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Elucidating the ultrafast dynamics of interfacial molecules at the single-molecule level is pivotal for
advancing our understanding of fundamental chemical and biological processes. Here, for the first time,
we realized detection of ultrafast vibrational dynamics by a novel technique that integrates femtosecond
sum frequency generation vibrational spectroscopy (SFG-VS) with nanoparticle-on-mirror (NPoM)
nanocavities (NPOM-SFG-VS). Using a symmetric stretching vibrational mode of para-nitrothiophenol
(vno,) as a probe, we have successfully identified signals from self-assembled monolayers (SAMs)
comprising ~60 molecules, demonstrating the single-molecule-level sensitivity of the NPoM-SFG-VS.
The dephasing time and vibrational relaxation time of vyo, at the single-molecule level were determined
to be 0.33 £ 0.01 ps and 2.2 £ 0.2 ps, respectively. By controlling the solution concentration used to

. 4 20th N ber 2024 prepare SAMs (C), a correlation between peak frequency of o, and C is established. It was found that
eceive th November . B B . . 10 . . . .
Accepted 15th February 2025 single-molecule-level detection was achieved at C = 10 M. With this protocol, microregion

distribution of interfacial molecule number can be mapped using NPoM-SFG imaging. This work

DOI: 10.1039/d4sc07863b provides insights into the structures and vibrational dynamics of individual interfacial molecules, aiding in
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Introduction

Dynamics of individual molecules on ultrafast timescales plays
a prominent role in chemistry, physics, molecular biology,
quantum optics, and superresolution microscopy.'” It requires
developing a cutting-edge technique that can provide structural
and dynamical details with femtosecond temporal resolution
and allow for ultrasensitive detection of molecules at single-
molecule level. It has been shown that surface-enhanced
vibrational spectroscopy (SEVS) such as infrared absorption
(SEIRA) and Raman scattering (SERS) can largely enhance the
molecular vibrational signals through amplifying the electro-
magnetic fields generated by the excitation of localized metal
plasmons.*™ In particular, the molecular detection sensitivity
can be further improved by using the nanoparticle-on-mirror
(NPoM) method. The highly localized and concentrated light
in subnanoscale volumes enables the generation of strong light-
matter coupling, pushing the structural detection into the
single-molecule level."**® Spatial confinement at the nanoscale
plays a pivotal role in numerous fields, such as biology,"”**
materials science,"?*® and photonics.*>* For instance, the
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precise engineering of surface properties and reactivity.

confinement of light within the nanoscale space is fundamental
to the development of nanophotonics, which is crucial for
applications including high-resolution imaging, sensitive
sensing, and precise manipulation of chemical reactions.** In
the realm of materials science, the investigation of the “nano-
confinement effect” holds substantial significance. Materials
with nanoconfinement exhibit unexpected physical and chem-
ical properties,”*® which significantly influence their reactivity
and performance.

On the other hand, femtosecond time-resolved sum
frequency generation vibrational spectroscopy (SFG-VS) is
a coherent femtosecond second-order nonlinear spectroscopy
technique that permits elucidation of the structure and ultra-
fast dynamics of interfacial molecules.”** Therefore, it is
anticipated that the integration of femtosecond SFG-VS with
nanocavities fabricated from NPoM (NPoM-SFG-VS) (Fig. 1) may
provide a possible avenue to probe the dynamics of individual
interfacial molecules on an ultrafast timescale. To materialize
this idea, we used 4-nitrothiophenol (NTP) in plasmonic
nanocavities as the model and examined the detection limit of
NPoM-SFG-VS by determining the spectral and dynamical
features of the symmetric stretching vibrational mode of the
nitro group (vno,) of NTP across a range of molecule numbers. It
should be clarified that the SFG selection rule may be disrupted
as the electric dipole approximation is no longer valid due to the
strong localized optical fields generated in the near field, which
are spatially non-uniform or have significant gradients.**** To
minimize this effect, we prepared the samples in monolayer so
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Fig.1 Scheme for the integration of femtosecond time-resolved SFG-
VS with nanocavity fabricated from NPoM (NPoM-SFG-VS). SAM: self-
assembled monolayer. NTP: 4-nitrothiophenol. All the SFG measure-
ments were carried out in the air, rather than in solutions. Note that the
figure is only a schematic diagram, the Au film may contain short
terraces and atomic steps, and the NTP has a special tilt angle on Au
film.

