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Abstract. We have been applied the conventional approach based on the molecular dynamics simulation to
estimate the redox potential so far. In this study, we have focused the computational conditions in order to
estimate standard redox potential by using the energy representation method: we calculate excess chemical
potential increasing the number of solvent molecules and sampling data for the preparation of energy
distribution functions. From these results, we have found that the computational value of the standard redox
potential is close to the experimental value in the case of the system with larger number of solvent molecules
unaffected by the behavior of counter-ion when we take a sufficient sampling data for the energy distribution
functions.
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1 Introduction

Understanding of redox (reduction and oxidation) mechanisms with electron transfer in biological
systems has borne great importance in wide-ranged areas. Analyzing the detailed value of redox
potential has been key element technology to apply the redox reaction in biological system to the
industrial field such as the bio-fuel cells [1] and artificial photosynthesis [2] as well as the interest in
biology [3]. In order to estimate the value of redox potential of molecules, several computational
models and methods base on the quantum mechanics (QM) [4, 5] and QM/molecular mechanics
(MM) hybrid methods [6, 7] has been developed with the recently growth of computer architecture.
However, it is not easy to estimate the redox potential because the redox reaction is associated with
the free energy change in electron transfer process in the condensed system, much less the
computation of redox potential of large molecules including proteins due to the computational cost.
The development of theoretical models and methods to estimate the redox potential for the biological
systems is still challenging topics in the field of computational science.

In the previous report, we have suggested a simple calculation method by using molecular
dynamics (MD) and density functional theory (DFT) calculations according to thermodynamic cycle
to estimate the redox potential of molecules, and we have showed the efficiency of our conventional
approach to estimate the difference of the standard redox potential of molecules relative to the
normal hydrogen electrode (NHE) potential, which mean the difference of the absolute redox
potential of molecules, comparing with the experimental data [8]. However, in the view of each
molecule’s standard redox potential, the computational values have large discrepancies comparing
with the experimental values. To compute accurate value of standard redox potential should be
important for the understanding of molecular-specific redox mechanism and the exactly discussions
of the redox potential with the difference of that of molecules.

In this study, we compute the standard redox potential of simple small molecule, acetone,
relative to the NHE potential. Then, in order to investigate the proper conditions to get more accurate
value of standard redox potential, we improve the computational method of excess chemical
potential, which is required to estimate the absolute oxidation free energy in thermodynamic cycle, in
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the frame work of the energy representation (ER) method [9, 10]: specifically, we calculate the
dependence of the standard redox potential on the number of solvent molecules in the simulation cell,
and we evaluate the excess chemical potential increasing the sampling data for the description of the
energy distribution function. From these results, we have discussed the computational approach by
using the ER method to estimate the standard redox potential of molecule.

2 Computational procedures

The computation of the standard redox potential of molecule employs the Nernst equation. The
standard redox potential E° is associated with the absolute oxidation free energy change, AG, and the
absolute potential of normal hydrogen electrode (NHE), E**#, which has -4.44 V for the experimental
data [8, 11], as follow,

. AG
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nk
where, n and F are the number of electrons and the Faraday constant, respectively. According to the
thermodynamic cycle as shown in Figure 1, the AG is given by

AG = AE+{ Aty = Auy |- @

where, AE is the ionization free energy, Au ,, and Ay, are excess chemical potential of molecules in
reduced and oxidized states, respectively. The ionization free energy is evaluated by the difference of
the average of total energies of reduced and oxidized configurations, which are obtained from the
molecular dynamics (MD) simulations of the molecules in solvation. The excess chemical potential is
calculated by the energy representation (ER) method by utilizing the energy representation module
(ERmod) program packages [12]. In the ER method, the excess chemical potential is given by the
energy distribution functions for the solution and reference solvent systems. These energy
distribution functions are obtained from the different MD simulations. The actual form of the excess
chemical potential using these energy distribution functions and the details of computational
methodology are presented in Refs. [9, 10].

