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Abstract

The structural facilities provided by the ‘in situ” Surface-Enhanced Infrared Absorption
Spectroscopy in the Attenuated Total Reflection mode (ATR-SEIRAS) are exploited for
the characterization of cytosine adsorption on gold thin-film electrodes from acid,
neutral and basic solutions, using H2O and D>O as solvents. The experimental
conditions are selected in order to consider the two forms involved in the first acid-base
equilibrium and in the tautomeric keto-enol and amino-imino equilibria of the molecule.
The results are compared with the corresponding absorption FT-IR spectra of cytosine
in solution. DFT calculations are used to optimize the molecular geometries and to
estimate the vibrational properties of the different acid-base and tautomeric forms,
either in solution or in the adsorbed state on gold surfaces.

The comparison between the spectra in solution and in the adsorbed state indicates the
adsorption of the deprotonated form even at pH bellow the first pKa of cytosine.
Therefore, only the tautomeric forms of the deprotonated cytosine are considered: the
keto-amino (C1 and C4), the enol-amino (C2) and the keto-imino (C3) tautomers of

cytosine and of deuterated cytosine molecules.
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Interpretations of the absorption FT-IR spectra of the molecules in solution based on
DFT calculations suggest the preponderance of the C1 tautomer in solution but with
contributions of the C3 tautomer, in neutral and basic media. However, the
interpretations of the ATR-SEIRAS experiments show the preponderance of tautomer
C3 in the adsorbed state with contributions of tautomer C1 depending not only on the

pH of the solution, but also on the potential applied to the electrode.



1.- INTRODUCTION

Cytosine as one of the DNA bases plays an important role in genetic expression and
replication. These phenomena are linked to cytosine base pairing with its
complementary base, guanine, that in the double helix takes place by three H-bonds
involving the oxygen of the keto group and the hydrogen atoms connected to the amino
and the intra-cyclic nitrogen atoms, of the more stable canonical keto-amino
tautomers[1] (see Scheme 1). However, the suggestion by Watson and Crick that “rare”
tautomers may be responsible for genetic errors, via base mispairing, impulse the
investigation about DNA bases tautomerism by different experimental and theoretical
methodologies.[2-22] The appearance of less stable non-canonical tautomeric forms of
DNA can be due to external environmental parameters or to structural modifications
such as methylation, and also by proton transfer in the inter-base hydrogen bonds during
replication that trigger the spontaneous mutation, thus causing errors in the transmission
of DNA sequences.[23-25]

The enol-amino and the keto-imino tautomers were detected for methylated cytosine
derivatives in the gas phase or in low-temperature matrices as well as in solution.[26—
29] Even for unsubstituted cytosine, the canonical keto-amino form with the H atom in
the N1 position undergoes interconversion to the tautomer with the H atom in the N3
position in aqueous solutions, depending on the pH value.[27] The cytosine-guanine

tautomerism was recently reviewed by Brovarets et al.[11]
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Scheme 1. Watson and Crick (WC) interaction between Cytosine and guanine.

Among the experimental methods to study base paring interactions, those involving the
adsorption of the bases on solid substrates are specially interesting nowadays for

fundamental and practical reasons. From the fundamental point of view it can be



mentioned the relevance of the structural information that methods such as scanning
probe microscopy[30], surface-enhanced Raman scattering (SERS)[31] or surface-
enhanced infrared absorption spectroscopy (SEIRAS)[32], among others, can provide
about the intermolecular interactions of adsorbates on solid surfaces. The
electrochemical methods, in combination with the nanoscopic or vibrational
spectroscopies have, in addition, the feasibility to study the influence of electric fields
of similar intensities to those existing in biological interfaces where the bases pairing
interactions occur[33]

On the other hand, the adsorption of DNA bases on solid substrates has important
practical implications in the manufacturing of biosensors for DNA sequencing
recognition,[34] in targeted drug delivery[34] or in molecular electronic
nanotechnologies.[35-37]. Wandlowski et al.[38] studied the electrochemical
adsorption of cytosine on Au (111) electrodes from aqueous solutions by
electrochemical methods and scanning tunnelling microscopy (STM) under potential
control, and distinguished different potential regions starting from negative potentials,
at which cytosine forms a disordered phase of weakly adsorbed molecules, to the most
positive potentials at which a chemically bounded cytosine adlayer is formed. The
authors proposed a vertical molecular orientation on the electrode surface, with
coordination to gold atoms via the N3 position. On the contrary, Tao et al.[39], who also
used electrochemical and STM methods to study cytosine adsorption on Au(111)
electrodes, proposed a flat lying molecules orientation on the gold surface. Ataka et
al.[32] used cytosine adsorption on gold thin-layer film electrodes to reveal the
interesting possibilities of SEIRAS in the Kretschmann attenuated-total-reflection
(ATR) configuration. They also found different adsorption states depending on the
electrode potential, that they interpreted as physically or chemically adsorbed cytosine
films, formed by more or less perpendicular cytosine molecules that provides surface-
active IR spectral signals.

Recently, the interest to model DNA bases adsorption on Au(111) surfaces by DFT
calculations is increasing as the corresponding methodology is developing to allow its
application to complex biomolecules[13,40,41]

The authors have been studying the electrochemical adsorption of the complementary
DNA bases adenine and thymine by modern in-situ FTIR techniques and have provided
detailed information about their different acid-base and tautomeric forms.[42—47] It was



found that the two complementary bases get deprotonated in order to chemically
coordinate to the gold surface, even at pH values several units lower than their first pKa.
In the case of thymine adsorption,[47] the preponderance of the tautomers deprotonated
in the nitrogen atoms N1 or N3 of the molecule was inferred from the IR spectra when
compared with the DFT calculated spectra for the two tautomers. It was found that the
N3 tautomer is the predominant adsorbed species in the experiments in acid media
while the adsorbed N1 tautomer predominates in the case of the adsorption from basic
media solution. In addition, it was concluded that each tautomer undergoes different
molecular reorientations with the electric field applied to the electrode.