that the signal originates solely from the interfacial monolayer.
The nitro group was chosen because it has high reactivity and
significant cross-sections for infrared absorption and Raman
scattering and has served as an exemplary model for studying
plasmon-mediated chemical reactions (PMCRs).**** An
increase in the number of NTP molecules leads to a blueshift in
the peak frequency of vyo,, a slow dephasing time and a fast
vibrational relaxation time. NPoM-SFG-VS can detect the
structure and ultrafast vibrational dynamics of samples
composed of only ~60 molecules. The dephasing time and
vibrational relaxation time of single-molecule-level vyo, were
determined to be 0.33 £ 0.01 ps and 2.2 £ 0.2 ps, respectively.
To the best of our knowledge, this is the first experimental
observation of ultrafast vibrational dynamics at the single-
molecule level. This work confirms the feasibility of probing
the ultrafast dynamics of individual molecules by NPoM-SFG-
VS. Furthermore, the combination of NPoM and sum
frequency generation vibrational imaging (SFG-VI) (NPoM-SFG-
VI) can be used to determine the distribution of microzone
molecular density by measuring the peak frequency of the vyo,
mode.*™* These findings will aid in deepening our under-
standing of single-molecule behavior and advancing the field of
single-molecule reaction dynamics.

Results and discussion

Single-molecule-level detection of interfacial molecular
structures

We first investigated the SFG spectra of vyo, in the nanocavities
using NPoM-SFG-VS (Fig. 1). NPoM-SFG-VS setup adopts
a geometry in a noncollinear configuration (details are given in
ESIt). The NPoM samples were constructed by depositing Au
nanoparticles with a diameter of ~55 nm on a smooth Au film
on which the target molecules with various molecular numbers
were initially self-assembled to form self-assembled monolayers
(SAMs). The procedure details are given in the ESL{ Fig. 2a and
b display the typical ppp SFG spectra of the NPoM samples
prepared with a 10 mL NTP solution of concentrations (C)
ranging from 102 to 10~ >° M. It needs mention that the symbol
“C” shown in the figures and appeared in the main text and ESI{
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Fig. 2 (aand b) ppp SFG spectra of different concentrations of NTP in

the NO; stretching region. (c) The log(SFG intensity) and (d) w values of
samples self-assembled by a range of concentrations of NTP solutions
are plotted against concentration. 1072, 107>, 1078, 107, 1074, 107,
1072°, 0 M and the symbol “C" represent the concentration of the
solution that was used to prepare the SAMs.

