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Abstract

Applied electric potentials tune SERS wavenumbers due to vibrational Stark effect, but some
modes of 4CNB" show two differentiated regions, being redshifted at more negative potentials
than the potential of zero charge of the electrode but remain unshifted at positive potentials.
DFT calculations have been carried out for a model where 4CNB is linked through the
carboxylate [Agn9-OOC(4CNB)]%! or the nitrile [Agn%-NC(4CNB)]%! to stick-like silver
clusters [Agn]® with different densities of charge (gest =g/n). The comparison between
calculated and experimental wavenumber shifts points out that 4CNB" is always adsorbed
through the carboxylate. The dual behaviour of the wavenumbers is due to the existence of
two types of electronic structure of the metal-molecule hybrid. Physisorbed (P-hybrid,
repulsive) or chemisorbed (C-hybrid, attractive) surface complexes are selected by the sign of
the surface excess of charge of the electrode. The electronic structure of weakly bonded P-
hybrid is very sensitive to the voltage and their wavenumbers are continuously shifted, while
the wavenumbers of the strong C-hybrid remain almost unshifted. This result proves the dual
nature of the electronic structure of molecules bonded to charged metal electrodes or
nanoparticles which can be responsible of the qualitative changes observed in electrochemical

or molecular electronics experiments.
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1. Introduction
Surface-Enhanced Raman Scattering (SERS) [1] is a very powerful spectroscopic technique
for detecting pollutants or molecules [2,3], even with poor solubility in water [4], at trace
level concentration due to the enormous enhancement of Raman signal when the systems are
located close to a nanostructured metal surface of coinage metals. SERS is also very useful
for studying metal-molecule interfacial phenomena involved in electrochemistry,
heterogeneous adsorption, catalysis or in corrosion processes [5,6], where all the properties of
the surface complex are determined by its electronic structure which is controlled by applied
electric potentials. SERS features, such as changes in the relative intensities and
wavenumbers as well as the broadening of the vibrational bands upon adsorption, provide
invaluable information at molecular level on the chemical species adsorbed, the interacting
functional group with the metal [7-11] or for monitoring surface reactions [5,12].
Much attention has been paid to adsorption studies of para-substituted benzonitriles on
different silver surfaces by using SERS and other vibrational spectroscopies [7,13-18]. 4-
cyanobenzoic acid (4CNBH) [7,13-15] is an interesting system because it is able to interact
with the metal through two functional groups with electron-withdrawing (nitrile group) and
electron-donating (carboxylate group) character. Moreover, nitrile can be bonded to the
surface via o donation from the electron lone pair of the nitrogen or via m donation,
companied by n* backdonation from the CN triple bond. Both kind of bonding would result
in blue and red wavenumber shifts of the very characteristic CN stretching band, respectively,
as it has been observed in organometallic compounds [19,20]. These two possibilities would
give end-on (perpendicular) and side-on (parallel) surface orientations, respectively. As a
result, contradictory conclusions about the surface orientation of adsorbates have been
reported even in the case of the simple cyanide anion [21]. For instance, blue-shifts of the CN
stretching band in some benzonitrile derivatives like (methylthio)benzonitrile [12] have been
explained on the basis of a flat orientation via both the sulphur atom and the nitrile group,
being in contradiction with the expected behaviour for a t=—complex.
Organic acids like 4CNBH absorbs ionized (4CNB") on nanostructured silver surfaces [7,13-
15] but, depending on different factors such as the nature of the metal substrate (colloidal
solutions [7,13], films, powders [13-15]) or other experimental conditions like the polarity of
the solvent [15], 4CNB" can be bonded with perpendicular orientation through one of the two
functional groups or lying flat, so that carboxylate and nitrile groups and the aromatic ring can
interact with the surface [13-15,22,23].



Many published SERS works have been focussed on the effect of the analysis of vibrational
features such as the broadening of the CN stretching band and the wavenumber shifts upon
adsorption. Scarce theoretical studies modelling the metal-4CNB- surface complex have been
performed. Only Perry et al. reported DFT calculations where a single silver ion located close
to each of the two groups [15].

