes of 
the Au nanoplate covering the visible and near- IR regime. Thus, the 
localized dipole mode of the nanosphere both radiates to far field 
and couples to the SPP modes of the nanofilm. When the Au nano-
sphere touches the Au mirror, its horizontal dipole modes vanish 
because of the opposite polarization of the nanosphere and the mir-
ror mode. As the spacing distance between the nanoparticle and the 
nanofilm increases, the horizontal dipole modes recover and couple 
less to the SPP modes of the Au film. When the spacing distance 
increases, more photons radiate into far field and less coupled to 
SPP modes, which results in the blueshifting of the scattering peak 
of the transverse mode. Because the scattering spectra of the NPoF 
cavity is very sensitive to the spacing between the nanoparticle and 
nanofilm (35), molecular vibration in the nanogap can be detected 
through the scattering intensity change of NPoF cavities at certain 
visible prove wavelength.

Owing to the coupled resonance between the nanosphere and 
the nanoplate, the electric field is highly confined within the na-
nogap and thus results in an intensity enhancement of 104 to 105 in 
the visible regime (Fig. 1C). Meanwhile, in the mid- IR spectral win-
dow of interest, there is still an IR enhancement of 103 even if the 
frequency is away from the plasmonic resonant frequency (Fig. 1C). 
This field enhancement provided by the nanocavity can boost the 
interaction of IR photons with the targeted chemical bond vibra-
tions. With the chemical bonds pumped to vibrational excited states 
with mid- IR plasmons, the nanocavity is then characterized with 
another probe laser in the visible range. We select the probe wave-
length as 638 nm for NSoF cavities where the first derivative of the 
scattering cross section reaches the local maximum. From the near 
field distribution of the nanocavity at 638 nm, the localized surface 

plasmon resonance (LSPR) of Au nanoparticle couples more into 
SPP modes of Au nanofilm and thus radiates less into far field with 
thinner spacing (Fig. 1D). Here, near- field mappings of NSoF with 
the spacing distance of 1.0 and 1.5 nm are illustrated to differentiate 
the cavity- mode change. In results, we can sense the IR absorption 
by detecting the scattering intensity change of the NPoF cavities.

Experimental results
To experimentally demonstrate the high sensitivity of MIP- PS spec-
troscopy, we prepared SAMs of 4- mercaptomethylbenzonitrile (4- 
MBN) and 4- nitrobenzenethiol (4- NBT) molecules inside the Au 
NSoF cavities. The detailed sample preparation and characterization 
procedures are described in Materials and Methods. The analyte 
molecules were uniformly distributed on the Au surface in a mono-
layered manner where thiol group was chemically bound to Au at-
oms (Fig. 1A and fig. S2). The Au nanoparticles were drop- casted on 
the SAMs, and the spacing distance of the nanocavity is ~0.686 nm 
estimated from density functional theory (DFT) simulations below. 
The NSoF cavities were then characterized with dark- field scattering 
spectra (fig. S3 and Materials and Methods), where the scattering 
peak position at 590 nm. The number of analyte molecules inside a 
NSoF cavity was estimated from the effective area of the confined 
mid- IR field in the nanogap (fig. S4) and the surface density of mo-
lecular monolayers. For molecular surface density, we adopt an esti-
mation of the topological polar surface area, computed as the surface 
sum over polar atoms in the molecule (36). Following the detailed 
calculation steps in the Supplementary Materials, the effective mo-
lecular number of individual cavities is 218 and 132 for 4- MBN and 
4- NBT, respectively.

The MIP- PS system is a pump- probe system in counter- propagation 
mode (Fig. 2A). To efficiently excite all modes of the NPoF structure 
and collect the backscattered photons, we built a dark- field microscope 
in the reflection mode as the probe beam path with an illumination 
angle of 68°. The pump mid- IR pulses are generated from a quantum 
cascade laser (QCL) and synchronized with the probe pulses through 
a pulse generator. The MIP- PS signal was extracted from the subtrac-
tion of adjacent IR- on frames and IR- off frames (Fig. 2B), and the 
MIP- PS spectra were collected by scanning the wavelengths of the 
pump laser across the spectral window of interest. A detailed explana-
tion of the setup can be found in Materials and Methods, and synchro-
nization for time- resolved measurements was shown in Fig. 2C.

