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The adsorption of guanine on single-crystal and thin-film gold electrodes has been explored by combination of
cyclic voltammetry and ATR-SEIRA ‘in situ’ spectroscopy at two pD values (8 and 11.6) employing D20 as a
solvent. The experimental conditions are selected to study the adsorption / desorption of the two forms of
guanine involved in the second acid-base equilibria and its tautomeric forms.

The ATR-SEIRA spectra of adsorbed guanine were compared to the absorption FT-IR spectra in solution and
interpreted in light of DFT calculations of the different acid-base and tautomeric forms with different solvation
states of the CO group. Furthermore, the preponderance of each tautomeric form and the possible changes in
orientation with the electric field have been determined by analyzing the two-dimensional correlation spectrum
(2D COS) as well as the influence of the potential on the integrated intensities of the spectral signals in the
1800-1400 cm ™! region. It has been found that at pD 8 the adsorbed keto-amino tautomer of neutral guanine
predominates in solution and in adsorbed state, and adsorbed guanine slightly rotate its molecular plane with the
potential. At pD 11.6 the keto-amino tautomer of anionic guanine is the unique form detectable in the solution,
while in adsorbed state the keto-imino tautomeric form is also present with its preponderance increasing with the

electrode potential.

1. Introduction

Guanine (G), a planar molecule formed by fusion of a pyrimidine and
an imidazole ring, is involved in two acid-base equilibria in aqueous
solutions (Scheme 1). The first, pKal = 4.2, is related to the protonation
of the imidazole nitrogen N7 while the second, pKa2 = 9.5, accounts for
the loss of proton in the pyrimidine nitrogen N1[1,2].

Guanine is one of the two purine DNA bases found in nucleic acids
that are present in the genetic material of all living organisms and plays
an important role in genetic expression and replication. These processes
are related to guanine base pairing in DNA with its complementary base,
cytosine, Watson and Crick interactions through three H-bonds [3]
(scheme 2). It has been postulated that the presence of “rare” tautomeric
forms in the genetic material may be responsible for genetic errors, via
base mispairing formation during polymerase-mediated DNA replica-
tion, resulting in genetic mutations[2,4]. However, only the ratio of
unfavorable tautomer in solution between 10~* and 10> do not allow to
explain the high number of mutations in the DNA[4]. Sowers et al. [5]
have proposed that hydrogen-bonding interactions and base pair
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formation could be perturbed by base ionization and predicted that the
ionized forms might exist several orders of magnitude more frequently
than the rare tautomeric forms [5] and in consequence are also
responsible of DNA mutations [6]. So that the study of the behavior of
guanine, its structural and conformational preferences as well as its
physicochemical properties is vital to understand the biochemical pro-
cesses in which it is involved.

Several theoretical studies have been leading to the tautomerism of
guanine. However, there is still some controversy regarding which form
is the favored guanine specie. Chandra et al. [7] demonstrated that
solvation effects are known to be vital in the interaction between gua-
nine and cytosine because specific solvation of the N3 and N7 sites of
guanine can modify the intrinsic acidities or basicities of the other site.
More recently, Jang et al. [2] shown that tautomeric configuration of
guanine can be drastically different depending on the environment.
They found that neutral guanine is in the aqueous phase as keto-amino
tautomer, This keto-amino forms are also the main species present in the
gas phase, but with the presence of some enol-amino tautomer. On the
other hand, Carvalho et al. [6] combined vibrational spectroscopy
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techniques coupled with quantum mechanical methods at the DFT level
and found that the keto-amino tautomer with H in position 7 was the
preponderant form at the condensed state as well as for the isolated
molecule, contrary to aqueous solutions and hydrated polycrystalline
guanine, where the canonical keto-amino tautomer with H in position 9
is found to be the most favoured species. These studies are critical in the
development of the rare tautomer hypothesis of spontaneous mutagen-
esis which consider that mutations arise through the formation of un-
stable tautomers[8]. In deep, it is known that some diseases or
pathogenesis such as cystic fibrosis, sickle cell anemia, and Alzheimer’s
disease [9,10] are related to these kind of mutations in the DNA.