In this paper, the high sensitivity and its facility to correct the interferences from the
bulk solution of the ATR-SEIRAS in the Kretschmann configuration technique are
exploited to study cytosine adsorption on gold thin film electrodes, from aqueous
solutions at three pH values, in order to determine the adsorption behavior of the
different forms that are connected to acid-base or tautomeric equilibria. Cytosine
molecule in aqueous solutions is involved in two acid-base equilibria with pKa values
of 4.5 and 12.2[48] (see Scheme 2). Electrochemical and spectroscopic experiments
have been performed at three pH values corresponding to acid medium in which the
protonated molecule is present in solution, and to neutral and basic media below the
second pKa value, so the anionic cytosine molecule has a low contribution to the

solution composition.

NH, NH, NH,

X® pKa=4.5 € 21\3,\. p
P

Scheme 2. Cytosine acid-base equilibria.
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The spectroscopic results have been compared with the DFT calculated spectra of
different adsorbed cytosine tautomers over gold clusters, for their interpretation. In
Scheme 3, the tautomers that are considered in the paper are formulated. These are the
canonical keto-amine tautomer with the nitrogen N1 protonated (C1), the enol.amine
tautomer (C2), the keto-imine tautomer (C3) and the keto-amine tautomer with nitrogen

N3 protonated (C4). The interpretations of the spectra are mainly based on the signals



associated to vibrations of the carbonyl and amino moieties of the molecules appearing
in the 1300 to 1800 cm™ spectral region. The signals assigned to the amino group
bending mode, however, shift to the red upon deuteration, thus facilitating the
interpretation of spectra in this frequency region. Therefore, experiments have also been
performed in deuterated media and the DFT spectra for the four adsorbed deuterated
tautomers have also been calculated. Experimental and theoretical spectra of the species

in solution have also been obtained for comparison with the adsorbed cytosine species
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Scheme 3. Tautomeric forms of cytosine.

2.- EXPERIMENTAL

2.1.- Reagents and solutions.

Working solutions for the electrochemical and spectroelectrochemical experiments were
prepared by dosing the required volume of 10 mM stock solution of cytosine (Sigma-
Aldrich, as received) over controlled volumes of supporting electrolyte solutions to get
a final concentration 1mM. The supporting electrolyte solutions consisted in 0.1 M
HCIO4 (pH 1), 0.1 M KCIOs (pH 7), 0.1 M NaF (pH 8) or 0.1 M KCIOs + NaOH (pH
11) in ultrapure H2O (Milli-Q, Millipore) or in D20 (99.5%, Sigma-Aldrich). All the

reagents for the supporting electrolyte were suprapure grade (Merck).

All the glassware was cleaned by overnight immersion in an acid solution of KoaMnOg,
washed afterwards with dilute piranha solution and thoughtfully rinsed with ultrapure

water.



2.2.-Electrochemical measurements.

A 50 mL glass electrochemical cell with three electrodes configuration was used. A
gold wire, freshly purified by flame annealing, was the counter electrode. The reference
electrode was a K2SOgssan|Hg2S04s)|Hg() electrode connected to the cell by an
intercalated salt-bridge filled with the same supporting electrolyte. All the potentials are
referred to the saturated calomel electrode (SCE). The working electrode consisted in a
freshly flame annealed[49] gold single crystal prepared according to Clavilier
method[50], with a (111) orientation, contacting the working solution by the meniscus

method.

Prior to any electrochemical measurements, oxygen in solutions was eliminated by
bubbling argon during 20 minutes. A flow of the inert gas was kept over the working

solution during the measurements.

Cyclic voltammograms were obtained with an Ivium Stat from IVIUM multimode

electrochemical instrument at a scan rate of 50 mV s™.

2.3.- FT-IR spectroscopy experiments.

‘In situ> ATR-SEIRAS measurements were performed with a set up based on the
Kretschmann  configuration for internal reflection, wusing a borosilicate
spectroelectrochemical cell filled with 15 mL of working solution. The IR window, at
the bottom of the cell, was a silicon prism beveled at 60 degrees. The working electrode
was formed on the upper face of the silicon prism by cathodic deposition of a gold film
of thickness 20-25 nm at a deposition rate of c.a. 1 nm min™, with a Leica EM SCD 500
metalizer, equipped with a crystal microbalance to control the deposition rate and
thickness. Under these conditions, the film surface contains predominantly Au(111)
domains [51]. Then, the gold nano film electrode was cleaned inside the
spectroelectrochemical cell filled with the supporting electrolyte by cycling the
potentials of the capacitative region conforming to successive CV perturbations during
60 minutes. Finally, supporting electrolyte was replaced previously to any further
experiment. The same reference electrode as in the CV experiments and a gold foil



counter electrode completed the cell. Electrochemical control was exerted by a CH1100

A potentiostat from CH instruments.

Every spectroelectrochemical experiment was initiated by collecting the reflectance
spectra at different dc potentials for working solutions containing only the supporting
electrolyte. These spectra were used as reference reflectance (Ro). Afterwards, the
required volume of cytosine 10 mM stock solution was dosed to the cell to a final 1 mM
concentration. The sample reflectance spectra (R) were then collected. The wavenumber
precision used was 4 cm™, and 100 interferograms were averaged for every single

reflectance spectrum. The final spectra are represented as log (Ro/R) vs wavenumber.
Absorption spectra of cytosine in solution were obtained in two ways:

For D20 solutions, a dismountable transmission cell from Pike Instruments with two
CaF. windows and a path length of 51 pum (measured from the interference fringes
obtained with the cell filled with air[52]). For H2O solutions, the same ATR cell used
for spectroelectrochemical measurements was employed, but with a 45 degrees ZnSe
prismatic optical window in order to attain a better correction of the solvent absorption
bands in the region of 1600-1700 cm™. The background spectra were measured after
filling the cell with pure solvent while the sample spectra were collected with 10 mM
cytosine solutions in the supporting electrolyte of the desired pH value. The final
spectra represent the absorbance (for experiments with the transmission cell) or log
(Ro/R) (for experiments with the ATR cell). 1000 interferograms were collected for
every single spectrum with a precision of 4 cm™ to obtain the better relation
signal/noise.

A Nicolet 6700 FT-IR spectrometer equipped with a MCT-A detector cooled with
liquid nitrogen was used for all the spectroscopic measurements.

2.4.- DFT calculations.

