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Experimental methods

Computational details

Electronic structure calculations were performed under density functional theory (DFT) and its
time-dependent extension (TD-DFT), as implemented in the Gaussian16 suite of programs,! at
the B3LYP/LanL2DZ and M06-HF/LanL.2DZ levels of theory. Vibrational wavenumbers and
normal Raman intensities of PQ?" were calculated with the B3LYP functional>* (Figures S1 and
S2). However, this functional cannot accurately predict the electronic properties of the charge
transfer states because it usually underestimates their energies. Instead, we carried out TD
excited-state calculations using the long-range-corrected M06-HF functional.>¢ The electron-
core potential LanL.2DZ basis set was used.”-1°

Normal Raman intensities (Figure S1) were estimated from the differential Raman scattering
cross sections using the equation:!!
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where Y0 and Vi are the wavenumbers of the incident light and the i normal mode, € is the speed

of light, h is Planck’s constant, kp is Bolztmann’s constant, I is the temperature, and S; is the
static Raman scattering factor provided by the B3LYP/LanL.2DZ calculations.

Raman spectra in resonance with a single excited state were computed using the well-known
relation'!
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where the intensity of a particular mode I; depends on its vibrational wavenumber Vi and

dimensionless displacement Aki. These resonant Raman intensities were computed using the

FCclasses3 code'? and the gradients calculated at the Frank—Condon point, which is usually
known as the vertical gradient or linear coupling model approach. Finally, the calculated spectra

were constructed from I; by convoluting the bands with a 10 cm™! full-width at half-maximum
(FWHM) Lorentzian.

The functionalized interface was modelled in the electronic structure calculations as Au,—X —
PQ?" supermolecules, where X~ is either [AuCl;]™ or [Au(CN),]” and Au,? are linear Au clusters



with different numbers of atoms n (3, 5, 7, 8) and different charges g (—1, +1 for odd values of n,
and 0 for n = 8) (see Figure S3 for some examples). The effect of the electrode potential on the
electronic structure of the interface was simulated through the g.ir = g/n parameter that modulates
the electron density on the Au,? clusters and would be the microscopic analogue of the surface
excess of charge of an electrode. To keep the metal-adsorbate interaction as similar as possible
among the molecular models, X —PQ?* systems were bonded to a single terminal atom of the
linear Au,? nanowires (Figure S3). Despite its simplicity, this methodology has proven useful in
analyzing the complex behavior shown by the SERS of benzene-like systems.!3-7

Au,—X—PQ? supermolecules were optimized in two steps. Au,/—X" binary systems were firstly
optimized with restricted symmetry (Cy, and C,, for [AuCly]™ and [Au(CN),]", respectively). In
the second step, PQ?" was added to the Au,—X" optimized geometries, maintaining the stick-like
structure of Au,? in each Au,—X-PQ?" system and enabling the remaining coordinates to be
relaxed. The final optimized structures correspond to X—PQ?" chemical species bonded to a
single atom of the Au electrode, therefore simulating X—PQ?" adsorbed parallel to the metal
surface, in agreement with the predicted flat orientation of [Au(CN),]™ on Au.!3
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Figure S1. Experimental (red, 785 nm excitation) and B3LYP/LanL2DZ calculated (black)
normal Raman spectra of PQ?" (unscaled wavenumbers).
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Figure S2. B3LYP/LanL2DZ calculated displacement vectors of the main normal modes
recorded in the normal Raman spectrum of PQ?" (unscaled wavenumbers). Ball-and-stick
molecular models are included for reference. The calculated frequencies and the assignment
according to Wilson’s nomenclature are also displayed. Note that all the relevant modes
correspond to symmetric combinations of two vibrations located in each aromatic ring.