The study of the tautomerism of DNA bases adsorbed on solid elec-
trodes is an attractive task due to the electrostatic similarities between
solid electrode/electrolyte interfaces and biological interfaces. To our
knowledge, there have only been a few works considering adsorption of
guanine on different solid-material electrodes. On graphite solid elec-
trodes, STM and AFM at atomic resolution measurements have
concluded that guanine is adsorbed parallel to the electrode surface in a
two-dimensional ordered structure packing into a rectangular lattice
[11]. On HOPG electrodes, guanine condenses in a monolayer film with
a flat orientation under potential control[12]. On gold electrodes,
adsorption of guanine takes place in different adsorbed states that
depend on the applied potential[13]. With specular reflectivity mea-
surements Takamura et al. have found that guanine is adsorbed in a
different way at negatively or positively charged electrodes, either in
orientation or because of dimerization[14]. Further STM and AFM
measurement combined with cyclic voltammetry [13] allowed to visu-
alize disorder polymeric aggregated in which guanine molecules are
stacked on the gold surface.

In this work, the adsorption of guanine on gold thin film electrodes is
studied by ATR-SEIRA in situ spectroscopy, in the Kretschmann
configuration, in neutral and basic media to determine the adsorption
behavior of the different ionized and/or tautomeric forms of guanine.
Electrochemical measurements have been carried out at two pH values
at which either the neutral or anionic form exist in solution. The pre-
vious studies developed by Ferapontova in an acidic medium show
oxidation at such low potentials that there is no range accessible of
potentials at which to study the double layer[15]. For interpretation, the
spectroscopic results in deuterated media have been compared with the
DFT calculated spectra of different ionized or tautomeric forms of gua-
nine. This allowed us to determine the preponderance of each form of
guanine as a function of pH and of the applied potential. Furthermore,
the influence of the electric field on the molecular plane orientation of
the adsorbed forms has been determined by analyzing the integrated
intensities of the signals in the 1800 — 1400 cm ™" region.

2. Materials and methods
2.1. Reagents, electrodes and solutions

The chemicals were purchased from Sigma-Aldrich and used without
any further purification.

Supporting electrolyte solutions (0.1 M NaF at pH 8 and 0.1 M NaF +
NaOH at pH 11.6) were prepared either in deuterium oxide (Sigma
Aldrich 99.99%) or ultrapure water purified with a Millipore Milli-Q
systems. Working solutions of guanine of the desired concentration
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Scheme 2. Watson and Crick (WC) interaction between guanine (G) and
cytosine (C).

were obtained by dosing in the electrochemical or spectroelec-
trochemical cell the required amount of stock solution of the DNA base
prepared in the same supporting electrolyte. Stock solutions of guanine
were prepared in the maximun concentration allow to dissolve guanine;
0.025 mM at pH 8 and 1 mM at 11.6. A glass membrane combined
electrode from Hamilton was employed to measure the pH of all solu-
tions. In D50 solutions, pH values were corrected according to pD =
pH+ 0.4 [16]

2.2. Electrochemical measurements

Electrochemical measurements were recorded with an Ecochemie
Autolab PGstat 30 instrument and with an IviumStat from Ivium Tech-
nologies. Cyclic voltammetry was conducted in a three-electrode glass
cellat50mVs L A freshly flame-annealed Au (111) electrode prepared
according to the Clavilier method [17] was used as working electrode
and contacted with the working solution by the meniscus method. A
flame-annealed gold wire and a saturated mercury/mercurous sulfate
electrode, connected to the cell by an intercalated salt-bridge filled with
the same supporting electrolyte, were used as a counter and reference
electrodes, respectively. All potentials are given respect to a saturated
calomel reference electrode, SCE (Esce= Emercury/mercurous sulfate + 0.4 V).
Before any measurements, the electrochemical cell was deaerated by
bubbling high purity argon, for 30 min. After that, a blanket of the inert
gas was kept over the working solution during the measurements.

The capacitance vs potential plots were obtained assuming a series
RC circuit from the EIS measurement performed with an Autolab
PGSTAT 30, equipped with a FRA module. The frequency and amplitude
of the AC perturbation were 25 Hz and 10 mV, respectively. The d.c.
potential was changed in steps of 20 mV and kept constant during the
impedance measurement.

2.3. Fourier transform infrared (FT-IR) spectroscopy measurements

2.3.1. ATR-SEIRAS measurements

In situ spectroelectrochemical ATR-SEIRA spectra were obtained
with a resolution of 4 cm™! using a NICOLET 6700 spectrophotometer
endowed with an MCT-A detector and a VeeMaxTM-II accessory from
PIKE Technologies for reflectance measurements. A CHI 1100 poten-
tiostat from CH Instruments was used for the electrochemical control of
the spectrochemical cell. 100 reflectance spectra at different potentials
have been collected with p-polarized light (polarized in the incidence
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Scheme 1. Acid-base equilibrium of guanine.
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plane), selected with ZnSe motorized polarized and then averaged. The
final absorbance spectra are represented as logarithmic (Ry / R) where
Ro and R are the reflectance spectrum of the reference and sample,
respectively in the same working conditions. A setup based on the
Kretschmann configuration for internal reflection was used. A silicon
prism beveled at 60° was used as an IR window. The working electrode
consists of a gold film of 20-25 nm thickness, deposited by sputtering (at
ca. 0.01 nm s ~ ! with a Leica EM SCD500 metallizer, equipped with a
quartz crystal microbalance) was placed on one of the faces of the prism.
A gold foil and saturated mercury/mercurous sulfate electrodes were
employed as a counter and reference electrodes, respectively.