With the oblique plane- wave incidence at the wavelength of 638 nm, 
the hexagonal nanoplate with the thickness of 20 nm showed up in 
the dark- field scattering images (Fig. 3A). The Au nanofilms were 
prepared by controlled growth of high–aspect ratio single- crystalline 
gold platelets (Materials and Methods), where ultrasmooth Au sur-
face was maintained within the hexagonal shape in Fig. 3A. The 
dark- field scattering distribution of the NSoF structure showed 
“Donut” shape, because the opposite polarization of the transverse 
dipole mode of the nanosphere and its mirror mode leads to de-
structive interactions in the far field. When mid- IR pulses with the 
wave number of 2200 cm−1, which matches the resonant frequency 
of the nitrile stretching mode of 4- MBN molecules, were pumped 
from the bottom of the plasmonic nanocavity, the bond vibration 
was excited with the localized mid- IR field enhanced by the nano-
cavity and resulted in the modification of the plasmonic scattering 
photon distribution of the NSoF structure. As a result, by taking 
subtraction of the dark- field scattering images at IR- on states and 
IR- off states (Fig. 3B), the modulated scattering intensity induced by 
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the mid- IR absorption of certain chemical bonds can be quantified. 
As compared in Fig. 3B, the MIP- PS image of 4- MBN at 2200 cm−1 
(on- resonance state) showed modified scattering intensity of the 
nanostructure, while the one at 2240 cm−1 (off- resonance state) had 
no contrast. Subsequently, we can analyze the MIP- PS spectra by 
tuning the wavelength of the mid- IR pump beam and integrating 
the corresponding modification of scattering intensity of the NSoF 
cavities. The MIP- PS spectra of 4- MBN molecules showed a peak at 
2200 cm−1 in Fig. 3C and figs. S5 and S6. The spectra were collected 
from 10 nanocavities. As a reference, the FTIR peak of 4- MBN mol-
ecules locates at 2230 cm−1 measured with attenuated total reflec-
tance (ATR; fig. S7). This effect arises from the interaction between 
the gold surface and the molecular dipole that can modify the vibra-
tional frequencies of chemical bonds, especially in molecules with 
polar functional groups (37). Here, the nitrile group, with its strong 
dipole moment, is particularly sensitive to metal surface effects in 
MIP- PS spectroscopy.

To further confirm the spectral fidelity, we analyzed the MIP- PS 
spectra of 4- NBT from 10 nanocavities, as shown in Fig. 3D and fig. 
S5. The 4- NBT molecules were self- assembled on the Au nanoplate 
via thiol groups and the nitro groups contact the Au nanosphere on 
top. The MIP- PS peak of 4- NBT located at 1330 cm−1, correspond-
ing to the asymmetric stretching mode of nitro group. The MIP- PS 
signals exhibited a positive linear relationship with IR pulse width 
(fig. S7), consistent with the increased photothermal effect resulting 
from higher IR pulse energy. The peak position is also in agreement 
with the FTIR spectra in fig. S8. The variations of the MIP- PS signal 

from different nanocavities were attributed to the variations of the 
geometric parameters of the Au nanoparticles (i.e., the diameters, 
facets, and surface roughness of the nanospheres) and the surface 
quality of the nanoplate.

To further study the mechanism of the MIP- PS signals, we per-
formed time- resolved MIP- PS measurements by manipulating the 
time delay between the visible probe pulses and the mid- IR pump 
pulses. To ensure high temporal resolution, we substituted the nano-
second probe laser with a femtosecond laser (Coherent Chameleon 
Ultra, Ti:Sapphire, pulse with of 140 fs, 80 MHz). The femtosecond 
probe pulses were chopped to 52 ns as pulse duration at a repetition 
rate of 100 kHz by acoustic- optical modulator (Fig. 2C). The aver-
aged probe power was measured to be 1.0 mW, which resulted in a 
power density of 10 μW/μm2. To match the excitation wavelength of 
800 nm, we selected nanorod- on- film (NRoF) structure, where Au 
nanorod with the average length of 103 nm and the average diameter 
of 24 nm were dispersed on Au film for time- resolved measure-
ments, which corresponds to the vertical antenna mode. When 
scanning the time delay between the pump pulses and the delay 
pulses controlled by a pulse generator, the decay curve of the relax-
ation of the IR absorption–induced plasmon scattering change was 
plotted in Fig. 3E. By fitting the time decay curve with a convolution 
function detailed in Materials and Methods, the decay constant of 
the MIP- PS signals was determined to be 65 ns, while the instru-
mental response time was fitted at 51 ns. The coefficient of determi-
nation (R2) value for this fit is 0.92. This nanosecond- scale signal 
relaxation time agrees with the photothermal contrast mechanism, 

