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Abstract

Computational and experimental approach on standard redox potential of dobutamine was developed in aqueous
media. A direct and indirect calibrated B3LYP/6-311++G (d, p) method predicted the aqueous phase redox potential
of dobutamine as 0.850 V Respectively. The electronic densities of dobutamine calculation at oxidation and
reduction state in HOMO and LUMO proved that energies of dobutamine LUMO in oxidation form are lower than
dobutamine LUMO in reduction. Therefore, the electron transfer from HOMO to LUMO in dobutamine oxidation
form is easier than in dobutamine reduction form. The experimental E° was obtained using cyclic voltammetry at
activated glassy carbon electrode as 0.79V versus SHE. The results show that there is a satisfactory agreement

between the experimental and computational standard potential value of dobutamine.
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1. INTRODUCTION

Catechol amines are biogenic amine with
biological activity [1-2]. They are molecules which
play pathological and physiological role in human
body. Dobutamine (DB) is a synthetic
catecholamine (scheme 1) wused as therapeutic
drug for cardiogenic shock and coronary, heart
failure [3-4]. The chemical structure of catechol
amines contains monoamine and adjacent
hydroxyl groups, which are prone to oxidation [5-
6]. Recently, computational determination of
electrode potential of catecholamine’s derivative
has been in great attention [7-8]. In order to predict
the redox potential value of these compound, some
quantum mechanics methods such as Ab initio and
density functional theory (DFT) have been used.
Accurate calculation of electrode redox potential
of catecholamine is beneficial for proper
interpreting of their electron- transfer mechanism
in many areas such as biochemistry and
pharmacology. The propensity of an organic
molecule for electron donation or acception is
determined by standard redox potential. Based on
comprehensive investigation, the oxidation of
catecholamine group of DB includes loss of two
electrons and two protons (in aqueous media) and
formation of its corresponding quinone form [9-
10]. In the case of its difficulty of experimental
measurement, the cost-effective DFT simulation
maybe performed to benchmark redox potential of
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organic molecules contain hundreds of atoms [11-
12]. In this works, the experimental and theoretical
investigations have been adopted to predict E of
redox couple of DB. Firstly, formal electrode
potential (E) of DB redox couple was measured at
different pH by cyclic voltammetry. Then,
Thermodynamic functions and E was theoretically
calculated and compared with experimental results
to assess accuracy of the quantum computations of
redox potential and structural characteristic of DB.

HO._ s~ o~

\

HO™ <
Scheme 1. Chemical structure of DB.

2. EXPERIMENTAL

Experimental analysis was performed using
Autolab PGSTAT 101 equipped with NOVA
software. Cyclic voltammetry measurement was
made by three electrode system containing Pt
counter electrode, SCE as reference electrode and
activated glassy carbon as working electrode.
Phosphate buffer was used as electrolyte and pH
adjustment. GC was activated at NaHCO3 (0.1M)
from -1.1 V to +1.7 V using continual scans in CV
(16 cycles) at scan rate of 100 mVs*. Theoretical
calculation both direct and indirect method was
applied for theoretical calculation of standard



Iranian Journal of Analytical Chemistry 8 (2021) 9-14 | 10

electrode potential. All ab initio computations
were performed using Gaussian 09 software. The
Gibbs energy for each component (G;) used for
calculation of standard energy of reaction(AG, y,):
AGin = ) WG] (1)
Where vi is the stoichiometric coefficient. All
calculated Gibbs energy and energy values of
LUMO and HOMO for both reduced and oxidized
forms of DB in the gas and solution phase were
performed using frequency calculations at DFT-
BsLYP level of theory as what is used in literatures
for standard potential calculation of other
catecholamines [28].

The basis set of 6-311++G(d, p) was chosen to
consider the size of studied molecules. The
conductor like polarizable continuum model
(CPCM) was used to calculation the solvation free
energies at B3LYP/6-311++G(d, p), level of
theory [26] the CPCM solvation calculations
applied to evaluate condensed-phase free energies
are slightly less accurate than the gas-phase
models, and the best method has a mean assigned
error and standard deviation of 0.4 and 0.5
Kcal/mol respectively [26]. The optimization of
geometry is the most important step for the
calculation of the formal potential. The optimized
structures are true energy-minimums, as no
imagining frequency is predicted. The standard
Gibbs energy of each species was calculated by
summation ofGBgaS gas phase Gibbs energy) and

GYsoiy(solvation phase Gibbs energy) using
following equation [15]:

G, = Gi?gas + Gi?solv 2
Where G;gas is the gas-phase energy of each

component and G; ., is the solvation energy of
the component.