Previously to any set of spectroscopy measurements, the cell was
purged by bubbling high purity nitrogen. In all experiments, the back-
ground spectra (Ry) at different potentials were collected in the absence
of guanine. The electrode potential was changed at 10 mV s ~ !, between
measurement potentials, and it was kept constant during the spectra
acquisition. Then, the exact volume of the stock solution of guanine was
added to the electrochemical cell to obtain the desired concentration of
DNA bases in the cell. Finally, the reflectance spectra of the sample (R)
were collected following the same procedure than in the absence of
guanine.

The value of the integrated intensity (A) of an ATR-SEIRAS band is
proportional to both, the surface concentration of the adsorbed species
(I and to the squared cosine of the angle between the vibrational
transition dipole and the normal direction to the adsorbing surface, (0),
as it is shown in Eq. (1). [18]

AT cos*(6) €y

2.3.2. Transmission IR spectra measurements

Absorption spectra in solution were obtained in two ways: trans-
mission IR spectra of 10 mM guanosine-5-diphosphate (Sigma-Aldrich)
in DO at pD 8 were measured as previously described [19] using a
homemade Teflon cell equipped with two circular CaF, windows sepa-
rated by a 50 pm Teflon spacer. For 9 mM guanine in D0 at pD 11.6, the
same ATR cell used for spectroelectrochemical measurements was
employed, but with a 45° ZnSe prismatic optical window to achieve a
better correction of the solvent absorption bands. In both approaches a

total of 1000 scans were collected using a resolution of 4 cm ™.

2.4. DFT details

The geometry and vibrations properties of guanine in gas phase have
been modeled employing a hybrid functional PBE as implemented in the
Gaussian 09 software [20] and a basis sets 6-311+G(d,p)[21-23]. The
calculations have also been performed including two or three water
molecules in order to consider the solvation of carbonyl group. The
theoretical vibrational frequencies have been corrected by optimized
scaling factors for the functional and basis sets used[24].

For calculations with adsorbed guanine on Au(111) surfaces, a layer
of 84 atoms of gold with a fixed geometry was used. The functional PBE
and the 6-311 + G(d) basis sets for C, N, O, and H atoms and the semi-
empirical PM6 method for Au atoms were used.

3. Results and discussion
3.1. Cyclic voltammetry

Fig. 1 shows the stationary cyclic voltammograms obtained with
flame-annealed Au (111) electrodes immersed in solutions containing
guanine at pH 8 and 11.6. At these values, it is possible to observe the
capacitative region in a wide potential range, contrary to observed in
acid media[15]. The voltammograms in the double layer potential re-
gion, as well as the capacitance curve at pD 11.6 (Fig. S1 in SI) sub-
stantiate that an adsorbed layer of guanine is formed from the more
negative potential values. These results also reveal different adsorption
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Fig. 1. Cyclic voltammograms obtained with Au(111) electrodes at 50 mV s~!

for solutions containing guanine (G) at the indicated concentrations and pH
values. The black dashed lines correspond to the voltagramograms of the sup-
porting electrolytes at 50 mV s . Arrows in upper panel mark the positon of the
capacitance peaks in figure S1.

regions that are not separated by phase transition peaks. Tao et al.[13].
have previously studied guanine adsorption on Au(111) by scanning
tunneling microscopy (STM) and atomic force microscopy (AFM)
observing that guanine adsorbed spontaneously on the gold electrode
forming polymeric aggregates, which is in good agreement with our
voltammetry results. Fig. 1 also reveals the influence of electrolyte pH
on adsorption / desorption processes. Thus, as the solution pH increases
the adsorption /desorption peaks of guanine shift toward lower poten-
tial values. This potential shift is similar to that observed for the
adsorption of anionic or neutral adenine on gold electrodes at basic or
neutral pH, respectively[25].