In this report, we have used the previous result of equilibrium MD simulations for the
configurations of the neutral and radical cationic molecule in solvation, and we also have used the
values of ionization free energy AE, which is obtained by the density functional theory (DFT)
calculations with B3LYP method and 6-31+G(d,p) basis set in the previous study [8]. The excess
chemical potentials in the neutral and radical cationic states, Au,, and Agyy,.,, have been reevaluated
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Figure 1. Conventional approach to calculate the absolute oxidation free energy change AG based on
the thermodynamic cycle
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relative to the different number of solvents system. In this study, we prepare the simulation boxes
including 1425, 2850 and 4275 solvents molecules; then these system sizes are 36.5 x 34.3 x 34.6 A,
45.7 x 43.4 x 439 A and 52.3 x 50.0 x 50.0 A, respectively. The MD simulation for the calculation of
energy distribution function is performed utilizing the AMBER 11 program packages [13]. Langevin
thermostat and barostat are used to control system temperature (7' = 300 K) and pressure (P = 1 atm).
The TIP3P model [14] is adopted for the solvent molecule. Particle mesh Ewald method [15] is used
for the calculation of coulomb interaction. Cut-off lengths for the real-space coulomb and van der
Waals (vdW) interactions are 12 A. The time step for the MD simulation is 2 fs. The AMBER force
field 03 (parm99) parameters [16, 17] are used for the vdW and torsion interactions of solute
molecules. On the other hands, for the bond stretching, angle bending and partial charge in acetone
molecule, we have applied the previous results obtained from the quantum chemical calculations [18].
It is noted that for the MD simulations of the radical cationic acetone under the periodic boundary
conditions, a chloride-ion is inserted into the simulation cell as counter-ion.

For the calculation of energy distribution function for the solution system, the sampled structure
of the solute molecule obtained from the equilibrium MD simulation is put in the center of the MD
cell, and the water molecules are arranged around the solute molecule. The NPT-MD simulation of
the solution system is performed for 1 ns to prepare total 100 x 103 snapshots. The configuration of
the solute molecule is fixed in this simulation. On the other hands, for the calculation of energy
distribution function for the reference solvent system, the pure solvent system, which has the same
number of water molecules as the solution system, is prepared. The NPT-MD simulation of the
reference solvent system is performed for 100ps to obtain 100 snapshots. After that, the sampled
structures are randomly inserted 1000 times into the pure solvent system of each snapshot: a total of
100 x 103 sampling data are prepared for the reference solvent system. It is noted that we have
confirmed that the number of sampling data for the reference solvent system is sufficient to estimate
the excess chemical potential of molecule in the neutral and radical cationic states.

3 Results and discussions

Table 1 show the computational results of the dependence of absolute oxidation free energy AG and
the standard redox potential E° of an acetone on the number of solvent molecules in the simulation
cell. The average values of AG or E° are 186.7, 187.6 and 188.5 kcal/mol or the 3.65, 3.69 and 3.73 V
for the 1425, 2850 and 4275 solvents systems, respectively. These results show that the computational
value of standard redox potential is more different from the experimental value (0.16 V [19]) even if
the number of solvent molecules increases in the simulation cell. The average values of excess
chemical potential in neutral state, Auy, are -2.3 kcal/mol for all of the solvents systems, showing
that there is no dependence of the Au ,, on the number of solvent molecules. On the other hands, the

Table 1. Dependence of the absolute oxidation free energy AG and the standard redox potential E° on
the number of solvent molecules, N**“". The units are kcal/mol for ionization free energy AE, excess
chemical potential in neutral and radical cationic molecules, Au, and Ay y,,, AG and V for the E°,
respectively. The values in parentheses show the standard deviation.

N AE = Ay, Aty AG E°

1425 23 (02) 364 (1.5) 1867 (2.1)  3.65 (0.09)
2850 2208 (14 53 (02) 355 (14) 1876 (20)  3.69 (0.09)
4275 23 (02) 346 24) 1885 (28) 373 (0.12)

a Previous computational result from Refs. [8]
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Figure 2. (a) Cumulative average of excess chemical potential in radical cationic state Ay ,,, for one
configuration and (b) change of distance between the radical cationic acetone and chloride-ion as a
function of the number of samples; black, black ash and gray lines indicate these for the 1425, 2850
and 4275 solvents systems, respectively.

average values of excess chemical potential in radical cationic state, Ay, are -36.4, -35.6 and -34.6
kcal/mol for the 1425, 2850 and 4275 solvents systems, respectively, denoting the same tendency of
the computational values of AG or E°. This results show that the radical cationic acetone is less
soluble in larger solvents system.

In order to investigate the reason of this results, we have analyzed the cumulative average of
Ay, as shown in Figure 2 (a), for just only a configuration of solute molecule, which is pick up from
equilibrium molecular dynamics (MD) simulation for 10 ns. Additionally, we here plot change of
distance of counter-ion (chloride-ion) from the center of mass of the solute molecule in Figure 2 (b).
Comparing the Figure 2 (a) with (b), we find that the Ay, become positively large value when the
counter-ion exists within the distance about 15 A around the solute molecule; for instance, in the
Figure 2 (a), the cumulative average of Au.,, for the 1425 solvents system increase positively from
about 75 x 103th sampling data, then, the distance between solute molecule and counter-ion become
short as shown in Figure 2 (b). From this result, we assume that the behavior of the counter-ion
artificially put in the simulation cell has a negative effect on the evaluation of the excess chemical
potential of charged solute molecule.

