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Section I. Fluorescence and Raman scattering processes in a molecule
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Supplementary Fig. 1: Schematic illustration of various processes ensuing photoexcitation in a molecule. a,
The energy alignment of various vibrational modes associated with the ground (g) and excited (e) electronic
states. b, ¢, d, Depiction of fluorescence (FI), Raman scattering (RS), and resonance Raman scattering (RRS)
processes in the molecule, respectively. The blue upward arrows indicate the tunable laser exciation, the black
wave arrow indicated the vibrational relaxation, The red downward arrows indicate the fluorescence processes,
and the blue downward arrows indicate the Raman transitions. The relative intensities of different transitions
are symbolized by the thickness of the downward arrows. e, Schematic description of vibrationally resolved
resonance Raman scattering processes involving, the v, (left panel) and vy, (right panel) vibrational modes of
the ground electronic state, g. Numerals, 0, 1, 2... represent the quantum numbers of the various vibrational
modes (e.g. vi or vy;) in the two electronic states. The molecule is initially in the vibrational ground state before

the laser excitation.

Many processes ensue after the photoexcitation of a molecule. We start by considering the interaction of the
light with the quantized electronic and vibrational levels of a single molecule, which is simplified as the energy
levels as shown in Supplementary Fig. 1a. The electronic ground and the excited states are marked by g and e,
respectively. The vibrational levels in the two electronic states are denoted by vy and ve. Here, three light
interaction processes are considered: fluorescence (FI), Raman scattering (RS), and the resonance Raman
scattering (RRS).

In the fluorescence (FI) process as depicted in Supplementary Fig. 1b, an incident photon excites the system
to one of the |v,, e) levels. The system can redistribute the excess vibrational energy among its various modes
by internal conversion or by exchanging energy with its environment to reach the bottom of the excited
electronic state, i.e., |0, e). This state can then generate the fluorescence emission by the radiative transition to

the ground electronic state. Several emission pathways are possible as indicated by red downward arrows. If
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the geometry molecule is similar in the ground and excited electronic states, the most intense transition (thick

arrow) happens between the |0, e) and |0, g) states.

In the Raman Scattering (RS) process, the incident light is inelastically scattered by interacting with a
vibrational mode of the molecule. The process can be sketched with the incident photon absorbed to a virtual
state and then re-emitted with a lower energy, as shown in Supplementary Fig. 1c. For simplicity we consider
only Stokes processes, which are relevant for the current experiment. Multiple Raman scatterings are possible
and the energy loss of the scattered light depends on the energy of the excited vibrational modes. The Raman
scattering probability is usually very low, as symbolized by the thin downward green arrows in Supplementary
Fig. 1c.

The Raman scattering cross-section can increase dramatically if the incident light is resonant with an electronic
transition in the molecule. This phenomenon is depicted in Supplementary Fig. 1d, where the incident light is
resonant with the electronic transition between the |0, g) and |0, e) states. This electronic transition is also
called the 0-0 transition, because it involves the vibrational ground states of the g and e electronic states. In
this case, all the Raman modes coupled to the excited state are enhanced, as symbolized by the thick downward

green arrows.

The energy of the incident light can be tuned to be resonant with the |0, g) and |v;, e) states, as shown in the
left panel of Supplementary Fig. 1e. While all the Raman scattering processes from |v;, e) towards |vy, g),
lvib9), 1vim 9) ... are possible (thin downward green arrows), the one towards the |vy, g) state will be
dramatically enhanced (thick downward green arrow) because of the dominance of the Frank-Condon factor
(vy, e|vy, g), provided that the geometry of the molecule in the electronic e and g states is not very different. A
similar scenario involving the |vy;) vibrational mode is depicted in the right panel of Supplementary Fig. 1e,
when the energy of the incident light is tuned to be resonant with the |0, g) and |vy;, e) states. Due to the narrow
Raman linewidths in the single-molecule spectrum, distinguishing the resonance Raman transitions from
different vibronic transitions is possible, as sketched in Supplementary Fig. 1e. Hence, by modulating the
photon energy of the incident light, it is possible to selectively populate a specific vibrational mode in the
ground state. In the vibrationally resolved resonant Raman scattering processes, different laser excitation
photon energies will result into different enhancement factors of the Raman scattering rates. In all the cases,
the most prominent Raman scattering occurs between identical vibrational modes in the two electronic states
(thick green arrows in Supplementary Fig. 1e), i.e. when their energy difference will be almost identical to that