In this work, electrochemical SERS spectra of 4CNB™ have been recorded on a roughened
silver electrode at different electrode potentials ranging from 0.0 V to -1.0 V. Electrochemical
experiments allow for monitoring the effect of the electrode potential in tuning the vibrational
wavenumbers, which is usually called vibrational Stark effect [24]. Experimental vibrational
wavenumbers have been correlated to those calculated from a theoretical model of 4CNB-
adsorbed on a charged silver surface, shedding light on the preferred adsorption geometry and
on the expected wavenumber shifts. In a recent study [25], two different theoretical
methodologies to simulate the effect of the electrode potential in the properties of the surface
complex have been compared by using metal clusters with different densities of charge or,
alternatively, by applying external electric fields. It was concluded that external fields are
unable to account for the experimental shifts while the methodology of simulating the applied
voltage through [Agn]® metal clusters with different densities of charge reproduces
satisfactorily the experimental vibrational shifts of pyridine [25]. This last strategy has been
applied to discuss the adsorption of 4CNB- on silver electrode on the basis of DFT
calculations. The results shed light on the controversy regarding the functional group that is
responsible of the adsorption and confirm, for the first time, the dual behaviour shown by the
shifts of the SERS wavenumbers of a polyatomic molecule under applied potentials already

observed in the case of the diatomic cyanide ion [21].

2. Material and methods

2.1 Experimental Section
4-cyanobenzoic acid (4CNBH) was purchased from Aldrich chemicals (USA) and used
without further purification. Electrochemical SERS experiments were recorded using a non-
commercial three electrode cell with a platinum counter electrode, an Ag/AgCI/KCI (sat)
reference electrode and a pure silver working electrode, which was firstly polished with 0.30
and 0.05 um alumina (Buehler, USA) and then electrochemically activated to obtain the
required nanostructured surface for strong Raman enhancement. SERS surface activation was
made using a 0.1 M Na2SO4 aqueous solution as electrolyte by keeping the electrode potential

at -0.5 V and then subjecting it to seven 2 s pulses at +0.6 V. A potentiostat model 600E (CH
4



Instruments Inc., USA) was used to control the electrode potentials. All aqueous solutions
were prepared using purified water supplied by a Milli-Q system (resistivity over 18 MQcm).

In order to avoid aggregation or the formation of dimmers as it occurs in most benzoic acids,
a concentration of 102 M/0.1 M aqueous solution of 4CNBH/Na2SO4 at basic medium,
pH=12, was used to record SERS spectra from 0.0 V up to -1.0 V by step of -0.1 V. A single
scan and 10 s exposure time were selected to avoid sample damage. The sequence of
spectroelectrochemical series of spectra was recorded several times showing good
reproducibility.

Raman spectrum of a 0.5 M aqueous solution of the acid at pH=12 (4CNB") and SERS spectra
were recorded by using a Renishaw InVia Qontor micro-Raman spectrometer (Renishaw,
UK) with 1 cm™ spectral resolution under 785 nm excitation. No evidence of electrochemical
reduction of the nitrile group has found at negative potentials contrary to what happen in
related aromatic nitriles [5,6]. An adapted objective (f:30 mm) to work in macro conditions
was used in spectroelectrochemical experiments. The laser power at the sample was 5 mW
and Wire 2.0 software (Renishaw) was used for spectral acquisition and manipulation.

2.2 Theoretical model and DFT calculations
The effect of the electrode potential has been simulated in theoretical calculations by using
linear metal-molecule complexes of 4CNB™ bonded to a terminal silver atom of closed shell
stick-like [Agn]® clusters with different sizes (n=3, 5, 7, 8) and charges (g =0 forn =8 and q
= £1 for odd n). In this way, the effective density of charge of the cluster is defined as gert=g/n
which ranges from -0.33 to +0.33 a.u. in the series of complexes. It has been previously

demonstrated that this range of Agett ® 0.66 a.u. corresponds quite well with the here

discussed range of electrode potentials AV = 1V [21,25,26].

Two different types of these bidentate chelating complexes have been considered, [Agn%-
OOC(4CNB) 1%t and [Agn?-NC(4CNB")]%?, given that 4CNB- is a bifunctional system able to
be linked to the metal surface through carboxylate or nitrile groups [11,27]. Figure 1 shows
the supermolecule models used in simulating the effect of the electrode potential on the
molecular electronic structure of the surface complex. All the geometrical structures of
isolated 4CNB-, [Agn]? clusters and their complexes were optimized for the respective lowest
singlet states under Czv symmetry. Standard spin-unpolarized Density Functional Theory
(DFT) calculations as implemented in the Gaussian09 suit of programs [28] have been carried

out for geometry optimizations and calculations of the corresponding harmonic vibrational



wavenumbers. B3LYP [29,30] and MO6-HF [31] functionals were employed with the
LanL2DZ basis set [32-34]. Although the long-range corrected MO06-HF functional
overestimates the computed vibrational wavenumbers in comparison with those calculated
with B3LYP, it has been selected in order to compare the results with those previously
published which were focussed on metal-molecule charge transfer processes [35]. Other
functionals or larger basis sets do not improve the accuracy of the theoretical predictions
concerning vibrational wavenumber shifts as it has been demonstrated in a previous work
[25].
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Figure 1. Supermolecules simulating the effect of the density of charge (gest=g/n) of the silver clusters on the

electronic structure of Agn?-4CNB- complexes bonded through the cyanide or the carboxylate.