Based on this assumption, we focus on one configuration and compute the Ay, increasing the
number of sampling data until 1000 x 103 snapshots for the calculation of energy distribution function.
Figure 3 (a) and (b) shows the probability distribution of the distance between the solute molecule
and the counter-ion for the 100 x 103 and 1000 x 103, respectively. These figures indicate that we can
estimate the Au,.,, with widely coordinate sampling of the counter-ion in the simulation cell because
we can get distortion-free probability distribution between 0 - 15 A at some level.

The results of the value of Ay, are shown in Figure 4. In this Figure, we plot the average of the
difference of Au.;, (A(Auy.)) for 1425 solvents system from that for 2850 or 4250 solvents systems. In
the case of 2850 - 1425 solvents systems, the average of A(Au,.,)) become negative value from outside
of 400 x 103th sampling data. From the result, we find that the value of Ay,y,, for 2850 solvents system
is smaller than that for 1425 solvents system, and specifically, the value of absolute oxidation free
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Figure 3. (a) and (b) are probability distributions of the distance between the radical cationic acetone
and chloride-ion for the 100 x 103 and 1000 x 103, respectively; black, black ash and gray lines indicate
these for the 1425, 2850 and 4275 solvents systems, respectively.
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Figure 4. Cumulative average of the difference of excess chemical potential in radical cationic state
Auyy.,), which is showed as (A(Auyy.;)) in the Figure, between the 1425 and 2850 solvents systems
(black square points) and between the 1425 and 4250 solvents systems (black ash circle points); lines
are fitting results of these points.

energy AG (or also standard redox potential E°) is close to the experimental value for 0.7 kcal/mol.

This value is obtained from fitting calculation of all the values of A(Ay.;,). On the other hands, in the
case of 4275 - 1425 solvents systems, the average of A(Au.,) is still positive value even if we have
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take the 1000 x 103 sampling data. From the result, it is considered that the computation of Ay, for
the 4275 solvents system is still not satisfied only by 1000 x 103 sampling data due to the widely
system size; actually, the probability distribution for 4275 solvents system has larger part than that for
2850 solvents system between the distances from 0 to 15 A. In order to become negative value for the
A(Auy.,) and close to the experimental data for the AG, we should sufficiently take sampling data for
the calculation of energy distribution function, and we should compute the average of Ay,
including the other configurations; these treatments would be a future work. Thus, these results
suggest that the computational approach by using the energy representation (ER) method has the
possibility of discussion for the standard redox potential of molecule under the condition of the
sufficiently number of solvent molecules and sampling data to obtain the energy distribution function
unaffected by the counter-ion.

4 Summary

We have computed the standard redox potential of molecule by using our conventional approach
with energy representation (ER) method. To compute the absolute oxidation free energy, we have
investigated the proper conditions for the calculation of excess chemical potential increasing the
number of solvent molecules and sampling data to get the energy distribution functions in the frame
work of the ER method.

We have discussed about the computational approach by using the ER method to estimate the
standard redox potential of molecule in relation to the behavior of counter-ion in the simulation cell.
The computational value of the standard redox potential is close to the experimental value in the case
of larger system when we take a sufficient sampling data for the calculation of the energy distribution
functions. These results suggest that the computational approach by using the ER method has the
possibility of discussion for the standard redox potential of molecule under the condition of the
sufficiently number of solvent molecules in the simulation cell and sampling data to obtain the
energy distribution functions unaffected by the counter-ion.

References

[1] s. C. Barton, J. Gallaway, P. Atanassov (2004), Enzymatic Biofuel Cells for Implantable and
Microscale Devices, Chem. Rev., 104, 4867 — 4886.

[2] Y. Umena, K. Kawakami, J. R. Shen, N. Kamiya (2011), Crystal structure of oxygen-evolving
photosystem II at a resolution of 1.9 A, Nature, 473, 55 - 61.

[3] H. Lodish, A. Berk, C. A. Kaiser, M. Krieger, M. P. Scott, A. Bretscher, H. Ploegh, P. Matsudaria
(2007), Molecular Cell Biology, 6t ed., W. H. Freeman and Co. Ltd., New York.