Fig. 2. MIP- PS system. (A) the MiP- PS measurement is performed on an iR- pump visible- probe dark- field microscope. the probe beam from a 638- nm laser is expanded 
by a 4- f system and passes through a central aperture to form ring- shaped illumination. the probe beam excites the nPoF cavity through a dark- field objective on top. the 
mid- iR pulses loosely focused by a parabolic mirror at bottom pump the analyte molecules inside the nanocavity. the modified visible backscattered photons are col-
lected by the dark- field objective to a camera. inset: Synchronization of the mid- iR pump and visible probe pulses. (B) Schematic of near- field (top) and far- field (bottom) 
distribution of the modified nPoF cavity by the mid- iR absorption of the SAM of molecules. (C) Synchronization of the time- resolved MiP- PS measurements. the probe 
laser is a femtosecond laser chopped by an acoustic- optical modulator to 52- ns pulses. the time decay constant of the MiP- PS measurements of molecules is determined 
by tuning the delay time between synchronized pump and probe pulses.
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because the vibrational decay time based on bond- length theory is 
no more than 100 ps. Therefore, this measurement suggests that 
photothermal effect plays a major role in the MIP- PS signals.

Simulation results
To quantify the scattering intensity variation corresponding to the 
modulation of the spacing of nanocavity induced by IR absorption 
of molecules, we performed finite element method (FEM) simula-
tion with COMSOL. For the Au NSoF structure, the diameter of 
the nanosphere is 50 nm, the thickness of the Au nanoplate is 20 nm, 
and the substrate is a silicon wafer with the thickness of 500 nm. 
There are two characteristic bright modes as shown in the scatter-
ing spectra of NSoF cavity in Fig. 1C. To quantify the spacing of the 
nanocavities, the ground- state molecular structure was optimized 
with DFT using the r2SCAN- 3c composite method under metal- 
molecule configuration (38). The optimized geometries of Au/4- 
MBN and 4- MBN anion are shown in fig. S9, where the molecular 
size is optimized to be 0.686 nm at equilibrium. The calculated 
nano- geometry of 4- MBN at its equilibrium state is detailed in table 
S1. Here, we focused on the transverse mode located at the wave-
length of about 600 nm (Fig. 4A). The plasmonic coupling effect 

leads to a higher field confinement in the nanocavity and narrower 
linewidth of the far- field scattering peaks. The narrow linewidth of 
~70 cm−1 is beneficial to the plasmon sensing due to higher figure 
of merit and stronger enhancement factor improving the interac-
tion between IR photons and analyte molecules inside the nano-
cavity. As in the fundamental states without IR heating, the spacing 
thickness is 0.686 nm defined by the calculated molecular size, and 
the corresponding scattering peaks located at 590 and 820 nm. 
While increasing the gap spacing, the scattering peak position 
shifted to a shorter wavelength and the peak width is slightly nar-
rower. The reason of the blueshift with increasing gap spacing is 
that the coupling strength between LSPR of the nanoparticle and 
SPP modes of the nanofilm is reduced with larger separation. Thus, 
the NSoF radiates more into far- field which leads to blue- shifting 
of peak position (Fig. 4A). At the wavelength of 638 nm when the 
first derivative of the scattering spectra reaches the local maximum, 
the scattering cross section of the NSoF structure dropped from 
1.84 to 1.83 nm2 as gap spacing expands from 0.686 to 0.687 nm. 
The modification of ~0.6% in far- field scattering of NSoF is experi-
mentally detectable to probe the molecular deformation induced 
by IR absorption.