Figure S3. Scanning electron microscopy images of Au nanopillar substrates.
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Figure S4. EC-SERS spectra of PQ*" (5 uM) in the presence of AuCl,/CI~ (1 mM/0.1 M) at
negative potentials of (a) —0.5, (b) —0.3 and (c) —0.1 V, showing bands of decomposition
products. (d) UV—VIS absorption spectra of pH indicator solution (product from EMD Millipore,
catalogue number: 1091750100) measured in phosphate buffer solution, hydrochloric acid (HCI),
potassium hydroxide (KOH) solutions and deionized water (DIW). The reference wavelength
used to monitor pH changes as potentials were applied was 625 nm. (¢) UV-VIS absorption
spectra of the four mentioned solutions of the pH indicator at a fixed wavelength of 625 nm over
time at constant potentials of +0.5, +0.3, +0.1, —0.1, —0.3 and —0.5 V applied for 60 s. The black
and red dashed lines represent the start and stop range of applied potentials, respectively. At —0.5,
—0.3 and —0.1 V, the absorption intensities abruptly increase when the potential is applied (0 s),
showing that the pH at the electrode surface increases because of oxygen reduction.
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Figure S5. Schemes showing the differentiated effect of molecular (anionic complexes) and
electrical (electrode potential) modulators in tuning the relative energies between the ground and
CT excited electronic states of nanopillar—AuCl,;—PQ?" (top) and nanopillar—Au(CN),—PQ?**
(bottom) interfaces involved in the photo-induced resonant CT processes.
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Figure S6. Examples of Au,9~X—PQ?" molecular models used in the theoretical calculations.
Left: Aus '=AuCl;—PQ?*" (gefr = g/n = —0.20 a.u.). Right: Aus"'-Au(CN),—PQ?*" (ger = +0.33
a.u.).
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Figure S7. Theoretical SERS-CT spectra in resonance with the metal-to-molecule CT excited
states (Figure 4) of Au,—AuCl;—PQ?*" and Au,%~Au(CN,)—PQ?" supermolecules calculated
from TD-MO06-HF/LanL2DZ results at different densities of charge ¢.;r = ¢/n (unscaled
wavenumbers).
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Figure S8. (a) Dependence of the TD-MO06-HF/LanLL.2DZ calculated energies of the metal-to-
PQ?" (full) and metal-to-AuCl,;~ (empty) CT excited states on the density of charge (g = g/n) of
the Au,?—AuCl,—PQ?" supermolecule. Example of the orbitals involved in the photo-induced CT
excitation of a single electron from the HOMO of the Au,? clusters (b) to the LUMO of paraquat
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Figure S9. (a,b) EC-SERS spectra of PQ?*" (5 uM) recorded at the OCP in the presence of
AuCl,7/CI~ (1 mM/0.1 M) before (red) and after (blue) an electrode potential of +0.1 V was
applied for (a) 4 s and (b) 60 s. Scanning electron microscopy images of the Au nanopillar
substrate: (c) as prepared and after +0.1 V was applied for (d) 4 s and (e) 60 s. The surface
morphology after 4 s of applied potential (when maximum enhancement of SERS was achieved)
clearly did not differ from the morphology of the original substrate, although the presence of new
small nanoparticles cannot be ruled out. The morphology after 60 s showed the formation of a
Au film layer on the nanopillar surface due to the reduction of AuCly~. If the surface
reconstruction and the existence of new generated nanoparticles contribute to enhancing the
signals, SERS intensities after the electrode potential treatment should be stronger than those
recorded before it was applied. However, SERS spectra recorded after potentials were applied
are weaker. This result implies that AuCl;~ reduction does not substantially contribute to the
SERS enhancement.
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Figure S10. EC-SERS spectra of (a) diquat (DQ?**, 5 uM) and (b) brilliant green (BG*, 5 uM)
without (red) and with (blue) the addition of AuCl;~ (1 mM) before and during (green) the
application of electrode potentials of +0.1 and —0.5 V in the cases of DQ?*" and BG",
respectively. The presence of AuCl,~ enhances the SERS spectra (blue) of DQ?" and BG*, which
are further amplified 3 and 12 times (green), respectively, under the applied potentials.
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Figure S11. EC-SERS spectra of 5 uM PQ?*" (red), 5 uM DQ?" (blue), and their mixture (brown)
in the presence of 1 mM AuCly™ (in 0.1 M NacCl) at +0.1 V. The vertical dashed lines represent
the characteristic paraquat peaks that do not overlap with DQ?* peaks.
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Figure S12. Averaged EC-SERS spectrum of 5 pM PQ?" in the presence of 1 mM AuCl;~ (in 0.1
M NaCl) at +0.1 V, calculated from 12 spectra measured independently from 12 different Au
nanopillar substrates (the shade indicates the standard deviation of Raman intensities). Relative
standard deviation with respect to the PQ?" peak at 1639 cm™! is +7.24%.
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