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Precursor spectroelectrochemical behavior of guanine is investigated based on UV-Vis absorption and fluorescence, and IR and Raman
spectra of guanine and its radical cation in the presence of a model electrode, computed using (TD)M06/6-31++G** method. Effects of
electrode potential (V;), molecule-electrode distance (d) and molecular orientations (8) on this behavior are investigated. Results indicate
that application of electric potential causes changes in the molecular structure and distribution of charge and spin densities, which
consequently changes the electronic and vibrational characteristics of the system. Also, perturbation due to the applied electric potential,
changes both the intensities and frequencies of the vibrational bands of the studied species. The absorption wavelength, and the peak
intensity and width of the electronic spectra of guanine and its radical cation also show sensitivity to the applied electrode potential.
Presence of solvent both as electrostatic medium and as explicit solvent (molecules) have significant effects on the spectroelectrochemical
properties of guanine, and change the chemical activity of guanine radical cation formed by the electrode reaction. Furthermore, population

and orbital analyses show that for all orientations, application of the electric potential by the electrode increases contribution of the inter-

molecular (guanine—water) charge density displacement to the UV-Vis transitions.
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INTTRODUCTION

Spectroelectrochemical (SEC) method, as a combination
of spectroscopic and electrochemical techniques, is used to
investigate simultaneously the kinetics, thermodynamics,
and molecular details of surface phenomena, including
electrochemical reactions at the electrode-electrolyte
interfaces. The SEC studies can thus provide better and
deeper understanding of the structure of matter and the
mechanism of electrochemical reactions, as compared to the
individual compilation of the electrochemical and
spectroscopic studies. So far, many experimental SEC
studies have been carried out using different spectroscopic
(UV-Vis, laser, Raman, IR, NMR and ESR/EPR) and
(CV, SWV and

techniques, each requires its own special setup and cell

electrochemical chronocoulometry)
[1,2]. The UV-Vis and Raman spectroscopies are the most

*Corresponding author. E-mail: sabzyan@sci.ui.ac.ir

widely used SEC methods [3-7]. All these SEC methods
have been applied in the investigations on solar cells [8],
fuel cells [9] and fiber optic sensors [10], in addition to
more standard applications in electrochemistry [11], surface
chemistry [12] and corrosion [13]. Despite numerous
experimental research works appeared in the literature
[14,15], only a limited number of theoretical [16,17] and
quantum computational [18,19] descriptive studies have
been reported on the SEC processes and phenomena.
Therefore, developing appropriate computational approach
for the detailed study of SEC phenomena at molecular and
atomic scales is of great importance. For this purpose, a
well-studied and benchmark chemical system, for which
experimental spectroscopic, electrochemical and SEC data
are available, is a prerequisite.

In the present computational study, the precursor SEC
behavior of guanine and its radical cation (Fig. 1) is
investigated using density functional theory quantum
computation method, and a simple molecular modeling for
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Fig. 1. Radical cation formation in the first step of guanine oxidation [20].

the electrode surface and application of electric potential.
Success of this method in obtaining information on changes
in the electronic and vibrational spectra of the studied
applied electrode potential,
demonstrated. This research is designed and carried out to

species, under is also
obtain molecular insight and understanding from the
the

not

precursor phenomena occurring just to

electrochemical reaction of the aimed molecule,

prior

accessible via routine experimental electrochemical studies.
Upon availability of adequate computational facilities, our
method can be extended to the electrochemical reactions
also using full quantum mechanical modeling of the
electrode and electrochemical reactions.

