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Abstract

We present a computational approach for electrochemical Surface-Enhanced Raman Scattering
(EC-SERS). The surface excess of charge induced by the electrode potential (Ve;) was introduced
by applying an external electric field to a set of clusters [Ag,]? with (n,q) of (19,£1) or (20,0) on
which a molecule adsorbs. Using DFT/TD-DFT calculations, these metal-molecule complexes were
classified by the adsorbate partial charge, and the main V,;-dependent properties were simultaneously
studied with the aid of vibronic resonance Raman computations. Namely, changes on the vibrational
wavenumbers, relative intensities and enhancement factors for all SERS mechanisms: chemical or
nonresonant, and resonance Raman with bright states of the adsorbate, charge-transfer states and
plasmon-like excitations on the metal cluster. We selected two molecules to test our model, pyridine,
for which V¢; has a remarkable effect, and 9,10-bis((E)-2-(pyridin-4-yl)vinyl)anthracene, which is almost
insensitive to the applied bias. The results nicely reproduced most of the experimental observations,
while the limitations of our approach were critically evaluated. We detected that accounting explicitly
for the surface charges is key for EC-SERS models and that the highest calculated enhancement factors,

up to 107-10%, are obtained by interstate coupling of bright local excitations of the metal cluster and



charge-transfer states. These results highlight the importance of nonadiabatic effects in SERS and the
capabilities of EC-SERS as a technique with potential to study excited state coupling by tuning the

CT and plasmon-like states by manipulating V;.

1 Introduction

Surface-enhanced Raman scattering (SERS) is nowadays a well established technique with great potential to
characterize physicochemical properties of molecules adsorbed on surfaces.' However, the high complexity of
the surface-adsorbate system has hindered the interpretation of experimental results with quantum chemistry
models. Semiclassical models have been able to uncover the origin of the electromagnetic/plasmonic enhance-
ment mechanism (EM),? but they could not provide a complete picture of other enhancement mechanisms
without a proper description of the electronic structure of the surface complex.?

Notwithstanding the challenging nature of the SERS phenomenon, impressive theoretical advances have
been carried out in just few decades after its discovery by Fleischmann, Hendra and McQuillan.* Amongst
many achievements, it is worth to highlight the SERS selection rules derived by Lombardi and Birke, by
incorporating Herzberg-Teller vibronic coupling into Albrecht expression of the transition polarizability, >
and methodological advances lead by Jensen group.” 2

Nowadays, there is a general consensus about the sources of amplification of the Raman scattering
differential cross sections and the enhancement factor (EF) order of magnitude associated with each contri-
bution. The weakest of them typically is the static or nonresonant chemical (CHEM) contribution due to
the molecular adsorption on the metal surface, with EFcggym ~ 10'-102. Next, the enhancement due to
photoinduced charge transfer (CT), with EFcr ~ 10'-10%, resonances with adsorbate bright states (RR),
EFpp ~ 103-10°% and finally, resonances with plasmonic excitations EFgy ~ 10%-108.' By combining
them, experimental EF's up to 10'* have been reported allowing for single-molecule detection* and soundly
establishing SERS as an ultrasensitive analytical technique. However, special care must be taken on the
experimental quantification of EF's to avoid misleading results. °

Despite this progress on the computation of SERS properties, we currently lack a general strategy to
model SERS systems. This is even more evident for the study of electrochemical SERS experiments (EC-
SERS), 6 where the metal surface on which the molecule adsorbs is used as an electrode, resulting in an
electrified interface. EC-SERS can provide very useful information about the effect of the applied electric
potential on the interaction between molecules and charged metal surfaces, a topic of high interest in fields
like electrocatalysis or surface science. %7 However, incorporating the surface excess of charge generated by

applied potentials (V,;) in atomistic models is very challenging because V;; is a parameter of macroscopic



nature. Several computational approaches for V,; in combination with DFT and TD-DFT calculations
have been proposed based on average density of charge on a set of small clusters, '® external electric fields, ™
semiempirical methods, 2 partial charges on adsorbates?! or electrolyte-based models. 2? All of them coincide
on modulating the electronic structure of the metal cluster by different means so that the charge injection
by adsorbate is favoured or hindered.

Theoretical investigations in EC-SERS usually focus on studying the photoinduced metal-molecule CT
mechanism by reproducing the changes on the relative intensities as V,; varies, because V,; can manipulate
very efficiently the energy of the excited CT states of the surface complex. As a result, other interesting
properties are generally pushed into the background, like the estimation of EF's and the subtle change
of the vibrational wavenumbers with V,;, the so called Vibrational Stark Effect (VSE).23 VSE provides
direct information on the electronic structure of the surface complex, but also allows to study intermolecular

24,25

interactions in supramolecular systems and it is of interest in many fields like surface science, enzymatic

catalysis2® or molecular electronics. 27

To the best of the our knowledge, no computational model for EC-SERS has been able to simultaneously
reproduce the three main properties that can be quantified in EC-SERS experiments, namely the voltage
tuning of spectral shapes, wavenumbers and EF's of the different mechanisms. In this paper we propose
a new approach for V; by describing the surface excess of charge with the combined effect of charged
metal clusters and external electric fields. The physical meaning for the charges is an electrified adsorption
site, while the electric field implicitly models the effect of charges near to where the molecule adsorbs. To
evaluate this approach, we studied two chemically related systems but with very different SERS behaviour
(see Scheme 1). Pyridine (Py) is an emblematic and widely studied molecule in SERS and its spectra

8 reason why it is very often

show a remarkable sensibility with V,; for both wavenumbers and intensities, 2
used to test theoretical models.®?82% On the contrary, the related derivative 9,10-bis((E)-2-(pyridin-4-
yl)vinyl)anthracene (BP4VA), is a much more complex molecule with extended m—conjugation which shows
RR processes using standard excitation lines in the visible. For BP4VA| the spectra are almost insensitive to
V,; and few changes are observed during EC-SERS experiments. 3 Therefore, these two molecules are good

candidates to evaluate the proposed computational model by estimating the three main fatures of EC-SERS

experiments: VSE, relative intensities, and EF.