Geometry optimizations and vibrational frequency calculations for cytosine tautomers
in gas phase have been performed using the hybrid functionals B3SLYP and PBE as
implemented in the Gaussian’09 package[53], in combination with the 6-311+G(d)
basis set[54-56]. The calculations have also been performed considering the effect of
the solvent on the isolated molecule by a continuum polarization model (PCM). The



theoretical vibrational frequencies have been corrected by the scaling factors optimized

for the functional and basis sets used.[57]

For calculations with adsorbed cytosine Au(111) surfaces, a layer of 19 atoms of gold
with a fixed geometry was used. The B3LYP functional and the 6-311+G(d) basis sets
for C, N, O and H atoms and the pseudopotential LANDL2DZ[58] basis set for Au
atoms were employed. The geometrical optimization of the system allowed the free
movement of the coordinates of the nucleobase. Different starting geometries were
employed to discard the possibility of local minima or border effects. Although this
model with a single gold atoms layer is less exact in terms of adsorption energies than a
cluster model with more gold layers or a slab model because of the electronic
delocalization in metallic systems, it must provide good values of local properties like
the vibrational frequencies, target of these calculations. The same cluster model,
functional, basis sets and pseudopotential and procedures were used in a previous work
about the adsorption of thymine on gold electrodes, providing an excellent agreement
between the theoretical and experimental IR spectra. [47]

3.- RESULTS AND DISCUSSION
3.1.- Cyclic voltammetry.

Fig. 1 shows the cyclic voltammograms registered with cytosine containing solutions at
three different pH values. Four potential regions can be differentiated on neutral and
basic pHs, exhibiting a behavior similar to the one of thymine adsorbed on Au(111)
electrodes[47,59]. Regions | and Il are delimited by a couple of broad and low peaks.
Region 111 correspond to highly asymmetric chemical adsorption/desorption peaks. As
previously proposed by Wandlowski et al[38], regions | and Il could correspond to the
physisorption of cytosine with two different organizations. Region IV corresponds to a

compact layer of chemisorbed cytosine.
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Figure 1.- Cyclic voltammograms obtained at 50 mV s™ with an Au(111) electrode in cytosine
containing solutions at pH 1 and cytosine 1 mM a), pH 6.5 and cytosine 1 mM b) and pH 11.5
and cytosine 0.1 mM c).

The potential ranges corresponding to the four regions are roughly similar at pH 6.5 and
pH 11.5, although the shape of the peaks in region 11l changes between both pH values.
On the contrary, at pH values lower than the first pKa of cytosine, the potential regions
Il 'and Il and 1V are clearly shifted towards higher potentials. This potential shift with
the pH can be explained if the adsorption of cytosine from acid solutions (pH < pKa)
involves the deprotonation of the cationic protonated cytosine that is present in solution.
On the other hand, the asymmetry in the adsorption/desorption peaks in region Il
suggests the existence of kinetic effects in the chemical adsorption process. The study
by chronoamperometry of the dissolution of the adlayer in region 1V[38] indicated that
the chemical desorption process is a combination of a Langmuir type desorption and a

hole-nucleation and growth dissolution mechanism.
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3.2.- FT-IR spectroscopy of cytosine in solution.

The absorption FT-IR spectra in the 1800-1350 cm™ region of cytosine in solution,
which contains the most significant features, are shown in Figs. 2a and 3a for D.O and
H>0 solutions, respectively. The spectra of cytosine (Cyt-h3) in H2O solutions at pH
values 7 and 11.5 in Fig. 3a can be considered coincident, as can be expected if the
same species is present in solution at both pHs values, with two overlapped broad bands
at 1635 cm™ and 1675 cm™, and some other minor signals at lower wavenumbers. The
spectrum of cytosine (Cyt-d3) in neutral D,O solutions, in Fig. 2a, has different features
as a consequence of the isotopic change of the amine hydrogen atoms that shifts the
NH2 and NH bending modes towards lower wavenumbers. A single intense band is
obtained at c.a. 1640 cm™, that must correspond to carbonyl group stretching vibration
and four medium or intense bands at c.a. 1600, 1580, 1512 and 1500 cm™ that must
include ring CC and CN stretching vibrations. At pH or pD 1, the absorption spectral
bands of cytosine in solution shift to higher wavenumber, as a consequence of the
protonation of the molecule, as was found for adenine at pH values lower than its first
pKa (4.5)[44]. As cyclic voltammetry suggests and as the spectroelectrochemical results
show (see next section), the protonated cytosine does not adsorb on the gold electrode
even from solutions at pH 1, and only the neutral unprotonated species does. Therefore,

the discussion will be focused on the neutral cytosine spectra.
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Figure 2.- Absorption FT-IR spectra in the 1800-1350 cm™ region of a) Cyt-d3 in D.O
solutions at pD 1 (red line), pD 7 (blue line) and pD 11 (green line) and of b) Cytidine in neutral
D0 solution (pink line). ¢) Calculated IR spectra of Cyt-d3 tautomers indicated in the plots
using the functionals B3LYP (blue dash-dot-dot line), PBE (black dashed line) and PBE with

PCM for the solvent (black solid line).
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Figure 3.- a) Absorption FT-IR spectra in the 1800-1350 cm™ region of Cyt-h3 in H,0
solutions. at pH 1 (red line), 7 (blue line) and 11.5 (green line). b) DFT calculated IR spectra of
Cyt-h3 tautomers indicated in the plots. Lines as in figure 2.

In order to identify the tautomer of cytosine present in solutions at pH 7 and 11.5, DFT
geometry optimizations and vibrational spectra simulations have been performed with
two different functionals over four tautomeric forms of neutral cytosine: Tautomer C1

corresponds to the canonical keto-amine form with the hydrogen connected to the N1
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atom, C2 to the amine-enol form; C3 is the keto-imine tautomer and C4 is the keto-

amine tautomer with hydrogen connected to N3 atom.