Guanine consisting of a fused pyrimidine-imidazole
conjugated ring system, is one of the five nucleobases found
in DNA and RNA, and thus is an important molecular
system in organic, biochemistry and physical chemistry. So
far, a number of experimental and computational
spectroscopic characterization and electrochemical studies
have been carried out on guanine [20-30]. Also, several
experimental SEC studies have been performed on guanine.
For example, oxidation mechanism of guanine is studied by
surface-enhanced Raman scattering SEC method [31]. In
addition to the determination of the vibrational frequencies
of guanine and the intermediates resulting from its
oxidation, variations in the orientation of these species on
the surface of gold nanoparticles during the electrochemical
oxidation are also studied in this work. The use of EPR-SEC
method for the study of guanine radical formation is also
reported [32]. Also, an UV-Vis-SEC monitoring technique
is used to follow electrocatalytic oxidation of guanine on the

[Ru(bpy),(MPYTMPP)CI]/ITO electrode [33].

COMPUTATIONAL PROCEDURES

The reaction model used in this computational study is
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as follows:

M+E —» M —e¢+E—>» M ~¢—E—>»
M'+¢E—» M +E

In this model, M (M"), E and ¢ denote respectively the
molecule (its radical cation), electrode and transferring
electron. In order to investigate the effect of electrode
potential on structural and bonding characteristics and
spectroelectrochemical (SEC) behavior of the guanine (G),
guanine-electrode (G-E), guanine-solvent-electrode (G-S-
E), guanine radical cation (G™), guanine radical cation-
electrode (G'-E) and guanine radical cation-solvent-
electrode (G™-S-E), their structures are optimized at density
functional theory (DFT) level with MO06 functional and
6-31++G** basis set (i.e. M06/6-31++G** method) using
G09 program [34]. Variations of the structural, electronic
and electrical properties of these species in various applied
potentials are analyzed to discover response of their spectral
properties to the applied -electrochemical potential.
Electronic (UV-Vis absorption and fluorescence) and
vibrational (IR and Raman) spectra are calculated for these
species using time-dependent DFT (TD-DFT) method and

harmonic oscillator analysis. These spectra are analyzed
to investigate the effect of the electrode potential (V)
and the molecule-electrode distance (d) on the spectral
characteristics. Also, effect of molecular orientation with
respect to the electrode surface (0) on the SEC behavior of
guanine is investigated.

The most stable tautomer structure of guanine existing
in biological systems (Fig. 1) [35] is considered for this
study. The model electrode (E) is constructed by aligning
n,, =45 model atoms in a noxn, =5x9 rectangular
arrangement having a ¢ =3 A closest distance (adopted from
the Au-Au distance in a gold crystal, 2.88 A). This electrode
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can thus be considered to have a surface area of
A=L xL =405A (with [ =pg and [ =n 4 being
dimensions of the electrode). In order to have the best
compatibility with the corresponding real system, a certain
electric point charge is allocated to each of these model
atoms, as described below.

The G-E (G™-E) and G-S-E (G™-S-E) systems are built
and the corresponding appropriate electrode potentials are
evaluated according to the following steps.

Evaluation of the Electrode Potential

To allocate an appropriate point charge (g,) to the model
atoms of the model electrode, so that the electrode can apply
a potential equal to the standard oxidation potential of
guanine, the charge density (o) of the Au(100) surface
measured experimentally at this potential [36] is used. At
pH=7.4 and pH = 13.1, the oxidation potential of guanine
at the gold electrode surface versus the Ag/AgCl reference

electrode is reported to be +0.69 V [20] and +0.10 V [31],
respectively, which are equivalent to y? = +0.91 V and

y) = +0.32 V referenced to the normal hydrogen electrode

(NHE). In this work, calculations are performed for both of
these potentials. Basically the following criteria can be
considered for selecting appropriate values of the electrode
potential. {) They should be obtained from experimental
oxidation potentials of guanine at the gold electrode surface.
ii) They should be low enough to avoid induction of
electrochemical reaction, and set the molecule just at the
precursor stage. iii) The surface charge density of the gold
electrode at these potential values (needed for our model) be
available in the literature. iv) At least two electrode
potential values sufficiently separated should be available so
that the difference in the results can be clearly observable.