2 Theory

As presented in Section 1, four enhancement mechanisms can be identified in SERS according to the nature

of the electronic states contributing to the transition polarizablity tensor a: i) nonresonant or static chemical
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Scheme 1: Chemical structures of the molecules pyridine (left) and 9,10-bis((E)-2-(pyridin-4-yl)vinyl)anthracene (right) studied
in this work.

enhancement due to the changes on the ground state polarizability when the scattering molecule adsorbs on
the metal surface (o Ea ), and resonance Raman processes with ii) states localized in the adsorbate (agrg),
iii) states localized in the metal (electromagnetic, agyr), or iv) charge-transfer states (acr).?'® Therefore,

the total transition polaribility tensor asgrs can be defined as:

asErs = acHEM + QRR + QoT + QM (1)

CHEM contribution can be computed in the Placzek approximation, which is valid for non-resonance
cases but can be extended also to resonances by invoking the short-time approach.” When the ground state is
well separated from the excited states, the Born-Oppenheimer approach can be safely applied, obtaining the
following expression for the Raman cross section of a vibrational mode p for perpendicular plane-polarized

light and collected at 90°:31:32
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Vs, and 7, are the wavenumbers of the incident radiation and of the vibrational normal mode p, while
h, €9, c and kp are Planck’s constant, the vacuum permittivity, the speed of light and Boltzmann’s constant,
and 7' is the temperature. S, = 45a;2 + 771’72 is the Raman activity,®' a pure molecular property which does
not depend on experimental conditions and is a function of the derivative of the mean isotropic polarizability
a, (also labeled as @, in the literature) and the derivative of the anisotropic polarizability -y,, both with
respect to the mass-weighted normal coordinates of mode p.3? The differential cross sections are usually

expressed in 1073° cm?, see Section 1.1 in the SI for details on units.



The resonance Raman intensities of mode p for contributions y = RR,CT, EM can be obtained by the

following expression: 32:34
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gp and d, are respectively the symmetric and antisymmetric anisotropic polarizabilities. Notice that

712, = gg + df) and that ap, g, and d, are the so-called polarizability invariants, which are functions of the

transition polarizability tensor components between initial ¢ and final f states agf, (p,o0 =x,, z), and are
independent of the molecule orientation with respect to the incident field (see Section 1.1 in the SI for their

full expression). In a time-independent framework, af?, for a Raman transition between vibrational states

po>

i and f can be calculated from the Kramers-Heisenberg-Dirac (KHD) formula for scattering: 3536

i1 pg ') ()

(098" |m*) (m*|pfon"9) ~ (n)9
b :

Wkm,gi — Win — ’Vyk Wkm,gi + Win — ’Vyk

(4)

where [nf9) and |n®9) are the initial 4 and final f vibrational states of the electronic state g, |m*) is
the m vibrational state of the electronic state k, u%k = (k|pg|g) is the f = z,y, z component of the electric
transition dipole moment (ETDM) between electronic states g and k, wm,gi = wi +wyr — (wg +w,9) and it
depends on the angular frequency of the electronic states g, k and their respective vibrational states vy, v;.
win 1s the angular frequency of the incident radiation and - is the damping factor of the electronic state k.

In the FC approximation u%k = ug,k(()) is constant and ignoring the non-resonance term Eq. 4 becomes:
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In these conditions a}jf, is simply a function of i) the p, o components of the ETDM, ii) the Franck-Condon
(FC) factors (nf9\m*) and (m*|n*9), and iii) the energy difference in the denominator. This is equivalent
to the resonance contribution of Albrecht A term.® Because the intensity is proportional to functions of
|a£f,\2, we can expect that bright states with large displacements along the normal coordinates should have
the largest contribution. On the other hand, pure CT transitions have usually dark character and vanishing
contribution in the FC approximation. Therefore, the role of vibronic coupling must be considered, that is,
B, C or D Albrecht terms. To properly include these effects, nonadiabatic approaches should be used but
these methodologies are only available for small systems. 3" Notwithstanding this, we can obtain a qualitative
prediction of which normal modes are enhanced by vibronic coupling using the perturbative Franck-Condon

Herzberg-Teller (FCHT) approximation because the modes with largest transition dipole derivatives are

expected to show also the strongest interstate coupling. 32



3 Computational Details

Electronic structure calculations were performed with Density Functional Theory (DFT) and its Time-
Dependent extension TD-DFT as implemented in the Gaussian16 code.3® The long-range corrected func-
tional CAM-B3LYP*° has been utilized to obtain reliable excitation energies for charge-transfer states, in
combination with Pople basis set 6-314+G(2d,2p)**42 for N, C and H atoms and the LANL2DZ core po-

tential for Ag. 4345 (

see section 1.2 in the SI for a small benchmark on the size of the basis). Non-bonded
interactions between the adsorbate and the metal complex were introduced with Grimme GD3 dispersion
corrections,*S and the charge on molecular fragments, i.e., metal cluster and adsorbate, were computed
with the CM5 model.*” See Section 1.3 on the SI for restrictions on the optimization of structures and the
displacement vectors of the relevant normal modes.