Cav geometrical parameters of isolated 4CNB- agrees quite well with the crystallographic data
[36] (Table S1) and reproduces the shortening of the central C-C bond of the benzene ring
which is a common feature in para-substituted benzonitriles [37-40] due to the cooperative
interaction between the electron-withdrawing and electron-donating character of the two
substituents as it happens in para-substituted nitrobenzenes [39]. Crystallographic data of
neutral 4CNBH acid point out that the aromatic ring is slightly distorted from planarity, ca.
0.008 A, and that the carboxylic group is rotated 7.7° through the exocyclic C-C bond, while



the optimized DFT structure of this neutral species would show a planar Cs structure [41] with

similar bond lengths and angles than those of 4CNB” summarized in Table S1.

3. Results and discussion
3.1 Assignment of the Raman and Electrochemical SERS Spectra of 4CNB-

Figure S1 shows the Raman spectra of solid 4CNBH and of its aqueous solution in basic
medium (4CNB"). The potential-dependent SERS spectra of 4CNB" adsorbed on a roughened
silver electrode can be seen in Figure 2. The corresponding assignment of the Raman and
SERS bands is broadly in line with the previous reported [7,13,14] and has been performed
from DFT normal mode calculations (Table S2) visualized with the MOLDEN program [42].
The main SERS bands correlated well with those observed in the Raman of the aqueous
solution and the main lines correspond to totally symmetric A1 in-plane vibrations (Table S2).
Characteristic totally symmetric bands are recorded at about 1610, 1191, 848 and 762 cm™
being assigned as 8a;vring, 92;0(CH), 1;vring and 12;dring, respectively, according to the
systematic behaviour of the vibrations of para-disubstituted benzene derivatives [43]. Two
non-totally symmetric B2 modes are observed in the Raman spectra of the aqueous solution at
644 and 1416 cm™ and assigned to 6b and 19b fundamentals, respectively. The latter appears
as a shoulder of the 1388 cm™ band in the spectrum of the solution and could correspond to
the weak band recorded in solid at 1406 cm™. Finally, the out-of-plane ring-torsional
Wilson’s mode 4;tring,B1 recorded at 405 cm™ is the only non-totally symmetric vibration
recorded in SERS [43]. Only the SERS recorded at -1.0 V seems to show some weak bands
which could correspond to decomposition products [6], but the lines of the remaining SERS
spectra correlate well with the 4CNB™~normal modes.

Regarding the two functional groups, the very characteristic Raman band at about 2230 cm'?
is assigned to the CN bond stretching, v(CN). It is the second most intense band in the Raman
spectrum of the solution but becomes very weak in SERS. The strong relative de-
enhancement of this SERS band was already observed in the SERS of cyanopyridines [11]
and was tentatively explained on the relative orientation of the CN bond with respect to the
silver surface, depending on the substitution position of the nitrile [7,44,45], or to the
formation of the corresponding amide derivative [46]. This latter possibility has been
discarded in our SERS given that no bands related to the amide group have been detected.
According to the very popular surface propensity rules derived from the electromagnetic

enhancement mechanism of SERS [47,48] the very weak intensity of the v(CN) band in SERS



should be due to a parallel orientation of the C-N bond with respect to the metal surface, but
no main SERS bands assigned to out-of-plane modes are recorded. Moreover, the observed
wavenumber shifts due to the adsorption are only consistent with a perpendicular orientation

of 4CNB" in the whole range of electrode potentials.
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Figure 2. SERS spectra of 102 M/0.1 M solution of 4CNB"/Na;SO4at pH=12 recorded at different electrode

potentials using the 785 nm exciting line.



Concerning the carboxylate group, the Raman of the solution is characterized by sharp lines
except that recorded at 1388 cm™ which shows the mentioned shoulder at 1416 cm™. This is
the characteristic symmetric stretching vibration of the carboxylate, vs(COO"), which is
predicted at 1278 and 1384 cm™ from B3LYP and MO06-HF/LanL2DZ calculations,
respectively. B3LYP/LanL2DZ calculations underestimates the wavenumber of this mode as
was already detected in the case of benzoate [49], but it can be improved using larger basis
sets. For instance, a wavenumber of 1347 cm™ is calculated at B3LYP/6-31G* level. The
band appearing at about 1420 cm™ in the SERS has been assigned to vs(COOQ") according to
the shift predicted by the calculations and shows a shoulder in the red side which becomes
stronger at electrode potentials more negative than -0.5 V. These two bands have been
assigned to the same vs(COQ") vibration of molecules adsorbed with different type of

coordination as will be discussed in the last Section.