Fig. 3. MIP- PS spectroscopy of 4- MBN and 4- NBT. (A) Measured dark- field scattering image of nSoF cavity. Scale bars, 10 μm. (B) left: Zoomed- in view of dark- field 
scattering image from (A); top, blue solid box; bottom, blue dashed box. Right: MiP- PS image subtracted by iR- on and iR- off dark- field images at 2200 cm−1 (on- resonance) 
and 2240 cm−1 (off- resonance). Scale bars, 1 μm. (C) Measured MiP- PS spectra of 4- MBn molecules from 10 nSoF cavities (red, lorentzian fitted curve of mean MiP- PS 
spectra; gray, measured MiP- PS signals from individual cavities; error bars, SD of MiP- PS signals). each MiP- PS signal is the integration of the subtracted scatting intensity 
of a whole nanocavity. (D) Measured MiP- PS spectra of 4- nBt molecules from 10 nSoF cavities. (E) Measured time decay curve of the MiP- PS signal of 4- MBn molecules 
inside the nRoF cavity (black, exponential fitted curve of mean time decay signals; errorbars, measured MiP- PS signals from individual nanorod- on- film (nRoF) cavities). 
the procedure of the time- resolved measurements is described in Fig. 2c.
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To optimize the geometric design of the plasmonic nanocavity, 
we compared the sensitivity of the NRoF with that of the NSoF 
structure. As for NRoF cavities, there are three characteristic peaks 
in the spectral range from 590 to 840 nm (Fig. 4, B and C) resulted 
from the hybridization of the film- coupled vertical mode of the 
nanorod and SPP modes along the nanofilm. We selected the scatter-
ing peak at around 780 nm matching with the probe wavelength of 
800 nm discussed in the “Experimental results” section. The corre-
sponding scattering intensity of NRoF decreased by 0.1% when the 
gap spacing increases from 0.686 to 0.687 nm, which was 83% small-
er than that of NSoF. As shown in Fig. 4D, the sensitivity is depen-
dent on the contacting area of the NPoF cavities. When the contacting 
area decreases, the optical properties are more sensitive to the varia-
tion of the thickness and the refractive index of the spacer. Mean-
while, the scattering cross section is positively related to the size of 
the nanoparticle, so we selected the Au nanosphere with the diame-
ter of 50 nm as the plasmonic scatter. On the other hand, the cou-
pling strength between the nanoparticle and nanofilm is positively 
related to the thickness of the nanofilm. However, the transmittance 
of the mid- IR beam is in negative correlation with the thickness of 
the nanofilm. Thus, we selected the Au nanoplate with the thickness 
of 20 nm to form the plasmonic nanocavity, where ~30% of the 

incident mid- IR power is transmitted to the nanogap. Last, the opti-
mized NSoF cavity to detect the vibrationally excited molecules 
shows a sensitivity of 75 times the plasmonic resonance wavelength 
dependent on the gap spacing of the nanocavity (Fig. 4D).

Next, we considered two mechanisms of gap spacing modula-
tion. One is via direct IR excitation of chemical bond, and the other 
is via the MIP effect.

To theoretically estimate the molecular deformation induced by 
IR excitation, we further simulated the molecular structures of 
4- mercaptobenzonitrile (4- MBN) at vibrational- corrected mode. To 
calculate the bond displacement at vibrational- excited states, the 
Becke, 3- parameter, Lee- Yang- Parr (B3LYP) hybrid density func-
tional in combination with the balanced polarized triple- zeta (def2- 
TZVP) basis set was used. The anharmonic analysis and vibrational 
correction were performed by second- order vibrational perturba-
tion theory (VPT2) module in Orca 5.0.4 (39, 40). The molecular 
geometry was simplified to 4- MBN anion in the VPT2 calculation. 
As shown in fig. S9, the nitrile bond length of 4- MBN anion in-
creased by 0.1 Å at the ─CN stretching mode compared with its 
fundamental state (Fig. 4E). The optimized geometry of 4- MBN an-
ion with and without vibrational correction is compared in tables S2 
and S3. Therefore, there is a ~1.3% modification of the gap spacing 

Fig. 4. Simulation of dependence of far- field scattering from a NPoF cavity on the gap spacing and the thermal dynamics of MIP- PS. (A) Simulated color map of 
scattering cross section of nSoF cavity with varied gap spacing. increased gap spacing leads to the blueshift of the far- field scattering peak position of the nSoF cavity. 
color bar, scattering cross section. Dashed line, probe wavelength. inset: incident angle of the wave vector (68°). the diameter of the nS is 50 nm. the thickness of the 
nanofilm is 20 nm. (B) Simulated color map of scattering cross section of nRoF cavity with varied gap spacing. the length of the nR is 103 nm, and the diameter of the nR 
is 24 nm. the thickness of the nanofilm is 20 nm. (C) the far- field scattering cross section of nSoF cavity (blue) and nRoF cavity (red) at probe wavelength (638 and 
800 nm, respectively) dependent on the gap spacing. (D) Dependence of the plasmonic resonant wavelength (λ) of nSoF cavity on the gap spacing (s). (E) Simulated 
molecular structure of Au/4- MBn system at ground state. Unit, angstrom. (F) Simulated temperature increase of the monolayer 4- MBn molecules during and after an iR 
heating pulse of 50 ns.
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of the plasmonic nanocavity when 4- MBN analyte molecules are 
pumped from the ground state to the ─CN stretching mode.