of the fluorescence transition (thick red arrow in Supplementary Fig. 1b).
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Section Il. Density functional theory calculations

Atomistic calculations have been performed with the Gaussian 16 program package'. We carried out
unrestricted all electron calculations using the B3LYP functional?® and the 631G(d,p) basis function. The
resonance Raman spectroscopy (RRS) calculations have been carried out taking into account the excited state
involved in the transition as implemented in the Gaussian 16 package®*. We have conducted the simulations
for both the H,Pc and the HPc™ molecules, and the results for the HPc™ molecule are described here in detail.

We optimized the geometry of the molecule in the ground state, obtaining also the vibrational spectrum. The
Raman intensities of the ground electronic state are also obtained during this step. The ground electronic state
of the HPc™ molecule is characterized by a flat geometry, as shown in the left panel of Supplementary Fig. 2.
The vertical electronic excitation spectrum and transition dipole moments at the ground state geometry were
calculated within a TD-DFT approach obtaining up to the 20" transition (see Supplementary Table 1). This
procedure allowed us to identify the electronic transitions with nonzero oscillator strength. The S1 and S2
excited states correspond to the experimentally electronic states named Qx and Q,>®. In our case, the relevant
excited state is the singlet state S1 (the third overall excited state, highlighted in red in Supplementary Table 1),
which contributes to the fluorescence peaks in Fig. 1b of the main text. A geometry optimization was then
performed for the molecules in the excited electronic S1, using the ground state geometry as the starting point.
We first found a transition state, with one imaginary frequency in the vibrational spectrum, characterized by a
flat arrangement of the atoms (S1-I in Supplementary Fig. 2). A further optimization of the geometry, with
adding little displacements to the S1-I configuration, leads to the equilibrium configuration in the excited state

(S1-F in Supplementary Fig. 2), which is characterized by a bent geometry.

Supplementary Table 1: HP¢ vertical transitions at the ground electronic state geometry.

Ex. State | EX. State # | Spin mult. | Energy (eV) | Energy (nm) | Oscillator Strength
Tl 1 3 1.2364 1002.8 0
T2 2 3 1.2926 959.22 0
S1 3 1 2.1365 580.3 0.3634
S2 4 1 2.156 575.07 0.3677
T3 5 3 2.414 513.61 0
T4 6 3 2.4279 510.67 0
T5 7 3 2.6629 465.6 0
T6 8 3 2.7088 457.7 0
S3 9 1 2.83 438.11 0
S4 10 1 2.8359 437.2 0.0001
T7 11 3 2.8755 431.17 0
T8 12 3 2.8902 428.98 0
T9 13 3 2.9519 420.02 0

T10 14 3 3.003 412.87 0
T11 15 3 3.0066 412.37 0
T12 16 3 3.1949 388.06 0
T13 17 3 3.2201 385.03 0
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S5 18 1 3.2202 385.02 0.1869
T14 19 3 3.245 382.07 0
S6 20 1 3.2965 376.1 0.1772