3. RESULT AND DISCUSSION

3.1. Experimental measurement of formal
electrode potential

Cyclic voltammograms of DB display at Fig.1. DB
showed reversible redox peaks from pH=3.0 to pH
=6.0, which can be assigned to catechol group of
DB. At pHs higher than 6.0 the reduction peak
disappear gradually. These peaks have shifted to
less positive potential by increasing pH. The plot
of formal potential versus pH give the equation of
with linear regression. The slope of 0.057 per unit
of pH indicate the Nernstian behavior of DB and
also participation of equal number of protons and
electron in DB redox mechanism [16-17]. The
formal electrode potential E® was regarded as the
average of anodic peak potential and cathodic peak
potential [18].

Based on the relation between formal potential of
redox couple, E°, pH and:

. . mRT
E" =E - 2.303——pH 3)
It is found that there is linear relationship between
formal potential of the redox couple of DB and pH
with linear regression equation of E°"= -0.057 pH+
0.553 and the intercept of 0.553 which considered
as standard potential of dobutamine versus SCE.
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Fig. 1. (A) Cyclic voltammograms of DB at pHs of 2.5,
3.0,3.5,4,4.5,5.0 and 6 and (B) plot of formal potential
verses pH.

In Eq (3) m and n are the number of protons, and
electrons in redox reaction respectively [19].Since
the standard electrode potential of the SCE is 0.24
V relative to the Standard Hydrogen Electrode, the
standard reduction potential of dobutamine
obtained as 0.79 V versus SHE.As proved in
literature, the oxidation mechanism of DB
containing  formation  of  o-benzoquinone
derivative by losing two electrons and two protons
as following [17]:

OH OH
n
" :
HO. NW/\/O -2 0 NT/\/O
:O/\/ 72H®
HO’ ©

When GC activated with NaHCO3 (0.1M) a couple
of reversible redox peak was emerged at
(Es=0.43Vand E.=0.38 V; pH=3). Dobutamine
molecule structure contain pH sensitive groups
with pKa= 8.71, pKaz= 10.90, pKas= 13.68 [20-
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21]. The reversible redox behavior was assigned
to the catechol functional group. However, phenol
moiety of DB can undergo reversible redox
reaction at more positive potential. Fig 1 shows the
effect of pH on the peak potential of DB at
activated glassy carbon in 0.1M phosphate buffer
(pH from 2.5 to 6) containing 0.1 mM DB using
CV.

3.2. Calculation of electrode potential of DB:
Theoretical prediction
3.2.1. Direct method
Standard redox potential of DB is calculated using
the following two electron half-reaction:
DBoy + 2H* + 2e™ = DBgeqy (4)
The Gibbs energy change, AG*(t), is related to the
absolute potential through the following eqution:
RGO :

- )
Where n is the number of electrons transferred (in
this case n=2), F (96185 Cmol* ) is the Faraday
constant and AG*(t) is the Gibbs energy change
half reaction.
As scheme (2) shows, AG*(t) can be calculated
from its component by introducing a
thermodynamic cycle,
AG*(t) = AG®(g) + AG*(solv, DBgeq)

— AG*(solv,DB,,)
— 2AG*(solv, HY) + AnAG™* (6)

The parameters defined as: change of Gibbs free
energy  of  Scheme 2in  the gas-
phase:AG*(t); AG*(solv., DBgred) and AG* (solv.,
DBox) are solvation energies of DBgreg and DBox
in water, respectively.AG ~*is the correction for
the change in standard state from1 atom for gas-
phase calculations “°” to 1 molL*for solution
phase™ which is 7.9 kdmol for each component
(RTIn24.46) [23]; An is the change of moles of
Scheme 1 and has a value of -2 in the present
system. We have used the literature value of -
11046 kJ mol! (-264.0 kcal mol?) for
aqueousAG*(solv, H*) which has been recently
reported by Truhlar and Cramer.
In order to calculated AG'(g) , the Gibbs free
energy of DBox and DBreq have been calculated in
gas phase using DFT(B,LYP) level of theory and
6-311++G(d,p) basis set (Table 1). The Gibbs
energy of H*(g) has been reported to be -26.3
kJmol* [26]. Using Eq. (5-6), reduction potential
of DB has been calculated as 5.25 V. In order to be
able to compare the obtained value with the
experimental value, it is necessary to calculate the
standard potential of DB compared to the SHE.
Therefore the absolute value of reduction potential
of SHE is required. In this work we have selected
the value 4.44 for the SHE as found in the
electrochemical textbook [18]. Therefore, the E° of
DBox relative to SHE calculated as 0.85 V.

o
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Scheme 2. Thermodynamic diagram for calculation of
AGt.