Nonresonant intensities, expressed as differential cross sections, were computed with Eq. 2 setting T
= 300K and the incident radiation wavelength to = 514.5 nm as in experiments.?®3° Resonance Raman
intensities for the metal-pyridine systems were calculated with the time-independent expression of Eq. 3 as
implemented in the code FCclasses3344%49 with the Vertical Gradient model®” in combination with the FC
and FCHT approximations for the ETDM. %152 To ensure convergence for BP4VA, much larger in size, the
RR spectra were calculated with an independent derivation of a time-dependent expression for the transition
polarizabilities, similar to what reported by Baiardi, Bloino and Barone,®3 and recently implemented in a
development version of FCclasses3.*® For each state, the RR spectra the incident wavelength was set equal to
its vertical energy in order to obtain an upper bound for the intensity of that state, i.e., Wim, gi = Win. When
several bright states were close in energy, the total spectrum was obtained by adding the contributions to ai:f,
components before computing the intensity to take into account interference effects. Such ai:f, components
were computed by setting the energy of the incident radiation equal to the excitation energy of most intense
state for all the close-lying states. Normal modes of the metal cluster were projected out of the vibrational

space, 7459

and the damping factor hy, was set to 800 cm~! (~ 0.1 eV) as reported in the literature for
pyridine.?? This parameter has been related to the strength of the metal-adsorbate interaction,®® therefore,
the same value of 7, was utilized for BP4VA because it also attaches to the metal surface through a pyridyl

group. All stick-line transitions were convoluted with a Lorentzian of half-width at half-maximum of 5(10)

cm™! for Py(BP4VA).



4 Molecular Model

The proposed model for the metal-molecule surface complex in EC-SERS is based on the [Aga]® tetrahedral
cluster studied by Zhao, Jenssen and Schatz?® to which we incorporated the effect of V,; in the electronic
structure. In a macroscopic perspective, V; modifies the surface excess of charge on the metal, resulting
in a reconstruction of the electrochemical double layer structure. Therefore, the adsorbate is subject to a
modification of the chemical and physical interactions originated by the surface charges. To introduce the
effect of the surface charges, we have considered two different approaches for a charged interface (Figure 1):
a [Agao]® cluster representing a neutral adsorption site under the effect of surface charges described as an
external electric field, or a charged adsorption site with charge ¢ = £1 in combination with external fields.
To conserve the computationally convenient singlet configuration, a silver atom on the opposite side to the
binding site was removed in order to minimize its impact on the electronic structure of the complex, resulting
in the [Agi19Al]?, ¢ = £1, A = Py, BP4VA, set of complexes. We considered the two adsorption sites studied
in Ref. 29 — center of the face (S-complex) or vertex (V-complex) — to which we added the effect of V,; to
evaluate the effect of local environment. The discussion here presented focus on the S-complexes, whereas
V-complex results are shown in the SI.

The Coulomb potential generated by the electrified interface is modeled with an external electric field
of magnitude |F| applied perpendicularly to the adsorption site of the surface complex. The magnitude
|E| qualitatively mimics the density of surface charges in the proximity of the adsorption site. This surface
density of charge is related to the difference between V,; and the potential of zero charge of the electrode
(Vpzc), for which the surface is neutral. On the other hand, E direction accounts for an excess of positive
or negative surface charges. The supramolecular complex was oriented in such a way that +|E| favors the
injection of electrons from the adsorbate to the metal cluster and —|E| hinder it (see Figure S4). Therefore, 1)
the [AgaoA]° complex with no external field would correspond to Vpzc, ii) [AgioA]t +|E| and [AgaoA]° +|E)|
set of clusters model a situation where V,; > Vpze, a positively charged surface, and iii) [AgigA]™ — |E|
and [AgooA]® — |E| correspond to V., < Vpzc, a negatively charged surface. In both cases ii) and iii) we
considered the possibility of a neutral or charged adsorption site with the [AgooA]® £ |E| and [AgioAlY +|E)|

(¢ = £1) complexes, respectively.
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Figure 1: Molecular model for SERS proposed in this work (S-complexes). The charges on the adsorption site are explicitly
included while an external electric field applied along Z-direction reproduces the effect of nearby surface charges.

5 Results

5.1 Microscopic analog to V,

The comparison of computed EC-SERS spectra with experiments is not trivial because a parameter must be
defined to represent V,; in the calculations, see SI for further details. To correlate the results obtained for
clusters with different number of atoms and total charge, we selected the total charge on the adsorbate, g,
as microscopic analog for V,;. For the adsorbates selected, the interaction with the metal surface arise from
the charge injection of the nitrogen lone pair. This charge injection depends on the type of atom to which
the adsorbate is bound (vertex, center of face, etc., see SI) and it is modulated by both ¢ and FE.

Figure 2 shows the charge of pyridine gp,, in the S-[Ag19Py]" +|E|, S-[AgaoPy]|® +|E| and S-[Ag19Py]™ —
|E| series of complexes under a range of electric fields E' (see Table S1 for the values). In all cases, gp, and E
are linearly correlated, although the negatively charged S-complexes show a slightly larger slope. Notice also
that i) the neutral systems can cover a large range of ¢p, without observing changes on the oxidation state
of the adsorbate or dissociation of the complex and ii) explicit charges have a remarkable impact, shifting
gpy vertically +0.05-0.07 a.u. when a positive or negative charge is added or removed to the metal cluster.

These results suggest that it is possible to relate the smooth trends observed for EC-SERS recorded at



different V¢; to a series of g4 values obtained from several [Ag,A]? £ |E| complexes with (n,q) of (19,+1)
or (20,0) in combination with different magnitudes and directions of E. Noteworthy, the same g4 can be
reached by different models. For instance, both S-[Ag19Py]T + 10 and S-[AgooPy]° + 60 complexes have
qpy ~ 0.11 a.u., while for S-[AgaoPy]’ — 60 and S-[Ag19Py]™ — 10 ¢p, = -0.01 a.u. By comparison with the

experimental results we can select which combination of ¢ and E is more meaningful.
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Figure 2: Dependence of the charge of pyridine gp, on the external electric field E for S-[AgioPy]™, S-[Ag20Py]® and
S-[Ag19Py]~ complexes. CAM-B3LYP-D3/6-31+G(2d,2p)/LANL2DZ level of theory.