3.2. FT-IR spectra of guanine in solution

At pD 8, to overcome the low solubility of neutral guanine[26], we
have employed guanosine 5'-diphosphate (G 5DP) which has the same
structure of guanine although the hydrogen in N9 is substituted by a
sugar ring. Therefore, it can be expected that at wavenumbers in the
1400-1800 cm™! range the spectra of G-5DP and guanine are coinci-
dent. The experimental spectra of G 5DP in solution at pD 8 and guanine
at pD 11.6 are given in Fig. 2.

In Fig. 2a, three strong bands at 1662, 1579 and 1565 cm ™! and a
weak band at 1539 cm ™! are observed for G-5DP in solution. Scheme 3a
contains the three main tautomeric forms of neutral guanine. The
presence of a strong band at 1662 cm™! suggests the existence of
carbonyl group responsible for this absorption signal. Therefore, the
enol tautomer of neutral guanine could be discarded. In order to decide
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Fig. 2. a). FT-IR spectra of guanosine 5'-diphosphate in D50 solution at pD 8,
b).) FT-IR spectra of anionic guanine in DO solution at pD 11.6.
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Scheme 3. Main tautomeric forms of a) neutral guanine and b) anionic guanine.

the preponderant tautomer in solution (keto-amino or keto-imino) and
to obtain the assignations and the directions of the transition dipoles of
the corresponding vibrations, DFT simulations of the theoretical spectra
for guanine in D30 have been obtained, with a previous geometrical
optimization. In Fig. S2 of SI file, the experimental spectrum of G-5DP is
compared to the theoretical vibrational spectra obtained from DFT
calculations, with a previous geometrical optimization, over the keto-
amino and keto-imino tautomers. When considering the solvent a
polarizable continuum model (PCM), the theoretical spectra are very
different from the experimental one. Particularly, the theoretical bands
at c.a. 1740 cm 2, that correspond to C = O stretching, overestimate in
80 cm ™! the experimental bands. Similar effects have been found in the
DFT simulated spectra for several derivatives of DNA bases, with a PCM
model for the solvent. [27] The inclusion of specific intermolecular in-
teractions of the DNA bases derivatives with solvent molecules, im-
proves the agreement between theoretical and experimental spectra. In
our DFT simulations, inclusion of 2 or 3 D;0 molecules in the geometric
optimization, originates simulated spectra closer to the experimental
one. The results, including the main contributions to the bands, are
summarized in Table S1

The keto-amino tautomer shows three strong bands at 1628, 1550
and 1523 cm ! and a very weak band at 1499 cm™L. In the keto-imino
form, these bands with the same main vibrational contributions are
shifted to 1632 (strong), 1594 (strong), 1575 (weak) and 1519 cm !
(weak), respectively. The position and intensities of the bands corre-
sponding to the keto-amino tautomer can explain the experimental G-
5DP spectrum bands at 1662, 1579, 1565 and 1539 cm !, respectively,
within a 3% of error in the wavenumbers and with similar relative in-
tensities, as can be observed in Fig. S2. On the other hand, the set of
bands corresponding to the keto-imino tautomer could explain the po-
sitions of the experimental bands, but not their relative intensities.

The results above suggest that the preponderant form of guanine in
neutral solutions is the keto-amino form, in agreement with a previous
work in the literature [28], where the assignments of the experimental
Raman bands for neutral G-5DP in D>O and H5O solutions to vibra-
tioknal modes of the keto-amino tautomer was made on the basis of 13C,
15N and 80 substitution effects. The assignation of all the experimental
bands in Fig. 2a given in [28], on the basis of the shifts upon isotopic
substitutions, are coincident with the main vibrational contributions
obtained from our DFT simulations, given in Table S1:The band at 1662
em ™! corresponds to the stretching mode of the C6=0 group, the band at
1579 is assigned to a pirimidin ring squeletal vibration with a large
contribution of N3. The band at 1565 cm™! was assigned to a pirimidin
ring vibration with participation of C2. The remaining weak band at
1539 was assigned to a resonant vibration involving pyrimidine and
imidazole rings.