[4] M. H. Baik and R. A. Friesner (2002), Computing Redox Potentials in Solution: Density
Functional Theory as A Tool for Rational Design of Redox Agents, |. Phys. Chem. A, 106, 7407 -
7412.

[5] Y. Fu, L. Liu, H. Z. Yu, Y. M. Wang, Q. X. Guo (2005), Quantum-Chemical Predictions of
Absolute Standard Redox Potentials of Diverse Organic Molecules and Free Radicals in
Acetonitrile, J. Am. Chem. Soc., 127, 7227 - 7234.

[6] H. Takahashi, H. Ohno, R. Kishi, M. Nakano, N. Matubayasi (2008), Computation of the free
energy change associated with one-electron reduction of coenzyme immersed in water: A novel
approach within the framework of the quantum mechanical/molecular mechanical method
combined with the theory of energy representation, J. Chem. Phys., 129, 205103.

123



ISCS 2015 Selected Papers M. IWAYAMA, K. KAWAGUCHI, H. SAITO, H. NAGAO

[7] X. Zeng, H. Hu, X. Hu, A. J. Cohen, W. Yang (2008), Ab initio quantum mechanical/molecular
mechanical simulation of electron transfer process: Fractional electron approach, J. Chem. Phys.,
128, 124510.

[8] M. Iwayama, I. Kurniawan, K. Kawaguchi, H. Saito, H. Nagao, A hybrid type approach with MD
and DFT calculations for estimation of redox potential of molecules, Mol. Simul., in press (DOI:
10.1080/08927022.2015.1012641).

[9] N. Matubayasi and M. Nakahara (2000), Theory of solutions in the energetic representation. I.
Formulation, J. Chem. Phys., 113, 6070 - 6081.

[10] N. Matubayasi and M. Nakahara (2002), Theory of solutions in the energy representation. II.
Functional for the chemical potential, ]. Chem. Phys., 117, 3605 - 3616.

[11] S. Trasatti (1986), The absolute electrode potential: an explanatory note, Pure and Appl. Chen.,
58, 955 - 966.

[12] Auvailable from: http:/ /sourceforge.net/ projects/ermod/ .

[13] D. A. Case, T. A. Darden, T. E. Cheatham, III, C. L. Simmerling, J. Wang, R. E. Duke, R. Luo, R.
C. Walker, W. Zhang, K. M. Merz, B. Roberts, B. Wang, S. Hayik, A. Roitberg, G. Seabra, 1.
Kolossvary, K. F. Wong, F. Paesani, J. Vanicek, J. Liu, X. Wu, S. R. Brozell, T. Steinbrecher, H.
Gohlke, Q. Cai, X. Ye, J]. Wang, M.-]. Hsieh, G. Cui, D. R. Roe, D. H. Mathews, M. G. Seetin, C.
Sagui, V. Babin, T. Luchko, S. Gusarov, A. Kovalenko, and P. A. Kollman (2010), AMBER 11,
University of California, San Francisco.

[14] W. L. Jorgensen, J. Chandrasekhar, J. D. Madura, R. W. Impey, K. L. Klein (1983), Comparison
of simple potential functions for simulating liquid water, J. Chem. Phys., 79, 926 - 935.

[15] T. Darden, D. York, L. Pedersen (1993), Particle mesh Ewald: an N * log(N) method for Ewald
sums in large systems, J. Chem. Phys., 98, 10089 - 10092.

[16] S.J. Weiner and P. A. Kollman (1986), An all atom force field for simulations of proteins and
nucleic acids, J. Comput. Chem., 7, 230 - 252.

[17] Y. Duan, C. Wy, S. Chowdhury, M. C. Lee, G. Zhang, W. Xiong, R. Yang, P. Cieplak, R. Luo, T.
Lee, J. Caldwell, ]. Wang, P. Kollman (2003), A Point Charge Force Field for Molecular Mechanics
Simulations of Proteins Based on Condensed-Phase Quantum Mechanical Calculations, J. Comput.
Chem., 24,1999 - 2012.

[18] M. Iwayama, K. Kawaguchi, H. Saito, H. Nagao (2013), Structure and hydration free energy of
ketone compound in neutral and cationic state by molecular dynamics simulation, Recent
Development in Computational Science, 4, 59 - 69.

[19] R. H. Baker and H. Adkins (1940), Oxidation Potential of Ketones and Aldehyde, J. Am. Chen.
Soc., 62, 3305 - 3314.

124