refers to the concentration of the solution that was used to
prepare the SAMs, and it does not mean that the experiments
were performed in that solution. The ppp SFG spectra ranging
from 1100 cm ™" to 1800 cm " for all concentrations are pre-
sented in Fig. S4.f The spectra were dominated by a distinct
peak at ~1340 cm ™' with a peak width of 9 & 2 em ™. This peak
is attributed to the symmetric stretching vibrational mode of
the nitro group (vno,).*”** The narrow bandwidth indicated the
absence of vibrational ladder climbing.** It is evident that
NPoM-SFG-VS can probe the signals from self-assembled
samples prepared with 10 mL of 1072° M NTP solution, corre-
sponding to ~60 molecules. In contrast, in the absence of the
nanocavity structure, the detection sensitivity reached only
10® M (Fig. S61). This enhanced sensitivity is ascribed to the
strong signal enhancement obtained from the strong localized
light field of the nanocavity. Fig. 2a and b show a discernible
attenuation in peak intensity with decreasing concentration.
Fig. 2c shows the dependence of the SFG intensity on C. The
intensity in Fig. 2c refers to the maximal intensity rather than
the average intensity of a particular concentration of samples in
the experiment. Theoretically, the coverage of samples prepared
at high concentrations, such as 107> M and 10> M could be
identical over an infinite time period. However, the number of
self-assembled molecules in a limited assembly time is actually
affected by the concentration of the bulk solutions, leading to
concentration-dependent coverage. The signal is weak and
random when C =< 107'° M. Note that as C decreases, the
sample signal cannot be detected on the whole gold film and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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the probability of the signal is obviously decreasing,* which
requires a deliberate search for the spot. Notably, signal
detection is more readily achieved at the periphery of the gold
film rather than at the center.* When C < 10~ '° M, there is no
enrichment effect of probe molecules in the laser focusing
region, which is a feature of the single-molecule level, indi-
cating that the number of detectable molecules reaches the level
of a single or a few molecules. This observation is corroborated
by recent SERS studies, which have identified single-molecule-
level detection at concentrations below 107'° M or
10" M.#*® Despite the similar signal intensity when C =
107 '° M, the probability of detecting a signal is greatly reduced
as the concentration decreases.* The most absence of signals at
low concentrations and lack of signal peaks from other species
(see the case of 0 M at Fig. 2b) can rule out the influence of other
materials on the experimental results. The peak frequency (w) of
¥no, redshifted as C decreases. In theory, the peak frequency of
a vibrational mode is related to intermolecular coupling, which
manifests as the delocalization of electronic or vibrational
wavefunctions.””® As the concentration decreases, the inter-
molecular coupling becomes weak, leading to a redshift in the
peak frequency. To qualitatively analyze the concentration-
dependent change in the frequency, we fitted the spectra
using eqn (S1). The typical fitting parameters are listed in
Table S1.1 The w values are 1345.1 4+ 0.4, 1343.5 + 0.4, 1341.8 +
0.3, 1340.2 + 0.3, 1338.5 = 0.7, 1336.9 = 0.2, 1335.2 + 0.4,
1333.9 +1.2,1333.8 + 0.5, 1333.6 = 0.4, 1333.3 £ 0.6, 1332.8 £
1.1, 1332.3 + 1.2, 1331.8 + 0.6, 1331.4 + 0.7, 1331.0 + 0.9,
1330.7 £ 0.1, 1330.6 + 0.4, and 1330.6 & 1.1 cm™* for C from
1072 to 10~ >° M, respectively. The error bars indicate the results
of more than 5 different separately prepared samples. Fig. 2d
shows the concentration dependence of the frequency. A linear
correlation between w and C (w = 1348.3 + 1.6log[C]) is
observed at C > 107 '® M. However, w at C = 10~ '° M displays
a subtle downward trajectory as the concentration decreases,
further illustrating that the samples exhibit single-molecule-
level features at C = 10~ '° M and that significant aggregation
begins to occur only when the concentration increases to
greater than 107 '° M.

Single-molecule-level detection of vibrational dynamics

We turned to investigate ultrafast dephasing and vibrational
relaxation dynamics of vno,. The dephasing dynamics can be
probed by SFG free induction decay (SFG-FID) measurements
which has been demonstrated to be an effective method for
gauging the interaction between a chemical group and its
environment (a scheme for SFG-FID spectroscopy is shown in
Fig. S2c¢t).2%'"%* Fig. 3a illustrates the dephasing dynamics at
several typical concentrations. More comprehensive spectra are
detailed in Fig. S9.1 The absence of oscillatory features in the
SFG-FID spectra confirms the noninterference of o, with other
vibrational modes within the probed region, signifying that the
spectra solely represent the vyo,-environment interaction. The
SFG-FID curves were fitted to acquire information on the
dephasing time (tgp) by the procedure outlined in earlier
studies, and the fitting equations are presented in the ESI.1>*>*
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Fig. 3 (a) SFG-FID spectra and (b) ppp x'? decay of vyo, for C =1072,
107%,1071°, and 1072° M. (¢) 1¢ip and (d) T; are plotted against C. 1072,
107%,10719,1072% M, and the symbol “C" represent the concentration
of the solution that was used to prepare the SAMs.