Fig. 2b contains the FT-IR spectra of anionic guanine in solution at
pD 11.6. It presents two overlapped strong bands at 1592 and 1570 cm ™
and a strong and very wide band, probably being the convolution of
several bands, at 1463 cm™*. The theoretical DFT spectra of canonical
keto-amine tautomer of anionic guanine, incorporating two deuterated
water molecules, included in Fig. S3, can explain most of the features of
the absorption spectra of anionic guanine in solution: The experimental
band at 1592 cm™! can correspond to the C6=O0 stretching theoretical
signal at 1619 cm™'. The band at 1570 cm ™! matches to the theoretical
bands 1565 (N3C4 stretching). The wide band observed at 1463 em™!
can include the vibrations corresponding to the theoretical bands at
1482 cm™! (C2N3+CI1N2 stretching), 1452 (skeletal) and at 1434 cm !
(C2N stretching). Table S2 summarizes the position and assignment. On
the contrary, the theoretical spectrum for the keto-imine tautomer
exhibit two main bands, one strong at 1615 cm ! (C6=0 stretching) and
a very strong band at 1506 cm™! (C2N stretching) that cannot explain
the main features of the experimental spectrum of anionic guanine in
solution. On the other hand, the presence of very weak experimental
bands at 1649 cm™!, 1538 and 1504 cm™! suggests the minority pres-
ence of another tautomer of anionic guanine in solution.

3.3. Spectroelectrochemical experiments of adsorbed guanine from
solutions at pD 8

ATR-SEIRA spectra of adsorbed guanine at —0.28 V and at 0.0 V, and
potential averaged spectra are presented in Fig. 3. The complete set of
spectra at different potentials is included in Fig. S4. The features of the
ATR-SEIRA spectrum at —0.28 V in Fig. 3a are very similar to those of
the transmission IR spectra of G-5DP (Fig. 2a), with one broad and
intense band at 1669 cm ™, and two close bands at 1601 and 1573 cm ™.
Therefore, it can be expected that the preponderant adsorbed guanine
specie is the same as that in solution, the keto-amino tautomer. The
surface selection rule in the ATR-SEIRA experiment, implicit in Eq. (1),
requires that any active vibration mode have some component normal to
the gold surface. Therefore, the presence of in plane vibrational bands in
adsorbed state involves that guanine is adsorbed on gold with the mo-
lecular plane tilted, relative to the electrode surface. This is in good
agreement with the work of Tao et al., demonstrating by AFM and STM
that guanine ad-layers on gold are formed by polymeric aggregates in
which the molecules are stacked with periodic distances of 3.3 + 0.3 A,
suggesting a highly tilted orientation of the molecular plane[13].

The ATR-SEIRA signal at 1668 cm ! is quite wide, probably due to
different C=0 bands with different levels of solvation and/or the
interaction with the electrode surface. When comparing to the spectrum
of G-5DP in solution, it is observed that the adsorption of guanine also

decreases the relative intensities of bands 1598 and 1573 cm™! as
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Fig. 3. a) ATR-SEIRA spectra in the 1800-1400 cm ™ region of guanine in D,O
solutions at pD 8 and -0.28 V vs SCE and b) at 0.0 V vs SCE. The potential values
were constant during the spectral measurements. c) Potential averaged ATR-
SEIRAS in the -0.3 to 0 V vs SCE range and its deconvolution into individ-
ual bands.

compared to the C=0 group stretching. This effect becomes clearer as
the potential increases. On considering the anisotropic character of the
ATR-SEIRAS signals, it seems that guanine interacts with the gold
electrode with the carbonyl group orientated close to the normal di-
rection to the electrode surface. Moreover, the blue shift of the C=0
stretching band in the adsorbed state suggests that the C=0 group in-
teracts with the electrode surface. This is confirmed by DFT geometrical
optimization of keto-amino tautomer of guanine over a surface of 84
gold atoms ‘frozen’ into a (111) organization. The optimized geometry is
showed in Scheme 2, with the molecular plane oriented normal to the
electrode surface, with the carbonyl group directed towards the elec-
trode in a hollow position. The molecular plane is slightly rotated (c.a.
6°) relative to the closest main direction of the gold crystal. The dis-
tances between the oxygen of carbonyl group and the closet gold atoms
(Aua, Aug and Auc) are 3.55, 3.55 and 3.28 f\, respectively Scheme 4.
At 0 V the ATR-SEIRAS spectrum shows the same number of bands
that at —0.28 V. However, at this potential, the signal at 1668 em™!
increases its intensity and shifts to 1689 cm™, probably due to the
interaction with the electrode surface or changes in solvation. The fre-
quencies of the bands around 1598 and 1573 cm™ shift slightly with
potential. However, their relative intensities change clearly, with the
band at c.a. 1573 cm ™! becoming significantly higher than the band at c.

Scheme 4. Optimized geometries of G ND9 tautomer on gold atoms surface.
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a 1600 cm ™! at 0 V. These intensity changes with potential may be due
to reorientations of the molecular plane of guanine tautomer either by
inclination or by rotation relative to the electrode surface.