Table 1. Relative DFT electronic energies for the optimized geometries of the
cytosine tautomers indicated obtained with the B3LYP and PBE functionals and
6-311—(gd) basis sets

Tautomer E(B3LIP)/eV  E(PBE)/eV E/(PBE-PCM)/eV
C1 0 0 0

C2 0.04 0.08 0.31

C3 0.07 0.08 0.23

C4 0.31 0.30 0.17

Table 1 contains the electronic energies of the four tautomers relative to the lowest
value. Independently of the functional used in the calculations and the consideration of
the solvent effects by a polarizable continuum model (PCM), the lowest energy
corresponds to the C1 tautomer, although the relative energies of other tautomers are
lower than 0.3 eV. Therefore, and taking into account the limitations of the model used
in the calculations, the resultant energies cannot be considered a conclusive sign of the

relative stabilities of the four cytosine tautomers in solution.

More evidences of the tautomeric forms existing in solutions can be obtained by
comparing the experimental FT-IR spectra of cytosine in solution with the calculated
spectra for the different tautomeric forms. In Fig. 2b and 3b the calculated spectra with
the B3LYP and the PBE functionals are shown. The different calculation procedures
provide similar features, although the positions of the bands depend on the functionals
used in the calculations, especially in what concern the signals due to the carbonyl-
stretching mode. Particularly, the PBE functional overestimates these frequencies if the
solvent is not taken into account at least like a continuum polarizable medium. The
experimental and calculated vibrational frequencies obtained with the PBE-PCM model
are included in Table S1 and Table S2 in the supporting information. These are very

close to the ones obtained with the B3LYP functional.

Independently on the DFT model used, the experimental absorption bands at
wavenumbers higher than 1640 cm™, either in D20 or in H20, involve the stretching
mode of the carbonyl group. Therefore, the majoritarian tautomer in solution cannot be
the enol-amine form, C2.

14



Focusing on the experimental spectrum of Cyt-d3 in neutral D.O solutions, the two
absorption bands at 1503 cm™ and 1512 cm™ could be initially ascribed to skeletal
stretching and CH bending vibrational modes of either C4 or C1 tautomers, that present
theoretical absorption bands at 1531-1544 cm™ and 1447-1489 cm™, respectively. To
discriminate between both tautomers, the experimental spectrum of cytidine in neutral
D>0 solution has been included in Fig. 2b for comparison. Cytidine cannot adopt the C4
tautomeric form as the N3 atom is bonded to the sugar moieties. However, the spectrum
for cytidine in Fig 2b shows the bands at 1503-1512 cm™, so these two signals have to
be ascribed to the C1 tautomer of cytidine and of cytosine, which must be then the
majoritarian tautomer for these molecules in neutral solutions, in view of the high

intensity of these signals.

However, the exclusive presence of C1 tautomer cannot explain the appearance of three
absorption bands in the 1580-1680 cm™ range, as only two bands are expected for this
tautomer according to DFT calculations (see Fig. 2). Therefore, the existence of more
tautomeric forms in solution must be accepted. The signal at 1585 cm™ could match the
theoretical ring-stretching (C4C5 and C2N3) vibration modes in C2 tautomer. However,
the experimental spectrum should show more signals in the 1350 to 1550 cm™ range,
corresponding to other vibration modes of the C2 tautomer. On the other hand, C3
tautomer presents theoretical bands at 1658 cm™ and 1609 cm™, assigned to CO and
C5C6 stretching vibrations, respectively, very close to the corresponding bands in the
C1 tautomer theoretical spectrum (1677 and 1602 cm™), so both set of bands can
overlap into the experimental signals at 1643 and 1604 cm™. Moreover, the presence of
C3 tautomer would explain the experimental signal at 1585 cm™, that can be identified
with the stretching (C4N7+C4C5) mode at 1553 cm™.

Therefore, although the contribution of C2 tautomer cannot be completely discarded,
the combination of the canonical C1 and the keto-imino C3 tautomer can better explain
the experimental spectrum of cytosine in neutral deuterated solutions. This hypothesis
can also explain the experimental spectrum of cytosine in neutral H>O solutions,
although the overlapping of the cytosine signals with the solvent IR absorption bands in
this region introduces some difficulties in the assignments. The wide and overlapped
signals at 1600-1680 cm™ can correspond to the theoretical signals at 1684 and 1607
cm™ (for C1) and at 1674 and 1619 (for C3). The minor bands at 1498, 1434 and 1359
cm™ are assigned to the theoretical signals for C1 at 1508, 1434 and 1359 cm™. The

15



theoretical signals for the C3 tautomer in the lower frequency part of the region are very
weak and, also because of the low concentration of the tautomer, they are hardly noticed

in the experimental spectrum.
3.3.- ATR-SEIRA spectra of cytosine adsorbed on gold electrodes.
3.3.1.- Spectra in the 1800-1350 cm™ region.

Fig. 4 shows the ATR-SEIRA spectra of Cyt-d3 adsorbed on nanostructured gold
electrodes from D>O solutions at three different pDs and at electrode potentials
corresponding to the chemisorbed layer (region IV of the voltamograms in Fig. 1).
According to the surface reflection rules, the presence of active absorption signals
corresponding to the spectral region of in-plane vibrations indicate that cytosine

chemisorbs with the molecular plane normal or tilted relative to the electrode surface.
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Figure 4.- ATR-SEIRA spectra of cytosine adsorbed on gold electrodes from D,O solutions at
the indicated potentials and pD (solid lines). The absorption spectra of cytosine in solution at
the same pD values are included in the lower part of the figure for comparison (dashed lines).

Most of the spectral features observed at the three pD values are coincident: two strong
bands at c.a 1637 cm™ and 1569 cm™ and three weak bands at 1504, 1445 and 1389 cm’
! indicating that the same species must be predominant in the chemisorbed state in the

whole pH range. The absence of signals at wavenumbers close to 1700 cm™ and the
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comparison of the ATR-SEIRA spectra with the absorption spectra in solution, included
in the lower part of Fig. 4, allow one to conclude that the chemisorbed cytosine form
must be the neutral unprotonated molecule, even at pD 1 at which the predominant form
in solution is the cationic protonated form, as inferred from the comparison of the FT-IR
spectra in solution at the different pD values (see Fig. 2b). However, it should be noted
that the spectra of adsorbed cytosine from the acid and basic solutions in Fig. 4 show a
more or less overlapped signal around 1590 cm™, which could indicate changes in the
preponderance of different tautomeric forms with the pD of the solution.