To quantify the IR absorbance of target molecule in MIP- PS 
measurements, we calculated the total IR energy absorbed by nitrile 
groups in the hot area of a nanocavity as Etot = N ∣Ef ∣

2 P

A
σ. Here, Etot 

is the total energy absorbed by absorbers, N is the molecule number 
in the hot area of the nanocavity, Ef is the averaged field enhance-
ment factor of the hot area, P is the power of input IR beam, A is the 
IR illumination area, τ is the pulse duration of IR incidence, and σ is 
the absorption cross section of the absorbers. The input pulse ener-
gy is 0.026 nJ with a loosely focused beam diameter of 50 μm and a 
pulse width of 50 ns. The molecule number is estimated to be 218 
(the Supplementary Materials). The IR intensity enhancement fac-
tor provided by the nanogap is around 103. Considering the IR ab-
sorption cross section of nitrile group to be 6 × 10−18 cm2, the IR 
photon number (Nabs = Etot/Ephoton) absorbed by the molecules in-
side the nanogap is calculated to be about 4 × 104. Considering the 
vibrational lifetime on the level of 10 ps, the population of molecules 
at vibrational excited states are 4% during an IR heating pulse. As a 
result, under the current experimental condition, the IR pulse en-
ergy is not sufficient to pump all the monolayer molecules.

Alternatively, the spacing distance of the nanogap can be regulated 
by the thermal expansion of the monolayer molecules (Δ l = loαthΔT

). Here, lo is the initial molecule length, αth is the thermal expansion 
coefficient, and ΔT is the change of temperature. The thermal ex-
pansion coefficient αth is assumed to be the same as those of bulk 
polymer materials (10−4  K−1). Assuming the nanogap expanded 
from 0.686 to 0.687 nm derived from the FEM simulation results, 
the corresponding temperature rise is about 14 K. We simulated the 
temperature increase during and after an IR heating pulse of a NSoF 
cavity as shown in Fig. 4F. The general parameters of the simulation 
were detailed in the Supplementary Materials. Thus, the integrated 
temperature rise of the monolayer molecules within the hot area 
of the nanocavity is calculated to be 16 K, which is consistent 
with the modulation depth in MIP- PS measurements. The heat 
generated during the IR pulse with a pulse width of 50 ns diffuses 
away after 80 ns, which matches well with the experimental re-
sults of time relaxation.

DISCUSSION
The reported MIP- PS spectroscopy pushes the IR detection limit 
toward few molecules in a plasmonic nanocavity. IR spectroscopy 
of nitrile and nitro groups from ~130 molecules has been experi-
mentally resolved with MIP- PS system. The plasmonic scattering 
modification of the NPoF cavities from IR absorption of analyte 
molecules inside the nanogap was initially attributed to the bond 
displacement at different vibrational states. The bond- regulated 
MIP- PS sensing mechanism is explained with DFT simulation of 
molecular structures and FEM simulation of optical characteriza-
tion of the plasmonic nanocavities. The theoretical calculation of 
the modification of the scattering intensity shows a change by 0.6% 
for NSoF, which is on the same level with the experimental results 
of 1 to 1.5%. The deviation in the experimental MIP- PS signal com-
pared to our simulation results is mainly resulted from the 
nanoparticle- to- nanoparticle variation from the chemical synthesis 
process and the surface quality of the nanoparticles and nanoplates. 
However, considering the short vibrational lifetime of ~10 ps, only 

less than 10% of the molecules are vibrationally excited during an 
IR pulse of tens of nanosecond. Thus, there are some other poten-
tial mechanisms that synergistically affect the phenomena that we 
observed. Calculated by the bulk thermal expansion coefficient of 
the small organic molecules, the predicted temperature increase of 
~15 K is in agreement with our MIP- PS signal contrast of a 
SAM. From the energy perspective, the photothermal expansion 
induced by IR absorption of the molecules is sufficient to expand 
the nanogap against the van der Waals attraction between the 
nanoparticle and the nanofilm (see the Supplementary Materials). 
Meanwhile, the thermal relaxation time is small due to the high 
thermal conductivity of gold. Tip- enhanced AFM- IR (15) has also 
resolved IR spectra of monolayer molecules with the plasmonic en-
hancement introduced by the nanogap between the AFM tip and 
the Au film. The predicted expansion of the gap spacing distance is 
~10 pm, which is also in agreement with our MIP- PS signal contrast.