Table 1. Internal energies, thermal corrections
containing zero - point energy and Gibbs Free Energies

DB DB Scheme
OX Red 2
AGg&s -2569593.59 | -2572817.29 | -3223.69
AnRTLn | 7.90 7.90 -15.80
(24.46)
AAG* -58.55 -49.46 2218.29°
(solv)?
AG (D) | - - -
1021.40°

a: These energies are in kJ mol-.
b: the free energy of salvation of proton has been
considered as -1092.0 kJmol.

From comparison of experimental and theoretical
E°, It can be concluded that standard electrode
potentials of DB are in good agreement with
discrepancy of 0.06 V.

Fig. 3 displays the electronic densities of DBox and
DBieq in HOMO and LUMO stated which is chiefly
located on benzene ring and hydroxyl groups.
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Fig. 3. The electronic density in the HOMO and LUMO
states of DBox and DBred computed by B3LYP/6-
311++G(d,p) method.(A) HOMO orbital for DBox; (B)
HOMO orbital for DBred; (C)LUMO orbital for DBox;
(D) LUMO orbital for DBred.

The energy values for HOMO and LUMO of DBy
and DByeg calculated at B3 LYP/6-311++(d,p) level
in solution and gas phase are presented in Table 2.
The energies of DBox LUMO are lower than DByeg
and the energy gap of DBox is less than those of
DBred. Therefore, the electron transfers from
HOMO to LUMO in DB is easier than in DBieq.
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Table 2. Calculated eigen values of HOMO and
LOMO, together with their energy gap.
Basis set | 6-311++(d,p)

Espectes | DBH: DB
Phase Gas Solutio | Gas Solution
state n

Enomoev | -278.27 | -278.32 | -279.36 | -279.63
)
ELumoevy | -0.63 -0.60 -5.07 -5.37

Enomo- 277.64 277.72 274.29 274.26
ELumo(ev)

3.2.2. Indirect method:

This method calculates redox potential of
reference molecule that is structurally related to
DB category using an isodesmic reaction
[24].Considering catechol as reference molecule,
the reaction mechanism can be considered as:

DByy + CAH, = DBgoq + CA  (6)
Where CAH; is reduction from of catechol which
converted to O- benzoquinone (CA) by reduction
of DBox. The standard electrode potential E° of
DB:eq can be estimated using below equation:
G:xn

—F D

Where n is number of transferred electrons, E¢,y,
is the experimental standard potential for CAH,
and F is Faraday constant. In order to obtain
standard electrode potential of DB the change of
Gibbs free energy of reaction (5), is required
(AG, ). It is necessary to calculate the Gibbs free
energy of each component to obtain the standard
Gibbs energy of reaction. The standard Gibbs
energy of reaction can be estimate using Eq.(1) and
the standard Gibbs energy of each component is
obtained using Eq.(2)

Table 3 shows the calculated Gibbs energy of
molecules for both reduced and oxidized form in
gas and solution phase using frequency calculation
at DFT(B3LYP) level of theory and 6-
311++G(d,p) basis set. By choosing 0.79 V [28]
for the experimental value of the electrode
potential of reference molecule using value that
present in table 3 the standard electrode potential
of DB is obtained to be 0.85 V verses SHE, which
is an agreement with the experimental value.

E" = E¢py, +

DI (ox. gax ) + CHAy (‘qu\‘,l-"“”: DU (red . gus) + CA g
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Scheme 3. thermochemical cycle for indirect method.

Table 3. The Gibbs free energy of the DB for both
reduced (red.) and oxidized (ox.) forms in the gas and
solution phases, accompanied by the change of Gibbs
free energy of reaction, AG1, in both gas and solution

phases.
M Ggas Gow AGY
ol?
Red OX Red OX | Gas | Solut
ion
1 - - - - 0 0
382. | 381. | 382. | 381.
643 410 651 424
2 - - - - - -
979. | 978. | 979. | 978. | 0.00 | 0.00
934 706 953 729 45 03

a: 1: Red=CAHz, OX=CA, 2: Red=DBH., OX=DB
b: These energies are in atomic units, Hartree
(1Hartree=2625.5 Kjmol)

4. CONCLUSION

Experimental standard potentials of DBox/
DBregusing CV was found to be equal to V verses
SHE which is in good agreement with theoretical
model calculated by DFT method. The results
show that formal potential of DBox / DBged is
mainly depend on pH value electronic densities in
HOMO and LUMO state of DBox/ DBgegd in water
at B3LYP/6-3Il ++G** indicate that electron
transfer from HOMO and LUMO in DBox is easier
than in DBReg.
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