The point charge q; is obtained using the following set of

equations.
o(0)4=q,,(C) (1
Vo(C)= qtorc(c) 2)
q,‘ (VFO (C) — qtar (C) (3)

n

tot

In these equations, q;(C) and o(C) are the total charge and
surface charge density of the electrode at the applied
potential of 1)(C), and 4 is its surface area. Also, ny =45
is the total of the
model electrode. Evaluation of the atomic (point) charges

number of constituting atoms

of the model electrode is carried out by sequential

evaluation of the required quantities starting from

the working potential of interest in the order of
VA(C)—C—o(C)—>q,,(C)—> q,(V))- The required data
for this sequential evaluation is obtained as follows.

First, the (C, 6(C)) data reported by Panzram et al. [36]
for the Au(100) gold electrode of 4 = 1 cm® surface area is
reproduced in Fig. 2a. Knowing the electrode surface area
(A4 =1 cm?), the corresponding total charge q.(C) values
and then the electrode potential ) (C) values are calculated
using Eqgs. (1) and (2), respectively. The correlation between
the capacitance values C and the electrode potential values
V2(C), ie. the C,(V2(C)) data, is thus obtained for the

whole range of the (C, o(C)) data and plotted in Fig. 2b.
Now, at each given electrode potential (e.g. 7 (C) =+0.32
and +0.91 V, at which electrochemical study is carried out
on guanine [31]), the corresponding capacitance value C is
obtained using the C,(V2(C)) correlation diagram of
Fig. 2b, as shown by the vertical and horizontal arrows in
this Figure. Then, the surface charge density o(C)
corresponding to the obtained capacitance value C, is
obtained using the (C, 6(C)) correlation diagram plotted in
Fig. 2a, indeed the corresponding to the given electrode
potential 72 (C). The charge density obtained in this way,

is then used to calculate the q(C) values, from which
the corresponding atomic (point) charge g, (V2 (C)) is
calculated using Eq. (3), considering ny, = 45. This
procedure resulted in the ¢ (V?(C))=10.0891e and
+0.1795¢ values at the given potentials 7} (C) =+0.32 V &

0.91 V, respectively.

It is important to note that experimental values of the
surface charge densities at the desired potentials (Fig. 2) are
obtained in aqueous 1 M HCIO, solution, which is
equivalent to one mole of H per 55 mole of H,O. To apply
this pH in our calculations, at least 55 molecules of water
are needed for inclusion of each H™ species. Due to this
limitation, no H' ion is included in the present calculations,
which results (at least in part)in the differences between
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Fig. 2. (a) The (C, o(C)) data for the Au(100) surface in aqueous | M HCIO, re-produced from the data
reported by Panzram et al. [36]. (b) The C, (V) (C))data derived from the data in (a) using Egs. (1)

and (2) as described in the text.
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Fig. 3. The setup used in this work to evaluate electric potentials applied on the transferring electron by the
guanine molecular core M" and the electrode of potential v°. The vectors R, Ry, and I show the position

vectors of the electron, molecule and the model atom number i, respectively, and d is the distance of the
molecule from the electrode surface.

722



Computational Study of the Precursor Spectroelectrochemistry of Guanine/Phys. Chem. Res., Vol. 8, No. 4, 719-735, December 2020.

computational and experimental results.

Setup of the Molecule Position

The setup used in this research to describe the potential
applied on the transferring electron is shown in Fig. 3.
Appropriate position of the molecule (M) with respect to the
surface of the model electrode (E), i.e. Ry, at which the
electrode potential has significant contribution to the
potential of the transferring electron as a prerequisite for the
start electrochemical process, is determined based on the
potential energy diagram plotted at each electrode potential
2 as shown in Fig. 4. The potential curves plotted in this
Figure are obtained as described below.