In the resonance Raman scattering calculation we took into consideration both the S1-F and the S1-1 geometries
as intermediate states. In the cases of the S1-F configuration, the overlap integral between the vibrational
ground states gave very small values, due to the large differences in the geometries of the ground and the
excited state. For this reason, we continued our analysis using the S1-I configurations, neglecting the first
(imaginary) vibrational mode. The RRS calculation has been carried out within a time-independent approach,
as implemented in the Gaussian software, using various incident light frequencies. Since the S1->S0 transitions
are dipole-allowed, the calculation included the Frank-Condon terms only, while the second order Herzberg-
Teller terms of the dipole matrix element expansion were not included. We assumed a 40 cm* broadening for

the incident light and a 10 cm™* broadening for the scattered Raman signal in the calculations.
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Supplementary Fig. 2: Geometry optimization of the HPc™ molecule in the ground state (g, left panel) and
the S1 excited electronic state (central and right panels). The S1-I geometry corresponds to the atomic
configuration of the transition state, with one imaginary frequency; the S1-F geometry shows the equilibrium
configuration in the excited state. The C, N, and H atoms are rendered as black, Blue and Gray disks,

respectively.

Supplementary Fig. 3 shows the calculated resonance Raman scattering spectra for different photon energies
of the incident light. To ease comparison with Fig. 2a of the main text, the spectra are plotted with their x-axis
being the relative energy (in meV) with respect to the fluorescence emission peak in the range from —25 to
25 meV. Several peaks of different intensities can be clearly identified in the spectra. An apparent gradual shift

of the narrow emission peaks is observed upon increasing the photon excitation energy of the laser, which is

Page 5 of 11



consistent with the experimental observations. The intensity of the Raman peaks is greatly enhanced when
their transition energy approaches the energy of the 0-0 transition, whose spectral position is annotated by the
vertical dashed red line in the plot.
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Supplementary Fig. 3: Calculated resonance Raman spectra for different photon energies of the incident light.
The energy detuning between the incident photons and the calculated optical gap is annotated on the left side
of the spectra. The resonance Raman spectra are plotted with their x-axis being the relative energy (in meV)
with respect to the 0-0 transition (fluorescence peak) at 616.05 nm (red dashed line). The spectra are displaced

vertically for clarity.
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Section I11. Optical setup for the single-molecule spectroscopy
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Supplementary Fig. 4: Optical setup for the single-molecule spectroscopy. Both the CW laser centered at

633 nm and the ps-laser with tunable excitation wavelength can be used as the excitation laser beam. A flip

mirror is used to switch between the excitation sources of the CW laser and the ps-laser. DM: dichroic mirror.
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Section V. Comparison between the experimental and the calculated Raman spectra
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Supplementary Fig. 5: Comparison between the experimental TEPL spectrum from HPc™ molecule (red
curve) and the calculated Raman spectrum for the ground electronic state (blue curve). The TEPL spectrum is
adapted from Fig. 1 in the main-text, which was recorded with CW laser excitation (A ~ 633 nm and laser
power of 0.2 mW) atV=-1V, | =4pA, andt=10s. The most prominent vibrational peak comes from the
resonance Raman scattering, while the other vibrational modes are still visible in the tip-enhanced Raman
spectroscopy. The spectral resolution of TEPL spectra measured with CW laser excitation is estimated to be ~

15 cm™ (~ 2 meV), from the FWHM of the Raman peak (indicated by the green double arrows).
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Supplementary Fig. 6: Comparison between the measured Raman spectrum from the powder of H2Pc
molecules (gray curve) and the calculated Raman spectrum for the ground electronic state (red curve). The

Raman spectra were recorded with CW laser excitation (A ~ 633 nm and laser power of 0.2 mW).
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Section V. UV-Vis absorption spectrum of H>Pc molecules
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Supplementary Fig. 7: UV-Vis absorption spectrum of H,Pc molecules dissolved in Chlorobenzene solvent.
The concentration of the molecules in the solvent was ~ 0.1 mg/ml. The UV-Vis spectrum of H,Pc molecules
show two strong absorption regions, one in the UV region at about 300400 nm (B band) and the other in the
visible region at about 600700 nm (Q band), including the characteristic splitting of the Q band into Qx and
Qy transitions. The peak spectral positions of the Qyx and Qy bands are red-shifted in the UV-Vis spectrum with

respect to the single molecule TEPL spectrum due to the effect of the solvent.
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