On the other hand, the ATR-SEIRA spectra of chemisorbed Cyt-d3 in Fig. 4 do not
seem to be coincident with the FT-IR spectra of Cyt-d3 in solution. For instance, the
ATR-SEIRAS do not show any of the two intense bands at 1512 and 1503 cm™ that are
present in the FT-IR spectra of Cyt-d3 in solution, assigned to characteristic ring

stretching modes of the C1 tautomer.

In order to explain the spectra in Fig. 4, DFT calculations of the four adsorbed Cyt-d3
tautomer molecules have been performed. As indicated in the experimental section, the
model employed was a cluster of 19 gold atoms with the Au(111) geometry. The
geometrical optimizations of the four tautomeric forms of Cyt-d3 adsorbed on gold
provide similar energies for all the species, within 0.2 eV of range, being the most
stable the C1 tautomer. Table S3 in S.I. file includes the theoretical frequencies and the
corresponding assignments provided from the DFT calculations. Fig. 5 shows the
theoretical spectra and the optimized orientations of the four considered tautomeric
forms of Cyt-d3 on gold. The closer atoms to the gold surface of tautomers C1, C2 and
C4 are the oxygen (keto or enol group) and the nitrogen of the amine group. However,
the keto-imino tautomer C3 interacts with the metal by the oxygen and the intra-cyclic
N1 atom. In the optimum geometries of the four adsorbed tautomers considered, the
oxygen group is located on top of an interior gold atom of the model surface.
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Figure 5.- a) DFT simulated IR spectra of Cyt-d3 tautomers indicated in the plots, adsorbed on
gold. b) ATR-SEIRA spectra in the 1800-1350 cm™ region of Cyt-d3 adsorbed on gold at the
same potentials that indicated in Fig.4, from 1 mM solutions in DO at pD 1 (red line), 7 (blue
line) and 11.8 (green line). Structures of the corresponding tautomers adsorbed on Au(111)

surfaces optimized by DFT calculations are provided at the left part of the figure.

The intense band at 1637 cm™ involves the presence of the carbonyl group in the

adsorbed Cyt-d3 molecule, so the enol-amine tautomer C2 can initially be disregarded

as the majoritarian form. The theoretical spectrum of the C1 tautomer provides two

intense bands around 1600 cm™, compatible with the experimental results. However, it
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also shows two medium intensity absorption bands at 1463 (vcacs, dcH) and 1444 cm™ (
ScH veans, Onp2), that do not show up in the experimental spectra. These two vibration
modes around 1450 cm™ of the C1 tautomer are in plane vibration modes as the ones
responsible for the signals around 1600 cm™, so they all should appear in the
experimental spectrum. Therefore, C1 tautomer, which was the majoritarian component
in solution, does not contribute significantly to the spectrums of the chemisorbed
adlayer. The two intense bands at 1637 and 1569 cm™ can correspond to the theoretical
bands at 1660 cm™ (vczo) and 1612 cm™ (vescs, vean, dch) of C3 tautomeric form.
Therefore, the ATR-SEIRA spectrum of Cyt-d3 adsorbed on gold from neutral media at
high potential seems to correspond to the C3 tautomer. The same tautomeric form can
explain most of the spectral features of the ATR-SEIRAS of Cyt-d3 in acid and basic
media, although the additional absorption band at c.a. 1590 cm™ suggests the co-
existence of a different tautomer of cytosine adsorbed with C3, depending of the pH of

the solution.

Fig. 6 shows the ATR-SEIRA spectra of Cyt-d3 as a function of the electrode potential
at the three pDs considered. At pD 1, the band at 1587 cm™ shows up at the lowest
potentials (-0.1V) and seems to remain constant as the potential increases in the studied
potential range. On the contrary, the bands at 1636 and 1563 cm™ increase with the
potential. A similar effect can be observed in the ATR-SEIRA spectra of Cyt-d3
adsorbed on gold from solutions at pD 11.5. In this case, the accessible potential
window includes a significant potential range within the voltammetric region I, which
allows one to detect a broad band around 1580 cm™ that decomposes in two overlapping
signals upon increasing the potential at 1600 and 1565 cm™. In the spectra at pD 8 the
band at c.a. 1580 cm™ is only appreciable at a limited range of potentials within the
voltammetric region I1. In region 11l the bands at 1637 and 1565 cm™ increases very
rapidly with potential.
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Figure 6.- ATR-SEIRA spectra in the 1800-1350 cm™ region of Cyt-d3 adsorbed on gold at the
indicated electrode potentials from 1 mM solutions in DO at pD 1 (red lines) pD 8 (blue lines)
and pD 11.8 (green lines).

The spectra at every potential were deconvoluted employing Fourier-Self
Deconvolution (FSD) and second derivative (SD) methodologies to reveal the sub-band
structure. Then the band fitting was performed using Gaussian-Lorentzian functions for
each band. In Fig 7 the deconvolution of the spectrum averaged over potentials from -
0.22 to 0.5 V vs SCE in neutral media is shown as an example, in comparison to the
spectra at a low and at a high potential and the spectrum of cytosine in solution. An
evolution is observed as the potential is increased from the characteristics similar to the
spectrum in solution to the spectra of chemisorbed cytosine. It seems at low potentials
the adsorption interactions are similar to the intermolecular interactions in solution.
However, the cytosine molecule is organized on the electrode with a tilted orientation

that provides five surface active vibration signals in the spectral region. As the potential
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is increased some of the signals become wider suggesting either stronger inter-

molecular interactions or the existence of other tautomeric forms.
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Figure 7.-a) Deconvolution of ATR-SEIRA spectra in the 1800-1350 cm™ region of Cyt-d3
adsorbed on gold from 1 mM solutions in DO at pD 8 at the indicated electrode potentials and
averaged spectrum over potential experimental range: experimental spectra (red solid lines),
resulting total spectra of the deconvoluted bands (blue solid lines) and deconvoluted bands
(dashed lines). The second derivative and the Fourier self-deconvolution (FSD) of the potential
averaged spectrum are also included b) Transmission spectrum of Cyt-d3 10 mM in neutral
solution.

The effect of the potential on the signal intensities can be more precisely observed in
Fig. 8, which includes the plots of the integrated intensities of the main absorption

bands (obtained in the deconvolution of the spectra) as a function of the potential.
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Figure 8.- Integrated intensities of the main ATR-SEIRAS absorption bands of the spectra in
figure 6 as a function of the potential for Cyt-d3 adsorbed on gold from solutions of a) pD 1, b)
pD 8 and c) pD 11.8.