The total electric potential applied on the transferring
electron at each point R on the line connecting vertically the

molecule to the surface of the electrode is the sum of the
potentials applied by the molecule J (R) and the potential

applied by the electrode y,_(R), i.e.
V(R =V, (R)+V(R) “)

In this equation, the molecule and the electrode potentials
are given by:

vV (R) ZL (_le) (+qu) (5)
u 4re, |R-R,|
__ 1 Ele)ge) (6)
Ve ®) dne, ,Z R-r,

where e is the charge of electron, g, is the charge of
remaining radical cation after leaving the electron (i.e. + 1),
¢ is the position vector of the electrode model atom number
i having charge +q;e.

In Fig. 4, the total electric potentials applied on the
transferring electron by the molecular core (M") and the
electrode (E) for different molecular positions (d) calculated
for the electrode potentials of v =+0.32 and + 091 V
using Eqgs. ((2)-(4)), are shown. The horizontal dashed line
in this figure represents the HOMO energy of the isolated
guanine (G) which is equal to its ionization potential of
the transferring electron, i.e. Egomo = -IP [37]. The curves
having maxima above this energy level represent the
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situation in which ballistic electron transfer is forbidden,
and electron transfer can only occur via tunneling, while,
those having maxima below the HOMO energy level, can
undergo ballistic electron transfer and allow electrochemical
reaction. At a given potential, at long distances of the
molecule from the electrode surface (i.e. large d), the
transferring electron feels an intermediate plateau potential.
Also, it is obvious that at higher electrode potentials, the
molecule can be oxidized at farther distances from the
electrode surface. It should be noted that the point charges
used in this model usually overestimates the electrostatic
interaction potential. Therefore, the curves presented in
Fig. 4 display the lowest limits of the potentials felt by the
the precursor of the
the actual
interaction potential felt by the electron is higher than that

transferring electron during

electrochemical reaction. In other words,
predicted by our model.

Based on the setup introduced in Fig. 3 and the potential
curves presented in Fig. 4 and the above discussion, at each
electrode potential, two positions (at 6 and 10 A distances
from the center of the electrode surface) are considered for
the molecule. At these distances, the transferring electron
will not be ionized, and thus, the electrode reaction is in its
precursor stage.

Solvent Structure Models for G-S-E and G™-S-E
Systems

To study the effect of solvent on the SEC behavior of G
and G, calculations are performed in aqueous solvent
model medium using self-consistent reaction field (SCRF)
method and conductor-like polarizable continuum model
(CPCM) at each potential and position of the molecule.
Also, effect of the explicit solvent molecules on the
structural, electronic, electrical and spectral properties of G
and G™ are investigated. For this purpose, two solvent
configurations, as shown in Fig. 5, are considered for each
of the G-S-E and G™"-S-E systems. In the first model (M1) 9
water molecules are set around the molecule while it is
located at 6 A distance from the electrode surface. The
second model (M2) has one water molecule less than that
considered in the M1 model, and the molecule-electrode

distance is adjusted to 5.5 A. These calculations are carried
out only for they = +0.32 V electrode potential.
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Fig. 4. The potential diagram demonstrating the total electric potential applied on the transferring electron by the

molecular core (M") and the electrode (E) for different molecular positions (d) calculated at the electrode
potentials of (a) v; =+0.32 V and (b) v; =+0.91 V using Egs. ((2)-(4)). The large circles show potential of

the transferring electron when located on the molecule at the given distance from the electrode surface. The
horizontal dashed line represents the HOMO energy of the isolated guanine which is equal to the ionization
potential of the transferring electron (i.e. the first ionization potential Egomo = -IP) at zero potential.

Molecular Orientation with Respect to the
Electrode Surface

Effect of the molecular orientations on the SEC
properties of guanine is investigated by considering five

orientations 0, 45, 90, 135 and 180° for the molecule with
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respect to the electrode surface, defined by the angle 0
between the C=0O bond and the normal of the electrode
surface, as shown in Fig. 3. In this part, the molecule preset
at 10 A distance of the closest atom of guanine from the
electrode surface. Also, 9 molecules of water are arranged
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around guanine according to the M1 model for G-S-E
system. Geometry optimization of these systems are carried
out at zero potential and at V,=+0.32 V wusing the
MO06/6-31++G**/CPCM method, and their UV-Vis, IR and
Raman spectra are then calculated.