3.2 Vibrational Wavenumber Shifts Due to Molecular Adsorption on the Metal
Surface

The adsorption of a molecule on a metallic surface shifts the vibrational wavenumbers, which
can thereafter be tuned by the applied potential. Figure 3 shows the experimental differences
(Avadsexp) between the wavenumbers of the main modes v(CN), 8a, vs(COO"), 9a and 1
recorded in the Raman spectrum of the aqueous solution (vso) and in the SERS registered at -

0.5V (Vvsers,-0.5v):

AVads,exp = VSERS,-0.5V - Vsol

The electrode potential of -0.5 V has been selected as a reference to study the surface
adsorption and the tuning of the wavenumbers of the adsorbed molecule by the applied
potential. This particular voltage is the midpoint of the screened range of potentials and is
close to the potential of zero charge (Vrzc) of a polycrystalline silver electrode [50,51].
Experimental shifts Avadsexp are compared in Figures 3 and S2 with the respective theoretical
predictions (Avadsca) Obtained from the MO06-HF and B3LYP/LanL2DZ calculated

wavenumbers, respectively, for isolated 4CNB- (vacns-) and their complexes with neutral Agg®



silver clusters (v(ags-acng)) bonded through the carboxylate [Ags®~-OOC(4CNB)]*? or the
nitrile [Ags®-NC(4CNB)]* groups:

AVads,cal = V(Ag8-4CNB-)-1 - VACNB-

The largest experimental shift is shown by the band assigned to the vs(COO") mode (+32 cm’
Y recorded at 1388 cm™ in the Raman of the solution and at 1420 cm™ in the SERS at -0.5 V,
indicating that this group is responsible of the adsorption. The remaining vibrations are much
less shifted and in different directions. For instance, the shifts of modes 9a, 1 and 8a amount
to +8, +3 and -3 cm™?, respectively.

MO06-HF harmonic wavenumbers calculated for both [Age®-OOC(4CNB’)]?! and [Ags’-
NC(4CNB")]* complexes predict an opposite trend for the vs(COO") mode (Figure 3). The
main result is the large blue-shift of vs(COOY), +90 cm?, in the [Ags’~-OOC(4CNB)]*!
complex, and the small red-shift, -9 cm™, in the [Ags®-NC(4CNB")]* system. The remaining
vibrations much less much shifted depending on the type of complex. This result agrees with
the experimental behaviour, although the calculated shifts are overestimated as we have
detected in previous works where it was estimated a factor of ca. 3.5 [21,25]. Another cause

of disagreement is the solvation effect, which has not been taken into account in the

calculations.
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Figure 3. Effect of the adsorption on the experimental wavenumber shifts (Avadsexp = Vsers-05v - Vsol, blue) of the
most representative normal modes of 4CNB- and on the calculated shifts (Avadsca = V(ags-scng)-1 - Vacng-) at M0O6-
HF/LanL2DZ level of theory for [Ags’~-OOC(4CNB")]* (red) and [Ags®-NC(4CNB)]* (green) complexes.
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B3LYP/LanL2DZ results are very similar to M06-HF and do not improve the comparison
(Figure S2). MO06-HF and B3LYP/LanL2DZ results for the [Ag2>-NC(4CNB)]* complex
totally disagree with the experimental behaviour. M06-HF and B3LYP shifts of -9 or -19 cm™
are predicted for the vs(COO") vibration and, therefore, this kind of coordination must be

discarded.

3.3 Vibrational Wavenumber Shifts Due to the Applied Electrode Potential

Two general trends of the wavenumber shifts are observed in the SERS recorded at different
electrode potentials. The wavenumber of some bands as, for instance, those assigned to
vibrations 1 or vs(COO") remain almost constant at potentials more positive than -0.5 V but
are linearly redshifted when the voltage is made more negative. A similar trend, but with
much smaller amplitude, is also observed for the wavenumbers of the vibrational modes 9a,
v(CN), v(C-CN) or v(C-COOQ) ring-substituent fundamentals. On the contrary, the 8a mode
recorded at ca. 1608 cm™ is almost insensitive to the potential. Summarizing, SERS
wavenumbers 4CNB show a complex and dual behaviour already observed in the case of the
simple cyanide anion [21,52] where the wavenumber of the single CN stretching vibration
remained almost constant at positive potentials while was redshifted -25 cm™ at negative
voltages.