At the three pH values considered the intensities of the bands at c.a. 1635-1641 cm™ and
1563-1571 cm™ increase with the potential, reaching a limiting value at potentials of the
voltammetric region IV, that can be more clearly observed at pDs 8 and 11.5. This is the
expected behavior for the formation of a chemically adsorbed layer, with the surface

excess increasing with the potential up to a maximum value.

On the contrary, the remaining absorption bands obtained in the ATR-SEIRA spectra do
not increase with the potential in the voltammetric regions 1I-1V, remaining nearly
constant or slightly decreasing. At pD 11.5, at which the voltammetric potential region |
is explored, the integrated intensities of the bands at c.a. 1590 and 1501 cm™ increase
with the potential up to -0.4 V, that is approximately the lowest potential of region II.
Then, these integrated intensities slightly decrease with the potential. This behavior of
the bands at c.a. 1590 and 1500 cm™, different from the behavior of the bands at c.a.
1635 and 1565 cm™, indicates that both set of bands correspond to different adsorbed
species with different surface excess dependences with the potential and with the pH.

The previous comparison in Fig. 5 between the experimental spectrum of chemisorbed
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Cyt-d3 and the theoretical ones for different tautomeric forms of Cyt-d3 suggests that
the majoritarian component of the adlayer in voltammetric region IV is the tautomer C3
of cytosine. At first sight, it can be thought that a different tautomeric form is
responsible for the signals at lower potentials, but none of the calculated spectra in Fig 5
for chemically adsorbed Cyt-d3 tautomers fit all the experimental observations. In fact,
the experimental spectra at low potentials are closer to the spectra of deuterated
cytosine, Cyt-d3, in solution, so it may be plausible that at the most negative potential
regions the adsorption is not determined by the chemical interactions of the molecule
with the metal atoms but to physical interactions under the electric field. In that case,
the results in this potential region should be better explained by the theoretical spectra
in solution, provided in Fig.2, keeping in mind that intermolecular interactions were not
taken into account in the calculations. These interactions are expected to give rise to a
widening of the bands. Taking this fact into account it seems that the preponderant C1
tautomer in solution get physically adsorbed at the lower potentials, with some
inclination of the molecular plane as to be able to provide surface active IR signals.
However, as the region Il is reached it is replaced at the interface by the chemically

adsorbed C3 tautomer.

To confirm these all hypotheses obtained from the ATR-SEIRAS of Cyt-d3 adsorbed on
gold, the experimental data for adsorbed Cyt-h3 were analyzed. Fig. 9 shows the ATR-
SEIRA spectra obtained for the adsorption of cytosine (Cyt-h3) on gold electrode from
H>0 solutions at three different pH values and at potentials of the chemisorption region.
The same main features can be observed at the three pH values consisting in four
signals at c.a 1650, 1580, 1510-1515 and 1432 cm™, confirming that the same neutral
cytosine get adsorbed at the three pH values. In the spectrum at pH 11.5 the bending
OH mode of the solvent is not completely corrected, so Cyt-h3 signal at 1650 cm™
appears at a wide band that almost overlap the cytosine band at 1581 cm™. As in the
case of Cyt-d3, the comparison of the ATR-SEIRAS results with the absorption spectra
of Cyt-h3 in solution reveals clear differences in the spectral features. The two intense
bands obtained in ATR-SEIRAS at c.a. 1650 and 1581 cm™ do not coincide with the
wide band centered at 1616 cm™ for Cyt-h3 in solution. On the contrary, the bands at
c.a. 1504 and 1438 cm™ of the spectrum of Cyt-h3 in solution can correspond to the
bands in the ATR spectrum of adsorbed Cyt-h3 at 1510 and 1432 cm™.
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Figure 9.- ATR-SEIRA spectra of Cyt-h3 adsorbed on gold electrodes from H2O solutions at the
indicated potentials and pH values (solid lines). The absorption spectra of cytosine in solution at

the same pH value are included at the lower part of the figure (dashed lines).

The influence of the electrode potential on the spectral absorption bands mentioned
above can be observed in Fig. S5. There is a selective enhancement with the potential in
the region Il to 1V of the bands at 1578 cm™ and 1650 cm™. This enhancement is not

present, at least in the same magnitude, in the bands at 1432 and 1510 cm™.

On the other hand, the bands at c.a. 1650 cm™ and 1510 cm™ shifts to the red as the
potential increases, up to 16 cm™ from -0.2 V to 0.8 V at pH 8. Ataka and Osawa[32]
observed the same effect in the ATR-SEIRA spectra of Cyt-h3 adsorbed on gold from
acid and neutral solutions. They explained this phenomenon as caused by the transition

between physisorption and chemisorption of cytosine.

The ATR-SEIRA spectra of adsorbed Cyt-h3 from H,O solutions at pH 1 and 8, in the
1400-1800 cm™ region, have been deconvoluted in eight independent bands at c.a.1670,
1650, 1620, 1580, 1550, 1520, 1510 and 1450 cm™, as it is illustrated in Fig. 10. The
integrated intensities of the bands at 1450, 1550 and 1620 cm™ are small in the whole
potential range and they are also highly dependent on the baseline correction required

for the deconvolution process. The integrated intensities of the most significant bands
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resulting from the deconvolution are plotted against the potential in Fig. 11. It can be
observed that the band intensities of different signals have different behavior with the
potential, in agreement with the work of Ataka and Osawa[32]: The band at 1670 cm™
increases at very low potentials, within the voltammetric regions | and Il. At higher
potentials, within region Ill, this band decreases reaching a constant area at
voltammetric region 1V. On the other hand, the bands at 1580 and 1650 cm™ increases
in parallel with the potential in the chemisoprtion region, thus indicating that these two
bands correspond to the chemically adsorbed tautomers of cytosine.