RESULTS AND DISCUSSION

Analysis of the Structural, Electronic and
Electrical Characteristics

Effects of electrode potential on the characteristics
obtained for guanine and its radical cation are presented in
the Supplementary Material (Tables S1-S9 and Figs. S1-
S4). These characteristics include bond lengths and angles
their spin  density
distribution, dipole moment, polarizability, frontier orbital
shapes and energies and the HOMO-LUMO gap (HLG)

which are analyzed below.

and variations, atomic charges,

Analysis of the structural parameters of guanine
reported in Table S1 shows that all bond lengths and angles
are affected by the applied potential, but with different
scales. The largest variations belong to the C;=0;4 & Cs-
Ni1, Ci-C; and C5-C, bond lengths in different conditions.
Also, variations in the bond angles are very small (with a
maximum of 3.4° for the Q;4-C3-N;; angle and in the M1
explicit solvent model), and are consequences of the
variations in the bond lengths. The molecule remains planar
at all conditions with negligible changes in its dihedral
angles. Reviewing the data reported in Table S2 for the
guanine radical cation, shows that its bond lengths and bond
angles are more sensitive to the applied potential and
molecule-electrode distance.

The NBO atomic charges calculated for guanine and its
radical cation reported in Tables S3 and S4, show that the
most positive and negative charges are located on the C; and
N3 atoms, respectively. In most cases, the electric charge of
the carbonyl oxygen atom experiences the largest change
due to the applied potential because of its non-bonding and
pi-bonding electrons and its closest distance to the surface
of electrode. At a certain distance of molecule from the
electrode surface, increasing the applied potential results in
higher negative charges on the atoms located closer to the
electrode surface, while at the same time the atoms located
farther from the electrode surface acquire more positive
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charges. It can thus be concluded that the molecule and its
radical cation are more polarized along the EF (dipole
moment increases) under the applied potential.

The atomic (unpaired electron) spin densities in the
guanine radical cation G™ are reported in Table S5. It can be
seen from this Table that in the absence of external
potential, spin density is distributed mainly over the C,>
Cs > Ny, > Nj3 and Oq4 atoms. Also, spin density over the Hg
atom is largest among all hydrogen atoms, and thus it can
better leave the molecule. Furthermore, application of the
electric potential changes the electron density distribution so
that the main part of the spin density is located on the Ny,
Cs, C, and Ny, atoms with different orders depending on
conditions. Review of the spin densities (Table S5) shows
also that the solvation structure affects the distribution of
spin density on atoms and, as a result, changes the chemical
activity of radical cation formed by the electrode reaction.

The calculated values of the frontier orbital energies for
both guanine and its radical cation (Tables S8 and S9)
shows decreasing trends with increasing electric potential
and decreasing molecule-electrode distance. This decrease
is larger for the LUMOs. These orbitals also undergo more
significant changes in their shapes shown in Figs. S1-S4.

Spectroscopic and SEC Properties of Guanine and
its Radical Cation

Vibrational spectra: IR Spectra: The characteristic band
in the vibrational spectra of guanine in the absence of
electrode potential (Fig. 6a) belongs to the C;0,4 carbonyl
stretching mode coupled with the stretching mode of C,Cs,
bending mode of N;;Hy and scissoring mode of the NH,
group, and appear in the range of 1780-1850 cm’
frequencies. This mode, which is labelled as v, in the
rest of this report, has been observed experimentally at
1672-1718 cm’ [22,23,31]. In the CPCM medium and in
the presence of explicit solvent molecules, the v, band shifts
to smaller frequencies and its intensity increases.