The plasmonic scattering modification of the NPoF cavities from 
IR absorption of analyte molecules inside the nanogap is attributed 
to the photothermal expansion during the relaxation from different 
vibrational states. There are some other factors that simultaneously 
contribute to MIP- PS contrasts, such as temperature- dependent re-
fractive index change of the spacer. As for the thermo- optical effect, 
metasurface- enhanced reflection IR spectroscopy (41) has achieved 
the IR detection of monolayer protein based on its temperature- 
dependent refractive index, while the temperature- dependent re-
fractive index change of a SAM of small molecules only contributes 
less than 1/10 modification of the plasmonic scattering change com-
pared to the spacing effect (fig. S10). Another possible explanation 
on this modulation is the altered water shell thickness of the residue 
water in the crevice (30). However, because the scattering intensity 
of the nanocavity structure is more sensitive to the spacing distance 
change of the nanogap (determined by the monolayer molecules) 
compared with the thick water shell in the surroundings, the modu-
lation depth induced by water shell expansion is one order of mag-
nitude below the MIP- PS signal on the level of 1% in our experiments 
(see the Supplementary Materials).

To fingerprint individual molecules through recognition of 
characteristic bond vibrations, surface- enhanced Raman spectroscopy 
has reached single- molecule level with plasmonic enhancement in-
side metallic nanojunctions (42, 43). Furthermore, plasmon- enhanced 
coherent anti- Stokes Raman scattering (44), stimulated Raman 
scattering (45), and stimulated Raman excited fluorescence (46) 
have sped up the spectral acquisition time and thus enabled single- 
molecule Raman imaging. Mid- IR spectroscopic information of 
individual small molecules without fluorescence and Raman activity 
has yet remained unreachable. MIP- PS spectroscopy has enabled 
IR chemical analysis of few molecules via plasmonic nanocavity with 
its extreme sensitivity of plasmonic scattering spectra to the spac-
ing defined by the bond displacement of analyte molecules inside 
the nanogap. MIP- PS spectroscopy suggests potential in ultrasensi-
tive bond- selective biosensing and bioimaging. Taking advantages 
of the extreme sensitivity of plasmonic scattering spectra depen-
dent on the spacing of the nanocavity and the high scattering cross 
section of the metallic nanoparticles, nanodimer structure function-
alized with IR- active groups can serve as ultrasensitive IR reporters. 
By treating cells with MIP- PS reporters through endocytosis, we 
can potentially study conformational change or binding event of 
biomolecules in vivo.
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MATERIALS AND METHODS
Materials
All chemicals were obtained from commercial suppliers and used 
without further purification. Cetyltrimethylammonium bromide 
(CTAB; >99%), l- ascorbic acid (AA; >99%), sodium borohydride 
(NaBH4; >98%), silver nitrate (AgNO3; >99%), gold (III) chloride 
trihydrate (HAuCl4·3H2O; >99.9%), hydrochloric acid (HCl; 37 wt 
% in water), sulfuric acid (H2SO4; 95 to 98%), ethylene glycol 
(>99.8%), and 4- MBN were purchased from Sigma- Aldrich. 4- NBT 
(>95%) and sodium oleate (NaOL; >97%) were purchased from 
TCI America. Deionized (DI) water (18.2 megohms) was provided 
by a Synergy UV water purification system. All reactions were car-
ried out in glassware cleaned by aqua regia and piranha solution.