5.2 Pyridine
5.2.1 Vibrational Stark Effect: Dependence of vibrational wavenumbers on V;.

The EC-SERS spectra of pyridine in silver electrode are characterized by few bands (see Figure S1).2857 Here
we focus on the a; vibrations that are SERS active: ring stretching (8a, Wilson notation for benzene-like
normal modes®®), CH bending (9a), ring deformation (18a), ring trigonal deformation (12), ring breathing (1)
and ring deformation along the binary axis (6a), with experimental Raman shifts of 1590, 1215, 1067, 1033,
1005 and 622 cm ™!, respectively. See Figure S5 for displacement vectors of these vibrations, while animations
can be found in ST of Ref 28. Figure 3 shows the experimental and calculated Raman shift dependence for
S-complexes. Three regions can be distinguished from the experimental EC-SERS data (values against
Ag/AgCl/KCI (sat) reference electrode):?® from 0.0 V to -0.4 V the Raman shifts are roughly constant
(region A), from -0.5 V to -1.0 V they show a linear dependence with V,; (region B) and finally, from -1.1
V to -1.4 V the dependence is also linear but with a smaller slope than in region B (region C). Notice that
mode 18a shows the opposite behaviour for regions A and B, i.e, linear and constant, respectively.

gpy ranges from -0.05 to 0.15 a.u. for the selected set of complexes, and nicely reproduces the Raman
shift ranges and dependence on V,; for all the vibrational modes except for 9a, whose possible sources of
disagreement are discussed in the SI. Region A is well described by the positive S-[Ag19Py]T + |E| clusters
as well as by the neutral S-[AgaoPy]® + |E| complex with positive fields of E = 60, 40, 20 (in 10~* a.u.),
both models show little sensitivity to ¢p, between 0.13 and 0.08 a.u (see 8a or 12 modes in Figure 3, for
instance). However, calculated shifts for modes 1 and 6a show larger dependence on gp, than experiments
do on V. Experimental region B is also well reproduced by the S-[AgaoPy]? + |E| model with E = +20, 0,
-20 and -40 (in 10~% a.u.), except for mode 18a which shows a small slope in the calculations while remains
almost constant experimentally. Finally, the results for the negatively charged S-[Ag19Py]™ — |E| complex
reproduce well the smaller slope of region C recorded from -1.0V to -1.4V. These results are in line with what
reported in Ref. 28 for the charged clusters model and that provided the correct qualitative behaviour but
the ranges were overestimated. The new results presented in Figure 3 are almost in quantitative agreement
for most of the vibrational normal modes, which is a notable improvement with respect to other models.

Notice that shifts for the S-[Ag2oPy] —60 model with gp,=-0.01 a.u. are out of the trend for most of the
cases, while the results of the S-[Agi9Py]™ — 10 complex with similar ¢p, seem to fit better (see Table S1).
This suggest that very negative fields on a neutral adsorption site may have no physical meaning because
the clusters over the metal surface still behave as conductors or semiconductors. Therefore, once the number
of surface charges represented by the magnitude of E is large enough, the adsorption site becomes charged

as well. According to our results, the best combination of clusters to reproduce the experimental VSE of Py

10



would be the all the considered [AgioPy]™ + | E| set of clusters, [AgooPy]® & |E| with fields +20,0, -20 and

-40, and the [AgioPy]|™ — | E| series.
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Figure 3: Raman shift electrode potential dependence of the main a; normal modes of pyridine.

1

The Y-axis represents
The calculated Raman

the experimental (left) and calculated (right) Raman shift, and in all cases the range is 22 cm™1'.
shift range is selected to fit as best as possible with the experimental results. The X-axes show the experimental electrode
potential applied (bottom) and the calculated charge on pyridine (top). Calculated results for S-complexes. CAM-B3LYP-
D3/6-31+G(2d,2p)/LANL2DZ level of theory. Excitation wavelength of 514.5 nm for experiments, data from Ref. 28.

The quite good agreement between experimental and calculated SERS vibrational shifts allows us to dis-
cuss some electrochemical properties. According to our results, the neutral surface model [AgsPy]® would
correlate to Vg = -0.6V, slightly shifted towards more positive voltages than in macroscopic experiments on
bare polycrystalline silver electrode where Vp ¢ ranges between -0.7 V and -0.9 V.59 This small positive dif-

ference can be due to the adsorption of pyridine, which is a donor ligand and the injected charge can partially

11



neutralize the surface excess of charge, resulting in a shift of V,; to more positive potentials. Therefore, in
the following it is assumed that in the specific conditions of the discussed SERS spectra of pyridine adsorbed
on a roughened electrode, Vpzc ~ -0.6V. Although a direct comparison of microscopic properties obtained
with atomistic models and the macropscopic V; must be taken with caution, this qualitative correspondence
is interesting because electrochemical estimations of Vpzc are challenging experimentally. 59

Similarly, our results suggest that the adsorption site, i.e. the SERS "hot spot”, may become negatively
charged for V,; ~ -1.0V in this specific experimental set up, justifying the change on slopes from region B
to C discussed before. In the range between -0.6V to -1.0V our model suggests that the adsorption site is
neutral although there is a negative excess of charge on the surface. This hypothesis is also supported by
experimental observations on silver electrodes for molecules more weakly attached to the surface. Pyrazine

61,62 desorb from the metal surface for V,; values similar

or anionic adsorbates like carboxilic acid derivatives,
to what here proposed, about -1.0V. These results highlight once again that EC-SERS is a very powerful
technique in surface science and its combination with electronic structure calculation can provide valuable

information to study the complex electrochemical phenomena taking place in charged surfaces.