In the gas phase and in the CPCM water medium, at a
certain distance from the electrode surface, the v; band of
guanine is shifted to smaller frequencies with increasing
potential, which denote weakening of the C;-O;4 bond
(Figs. 7a,b and 8a,b). In the case of G, the same trend

is observed (Figs. 7c,d and 8c,d), except for the CPCM
water medium at the 72 =+0.32 V and molecule-electrode
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Fig. 5. The explicit solvent configuration models considered for the G-S-E and G™-S-E systems, containing 9 (a) and
8 (b) water molecules around the G or G™ species while located at 6 A and 5.5 A, respectively.
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Fig. 6. IR spectra of G (a) and G (b) in the absence of electrode potential, for gas phase (blue), CPCM water
medium (red), M1 model (green) and M2 model (violet).

distance of d=10 A (Fig. 8d). In the M1 model (Fig. 5),
increasing potential shifts the v, band of guanine to larger
frequencies and reduces its intensity, while in the M2
model, applying potential does not have significant effect on
the position and intensity of this band (Figs. S5a and S5b).
In the case of G, by applying the electric potential, v, band
is shifted to smaller and larger frequencies in the M1 and
M2 models, respectively (Figures S5¢ and S5d).

Raman spectra: In the Raman spectra of guanine and its
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radical cation (Figs. S6-S9), the trends of changes due to the
application of electric potential are similar to that observed
for the IR spectra.

Electronic UV-Vis and fluorescence spectra. UV-Vis
Spectra: Guanine has an absorption band in the UV region,
over the range of 200-300 nm (Fig. 9a). The strong
absorption peak (¢ = 13000) with a maximum at about
240 nm can be attributed to the existence of a conjugated ©
system and the non-bonding electron pair of oxygen in the
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Fig. 7. IR spectra of G and G™ in the gas phase for different applied potentials and different molecular positions: a) G/
R=6A,b)G/R=10A,¢c)G"/R=6 A and d) G"/R= 10 A.

guanine structure. The A, of guanine has been observed
experimentally at about 245 nm [24]. Absorption band of
G at the UV and beginning of the visible regions in the gas
phase (Fig. 9b), has two peaks at 272 nm (related of the
electron density displacement from the bridge bond to other
parts of the molecule) and 355 nm (related to the electron
density displacement from the NH,, NH and C=0O groups
towards the bridge region of the molecule). See Table S10
and Fig. S10.

In the gas phase, at a certain distance from the electrode
surface, the A,.x of guanine shifts to shorter wavelengths
with increasing potential (Figs. 10a and 10b). In the case of
Go+
intensity due to the application of electric potential. Also,

, the peak at 365 nm has a red shift and an increase in its

addition of a weak absorption peak at 218 nm in the UV-Vis

727

spectrum of G™ is a result of the applied potential
(Figs. 10c and 10d). In the CPCM water medium
(Figs. 1la and 11b), for a specified distance from the
electrode surface, application of electric potential shifts the
absorption band of guanine to longer wavelengths and
decreases its intensity. In particular, at the 7 =+0.91 V
potential, broadening and reduction in the intensity of the
UV-Vis spectrum is very significant. In the M1 and M2
models, application of electric potential shifts the absorption
peak of G to longer wavelengths and reduces its intensity
(Figs. S11a and S11b). In the case of G, application of
electric potential in the M1 model, increases and decreases
intensities of the peak at 362 nm and 458 nm, respectively.
While in the M2 model, intensities of both peaks are
reduced (Figs. S11c and S11d).
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Fluorescence Spectra: With the optimization of the first
excited state, the energy levels of all excited states are
improved, and transition dipole moments of these states are
corrected. Calculated energies and ground to excited states
transition dipole moment components (lL, Ly, H,) for the
electronic states of guanine and its radical cation in the
absence and presence of electric potential are reported in
Tables S11 and S12. By applying potential, electronic
wavefunctions and their corresponding dipole moment
matrix elements change. These changes result consequently
in the changes in the arrangement of the polar solvent
molecules around the molecule which further affect the
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electronic states wave functions and energies, and their
transition energies. Therefore, it is basically expected that
the fluorescence spectra of the neutral and radical cation
species G and G™ change when electric field is applied.