Synthesis of gold nanospheres
Au nanospheres with an average diameter of 56 nm were synthe-
sized by following a multistep seeded growth synthetic protocol de-
veloped by Bastús et al. (47) with modifications. In brief, first, the 
seed solution was synthesized as follows: 141.5 ml of DI water was 
heated to 100°C in a 250- ml flask. A condenser was used to prevent 
the evaporation of the solvent. HAuCl4 solution (25 mM; 1 ml) was 
added to the flask under vigorous stirring. Once the boiling had 
commenced again, 8.5 ml of sodium citrate solution (1 wt %) was 
quickly injected. The color of the solution changed from light yellow 
to pink within 5 min. The mixture was kept under boiling for 30 min 
to form the seeds with an average diameter of around 20 nm. Sec-
ond, the seeded growth of gold nanoparticles was conducted at 
90°C. The seed solution was first cooled down to 90°C, and, then, 
50 ml of seed solution was extracted to maintain a volume of 100 ml 
in the flask. Then, 0.67 ml of HAuCl4 solution (25 mM) was quickly 
added, and the mixture was kept at 90°C under constant vigorous 
stirring. After 30 min, another 0.67 ml of HAuCl4 solution (25 mM) 
was injected again, and the mixture was kept at 90°C under constant 
vigorous stirring for another 30 min. The average size of gold 
nanoparticles in the flask was about 31 nm after these two steps. 
Then, the solution was diluted by extracting 50 ml of nanoparticle 
solution and then adding 50 ml of DI water and 3 ml of sodium ci-
trate solution (1 wt %). The system was then stabilized for 15 min to 
allow the temperature to recover to 90°C. Then, 1 ml of HAuCl4 so-
lution (25 mM) was quickly added, and the mixture was kept at 
90°C under constant vigorous stirring for 30 min. This procedure 
was then repeated for another two times, resulting in the formation 
of 56- nm gold nanoparticles used for MIP- PS detection.

Synthesis of gold nanorods
Au nanorods with an average diameter of 24 nm and an average 
length of 103 nm were synthesized by following a modified protocol 
developed by Ye et al. (48), with the detailed synthetic protocol and 
characterizations described in our previous study (49). In brief, the 
seed solution was synthesized as follows: 5 ml of HAuCl4 solution 
(0.54 mM) was mixed with 5 ml of CTAB solution (0.2 M) in a 20- ml 
glass vial. Fresh NaBH4 solution (6 mM; 1 ml) was added to the 
above mixture solution under vigorous stirring (2000 rpm). The 
color of the solution changed from yellow to brownish yellow, and 
the stirring was stopped after 2 min. The seed solution was aged at 
room temperature for 45 min before use. The growth solution was 
prepared by dissolving 1.8 g of CTAB and 246.8 mg of NaOL in 50 ml 
of warm water (~50°C) in a 250- ml flask. The solution was cooled 
down to 30°C, and 4.8 ml of AgNO3 solution (4 mM) was added. 

The mixture was kept undisturbed at 30°C for 15 min after which 
50 ml of HAuCl4 solution (1.08 mM) was added. The solution be-
came colorless after 90 min of stirring (700 rpm), and 0.72 ml of 
HCl solution (37 wt % in water) was added to adjust the pH value. 
After another 15 min of slow stirring at 400 rpm, 0.25 ml of ascorbic 
acid (AA, 0.064 M) was added, and the solution was vigorously 
stirred at 1500 rpm for 30 s. Last, 0.02 ml of seed solution was added 
to the growth solution. The mixture was stirred at 1500 rpm for 
another 30 s and left undisturbed at 30°C for 12 hours for Au 
nanorods growth.

Synthesis of gold nanoplates
Au nanoplate was synthesized in situ through the reduction of 
HAuCl4 solution with ethylene glycol on silicon wafer by following 
a modified protocol developed by Krauss et al. (50, 51). HAuCl4 so-
lution (100 mM; 180 μl) was added to 5 ml of ethylene glycol. Then, 
225 μl of DI water was added to the mixture solution to speed up the 
reaction to form thin nanoplate. The mixture solution was slowly 
stirred for 30 s and, then, the pre- cleaned silicon wafer was put into 
the solution. The mixture was then left undisturbed at 95°C for 
4.5 hours for growth. After synthesis, the chip with Au nanoplate was 
washed with ultrasonic for 1 min in ethanol alcohol before func-
tionalization. The chemically synthesized ultrasmooth surface of the 
single- crystal Au nanoplate promised the high quality of the plas-
monic nanocavity.

Preparation of NPoF cavities
To prepare the nanocavity structure, the Au nanoplate was function-
alized with a SAM of analyte molecules. The chip with Au nanoplate 
was immersed into 500 μM 4- MBN or 4- NBT solution and kept still 
for 12 hours. The functionalized chip was cleaned by sonication for 
1 min in ethanol alcohol and dried with nitrogen gas. The pre- 
synthesized nanoparticle solution was then drop- casted on the nano-
plate and dried with nitrogen gas.