The wavenumbers recorded in the SERS at -0.5 V are considered again as a reference to

analyze the effect of the applied potential in tuning the vibrational wavenumbers:

AVV,exp = VSERS,V - VSERS,-0.5V

Given that the potential controls the surface excess of charge of the electrode, the
experimental Avvexp can be compared with the dependence (Aveefica) Of the calculated
wavenumbers on the density of charge (gert = g/n) of the linear Agn® silver clusters, which are
obtained by subtracting the calculated wavenumbers for charged [Agn%-4CNB7%?

supermolecules and those corresponding to the neutral [Ags®-4CNB] species:

AVvqeff,cal = V(Agn-4CNB-)g-1 - V(Ag8-4CNB-)-1
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Experimental Avvexp and calculated Avgetfcar Using MO06-HF and B3LYP functionals are
compared in Figures 4 and S3, respectively. The formation of the surface complex causes
charge donation from unshared electron pairs of the molecule to vacant orbitals of the metal,
making stronger the structure of the molecule due to the non-bonding character of the
transferred density of charge. Therefore, molecule-to-metal charge donation is responsible for
the blue shifts of the vibrational wavenumbers of 4CNB~ upon adsorption and, very
especially, of the vs(COO") symmetric stretching mode of the carboxylate which is directly
involved in the surface bonding. Metal-molecule interaction should be favoured at positive
potentials, when molecule and metal have opposite net charges and a larger amount of charge
should be transferred, but the complex will get weaker as the potential becomes more
negative. This is the reason of the redshifts shown by the SERS bands at negative potentials
as was already found in the electrochemical SERS experiments of pyridine [25] or cyanide

[21]. But the observed behaviour of the five selected modes shown in Figure 4 is very
different.
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Figure 4. Dependence of the experimental wavenumber shifts of the most representative normal modes of 4CNB-
on the electrode potential (Avvexp = Vsers,v - Vsers-05v, blue) and effect of the density of the charge of the Agn®

clusters (gesr) on the calculated shifts (Aviefrcal = Vagn-4cne)g-1 - Viags-acng)-1) at M06-HF/LanL2DZ level of theory
for [Agn3-OOC(4CNB)]%! (red) and [Agn%-NC(4CNB")]*! (green) complexes.
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The wavenumbers of vs(COO’) and 1 modes remain almost constant at potentials more
positive than -0.5 V but are strongly redshifted at negative potentials. The respective tuning
amplitudes are -14 and -11 cm™ while the remaining vibrations are much less sensitive to the
voltage. Amplitudes for 9a and v(CN) modes amount to -5 and -7 cm™, respectively, and the
amplitude of the 8a ring-stretching vibration is only -1 cm™. This last result is different to that
observed in a neutral system like pyridine [25] where the 8a;vring band showed the largest
amplitude of ca. -10 cm™* while the remaining bands were almost linearly shifted in the whole
range of potentials. Pyridine is bonded to silver nanoparticles through the electron pair of the
nitrogen atom, which is part of the ring and, therefore, the adsorption affects the strength of
the aromatic system, and the ring-stretching vibrations should be affected. Opposite, 4CNB" is
adsorbed through the carboxylate but this functional group is not involved in the 8a normal
mode. The internal coordinates of the carboxylate contribute to mode 1 whose wavenumber is
strongly dependent on the kind of benzene substitution [43] as well as on the ionization state
of the functional group [49]. This is the reason why vs(COQO") and 1 modes show the largest
dependences on the applied voltage and why non-sensitive fundamentals of para-substituted
benzenes, like vibrations 8a and 9a, remain almost unshifted.

The experimental behaviour is qualitatively reproduced by M06-HF calculations carried out
for the complex bonded through the carboxylate. M06-HF/LanL2DZ wavenumbers of [Agn%-
OOC(4CNB)]%?! remain almost constant at positive dert but are redshifted when gerr takes
negative values. The largest Avgefrcal is predicted for vs(COOY) (-75 cm™), while smaller
amplitudes are calculated for v(CN), 1 and 9a vibrations (-27, -30 and -24 cm™, respectively).
8a mode shows the smallest shift (-21 cm™) in agreement with the experiment. However, all
these amplitudes are overestimated again as it was already observed in the case of pyridine
[25] or cyanide [21] where the effect of gerr on the amplitude of the wavenumber shifts was
overestimated about 3.5 times with respect to the experimental SERS results.

A totally opposite trend is predicted for the [Agni-NC(4CNB)]%! complex bonded to the
metal through the cyanide. M06-HF calculated wavenumbers are slightly blue-shifted at
negative densities of charge of the clusters as can be seen in Figure 4, where the results for
0err=-0.33 a.u. have been not plotted because the [Ags-NC(4CNB)]? complex dissociates.
v(CN) and 8a modes are now blue-shifted +33 cm™ and +18 cm™, respectively, and very
small amplitudes are calculated for 9a and 1 vibrations (+4 and +2 cm, respectively), while

vs(COO") is the only redshifted (-3 cm™). These predictions totally disagree with the
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experiments and, therefore, the existence of a complex where 4CNB" is bonded to silver
through the cyanide have to be discarded.