Fig. 3c reveals a diminution in tgp with decreasing C, with tgp
values of 0.82 £ 0.02 ps and 0.33 & 0.01 ps corresponding to
10> M and 10 *° M, respectively. 1z serves as an index of the
coupling strength between a molecule and its environment, and
is modulated by factors such as the phonon modes of
substrates, surface ligands, and solvent interactions.*® Earlier
study indicated that the influence of the concentrations on the
orientation of the SAM with an immersion time of 12 h is quite
small.*® The contribution of orientation to the coupling between
molecule and substrate should be negligible. Herein, the main
cause is the coupling between vno, and the metal substrate
phonon.> It has been indicated that the molecular adsorbates
on metal surfaces dissipate energy through the energy exchange
with substrate phonons.”” As a result, more substrate
phonons participate in the energy dissipation of each »xo, mode
as the interfacial density of NTP molecules decreases.

Fig. 3b shows the effective SFG strength (x*) decay of No,
for typical concentration. Vibrational relaxation dynamics
comprise information on the potential energy surface and
relaxation dynamics along the chemical reaction pathway,
which is essential for the microscopic understanding of inter-
facial molecular processes, especially surface reactions (a
scheme for broadband IR pump/SFG-probe spectroscopy is
shown in Fig. S2dt).°*° Because SFG detects the interfacial
population number of a vibrational ground state (v,), excitation
of vyo, from v, to the first vibrational excited state (v;) reduces
the SFG intensity.>>*® Due to the nanocavity-enhanced vibra-
tional excitation proportion of »yo, we can observe clear
bleaching, as shown in Fig. 3b.®”%® After bleaching, the relaxa-
tion of the »; state to the intermediate state leads to a gradual
recovery of the intensity. The ultrafast vibrational dynamics of
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vno, €xhibit biexponential decays with a high percentage of
a fast component (7y) and a small percentage of a slow
component (T,). T; arises from the population transfer among
different modes, while T, is mainly attributed to the intra-
molecular vibrational relaxation in combination with a nonadi-
abatic relaxation originating from the excitation of electron-
hole pairs (EHPs) in the Au substrate and Au nanoparticles.**”
As detailed in Table S3,f T, remains relatively invariant at
approximately 10 4+ 2 ps, indicating consistent coupling
between the molecules and EHPs. However, T; exhibits signif-
icant variation with C. Ty is 0.7 + 0.1, 1.0 £ 0.1, 1.2 £ 0.2, 1.3 +
0.2,1.44+0.1,1.6 £0.3,1.6 £ 0.1,1.6 £ 0.1, 1.9 + 0.4, 1.7 + 0.1,
2.2+ 0.3and 2.2 + 0.4 ps for C=10"2,10"3,10"*, 107, 107°,
107%,107'%,107", 107,107 "%, 10 "® and 107>° M, respectively.
The increase in T; is attributed to the reduced efficiency of
intermode energy dissipation because the strength of inter-
molecular decoupling increases as the concentration decreases.
A recent report indicated that molecular decoupling is the
initial step of a chemical reaction and the likelihood of a reac-
tion escalating with increasing intermolecular decoupling.”™
Therefore, a longer T; signifies an elevated probability of
chemical reaction.”

Further evidence for single-molecule-level detection

With the NPoM-SFG-VS protocol, the vibrational frequency (w),
dephasing time (zpp) and vibrational relaxation time (T;) of vno,
at the single-molecule level were determined to be 1330.6 +
1.1 em™ %, 0.33 £ 0.01 ps, and 2.2 = 0.2 ps for vno , respectively.
These results can be further verified by mixing NTP and p-
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Fig. 4 (a) The ppp SFG spectra in the NO, stretching region. (b) SFG-
FID spectra of vo,. (c) The ppp x*? decay of vNo,- (d) The w, (€) trp, and
(f) T, are plotted against Rytp.