12



5.2.2 Spectra and enhancement factors

Nonresonant Raman spectra are analyzed in the ST and the results nicely reproduce some of the most relevant
experimental features. Our estimates for EFogpy are of 1.2 to 2.0 with respect to isolated pyridine and
fall in the range previously reported in the literature: a factor of 2-4 for S-[Agg]® and twice this value for
V-[Agao]®. 2

Next, we studied resonances with specific states of the systems. Pyridine local excitations are very high
in energy (>6 eV)% so we focused on the other two mechanisms, EM and CT. In the atomistic model
here proposed the EM contribution arises from bright states localized in the metal cluster. In Figure S10
we represented the oscillator strength of all the electronic transitions of the S-complexes. For most of the
neutral and positively charged clusters there are only three strongly absorbing states in the region 3.6-3.8
eV, while for negatively charged clusters and neutral ones with strong and negative fields, many bands have
similar oscillator strength, so a larger number of states must be considered. This is due to the mixing of
bright local excitations of the metal with CT states.

In Figure 4 we compared experimental SERS spectra and calculated RR spectra of bright states for
matching pairs of V;; and ¢p, according to the vibrational wavenumber trends showed in Figure 3. For
instance, the S-[AgaoPy]° cluster is related to V; ~ -0.6V. A systematic discussion of relevant states for all
models is given in Section 2.4 in the SI. A detailed analysis of the calculated EC-SERS spectra is challenging
and, therefore, the discussion will be organized according to the total charge of the cluster ¢ and direction
of E, starting from the complexes with larger ¢p,.

Firstly, for most of the positively charged S-[AgioPy|™ + |E| complexes shown in Figure S14, the EM
spectra are dominated by bright plasmon-like excitations on the metal cluster polarized in the Z-direction
(state S51). These spectra resemble their NR counterparts and agree with the experimental results for
the corresponding V;; except for the enhancement of mode 6a, limitation that has also been observed in
other works using the [Agog]® cluster and ascribed to the small size of the cluster with respect to true
nanostructured electrodes or nanoparticles.?® Secondly, for [AgzoPy]® + |E| clusters and also S-[AgaoPy]°,
the calculated EM spectra greatly differ from the NR and the corresponding experimental spectra (see Figure
S12). The discussion on these discrepancies is extended in the SI, but it is apparently related to the small
changes on Py electronic density for these states. Thirdly, some of the [AgaoPy]® — | E| set of clusters predict
a large enhancement at 1680 cm~! (1600 cm™! in experiments), in agreement with the experimental region
-0.7V to -0.9V associated to them. Finally, S-[Ag19Py]™ —|E| clusters reproduce very nicely the experimental
features in the range -1.1 to -1.3V and matched with their calculated NR, i.e., strong intensity for bands 1

and 9a, and small intensity for modes 12 and 8a (see Figures S26), although the intensity of fundamental
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Figure 4: Experimental SERS (left) and calculated FC|VG resonance Raman spectra for the bright states (right) for matched
values of V,; and gp,. Notice that each panel has different Y-axis scale. On each row, the selected experimental and calculated
systems showed similar values for the Raman shifts in Figure 3. The calculated spectra account for interference effects when
several bright states were close in energy, see SI for individual spectra. Stick lines were convoluted with a Lorentzian of HWHM
=5cm~!. All E in 10~% a.u. CAM-B3LYP-D3/6-31+G(2d,2p)/LANL2DZ level of theory. Experimental data from Ref. 28
with excitation line of 514.5 nm.
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6a is overestimated for these models like in the positive region. Therefore, in overall terms, the proposed
computational model manages to reproduce the experimental trends observed in EC-SERS for most of the
Ve range except for V; &~ -0.5V for S-complexes.

Another relevant SERS parameter that can be extracted from Figure 4 are the FF's. The calculated
NR of isolated pyridine showed differential Raman cross sections in the order of 10731 cm?/sr (see Figure
S1). Therefore, our estimation for EFgys according to Figure 4 typically ranges 10*-10°, in agreement with
experimental observations. Noteworthy, the complex S-[Agi9Py]~ shows largerEFg); of 10° and this is
discussed below.

The calculated spectra for this complex is the result of adding the contribution of two bright states.
The two states have identical spectral shape but different intensity because of the ETDM magnitude (see
Figure S27 and Table S4), therefore, it suffices analyzing one state. Figure 5 shows the natural transition
orbitals% (NTOs) for some selected states with large resonance Raman intensity, while the discussion of the
main NTOs of the bright states for all the studied complexes is given in Section 2.4 of the SI. Noteworthy,
about 40-50% of these states have a clear CT component as the virtual orbital is mainly localized in Py: for
S-[Ag19Py]™ S69 the virtual orbital resembles to Py LUMO, of By symmetry, with some minor contribution
in the metal cluster. Differently, for S-[AgaoPy]" —40 S67 the virtual orbital is Py LUMO+1, of A5 symmetry.
Therefore, we label these states as CTy and CT; states, respectively. These spectra agree well with what has
been previously reported in the literature,®2? and the main difference between CTy and CT; is the lack of
intensity on 9a band, see SI. The relative intensities calculated under resonance with the CT( state show the

characteristic triangular-like spectral shape which has also been detected in experiments on Ni electrodes. 5

S-[Ag,sPy]*+30 S51 S-[Ag,sPy]-20 571

Figure 5: Natural transition orbitals (NTOs) for selected states with large resonance Raman intensity for the S-complexes.
The weight of each pair of NTOs transition is showed over the arrows. All E in 10=* au. CAM-B3LYP-D3/6-
31+G(2d,2p)/LANL2DZ level of theory. Isosurface of 0.02 a.u.