B3LYP/LanL2DZ calculated results summarized in Figure S3 are quite different. [Ags?-
OOC(4CNB)]? complex (qgefr=-0.33 a.u.) is almost dissociated at this level, what makes their
calculated amplitudes very large. For instance, vs(COO") and v(CN) wavenumbers remain
constants at ger>0 a.u. but are tuned -95 and -138 cm™ at negative densities of charge,
respectively. An amplitude of -23 cm™ is predicted for the 8a mode while its experimental
wavenumber is almost insensitive to the applied potential. Nevertheless these results better
agree with the experiments that those calculated for the respective [Agn-NC(4CNB)]%!
complex where small redshifts are predicted for all normal modes, around -10 cm™, except in
the case of the vs(COO") mode which shows an anomalous sudden jump at ger = 0 a.u.

As a conclusion, the observed dependence of the SERS wavenumbers on the electrode
potential is well reproduced by the calculated results for the [Agn9-OOC(4CNB")]%* complex
at the M06-HF/lanL2DZ level of calculation.

3.4 Dual Electronic Structure of the Surface at Positive and Negative Electrode
Potentials

The dual dependence of the SERS wavenumbers at positive and negative electrode potentials
is due to existence of two different types of electronic structures of the surface complex.
Figures 5a and S4 shows the effect of the effective charge qert on the MO06-HF and
B3LYP/LanL2DZ calculated energies of formation (AEf = Em-a-(Em+EA)) of the two series of
metal-adsorbate (M-A) chelating complexes bonded though the carboxylate and the cyanide
shown in Figure 1, respectively.

The two series of AEr calculated for [Agni-OOC(4CNB)]%! and [Agn?-NC(4CNB)]%?
systems are linearly dependent on gefr, but they show two differentiated branches separated by
a gap at gefr=0 a.u. At positive densities of charge both complexes are very stable and are
characterized by a small dependence on Qer. The complexes coordinated through the
carboxylate group at ge>0 are much more stable (ca. 2 eV (50 Kcal/mol)) than the
corresponding [Agn%-NC(4CNB)]*!. MO06-HF energies for the most stable [Agnd-
OOC(4CNB)]%? system range from -5.46 to -4.75 eV (-126.06 and -109.85 Kcal/mol) for
Qefr=+0.33 and +0.14 a.u., respectively. All these large AE: values are in the order of a

chemical bond and, therefore, 4CNB" can be considered as a chemisorbed species (C-hybrid)
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strongly bonded to silver surface due to the attractive Coulombic interaction between the
positive charge of the electrode and the negative charge of the molecule which is mainly
located in the carboxylate. This very stable C-hybrid is almost insensitive to the amount of
positive charge of the metal, which explains the observed flat dependences of the SERS
wavenumbers (Figure 4) at more positive voltages than -0.5 V and of the calculated AEs
(Figure 5a) for complexes with gerr>0. Similar conclusion is derived from the calculated
metal-molecule R(Ag-O) or R(Ag-N) distances which remain almost constant along this

range of positive metal charges (Figures 5b and S4b).
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Figure 5. Effect of the effective charge ger of the Agn® clusters on the calculated a) M06-HF/LanL2DZ energies
of formation AE: (eV) and b) bond lenghts between the terminal silver atom of the metallic cluster and the
oxygen or the nitrogen of [Agn-OOC(4CNB")]*! (red) and [Agn%-NC(4CNB-)]%! (green) surface complexes,
respectively.

Conversely, M06-HF and B3LYP results for gerr<O are qualitative different due to strong
electrostatic repulsion between negative charges. The systems are now much less stable than
in the previous case what implies that the metal-molecule bond is significantly weaker and,
therefore, these complexes can be considered as physisorbed systems (P-hybrid). Positive
values of AEr are calculated for these P-hybrids which, however, remain stable due to the
existence of a local minimum in the potential energy surface [27]. M0O6-HF energies of [Agn%-
OOC(4CNB)]%* complexes with gefr<0 are much smaller than in the previous case and show
a strong dependence on Qeft. Their AEf values range from +0.11 to +1.73 eV (+2.75 and
+39.88 Kcal/mol) for the respective systems with Qer=-0.14 and -0.33 a.u. B3LYP

calculations predict very similar results and trend (Figure S4), but the repulsion is too large at
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0er=-0.33 a.u. and the [Ags!-NC(4CNB?)]? complex dissociates when the geometry
optimization is carried out.