Effect of orientation

Geometry of guanine in the G-S-E system is optimized
at different initially set orientations (8;; = 0, 45, 90, 135 and
180°) defined as the angle between the direction of the
C=0 bond and the normal of the electrode surface as
demonstrated in Fig. 3, in the absence and presence of the
electric potential of +0.32 V. Vibrational analysis carried
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out to confirm quality of these geometry optimizations,
resulted in negative modes with imaginary frequencies
smaller than 240i cm™ corresponding to the local rotational
motions of water molecules having usually low-curvature
potential energy surfaces such that location of their minima
in these geometry optimization procedure are difficult, and
thus the optimized structures are acceptable. Results of
these optimizations are presented in Table S13 (a, b, c and
d) of the Supplementary Materials. Analysis of these
structural data and comparison with those obtained at the
reference (perpendicular, 6 = 180°) orientation shows that
orientation of guanine with respect to the electrode surface
has significant effects on its optimized geometry. For
example, the optimized orientation (0,y) of the molecule

with respect to the electrode surface, changes from the
corresponding initially set values (6;;) by 5.0-11.5 and
2.8-14.1 degrees in the absence and presence of electric
potential applied on the system (See Table 1).

Electrical properties Wi, W, Halji|, O Oy, Oz and o,
calculated for the optimized structures in these orientations

are reported in Table S13c. A review of these data shows
that values of dipole moment ‘g‘ and its components [, W,

[, in the absence of electric potential varies with the
orientation of the molecule which can be attributed to the
changes in the arrangement and orientations of water
molecules solvating the guanine molecule. Application of
electric potential to the electrode, significantly increases the
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Table 1. Variations of the Optimized Orientation 0, in Degrees, Dipole Moment ‘g‘ in

Debye, Maximum Absorption Wavelength A, in nm and the Corresponding
Peak Intensity € (Amax) in M cm™ with Initially Set Orientation 0,; of the
Guanine Molecule Near the Surface of a Gold Electrode under Electric Potential
of +0.32 V Obtained by M06/6-311++G** DFT Computations. The Differential
Values, Showing the Electric Potential Effect are Given in Parentheses

Oini 0 45 90 135 180
Bopt 7.3 50 97 130 168.5
i i | 12.611 12.399 13.809 11.152 12.064
> Armax 241.7 241.7 241.7 241.7 242.6
€ (Mnax) 16256.6 16153.4 15197.0 155514  16835.9
Ot 12.6 52.8 99.3 132.2 165.9
i | 16.480 12.241 16.683 11.252 11.732
; (alii]) (3.869) (-0.158) (2.874) (0.100) (0.332)
f Armax 241.7 242 241.7 240.8 244
> (Ahmax) (0.0) (0.3) (0.0) (-0.9) (-1.4)
Emax 16806.7 14410.7 147802 15056.3 16386.2
(A€ ) (550.1) (-1742.6) (-416.8)  (-495.1) (449.7)

‘g‘ for orientations 6 =0 and 90°, while slightly changes

the ‘g‘ for other orientations. It can also be seen from this

table that application of the external potential does not alter
components of the polarizability tensor significantly,
regardless of the orientation of the molecule.

The UV-Vis and IR spectra for guanine in different
orientations are calculated and plotted in Figure 12. The
corresponding maximum absorption wavelengths and
intensities are listed in Table 1. The calculated Raman
spectra are also presented in Fig. S12 of the Supplementary
Materials.

It can be seen in Fig. 12a and Table 1 that at all
orientations, the A, of the UV-Vis absorption spectra of
guanine is not significantly shifted with application of
electric potential. Also, by applying potential, the peak
intensity is decreased for orientations 0 = 45, 90 and 135°,
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and increased for orientations 6 = 0 and 180°.