Interestingly, other states with large E'F's for positively and negatively charged clusters also show some
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partial CT character (see Figure 5 for some examples and Figures S15-S18, S28-S31 for the full set of mixed
EM/CT states of S-complexes): for S-[Ag19Py]™ + 30 S51 with EFgy ~ 105 (and also in other positively
charged S-complexes), the occupied orbital is delocalized and involves Py HOMO, while the virtual orbital
is mostly localized on the metal cluster suggesting a partial molecule-to-metal CT character. Finally, for
negatively charged clusters many of these states show metal-to-molecule CT character involving instead
Rydberg-type molecular orbitals on Py (see S71 of S-[Agi9Py]™ — 20 in Figure 5 for example, EF ~ 10°),
explaining the different spectral shapes with respect to CTy and CT; states: while the resonance with
these two CT mainly enhance mode 8a, for Rydberg-type CT transitions the strongest bands are 1 and 9a.
Surprisingly, the RR spectra for these two mixed EM+CT states closely resemble to the NR of the same
cluster which can be approximated to the spectral shape of the EM enhancement mechanism, except for the
enhancement of mode 6a. This means that for these particular complexes both EM and CT spectral shapes
would be similar and both contributions would reinforce one to each other.

Therefore, the results here presented suggest that the largest E'F's are achieved by synergy between
the EM and CT contributions. In fact, since these hybrid states are bright, the large EF's can be readily
understood from Albrecht A term showed in Eq. 5 and reproduced below for convenience:

2
k(0) i 91 (o [
Ioclafg|® = & (0)7505;(0) > (n/:9|m") (m*n")

(6)

— Wkm,gi — Win — 1k

Under resonance conditions, wrm, gi — win = 0 and the denominator is roughly fixed by ;. Then, the
transition polarizability components simply depend on the components of the ETDM and the FC factors.
To achieve large intensities two conditions are required: i) the state must be bright because of the ETDM
dependent factor and ii) large displacements along the normal coordinates with respect to the FC structure
are needed. However, fulfilling simultaneously both conditions is in the general unattainable except for
bright states localized in the adsorbate (RR mechanism): plasmon-like states in the metal can be very
bright but they have small FC factors along the adsorbate degrees of freedom because the electronic density
mainly changes on the metal cluster. This means that there is no shift between the ground and excited state
potential energy surfaces along the adsorbate normal coordinates and, according to the harmonic oscillator
selection rules, the second factor on Eq. 6 vanishes for Raman scattering. On the contrary, CT states have
very large FC factors but their ETDM are close to zero because of the small orbital overlap. Therefore, only
in this intermediate regime where the plasmon-like excitation and the CT are mixed it is possible to obtain
large amplifications of the intensity through the A term, which dominates for these bright states.

It is worth to mention that this mixing of CT and plasmon-like states is simply the description of excited

state coupling by adiabatic methods like TD-DFT when electronic states are very close in energy. This is
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typically observed for bright states in excitonic systems and molecular aggregates and it is known that
a localized picture with diabatic methods is more appropriated to analyse these effects, ¢ suggesting that
further methodological advances are necessary to completely describe the SERS-CT enhancement mechanism.
At the same time, these results highlight that EC-SERS can be an ideal technique to study nonadiabatic
effects both experimentally and computationally because the energy of the CT can be manipulated at will to
couple and decouple them with bright states. This kind of electronic coupling due to the interaction among
excited states is different to the vibronic coupling associated to normal coordinates described by the selection
rules derived by Lombardi and Birke.® However, our results agree with their conclusions that all sources of
the resonance Raman intensity in SERS, namely, EM, CT and RR, are not independent one of each other but
coupled, and that the maximum SERS enhancements are in the vicinity of the surface plasmon, represented
as localized excitations on the metal, and CT resonances.® Noteworthy, although in the cases here presented
the source of coupling is different and the full system has no symmetry, we observed that in general only
the totally symmetric fundamentals acquire intensity though the Albrecht A term above discussed, in line
with the SERS selection rules. Some exceptions are found for S-[AgsoPy]® and S-[AgaoPy]® — 20, on which
8b band also acquires remarkable intensity. As shown in Figures S23 and S24, this is due to the lack of
symmetry and the mixing of Py and [Agao]® orbitals.

In the SI we qualitatively analyze the contribution of other Albrecht terms by including Herzberg-Teller
coupling, and these results show that additional intensity can be expected for the a; modes. Note that the
absolute intensities cannot be trusted because the perturbative approach breaks down when the states are
nearly degenerate. However, Herzberg-Teller can provide information on which modes are expected to gain
additional intensity from the borrowing mechanism, although EF's cannot be estimated.

To conclude, we can only provide a rough lower bound for EFc7 of about 103-10%. This is obtained
by comparing the EFgj; when there is no coupling with the CT states, of 10% according to Figure 4 for
systems like S-[AgooPy]® + |E|, with the mixed EFgy o7 of 10%-107 showed by S-[AgigPy]~. This value
for EFcp agrees well with what reported in the literature, %7 although our estimates miss the contribution

from vibronic coupling.
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5.3 9,10-bis((E)-2-(pyridin-4-yl)vinyl)anthracene (BP4VA)
5.3.1 Selected bands and Vibrational Stark Effect