MIP- PS experimental setup
The MIP- PS system is a pump- probe microscope with counter- 
propagating mid- IR excitation beam and a visible probe beam (Fig. 
2A). A 638- nm laser (Cobolt 08- NLD, 638- nm- wavelength) was trig-
gered to 100 kHz with the pulse width of 500 ns by a pulse generator 
(Emerald Pulse Generator, 9254- TZ50- US, Quantum composers). 
The probe laser beam was expanded by a 4- f system and then formed 
the ring- shape illumination through a three- dimensionally (3D) 
printed annular aperture with the diameter of 26 mm to accommodate 
the waist of the dark- field objective [Olympus 100×, numerical aper-
ture (NA) = 0.9]. The illumination angle was 68°. The backscattered 
photons were recorded by a complementary metal- oxide semiconduc-
tor camera (FS- U3- 17S7, FLIR, dynamic range of 72.46 dB, dark noise 
of 22.99 e−) synchronized to 100 Hz by the pulse generator. The pump 
beam was nanosecond mid- IR pulses from QCL (Daylight MIRcat) 
laser external triggered to 100 kHz. The mid- IR beam was loosely fo-
cused on the sample with an area of 50 μm by 50 μm by a parabolic 
mirror [Thorlabs, focal length of 1 inch (2.54 cm)]. The mid- IR pulses 
was then chopped to hot states (1000 pulses on) and cold states (1000 
pulses off) sequentially by the pulse generator. The MIP- PS images 
were then generated by subtraction of adjacent hot frames and cold 
frames. To eliminate the power fluctuations of the probe laser, we de-
fined a reference area at the camera plane by placing a tilted mirror at 
the spare path of the beam splitter to simultaneously collect the probe 
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laser power during experiments. The probe laser fluctuation was then 
compensated by normalization of the subtracted MIP- PS signal with 
the measured probe laser power at hot and cold states, respectively. By 
scanning the wavelength of the IR excitation beam, we obtained a hy-
perspectral stack. By integrating the scattered photons from a single 
nanocavity unit, we plotted and analyzed the MIP- PS spectra.

Molecular simulations
All molecular calculations were performed with ORCA 5.0.4. The 
metal- molecule system was optimized using r2SCAN- 3c composite 
method. All vibration corrections were calculated with VPT2 mod-
ule in ORCA using the B3LYP hybrid density functional in combi-
nation with the def2- TZVP basis set. All VPT2 corrections were 
performed on anion state of molecules without Au binding struc-
tures to compensate the computation complexity to reach extreme 
convergence for anharmonic analysis. Anharmonic constant of ana-
lytes was attained from VPT2 calculation, and, thus, the bond dis-
placement at vibrational excited states was quantified through 
analytical relations between vibrational mean structure and anhar-
monicity (52) or displaced Hessian matrix based on quantum me-
chanics calculation (see the Supplementary Materials).

Dark- field scattering spectra measurements
The dark- field scattering spectra of NSoF structures were measured 
with an imaging spectrometer (Shamrock 303i, Andor Technology) 
equipped with an electron multiplying CCD (NewtonEM). The sam-
ples were illuminated with an unpolarized white light through a 
dark- field air condenser. Scattered photons from the nanostructures 
were then collected with a 60× oil immersion objective (NA = 1.4) 
in transmission mode. The recorded scattering spectra were sub-
tracted by the background scattering signals and then normalized 
with the power spectrum of the illumination source.

FTIR measurements
The standard IR spectra of analyte molecules were collected with 
Nicolet Nexus 670 FT- IR (ATR mode). The samples (4- MBN pow-
der and 4- NBT powder) were prepared as powders covering the op-
tical window of a ZnSe substrate. The ATR spectra were collected at 
a spectral resolution of 2 cm−1 with an averaging time of 128.

Fitting of time- resolved curve
The time- resolved MIP- PS curve is fitted by the convolution of the 
instrumental response function R(t) and the exponential decay 
from the sample S(t)

Here, R(t) is modeled by a Gaussian function with a full width at 
half maximum σ as the instrumental response time

Meanwhile, the pump- probe decay is modeled by an exponential 
function with a decay constant τ

Thus, the time- dependent MIP- PS signal can be derived as the 
following function

The time decay curve shown in Fig. 3E is then fitted using the 
convolution function described above.

Supplementary Materials
This PDF file includes:
Supplementary text
Figs. S1 to S10
tables S1 to S3
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