B pH 8
3 potential averaged

1700 1600 1500 1400

Wavenumber / cm'l

Figure 10.- Potential averaged ATR-SEIRA spectra in the 1800-1400 cm™ region of Cyt-h3
adsorbed on gold from 1 mM solutions in H>O at pH 8 (red solid line) and decovolution of the
spectra in gaussian bands centered at aprox. 1450, 1502, 1520, 1550, 1580, 1620, 1650 and
1670 cm™. The sum of deconvoluted bands is also represented (blue solid line).
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Figure 11.- Integrated intensities of the main ATR-SEIRAS absorption bands of the spectra in
figure 10 as a function of the potential for Cyt-h3 adsorbed on gold from solutions of a) pH 1
and b) pH 8.
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These results indicate that there are two different cytosine forms adsorbed on gold
electrode, depending on the potential. The differences between both adsorbed forms can
be related to the type of adsorption (physisorption or chemisorption), as suggested by
Atatka and Osawa[32], but also can be related to the tautomeric equilibrium of cytosine

or to both phenomena (type of adsorption and tautomeric equilibrium).

The assignments of the ATR-SEIRA bands of adsorbed Cyt-h3 from H2O solutions to
the vibrational modes of the possible cytosine tautomers has been done on the basis of
DFT calculations. The theoretical frequencies corresponding to the vibrational modes of
the different forms of Cyt-h3 are in table S4, and the comparison of the theoretical and
experimental ATR-SEIRA spectra are shown in Figure S6. The two strong experimental
ATR-SEIRA bands at 1650 and 1581 cm™, observed at a high potential (chemisorption
region 1V), could be explained either by the theoretical spectrum of adsorbed keto-
amine cytosine tautomer C1, with two bands at 1637 cm™ (vco, 8nmz ) and 1601 cm™
(vescs, OnH2), OF by the adsorbed keto-imino C3 tautomeric form, with bands at 1679
cm™ (vco, Snim, Snsh) and 1625 cm™ (vesce, veany, SniH, OnaH). However, the ATR-
SEIRAS results in the region IV obtained for Cyt-d3 permitted to discard the canonical
tautomer C1 as predominant in chemically adsorbed state. Then, the keto-imine
tautomer C3 of cytosine must be responsible for the two strong bands of chemisorbed
cytosine at 1650 and 1581 cm™.

However, the two very weak experimental bands at c.a. 1508 and 1440 cm™, also
observed in the absorption spectra of Cyt-h3 in solution, cannot be assigned to C3
tautomer and must be assigned to the theoretical signals of the adsorbed C1 tautomer at
1484 cm™ (veacs, Snm) and 1434 cm™ (8ch veanz, Snrz), respectively. On the other hand,
the experimental ATR-SEIRAS signal at 1670 cm™ exhibit a potential dependence close
to the potential dependence of the bands at 1434 and 1508 cm™, suggesting that the

three IR bands must correspond to the same form of Cyt-h3 adsorbed on the electrode.

Therefore, the ATR-SEIRAS results for adsorbed Cyt-h3 on gold from H>O solutions
confirm that, depending on the applied potential, a different tautomeric form adsorbs on
the electrode, as indicated the results obtained in D2O. Moreover, it can be concluded
that the predominant tautomer adsorbed at low potentials is the canonic keto-amine
form (C1), probably physisorbed. The presence of active IR bands corresponding to in-

plane vibrations at low potentials indicates that the pysisorbed C1 tautomer is oriented

26



with the molecular plane at least tilted over the electrode surface. At higher potentials,
within the chemisorption potential region, the keto-imino tautomer (C3) seems to be the

predominant component of the ad-layer.

The potential dependence of the integrated intensities of the experimental ATR-
SEIRAS bands of adsorbed cytosine depends on the surface concentration of the

absorbing species and on the molecular orientation.

The integrated intensity of an ATR-SEIRA band measured with p-polarized radiation

(1) directly depends on the surface excess of the absorbing species ( -),and
on the scalar product of the radiation electric field vector (“C_JUL— ) and the
vibrational transition the dipole vector (1 ):[60]

[ ] \lfj< ol(:lri;:l X UI:IJUUE | =T (1)

2
[ cos“(L1) |

0 is the angle between the vector of the transition [ 1 and the direction perpendicular
to the metal grains reflection surface where the beam is reflected in the ATR-SEIRA
set up.

Theratio between the integrated intensities of two absorption bands in the same spectral
region can be considered independent on the surface excess ( -) and on the mean

squared of the electric field intensity (( [ 12) ):

1 W M) cos?(1 M)
[

2
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Changes in this ratio with the potential must be ascribed to changes in 1 ® and
1@, caused by reorientations of the absorbing molecule relative to the reflecting
surface. In previous studies about the adsorption of adenine[45] and thymine[47] over
gold electrodes it was found that both chemisorbed molecules rotate their molecular
plane as the electrode potential increases. These facts were explained because of the
interactions of the permanent dipole moment of the adsorbed basis and the static electric
field at the interphase. The ratios between the integrated intensities of the ATR-SEIRA
spectra of Cyt-d3 at c.a. 1636 and 1565 cm™ (in D20) and between the bands at c.a.
1650 and 1580 cm™ (in H20) do not change significantly with the potential (not
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shown). Either in
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D20 and in H20 the bands used for the ratios correspond to vibrations with transition
dipole vectors with different directions within the molecular plane, so it can be
concluded that the static electric field at the interphase do not affect appreciably the
orientation of the adsorbed cytosine, contrary to the case of adsorbed adenine and
thymine. Then, all the potential effects on the integrated intensities of the deconvoluted
spectral bands have to be exclusively ascribed to changes in the surface concentrations

of the absorbing species.
3.3.2.- Spectra in the 2900-3900 cm- Cyt-h3 adsorbed on gold electrodes.