Table 1 The values of w, trp, and T vary with the Rytp
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mercaptobenzonitrile (MBN). The nitro percentage (Ryrp) Was
controlled by preparing mixed SAMs (C = 10~> M) using ethanol
solutions of NTP and MBN with molar ratios (m) ranging from
10:0 (100% NTP) to 0:10 (0% NTP) (Ryrp = e/ (Mnrp +
mypn)). Mixing of different thiol molecules is a common
procedure to change the degree of coupling of the target
molecule.*”* Mixing of NTP and MBN has been used to obtain
the single-molecule-level NTP behavior. SERS and X-ray photo-
electron spectroscopy (XPS) results have verified that the NTP/
MBN mixture is relatively homogeneous and no phase separa-
tion was observed.” The SFG spectra in the 1250-1700 cm ™ *
range (Fig. S111) display three distinct peaks at 1335-
1346 cm ™Y, ~1570 cm ™! and ~1582 cm ™!, which are attributed
to vno,, the aromatic C=C stretching mode of NTP (vc—c, nrp),
and the aromatic C=C stretching mode of MBN (vc—c, men);
respectively.*>”* The proportional change in SFG intensity of the
Ve—c, ntp and ve—c, mpn Modes illustrates the effectiveness of
the dilution strategy. Fig. 4a—c show the ppp SFG spectra in the
NO, stretching region, SFG-FID spectra of vyo, and ppp x®
decay of vyo,. Using the same procedure, we determined the
values of w, tpp, and Ty of vno,. The results are given in Table 1
and Fig. 4d-f. It is evident that the values of w, tgp, and T; all
vary significantly with the Ryrp. Strong linear correlations
between the values and Ryrp were observed. Linear fitting for
these correlations in Fig. 4d-f yields an extrapolated value of
w = 1333.5 cm’l, Tep = 0.33 ps, and T; = 2.3 ps at Ryrp = 0.
These values are in good agreement with those determined
using ultralow concentrations, further validating the structure
and dynamics measurements at the single-molecule level.
These findings underscore the efficacy of our approach in
capturing the structural and dynamical properties of molecules
at interfaces with single-molecule-level resolution.

Single-molecule-level detection of microzone using
NPoM-SFG-VI

Fig. 2d and 4d indicate that the peak frequency is strongly
related to the local concentration. Therefore, the peak shifts can
serve as spectroscopic indicators of the microzone molecular
density. The peak shifts have been used for microscopic
“imaging” and to measure disorder and distance between
molecules.***”* Here, we employed NPoM-SFG-VI to visualize
the distribution of interfacial microzone concentrations (Cy).
NPoM-SFG-VI setup uses a geometry in a collinear configuration
(Fig. S3t). A total of 1681 spectra were collected in a space of 120
um x 120 um with a space resolution of 3 pm. The spectra were
then fitted using eqn (S1)t to extract the microzone frequency
(wn) and microzone peak strength (xp®). The image was then
constructed using the values of wy and Cy. Cy is estimated

Rurp 100% 90% 70% 50% 30% 10%

o (em™Y) 1345.1 4+ 0.4 1343.6 + 0.4 1340.8 + 0.1 1338.5 + 0.3 1336.8 + 0.6 1335.1 4+ 0.4
e (PS) 0.82 + 0.02 0.78 + 0.08 0.69 + 0.02 0.55 % 0.04 0.46 + 0.01 0.40 + 0.01
T, (ps) 0.7 0.1 0.8 +0.2 1.1 + 0.2 1.6 £0.2 1.9+ 0.1 2.140.2
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Fig. 5 Images constructed with the vno, frequency (a and c) and its
corresponding surface microzone concentration (Cy) (b and d). (a) and
(b) Sample prepared with C = 1072 M; (c) and (d) sample prepared with
C = 1078 M. The symbol “C" represents the concentration of the
solution that was used to prepare the SAMs. sml: single-molecule level.

— 1348.
using the relationship (log[CM] = round {0)1\4176383}>

determined by Fig. 2d with C > 10~ '° M. Here, round refers to
the rounding function. Fig. 5 shows the microzone frequency
and surface microzone concentration for the C = 102 and
10°® M samples. The 107> M sample exhibits a relatively
uniform Cy; distribution because the entire gold film is almost
completely covered with molecules. In contrast, for the 10 ° M
sample, some areas had Cy higher than 10~® M, while some
areas had Cy of = 107" M, with a peak frequency of
=1333.2 cm ™, indicating that the molecules in this area were
distributed at the single-molecule level. Although the Cy
distribution spans a wide range for the 10~® M sample, the
average o for this sample is 1335.0 cm ™", agreeing well with the
results presented in Fig. 2d. Notably, the SFG intensity at
different microregions depends on the hotspot strength and
there is no definite correlation between the local microzone
concentration and the SFG intensity. Therefore, mapping using
SFG intensity did not allow us to discern the distribution of the
interfacial microzone molecular density. NPoM-SFG-VI displays
a strong ability to extract detailed spectroscopic information
from microregions, aiding in analyzing microregion differences
in spatially confined materials.