Population and orbital analyses used to determine
contributions of the solute (guanine) and solvent (water)
atomic orbitals in each UV-Vis transitions for the 6 = 0, 90
and 180° orientations, show that these UV-Vis transitions
correspond to the charge density displacements of combined
intra-molecular and inter-molecular (solute—solvent)
natures. Also, contributions of each of these two types of
displacements are identical for orientations 8 = 0 and 90°
(see Table S14 and Fig. S13 and S14). In addition,
of the density

displacement is larger for the orientation 6= 180° as

contribution inter-molecular charge
compared to those for the other two orientations. These
population and orbital analyses (Table S14 and Fig. S13 and
S14), show furthermore that contribution of the inter-
molecular (guanine—water) charge density displacement

increases upon application of the electric field potential for
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Fig. 12. The TD-MO06/6-31++G** calculated UV-Vis (a) and IR (b) spectra of guanine in different orientations
(6= 0, 45, 90, 135 and 180°) with respect to the electrode surface, in the absence of electric potential

and at VEO =+0.32 V.

all
separation results in a stronger interaction,

orientations. Since, solute-solvent partial charge
it can be
predicted that the excited state guanine is stabilized further
by this extra interaction between the solute (guanine) and
solvent (water) molecules, and thus the adiabatic transitions
in the excited state of the solvated guanine occur at longer
wavelengths. It is therefore expected that the fluorescence
emission of solvated guanine in this potential appear at

longer wavelengths as compared to that in the absence of
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the electric potential.

In the IR spectra of guanine (Fig. 12b), the v; band (Sec.
3.2.1) is located over the range of 1718-1751 cm™
frequencies, while at orientation 6 = 0° this mode appears in
1642 c¢cm™, which denotes weakening of the C;-O;4 bond.
With application of electric potential, the v; band is shifted
to smaller frequencies, except at the orientation 6 = 90°.
Intensity of this mode increases by applying electric
potential.
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CONCLUSIONS

The precursor spectroelectrochemical (SEC) behavior of
guanine (G) and its radical cation (G™) are studied by
appropriate combination of ab initio density functional
theory MO06/6-31++G**
molecular modeling. Responses of structural, electronic and

computations and a simple

electrical properties of these two species to electrode
potentials of different strengths (! = +0.32 and +0.91 V)

are analyzed. Effects of electrode potential and molecule-
UV-Vis and
fluorescence spectra of G and G™ in different conditions

electrode distance on the IR, Raman,

(gas phase, CPCM water medium and in the presence of
explicit solvent molecules) are investigated. Application of
electrode potential causes changes in the molecular structure
and distribution of charge and spin densities, which
consequently changes the electronic and vibrational
characteristics of these systems. Analysis of the calculated
spectra of the G/G™ species showed that electric potential
and distance from the electrode surface change observably
both the positions and intensities of the absorption peaks,
especially for G™. In addition, it is shown for guanine that
molecular orientation with respect to the electrode surface
has small, but observable, effect on the SEC properties. At
extreme (i.e. very long) molecule-electrode distances, the
roles of the electrode model, the applied potential and the
molecular orientation all become negligible and do not have
effect the
Increasing electrode potential and decreasing molecule-

significant on molecular characteristics.
electrode distance have obviously similar effects as both
increase the effect of the electric field on the molecule.
Molecular orientation has small but observable effect on the
spectroelectrochemical properties of the precursor state of
guanine which depend on the coordination sphere of the
solvent molecules. However, it can be expected that in the
the

and

electron-transfer step (electrochemical process),

orientation of the molecule should be critical
determining.

Also, population and orbital analyses show that
contribution of the inter-molecular (guanine—water) charge
density displacement to the UV-Vis transitions increases
upon application of the electrode potential for all

orientations of the molecule.
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