In the spectral region between 2900 and 3700 cm™ the absorption corresponding to OH
and NH or NH: stretching vibrations appear so the analysis of the ATR-SEIRA spectra
of adsorbed Cyt-h3 in that range of frequencies can provide extra interesting
information about the adsorbed species and their orientations. Fig. 12 contains the ATR-

SEIRAS results in this wavenumber range obtained for Cyt-h3 adsorbed on gold, at

potentials from regions I, 11l and 1V, in H20 solutions at three pH values (1, 8 and
11.6).
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Figure 12.- .- ATR-SEIRA spectra in the 2850-3700 cm™ region of Cyt-h3 adsorbed on gold
from 1 mM solutions in H20 at pH 1 (red lines) pH 8 (blue lines) and pH 11.6 (green lines), at
the electrode potentials indicated in the plots

The spectra obtained at pHs 11.6 and 8 show a wide and high absorption band, centered
at c.a. 3430 cm™ corresponding to the OH stretching (vor) of strong, asymmetrically H-
bonded water. They also include, as shoulders, the other two types of OH stretching
vibrations of interfacial water oriented with the oxygen towards the electrode
surface[61,62]: at c.a. 3600 cm™ (vou of non H-bonded water), and at c.a. 3250 cm™
(von of symmetrically H-bonded water). All the spectra in this work, including those in
Figure 12, are referred to the spectra registered at the same potential in the absence of
Cyt-h3. Therefore, the positive absorption bands obtained in the c.a. 3600 cm™ spectral
region indicate an increase in the interfacial water oriented with the oxygen towards the
electrode surface, either because of water co-adsorbs with Cyt-h3 or because the
presence of Cyt-h3 shifts the zero charge potential to lower values, driving the
reorientation of water molecules. As the potential increases the water wide band in Fig.
12 c) centered at 3430 cm™ slightly decreases.

On the contrary, the ATR-SEIRA spectra obtained at pH 1 in Fig. 12 a) show the
highest band at c.a. 3581 cm™. As the potential increases, the band at 3450 cm™
decreases, showing negative going bands at potentials of chemisorption of adenine.
These results suggest that the chemisorption of the DNA base diminishes the

concentration of asymmetrically H-bonded water at the interphase.

Although the low intensity bands corresponding to NH or NH; stretching vibrations are
overlapped by the OH stretching bands of the solvent, it is possible to observe the
presence of a low and narrow band at c.a. 3090 cm™ at high potentials in the ATR-
SEIRA spectra of adsorbed cytosine at pH 1 and pH 8. At first sight, according to the
theoretical bands for the different tautomeric forms of cytosine in Table S4 in Sl, this
band could correspond to the symmetric stretching of NH (in the C1, C2 or C4)
tautomers or to the N1H stretching vibration in the C3 tautomer. However, on the basis
of the orientations of the cytosine tautomers over gold obtained from the DFT
geometrical optimizations, given in Fig. 5, C1, C2 and C4 tautomers are oriented with
the NH: bisector direction (coincident with the transition dipole direction) nearly
parallel to the electrode surface. On the contrary, the DFT results indicate that C3
tautomer is oriented with the N1H nearly perpendicular to the electrode. Taking into
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account the surface selection rule and the low intensity of the NH or NH: stretching
vibration bands, the small signal observed at 3090 cm™ at high potentials is more likely
to correspond to the N1H stretching of the C3 tautomer form of adsorbed Cyt-h3, in
good agreement with the analysis of the ATR-SEIRA spectra in the 1350-1800 cm™

region.

4.- CONCLUSSIONS

The comparison of the FT-IR spectra of cytosine in solutions of DO and H>O at
different pH values, ranging from 1 to 11 allows us to conclude the existence of the
protonated molecule at pH 1 and the neutral form at pH values higher than the pKai.
The interpretations of the spectra at pH 8 and 11 on the base of DFT calculations of the
spectra for different tautomers of the neutral cytosine indicate that the canonical keto-
amine tautomer (C1) is the predominant one in solution, but the spectra show more
signals in the 1600- 1500 cm™ region than expected for this form. Particularly, the
signal at 1587 cm™ observed in the experiments in D20, can be better ascribed to the

keto-imino tautomeric form (C3) than to the enol-amino form (C2).

The comparison of the ATR-SEIRA spectra of adsorbed cytosine at high potentials with
the spectra of cytosine in solutions at the three pH values allows us to conclude that the
neutral cytosine form get adsorbed even in very acid solutions. The voltametric results
also indicate deprotonation phenomena associated to the adsorption in acid media.
However, the ATR-SEIRA spectra show clear differences from the spectra of cytosine
in solution at the same conditions, evidencing that different tautomeric forms of neutral
cytosine are predominant in solution and in chemical adsorbed state. The influence of
potential on the ATR-SEIRA spectra suggests also changes in the preponderance of the
tautomers from the low potential region (physisorption region) to the high potential

region (chemisorption region).

Interpretations of these observations have been done based on the DFT calculated
spectra of adsorbed cytosine tautomers on gold clusters. These calculations indicated
that all the adsorbed tautomers adopt a normal orientation of the molecular plane
relative to the electrode surface, with the oxygen and amine nitrogen pointing towards

the electrode, except the keto-imine form that is adsorbed with the oxygen and nitrogen
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N1 towards the electrode. The experimental signals in the 1800-1350 cm-1 region of the
spectra at high potentials can be explained as due to a preponderance of the
chemisorbed C3 tautomers. Thus, the two characteristic signals of the C1 tautomer at
1463 and 1444 cm™ almost disappear at the time that the bands at 1637 and 1569 cm™,
that can be well assigned to the adsorbed C3, increases. The evolution of the spectra
with potential can be explained as due to the existence of a predominant physisorbed C1
tautomer at low potentials, providing spectral features similar to the spectra in solution,
and to a predominant chemisorbed C3 tautomer at high potentials. ATR-SEIRA spectra
of cyt-h3 also confirm the evolution from the physisorbed C1 tautomer to the
chemisorbed C3 tautomer: the bands at 1670 cm™ (vco, SnHz2 ), 1508 (vcacs, Snk) and
1440 cm™ (8ch vcan, Snmz), assigned to the physically adsorbed C1 tautomer (DFT
calculated spectra of the isolated molecules) decrease, while the two strong signals at
1650 and 1581 cm™, assigned to the chemisorbed C3 tautomer (DFT calculated spectra
of the adsorbed species) increase with the potential. The small signal at 3090 cm™, due
to a NH or NH2 stretching mode, also proves the chemisorption of C3 tautomer, as only
its orientation would explain the presence of this band, according to the surface

selection rules and the theoretical orientations of the adsorbed tautomers.

In addition, the ATR-SEIRA spectra of cyt-h3 in the 2900-3900 cm™ show the
coadsorption of water at neutral and basic pH values and the loss of H-bonded water in

acid media as cytosine chemically adsorbs.
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