Qualitatively, these changes could be better appreciated in the two-
dimensional correlation spectra (2D COS). Fig. 4a and b show the syn-
chronous and asynchronous 2D correlation spectra of adsorbed guanine
from neutral D50 solutions, the increasing potential being the external
variable[29,30]. In both cases positive correlations are represented in
red and the negative correlations are coloured blue.

Fig. 4a shows the synchronous spectra. The bands located off diag-
onal are cross-correlation bands, while the bands located at the diagonal
are auto-correlation bands and are always positive. The positive sign of
the cross-correlation bands indicates that they are changing in the same
direction with the potential, and the negative sign indicates that they are
changing in the opposite direction. Synchronous spectrum shows that
the wide band observed in ATR-SEIRA spectra at 1680 cm ™!, which is
related to C=0 stretching of guanine, could involve at least two signals
at c.a. 1646 and 1689 cm™!. The synchronous spectrum is dominated by
a strong blue square between 1646 and 1689 cm ™. This indicates that
these two bands are strongly correlated and change in the opposite di-
rection. The cross-correlation bands of 1689 cm ™! with 1598 cm™! and
c.a. 1576 cm ™! are negative and positive, respectively, indicating that
these changes are also correlated but their signs indicate that bands at
1598 cm ™! change with the potential in the opposite way that the C=0
group of adsorbed guanine changes, while the band at 1576 cm™!
changes in the same manner. Moreover, the blue square between 1600
and 1580 cm™! confirms that their intensities change in the opposite
directions as qualitatively observed in Fig. 4a-b.

Fig. 4b plots the asynchronous spectrum. For a pair of bands denoted
(11, v2) with a positive sign of a cross-correlation band in the synchro-
nous spectrum; positive sign of a cross-correlation band in the asyn-
chronous spectra indicate that changes of the band at v, take place
before changes of v5. On the contrary, a negative sign indicates that vy
precedes v1. The asynchronous cross-correlation band (1689, 1646) is
positive, while the synchronous correlation is negative. This means that
changes with potential at 1689 cm™! take place after changes at 1646
cm ™}, suggesting that two different physical phenomena are involved in
the changes of the two bands with potential. The negative sign of the
asynchronous correlations in the 1689-1598 bands and in 1690-1576,
taking into account the synchronous correlations, suggest that the
changes in the 1689 cm ! band follow the changes of the 1598 cm ™!
while changes of the 1689 cm™! band precede changes of the 1576
em™!. Moreover, the absence of intense correlations in the asynchronous
spectra at 1650-1600, 1650-1580, and 1600-1580 indicate that
changes with the potential in the integrated intensities of those bands
are synchronized. Considering that bands at 1650 and 1600 cm™!
decrease with the potential and band at 1580 cm™! increases, the syn-
chronized behavior could be explained if it is caused by a rotation of
guanine molecular plane. On the other hand, the changes with the po-
tential at 1690 cm™! could be due to the stronger interaction of the
carbonyl group with the electrode at higher potentials, as can be ex-
pected if guanine adsorbs with that group orientated towards the elec-
trode, as it was suggested above.

To quantitatively analyze all the changes with the electrode potential
in the ATR-SEIRA spectra of adsorbed guanine at pD 8, the deconvolu-
tion of the spectra into individual bands has been performed following
the pattern showed in Fig. 3c for the potential-averaged spectrum, ob-
tained from its second derivative (SD) and fourier self-deconvolution
(FSD) (Fig. S5b and c, respectively). The assignment of these bands
was based on our DFT calculation concerning solvated and adsorbed
keto-amino tautomer and it is summarized in Table S1 in the SI file.

The most intense band in the ATR-SEIRAS spectra, around 1680
em™ Y, is deconvoluted into three bands at 1690, 1666 and 1646 cm™".
Table S1 summarize the assignment of the experimental infrared signals,
on the basis of the theoretical DFT spectra. Bands at 1689 cm ™' and
1666 cm ! can be assigned to the carbonyl stretching band of adsorbed
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Fig. 4. a) Synchronous and b) asynchronous 2D COS results of the ATR-SEIRAS spectra for the 1800 and 1400 cm—" regions of guanine in D,0 solutions at pD 8 using
the electrode potential as external variable. Positive correlations are represented in red and negative correlations in blue. c) Structure of guanine indicating the
approximate directions of the transition dipole moments of the signals indicated in the figure. d) Potential dependence of the integrated intensities (normalized to its

maximum) of the main ATR-SEIRAS absorption bands of the spectra in Figure

guanine and hydrated guanine, respectively. The main contribution of
the experimental band at 1646 cm ™! is the C2N stretching. Bands at
1598 and 1576 cm™! correspond to skeletal vibrations with different
directions of the transition dipoles, as can be observed in Fig. 4c).