Next, we tested our computational model with BP4VA, a more complex molecule with a very different EC-
SERS behaviour than Py and whose spectral relative intensities were previously studied by some of us.?°
Here we studied VSE effect and the estimation of E'F's, while in the SI we also show the NR and RR spectra.
Vibrational wavenumbers and intensities are almost insensitive to Vg; and BP4VA possesses a bright local
excitation on the visible range, allowing us to estimate FFrpr. In Figure S53 we reproduce the NR of the
solid at 1064 nm and the experimental SERS at V; = -0.6V. The most intense bands are a triad in the region
1500-1700 cm ™!, whose relative intensity changes with the excitation wavelength,3? and several other bands
are observed in the range between 900-1500 cm ™!, see Figures S6 and S7 for the assignment of the 12 modes
selected here. Notice also that this molecule can show different stable conformers with very similar energy;
however, their spectroscopic properties were found to be almost identical for different relative positions
of the substituent on the anthracene moiety.3? Therefore, we simply selected an anti arrangement for the
(pyridyn-4-yl)vynyl substituents with respect to the anthracene plane and discussed only S-complexes. We
considered the cases |E| = 0, 10 when ¢ = &+ 1 and |E| = 0, 20, 40 for ¢=0, all E in 10~* a.u., see Sections
S3.2 and S3.3 for details.

BP4VA is a much more complex system and differently to Py, the spectral bands may arise from the
contribution of several fundamentals because of the dense manifold of vibrational states. Therefore, for our
study of VSE we selected the most intense and better resolved experimental bands, namely, vynyl C=C
stretching (Vy C=C str., 1627 cm~1!), pyridyl C=C stretching or 8a (Py C=C str., 1603 cm™!), anthracyl
C=C stretching (Anthr. C=C str., 1555 cm~1!), pyridyl and vynyl in-plane hydrogen bending (Py + Vy
H-bend., 1200 cm™1!), anthracyl in-plane hydrogen bending (Anthr. H-bend., 1175 cm~!) and anthracyl
out-of-plane hydrogen bending (Anthr. H-OOP, 475 cm~!). While we focused the discussion on these six
modes, for completeness another six vibrations are presented in the SI (see Figure S7 and Section S3.2).

Because of the larger number of vibrational modes (144) and lack of symmetry on the system, we can
expect that some of them are close in energy and mix differently as we modify E or the total charge q.
Therefore, to isolate VSE from Duschinsky mixing, we took as reference the vibrational modes of the S-
[AgooBP4VA]Y cluster and computed the frequencies of these modes on all the other systems (see Section
S1.6).

Figure 6 shows the potential-dependent wavenumbers of the selected bands. Our results accounting for
Duschinsky effects reproduce very nicely the lack of sensitivity of the Raman shifts with V.; (¢ggpava on

calculations) for Vy C=C str., Anthr. C=C str., Anthr. H-bend. and Anthr. H-OOP modes, and also the
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small changes on the Py + Vy H-bend. mode. Finally, the behaviour of the Py C=C str. mode is also
reproduced in reasonable agreement, although some minor deviations are found in the most negative region.
In general, the complexes S-[AgogBP4VA]°+40 are out of the trend for several normal modes, suggesting
once again that the charged clusters S-[Ag;9BP4VA]* with nearly the same gppay 4 (see Table S9) fit better
with the experimental trends. Namely, V,; between -0.1 and -0.2V would match with S-[Ag;oBP4VA]* while
Ve = -1.0V is in better agreement with the S-[Ag19BP4VA]~ system according to our results and in line
with what discussed for Py.

These results also suggest that VSE could have a very short range. Actually, only the nuclear motions
with some contribution on the pyridyl group attached to the metal cluster show some dependence with
Vei/qBpava while those mainly localized on further groups like vynyl or anthracyl are almost insensitive
to the electrochemical conditions. Such property is interesting and can be useful for the assignment of the
experimental bands on other complex systems, a task not always simple even with the assistance of electronic
structure calculations. However, this differentiated behaviour on the molecular groups can be due to the
limited conjugation between them in BP4VA because of its intrinsic flexibility,®? as the rotation of one group
with respect to the next neighbour partially breaks conjugation, and further analysis in other systems would

be useful to test this hypothesis.
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Figure 6: Raman shift electrode potential dependence of some BP4VA normal modes. The wavenumbers of S-[AgaoBP4VA]°
normal modes were projected into the other complexes with applied E and/or ¢, obtained by applying a Duschinsky trans-
formation. The Y-axis represents the experimental (left) and calculated (right) Raman shift, and in all cases the range is
22 cm~!. The calculated Raman shift range is selected to fit as best as possible with the experimental results. The X-axes
show the experimental electrode potential applied (bottom) and the calculated charge on BP4VA (top). CAM-B3LYP-D3/6-
31+G(2d,2p)/LANL2DZ level of theory. Excitation wavelength of 514.5 nm for experiments, data from Ref. 30
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5.3.2 Spectra and Enhancement Factors

BP4VA EC-SERS spectra are also almost insensitive to V,;. The results obtained with our model agree with
what previously reported with linear charged clusters and experimental results (see Section S3.4) and we
focus here on the estimation of EF's. In general, the most intense spectra is due to the bright local excitation
of BP4VA| i.e., RR mechanism. In some cases this state or the plasmon-like excitation of the metal mix
with CT states, providing spectra with similar intensity to the RR contribution.

We can estimate the E'F's by taking into account that the differential Raman cross section for isolated
BP4VA is in the order of 10729 cm?/sr (Figure 53). Since for the RR of isolated BPAVA do/dS) is in the
order of 10726 ¢m? /sr, this results in an EFrp ~ 103, in agreement with experimental observations in other
chromophores absorbing in the visible range.'® Qur EFgg for the metal-molecule hybrid systems shown in
Figures S57 in the SI are in the same order. For the mixed EM+CT states, we obtain EFgy4+cr ~ 105.
Therefore, in the most favourable case where all types of states (RR, EM and CT) are close in energy, EF
up to 10® could be achieved, although this value may change depending on interference effects that can be

either constructive or destructive.