The main qualitative difference between C- and P-hybrids is the slope of the respective AEs
vs. (eff plots. The density of charge of the clusters is much more effective in tuning AEs in the
repulsive complex (Qeff<0) than in the attractive one (getr>0) (Figures 5a and S4a). This points
out that the electronic structure of the surface complex is very polarizable at electrode
potentials more negative than Vezc. The increasing metal-molecule repulsion is responsible
for the large tunning amplitudes of the SERS wavenumbers at negative voltages which
gradually reduce the large blue-shift of the wavenumbers induced by the adsorption. The
calculated metal-adsorbate distances for the P-hybrid at negative gert (Figures 5b and S4b)
also show a larger dependence on the density of charge of the metal clusters.

The charges of the two moieties, 4CNB™ and Agn? clusters, undergo redistribution when the
surface complex is formed. The metal-molecule bond is formed from charge donation from
the lone electron pairs of the carboxylate to vacant orbitals of the metal accompanied by
backdonation from the metal to the molecule, giving a net injection of charge from 4CNB" to
Agn? (Agacne—ag) in the overall range of electrode potentials. The dependence of the
calculated injected Mulliken’s charges Agscne—ag 0N Qeff is shown in Figure S5 and confirms
the expected behavior. A net negative charge is transferred from the molecule to the metal at
any (gefr. The calculated Agscns—ag Values are sensitive to the functional (M06-HF/LanL2DZ
and B3LYP/LanL2DZ) and the type of coordination ([Agn%-OOC(4CNB)]%! and [Agn-
NC(4CNB)]*Y) but all of them show again the dual behavior already discussed and
corresponding to the C- and P-hybrids.

Summarizing, chemisorbed and physisorbed electronic structures are selected by the sign of
getf and a sudden transition between them is expected at gerr=0 a.u. which corresponds to the
complexes formed with neutral silver clusters [Ags®-4CNB7 being related to the metal-

molecule interface at the potential of zero charge of the electrode.

3.5 Dependence of the Type of Coordination on the sign of the Surface Excess of

Charge of the Metal Nanostructure

Theoretical calculations also predict that the sign of the density of charge of the surface can
also modify the type of preferred coordination between the carboxylate and the silver surface
of the [Agn9-OOC(4CNB")]%! complexes. Carboxylate can be bonded to silver with bidentate
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chelating coordination such as the Cav systems drawn in Figure 1 (CHE-C2y), but bidentate
bridging (BRI-C2v) or monodentate (MON-Cs) complexes could be also formed. Geometry
optimizations of these three types of coordination with linear (L) or triangular (T) Ags?
clusters with the largest densities of charge (gerr=+0.33 or -0.33 a.u.) have been performed.
MO6-HF and B3LYP/LanL2DZ calculations provide similar results which have been
summarized in Figures 6 and S6, respectively. Both levels of calculation predict that the
bridge coordination BRI-T-Cay is preferred at positive qeff but becomes the most unstable at
negative densities of charge being replaced by the monodentate MON-L-Cs. The attractive
character of the C-hybrid favours the bonding of each negative oxygen of the carboxylate to
one positive silver atoms of the surface. Optimized geometries of monodentate complexes
cannot be obtained for neutral or positively charged Agn® complexes giving that they converge
to the respective chelating structures.

The two Ag-O links of the bridging complex weaken as the positive charge of the surface
decreases. The electrostatic repulsion existing at gerr<O a.u. is able to open the bridge and
producing monodentate structures which become the most stable. Anyway, M06-HF AEs
energies of the chelating structures CHE-L-C2v shown in Figure 1 are only 9.26 and 5.20
Kcal/mol (6.90 and 15.10 Kcal/mol from B3LYP) less stables than the preferred bridge
(get>0) and monodentate (Qef<0) coordinations of the C- and P-hybrids, respectively, what
points to the probable coexistence of different types of surface bonding in real electrodes and
to discard monodentate complexes at electrode potentials more positive than Vezc.
Monodentate complexes are more stable than the corresponding [Agn*-OOC(4CNB)]?
chelating complexes at getr<0 a.u., with AEs energies -1.22, -2.32 and -5.20 Kcal/mol lower
than those of the corresponding chelating complexes with n=7, 5 and 3, respectively (See
Figure S7).
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Qetr= +0.33 a.u. CHE-L-Czy | BRI-T-Czy | CHE-T-Czy | MON-L-C; MON-T-C;
[Ags"'-O0C(4CNB)|°
Agy? clusters:
q=+1 a.u.
n=3
Symmetry Cay Cay Cay Cs Cs
AE¢ (Kcal/mol) -126.06 -135.32 -118.91 -125.81 -118.87
Relative AEf(Kcal/mol) 0.0 -9.26 +7.15 +0.19 +7.19
vs(COO") (em™) 1484 1467 1481 1484 1473
Qerr=-0.33 a.u. CHE-L-Cyy | BRI-T-C3y | CHE-T-C3y | MON-L-C; MON-T-C;
[Ags'-O0C(4CNB)]?
Ag,clusters:
g=-1a.u.
Symmetry Coy Coy Coy Cs Cs
AEf (Kcal/mol) +39.88 +51.37 +50.91 +34.68 +41.59
Relative AE¢ (Kcal/mol) 0.0 +11.49 +11.03 -5.20 +1.71
v(COO") (em™) 1409 1424 1413 1384 1388