Fig. 4d contains the integrated intensities of the main absorption
bands of adsorbed guanine normalized to their maximum values (ob-
tained in the deconvolution of the ATR-SEIRA spectra) represented as a
function of the applied potential. The intensity of the band at 1666 cm ™
remains almost constant (not plotted), indicating the presence of some
solvated guanine not strongly adsorbed on the electrode. The band at
1689 cm ™! continuously increases its intensity with the potential in the
range explored, indicating the increasing number of guanine molecules
with a stronger interaction of the carbonyl group with the electrode
surface. The parallel decrease with the potential of the integrated in-
tensities at 1646 and 1598 cm ! and the increases of the intensity at
1576 cm™! can be explained by a small rotation of the molecular plane
of guanine with the potential, so the transition dipoles of the vibrations
at 1646 and 1598 cm ! (almost along the same direction within the
molecular plane) become more parallel to the electrode surface, while
the transition dipole of the vibration at 1576 becomes less parallel as the

S4.

potential increases. According to the approximate directions of the
vibrational dipoles represented in Fig. 4c), the described rotation would
be counterclockwise. This rotation movement would also contribute to
incrﬁase the integrated intensity of the C=0 stretching band at 1689
cm .

3.4. Spectroelectrochemical experiments of adsorbed guanine at pD 11.6

Fig. 5a and b show ATR-SEIRA spectra of guanine adsorbed on gold
nanofilm electrodes in the 1800-1400 cm ! region at pD 11.6 at two
different potential values. Both spectra are very different from the
transmission spectra of anionic guanine at pD 11.6 (Fig. 2b), particularly
at —0.1 V, and include a higher number of spectral bands, as can be
observed in the deconvolution of the potential averaged ATR-SEIRA
spectrum in Fig. Sc.

At —0.58 V the ATR-SEIRAS spectra includes a wide carbonyl signal
at c.a. 1650 cm ™}, that must correspond to the weak signal obtained at
1649 cm™! for guanine in solution. As the potential increases to —0.1 V,
the relative intensity of the carbonyl signal increases, and it shifts to a
higher wavenumber, compared to the spectrum in solution (Fig. 2b). The
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Fig. 5. a)ATR-SEIRA spectra in the 1800-1400 cm ™! region of anionic guanine
in D50 solutions at pD 11.6 at -0.58 V and b) -0.1 V. c) Potential averaged ATR-
SEIRAS in the -0.8 to -0.1 V vs SCE range and its deconvolution into individ-
ual bands.

observed shift (c.a. 60 cm™?) in the position of the carbonyl-stretching
band upon adsorption cannot be explained as an exclusive conse-
quence of the loss of hydration and the interaction with the electrode,
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although these facts could also contribute. On the other hand, the
appearance of new spectral bands, corresponding to skeletal vibrations,
suggest the presence of a new tautomeric form in the adsorbed state. The
comparison of the spectra at the two potentials, shown in Fig 5a and b,
indicates that this new form is favored at higher potentials. This is also
supported by the 2D-COS synchronous spectra, with the potential as
external variable, shown in Fig. 6a. The cross-correlations show two sets
of bands, changing in the opposite way with the potential: bands at c.a.
1650, 1550 and 1500 cm ! change in the same direction with the po-
tential, and bands at c.a. 1600, 1570 and 1450 cm ™! change in the
opposite direction. On the contrary, the asynchronous 2D-COS (not
shown) does not exhibit significant correlations, either positive or
negative, indicating that all the spectral changes with the potential are
synchronized and that could be caused by the same physical
phenomena.

Fig. 5c includes the deconvolution of the potential averaged ATR-
SEIRA spectrum of guanine adsorbed from solutions at pD 11.6, using
the pattern obtained from its second derivative (SD) and Fourier self-
deconvolution (FSD), with the exact position of the individual bands
indicated. The bands at 1602 and 1575 cm™! of adsorbed anionic gua-
nine, which initially increase with the potential up to c.a.—0.55 V and
decrease at higher potentials, can correspond to the bands at 1592 and
1570 cm ™! of anionic guanine in solution (Fig. 2b), in principle assigned
to the keto-amino tautomeric form. This behavior could be explained if
at low potentials, the increasing potential increases also the tilt angle
and/or the surface concentration of the keto-amino form of the anionic
guanine adsorbed, up to —0.55 V vs SCE, at which the keto-imino
tautomer becomes more relevant in adsorbed state and gradually
sweep the keto-amino from the surface, as the potential increases. This