6 Conclusions

In this paper we presented a computational model for EC-SERS and simultaneosly studied the three main
Ve.i-dependent properties: vibrational Stark effect (VSE), relative intensities of the SERS spectra and EF's
for each SERS contribution: chemical or nonresonant (CHEM) and resonance Raman with bright states
of the adsorbate (RR), charge-transfer states (CT) and electromagnetic or plasmonic (EM). The model is
tested with two molecules, one showing strong dependence on V,; (Py) and other with little sensibility to
Ver (BP4VA). The surface excess of charge induced in the metal by V,; was included in the calculations by
a dual approach. Charges on the adsorption site were explicit added as a positive or negative charge to the
metal cluster, while the effect of other surface charges was implicitly reproduced as an external electric field,
resulting on three sets of model complexes: [AgigA]* + |E|, [AgaoA]® & |E| and [AgioA]™ — |E|, with A
= Py, BP4VA. To be able to compare among them, we selected as microspcopic analog to V,; the charge
acquired by the adsorbate on each complex, ¢4, which depends on the total charge ¢ of the cluster to which
the molecule is attached and the magnitude and direction of the external field E.

The model reproduced very nicely the VSE in terms of ranges and V,; dependence (g4 in our model) for
the main spectral bands and allowed us to propose a qualitatively assignment of some electrochemical prop-

erties. Specifically, for the particular conditions of EC-SERS on silver electrode previously reported by our
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group 2830 it seems that Vpzc ~ —0.6V and for V,; =~ —1.0V the adsorption site apparently becomes nega-
tively charged. This is supported by other experimental observations like the desorption of weakly bonded

adsorbates for similar values of V,; in the same conditions, 6%-62

suggesting that valuable electrochemical
information can be obtained from EC-SERS studies. Nevertheless, to obtain more accurate estimations of
Vpzc the theoretical model must include also the effects of solvent and electrolyte.

The soft changes on the SERS relative intensities of Py with V,; were also predicted well by either
approximating the EM contribution to the SERS spectra to the NR of the metal clusters, or performing
resonance Raman calculations with bright states of the metal cluster. The latter allowed to reproduce
reasonably the ranges of V; 0.0 to -0.3V and -0.6V to -1.2V but some limitations are detected and ascribed
to the reduced number of Ag atoms in our clusters with respect to a true nanostructured electrode. The first
approach based on NR of metal-molecule complexes provides a simple tool to analyze EC-SERS spectral
shapes and identify possible resonances with specific states, like CT, by analysis of the differences with the
experimental EC-SERS. However, with this approach the estimation of FF's is not possible. On the contrary,
by analyzing the excited states of the metal-molecule system we identified that the coupling between bright
local excitations and CT states can provide very large EF's, up to 107 for Py. This interaction between EM
and CT states requires describing the electronic structure of the metal cluster at the quantum mechanical
level.

However, this coupling is only observed for very specific electrochemical conditions in our model because
of the small number of bright states on the tetrahedral cluster that can lend intensity to the dark CTs.
This is very different from true metallic nanostructures which possess a dense manifold of bright states. 6369
Therefore, it could be expected that the changes on the spectra with larger nanoparticles of less symmetry
should be smoother than in our calculations, where the bright states of the metal and the CT decouple
very fast and the calculated intensity falls down abruptly until another CT becomes closer in resonance
with the metal local excitation. In addition, to properly introduce the electronic and vibronic coupling in
the theoretical model, a nonadiabatic approach would be necessary but further methodological advances

37 or using low-dimensionality models.

are required because they were only reported for small systems,
Progress in this direction are in development.” As an estimate, we used the perturbative Herzberg-Teller
approach which suggested that further enhancement can be expected (but not limited to) a; modes of Py,
in line with SERS selection rules,® and previous studies. 7

For BP4VA, the EC-SERS spectra were dominated by the RR contribution due to a bright state of

the molecule (RR mechanism), as already discussed in the literature.3? Our results allowed us to estimate

a EFgp of 103. Mixed EM4CT states involving metal-to-molecule and molecule-to-metal processes were
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detected in our calculations with EFFgpyor = 103 — 10* and also RR+CT with molecule-to-metal charge
transfer of weaker intensity, EFgrp,cr =~ 10%, resulting from intensity borrowing of the bright state of
BP4VA to the CT. The different types of CT provided additional intensity for some spectral bands, mainly
those related to the pyridyl group like the experimental band ~ 1605 cm™!.

The computational model for EC-SERS here proposed can be readily extended to other type of ad-
sorbates with different type of anchoring groups, either monodentate like thiols or thioate,” bidentate as

4

carboxilates or amides,” or to different cluster shapes® providing a systematic approach to simulate EC-

SERS experiments. Nonadiabatic effects can be efficiently included in the model by using fragment-based

approaches, 7576

which permit to select the electronic states of interest and making feasible to use clusters like
those here presented and that have proved to be reasonably good models for SERS systems. 2?:57 In addition,
the results here presented show that EC-SERS can be of potential interest to study nonadiabatic effect due
to its capability to easily manipulate CT states energy at will both in experiments and calculations. Finally,
this model for V¢; in electronic structure calculations can be easily extended to metal-molecule-metal systems
under the effect of an the applied bias and study electronic transport in molecular junctions or tip-enhanced
Raman scatterig (TERS) with theoretical models already proposed in the literature, and of interest in fields

like electrochemistry or molecular electronics.”"""8
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Graphical TOC Entry

Vo q,EQ)

Computational model for EC-SERS. The electrode po-
tential V,; is reproduced by the charge of the adsorption
site ¢ and an electric field E representing the effect of
nearby surface charges Q.
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