Figure 6. M06-HF/LanL2DZ energies of formation (AEr) and vs(COO") wavenumbers of [Ags%-OOC(4CNB")]%?
complexes with bidentate chelating (CHE), bidentate bridging (BRI) or monodentate (MON) coordination of
4CNB- bonded to linear (L) or triangular (T) Ags*™ and Ags? clusters (gerr =+0.33 and -0.33 a.u.) through the

carboxylate.

This result could explain the complex behaviour of the vs(COO") SERS band which shows

several components in the spectra recorded at negative potentials. The weak and broad

shoulder that can be seen in the red side of the band at positive potentials turns into one or

two resolved peaks at potentials more negative than -0.5 V. This could be due to the increase

of monodentate surface coverage given that their calculated vs(COO") wavenumbers are 20-40

cmt lower than those of the corresponding bidentate complexes (Figures 6, S6 and S7).
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Conclusions

The voltage (Ev) dependence of the SERS wavenumbers of 4-cyanobenzoate (4CNB)
adsorbed on a charged nanostructured silver electrode has been analysed with the support of
DFT calculations modelling the metal-molecule surface complex through linear Agn? silver
clusters with different densities of charge (gef=q/n). The adsorption has a very specific impact
on the wavenumber of the symmetric stretching mode of the carboxylate vs(COO"). The
subsequent application of electric potentials affects the SERS wavenumbers of the main
normal modes in a complex way. Some of them remain almost insensitive while the
wavenumbers of vs(COO") and 1;vring Vibrations show a dual behaviour at positive or negative
potentials with respect to -0.5 V. The electrode potential is unable to shift these two bands
when Ev>-0.5 V while a strong dependence of the respective wavenumbers is observed at
more negative values.

MO06-HF and B3LYP/LanL2DZ calculations on the relative stability and the vibrational
wavenumbers of charged metal-molecule complexes bonded through the carboxylate or the
nitrile groups have turned out to be very useful in order to account for the experimental
results. As a conclusion, 4CNB" is adsorbed on the silver electrode through the carboxylate in
all the range of studied potentials and the coordination through the nitrile is discarded.
Moreover, the dual dependence of the SERS wavenumbers on the electrode potential is due to
the existence of two kinds of metal-molecule complexes, which are selected at more positive
(C-hybrid) or negative (P-hybrid) voltages than the potential of zero charge of the electrode.
A very stable chemisorbed C-hybrid exists at positive potentials due to the strong attractive
interaction between the opposite net charges of the molecular anion and the positive surface.
Its electronic structure is so robust that the voltage is almost unable to modify the SERS
wavenumbers. On the contrary, repulsive interaction between the negative charges of the
molecule and the metal occurs at electrode potentials more negative than Vezc giving a
weaker physisorbed P-hybrid whose electronic structure and stability is very dependent on the
surface excess of charge of the electrode, i.e., on the applied potential. The effect of Ev on the
SERS wavenumbers reflects the tuning of this very polarizable electronic structure of the
physisorbed species.

Physisorbed and chemisorbed molecules such as 4CNB" do not produce evident changes in
the geometry or the molecular properties of the surface complex what makes very difficult to
experimentally discriminate the presence of one or another species. The existence of this dual
electronic structure was theoretically predicted by studying the effect of the electrode
potential on the energies of the metal-molecule excited charge-transfer states of isonicotinate
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anion bonded to charged metal clusters [27]. This conclusion was confirmed, for the first
time, by studying the dependence of the SERS wavenumbers of the simple diatomic cyanide
anion [21,52]. This work shows how the electrode potential selects the type of adsorption,
physical or chemical, of a rather complex polyatomic molecule. Both kind of surface
complex are sharply characterized and show a differentiated electronic structure, which
determine all the physicochemical properties of the surface complex in both the ground and
excited electronic states. This finding can be very useful in order to understand the complex
behaviour of metal interfaces containing adsorbed organic molecules which are the key part of

classical electrodics as well as of novel devices based on molecular electronics.
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