/
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Fig. 6. a) Synchronous 2D COS results of the ATR-SEIRAS spectra for the 1800 and 1400 cm ™! regions of guanine in D,O solutions at pD 11, with the increasing
potential being the external variable. Positive correlations are represented in red, and negative correlations in blue.b) Potential dependence of the integrated in-
tensities of the main ATR-SEIRAS absorption bands obtained from the deconvolution with the pattern obtained in a). ¢) Structure of keto-amino and keto-imino forms
of anionic guanine indicating the approximate transition dipole moments directions of the signals indicated in the figure. b)



J. Alvarez-Malmagro et al.

potential onset is almost coincident with one of the capacitance peaks in
Fig. S1. The bands at 1653, 1628, 1547 and 1498 cm ™}, which increase
with the potential up to c.a. —0.2 V vs SCE, must correspond to a
different tautomeric form of anionic guanine adsorbed. The intense band
at 1653 cm™! can be assigned to a carbonyl stretching vibration, sug-
gesting that the new tautomeric form favoured at high potentials could
be the keto-imino tautomer of anionic guanine. DFT simulation of this
tautomer adsorbed on gold (111) indicates that it adsorbs with the
molecular plane normal to the electrode and the carbonyl group and N7
orientated towards the surface. The corresponding simulated IR spec-
trum, in Fig. S3, contains bands at 1673, 1639, 1545 and 1470 cm ! that
match with the experimental bands at 1663, 1628, 1547 and 1498 em™!
of the ATR-SEIRA spectra, supporting that the keto-imino tautomer is
the form of anionic guanine favoured in adsorbed state at high poten-
tials. The assignment of these bands is included in Table S2. It must be
noted here that spectrum of anionic guanine in solution, in Fig. 2b, also
includes weak or very weak bands at 1649, 1528 and 1504 cm™! that
could also be explained as caused by a minor presence of the keto-imino
tautomer of anionic guanine in solution. The simulated band at 1639
em ™, could explain the experimental ATR-SEIRA band at 1628 cm ™7,
corresponds to the C2N stretching vibration of the keto-imino form.

The transition dipoles of these individual bands, according to their
assignation in Table S2, show very different directions within the mo-
lecular plane of anionic guanine, as can be observed d in Fig. 6¢. Ac-
cording to Eq. (1), any change in the rotation of the molecular plane
with the potential would involve changes in the relative intensities of the
bands corresponding to in-plane vibrations with different directions of
the transition dipole. However, changes in the tilt angle of the molecular
plane, defined as the angle between the normal direction to the plane
and the normal direction to the electrode, would affect with the same
factor every in-plane vibration. Then, the parallel increase and decrease
with the potential of the two signal groups can only be caused by
changes in the surface concentration or in the tilt angle of the molecular
plane of the keto-amino form of adsorbed anionic guanine decreases
with the potential, at potentials higher than —0.55 V vs SCE and the
surface concentration or tilt angle of the adsorbed keto-imino form in-
creases with the potential up to c.a. —0.2 V vs SCE.

4. Conclusions

The comparison of FT-IR spectra in solution for G 5DP guanine at pD
8 and pD 11 with DFT vibrational spectra simulations indicates the
preponderance in solution of the solvated keto-amino tautomer form for
neutral and anionic guanine, respectively.

The ATR-SEIRA spectra of adsorbed guanine from solutions at pD 8
indicate that the species adsorbed from neutral media is the same as the
neutral guanine form existing in solution, the keto-amino tautomer. The
shift observed in the position of the C=O stretching band upon
adsorption indicates the loss of hydration and the direct interaction of
the C=0 group with the electrode. Moreover, the presence of in-plane
vibrational bands indicates a highly tilted orientation of the molecular
plane of adsorbed guanine. DFT calculated spectra of adsorbed keto-
amino tautomer on gold clusters support these conclusions. The evolu-
tion of the integrated intensity of the spectral bands with the increasing
potential can be explained by a rotation of the molecular plane of
adsorbed keto-amino tautomer, which makes the direction of the C=0
group closer to the normal direction to the electrode.

At pH 11.6, the differences in the spectrum in solution respect to the
DFT spectrum of the keto-amino form of anionic guanine cannot be
explained by solvation effects, especially at high potentials, but by some
contribution of the keto-imino tautomer. The analysis of the evolution of
the spectra with potential reveals two different potential regions of
adsorption. At potentials below c.a. —0.55 V vs SCE the favored form
adsorbed is the keto-amino, as at pD 8, but at higher potential values the
keto imino form is the favored one.
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