Conclusion

In this study, we have successfully demonstrated the ability to
probe the structure and ultrafast dynamics of individual mole-
cules at interfaces using NPoM-SFG-VS. By utilizing NTP in
plasmonic nanocavities as a model system, we demonstrated
the detection of structural and dynamical features from
samples containing as few as ~60 molecules. We determined
the dephasing time (tg;p) and vibrational relaxation time (7;) of
Vno, at the single-molecular level for the first time and eluci-
dated the effect of intermolecular coupling on these dynamical
properties. The tgp and T; of vyo, at the single-molecule level

© 2025 The Author(s). Published by the Royal Society of Chemistry
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were determined to be 0.33 £ 0.01 ps and 2.2 £ 0.2 ps,
respectively. These findings provide unprecedented insights
into single-molecule behavior and lay the foundation for
advancing the field of single-molecule reaction dynamics. The
developed techniques, NPoM-SFG-VS and NPoM-SFG-VI, hold
immense potential for applications in chemistry, physics,
molecular biology, and superresolution microscopy. In partic-
ular, NPoM-SFG-VI demonstrates a robust ability to obtain
detailed spectroscopic information from microregions, even at
ultralow concentrations. Visualization of microregion concen-
tration distributions can provide valuable insights into the
spatial heterogeneity of chemical reactions and the behavior of
molecules at interfaces.

Methods

Materials and sample preparation

4-Nitrothiophenol (NTP, >95%) was purchased from Aladdin. 4-
Mercaptobenzonitrile (MBN, >97%) was purchased from
Shanghai Haohong Scientific Co., Ltd. n-hexane (=99.7%) and
ethanol (=99.7%) were obtained from Sinopharm Chemical
Reagent Co., Ltd. All of the chemicals were used as received.
Ultrapure deionized (DI) water was purified by a Milli-Q purifi-
cation system.

The samples were prepared by the following method: first,
a clean smooth gold film (a 10 nm thick Cr layer was evaporated
onto a rotating silicon wafer, followed by a 100 nm thick Au
layer) was soaked in the target molecular solution (in ethanol)
overnight to obtain a well-assembled SAM. NPoMs were made
by dispersing gold nanoparticles (Au NPs) on Au-SAM. Au NPs
were synthesized according to previous work.” The NP diameter
was approximately 55 nm. Then, the target molecules were
covered with a layer of closely packed AuNPs using the Lang-
muir-Blodgett (L-B) method.””®

SFG-VS experiments

All the SFG experiments were all conducted utilizing a home-
built time-resolved SFG-VS setup with a time resolution of 100
fs. The information about the detailed instrument parameters
can be found in our previous publications.***"777%

For the SFG-FID instrumentation,* it was required to remove
the pulse shaper device for the 800 nm visible light in the
frequency domain spectral measurement system and to change
the visible light into femtosecond light as well. The area of the
spectra obtained at each delay time is used as the signal
intensity of the time-domain spectra, and the delay time cor-
responding to the highest point of the signal is set as the time
zero point.

For the IR pump-SFG probe time-resolved SFG instrumen-
tation, the pump-on and pump-off SFG signals were controlled
by chopping the pump IR using an optical chopper and were
split by a galvo mirror and imaged onto different rows of the
CCD chip. According to the ratio of the processed pump-on and
pump-off spectra for the corresponding delay time, the pop-
ulation information at a certain delay time is determined. The
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detailed procedures of fitting and data analysis have been
described in our published studies.*>”
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from the corresponding author upon reasonable request.
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