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Text S1. The detailed description of the functionalization process of RITC molecules on the
substrate surface via isothiocyanate-amino reaction.

In this work, the dye molecules are covalently functionalized onto the surface through isothiocyanate-
amino chemistry (49). The number of dyes attached on the surface is controlled by both NH> group
density and concentration of rhodamine B isothiocyanate (RITC), as shown in fig. S1. In detail, this

purpose was accomplished via two steps:

1. Modification of NH2 group onto SiO: surface.

To obtain an extremely low concentration of dyes on surface, an amino density of 1%o was achieved
by using a mixture of triethoxypropylsilane (TEPS) and aminopropyltriethoxysilane (APTS), where
the TEPS/APTS ratio is ~1000/1 (vol/vol). It has been reported that the density of amine group of
silane monolayer is ~3 nm (50), which indicates the number density of NH> group in our work was ~

0.003 nm™.

2. Functionalization of RITC onto surface via isothiocyanate-amino reaction

RTIC molecule has a terminal isothiocyanate (N=C=S) group, which can react with an amine
compound (a nucleophile), such as APTS, to form an isothiourea bond. In addition, a small amount of
N, N-diisopropylethylamine (DIPEA) was added to maintain a weak alkaline environment, where the
amino groups are mainly unprotonated. This isothiocyanate-amino reaction is one of the classic
protocols in bioconjugation, which has been widely used for functionalizing silica surface and labeling
proteins with fluorescent probes (49). Therefore, RITC was covalently functionalized onto the surface
via isothiocyanate-amino reaction with APTS. The thiourea linkage, the covalent bond between RITC

and amino group, is strong enough to prevent diffusion of RITC under the experimental conditions.

On the other hand, in the cases of non-covalent bond RITC (e.g. hydrogen bond or physical absorption),
the interactions are weak and the molecules may diffuse on the surface. However, in this work,
substrate was thoroughly washed with high polarity solvent (e.g. ethanol), to guarantee the removal of
the undesirable weakly adsorbed RITC molecules. Therefore, the RTIC dyes remained on the substrate
were stably anchored on the silica surface through the covalent isothiourea bond, which is important

for our single-molecule experiment.

Because a nanomolar concentration of dye is typically used for single-molecule spectroscopy (6, 20),
a ~0.02-0.1 nM RITC ethanol solution was then used for the functionalization of fluorescent probe

onto surface. Considering side reactions and reactant loss under such ultra-low concentration



conditions, the yield of the isothiocyanate-amino reaction is assumed to ~50% (the possible losses
induced by the absorption of dyes onto the back and sides of Si(111) wafer substrate is not considered).
In this work, a 2.5 cm % 2.5 cm wafer substrate was immersed in a RITC bulk solution (~3 mL), the
number density of RITC on the nanocavity substrate is ~3-14 x 107 dyes per square nanometer for a

dye solution concentration of ~0.02 to 0.1 nM.
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fig. S1. Schematic of the dye-functionalization process.
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fig. S2. Experimental set-up for SM spectroscopy.
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fig. S3. Representative plasmon-enhanced SM fluorescence emission spectroscopy of RITC. (A)
Average Plasmon-enhanced SM fluorescence emission spectrum of a single RITC molecule in a
nanocavity substrate constructed with the 10-nm shell Ag SHINs. The SM event corresponds to the
intensity trajectory shown on the right of Fig. 1A. (B) Corresponding color-coded contour plot of time-
dependent emission spectra, spectral acquisition time = 50 ms. For a higher SNR, a Savitzky-Golay
filter was used to smooth the spectra.
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fig. S4. Intensity distribution and enhancement simulations of single-molecule spectroscopy on
10-nm shell Ag SHINs substrate. (A) Emission intensity distribution of SM spectroscopy using10-
nm shell Ag SHINSs substrate, where the black curves represent the Gaussian fit. (B) and (C), Simulated
electric field and Raman enhancement distributions of 10-nm shell Ag SHINs substrate using FEM

calculation.



fig. S5. High-resolution transmission electron microscopy (HR-TEM) characterization of SHIN.
HR-TEM images of Ag SHIN with (A) 2-nm and (B) 10-nm silica shell. The scale bars in both A and
B are 50 nm.
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fig. S6. Comparison between plasmon-enhanced emission spectra of a single RITC molecule and
ensemble RITC. Plasmon-enhanced emission spectrum of a single RITC molecule (red curve) and
ensemble RITC (blue curve). SM spectrum corresponds to the data shown in Fig. 2D. The intensities
have been scaled for comparison.
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fig. S7. Two more representative SM spectra with Raman vibrational features. (A) and (C)
Average SM emission spectra of RITC. (B) and (D) represent the corresponding emission intensity
trajectories.
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fig S8. Time-dependent intensity correlation between Raman peak and corresponding
fluorescence background of the SM event shown in Fig. 3. (A) and (B) corresponds to Raman peaks
at 1654 and 1519 cm! shown in Fig. 3A. For a higher SNR, each data point corresponds to an
accumulation of 10 spectra and the red lines represent the linear fit.
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fig. S9. DFT calculations of Raman and fluorescence spectra of compounds I and III. (A)

Experimental and calculated resonant Raman features of structure I and III. (B) Calculated
fluorescence spectra of compounds I and I1I.
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fig. S10. Molecular orbitals for structure I (A), I1I (B), and IV (C).



A B 1658 cm™’

1539 cm™! M
Structure | N\h Mﬁb
\
A \

5 Structure IV =] W v MMNM%M Structure |
. ! © 1
E - li "M-MW 1656 cm™ MW'WMWWM

> P 1 ’
P = 1526 cm |
E % i
e = w"‘m‘w' il A\
£ - I ]
,lei' W \‘rf.,l Structure IV
W Mkl
W' LT TR R RY
.v,J‘1-,~a,¢\'l-¥i'i‘\u‘;l'|ﬂlJ ~,"-.‘""Lﬁ.'rﬂ"“l y WAL anlr‘lﬁnﬂ‘l'i w'ij'fl\‘\',m.‘m”ﬁ
0O 5 10 15 20 25 30 35 500 1000 1500 2000 2500 3000 3500
Time /s Raman shift/ cm™’

fig. S11. Reproducibility of SM study of photo-induced cleavage reaction of a single RITC
molecule. (A) Emission intensity trajectory of a single RITC, where the spectral acquisition time is 50
ms. (B) Average spectra of single-molecule spectroscopy of RTIC during ~27.4-27.75 (structure I) and
28-28.4 s (structure IV). These spectra represent the structural transformation of structure I to IV, which
corresponds to the time-dependent intensity changes denoted by the arrows in (A). For a higher SNR,
a Savitzky-Golay smooth was applied to the spectra.
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