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Abstract. Structure and hydration property of acetone and 3-pentaone in the neutral and cationic state were 
investigated by using molecular dynamics (MD) and free energy calculations. The force field parameters of 
stretching vibration, angle bending, and partial charges of each molecule in the neutral and cationic state were 
developed by using density functional theory (DFT) calculations with B3LYP method and 6-31+G** basis set. 
The optimized structures by using these force field parameters in gas phase were compared with the 
experimental data and AMBER force fields parameters (parm99). From the results, the optimized structure in 
the neutral state of acetone was in good agreement with the experimental data. The evaluated hydration free 
energy in the neutral state of acetone was closed to the experimental data, while that of 3-pentaone was little bit 
larger than the experimental data. The ionization effect of ketone molecule on the hydration free energies was 
found to be significant in both molecules. 
 
Keywords: Molecular Dynamics, Ketone Compound, Force Field, Geometry Optimization, Hydration 
Free Energy  
 
 

1 Introduction 
 
Redox reaction of organic molecules plays an important role in vivo. For instance, the redox reaction 
is related to the biological reactions such as the metabolism, photosynthesis, and intracellular signal 
transduction [1,2]. The redox potential is a key property to understand the mechanism of redox 
reaction of the molecule in solution. In the experiment, the redox potentials have been measured as 
the relative potential for the standard hydrogen electrode at room temperature. In the case of organic 
molecules, the observed redox potential of ketone molecule was in 0.12-0.20 eV [3]. On the other hand, 
the redox potentials of organic molecules have also been evaluated by using the quantum mechanics 
(QM) calculations and the combined quantum mechanics/molecular mechanics (QM/MM) methods 
[4,5]. In such calculations, the solvated snapshot structures of the molecule in the neutral and cationic 
(or anionic) state are taken to calculate the ionization potential and hydration free energy of the 
molecule. The redox potential is evaluated by the ionization potentials and the difference of the 
hydration free energies between each state. In these calculations, the hydration free energy was 
known to strongly depend on the solvated structure of the molecule [6]. Thus, the appropriate 
sampling of the solvated structure should be important for accurate calculation of the redox potential.   
 The molecular dynamics (MD) and Monte Carlo (MC) method have been used to take the 
snapshot structures of the solute in solution. In such simulation, the empirical force field has 
commonly used for the molecules in the system, and several force fields such as the CHARMM [7] 
and AMBER [8,9] have been developed so far. These force fields commonly consist of the bond 
stretching, angle bending, torsional energetics for the intramolecular potential and the coulomb and 
van der Waals (vdW) interactions for the intermolecular potential [10-14]. In the case of organic 
molecule, the OPLS [15] and AMBER force field have been adopted so far. In case of AMBER, the 
partial charges of the molecule are mainly calculated by the empirical scheme called AM1-BCC (bond 
charge correction) [18,19]. However, the restrained electrostatic potential (RESP) charge calculated by 
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a larger basis set should be adopted for more accurate electrostatic property of the molecules. The 
parm99 force field [16,17], which is a representative in the recent AMBER force field, presents the 
force field parameters of intramolecular potential. The torsion parameters were presented for small 82 
organic molecules with the RESP charges by the density functional theory (DFT) calculations with 
B3LYP method and cc-PVDZ basis set. These parameters are determined to represent the smallest 
root mean square deviation (RMSD) compared with the experimental data, however, the torsion 
parameters for 11 hydrocarbons and 7 chlorides were evaluated with absolute errors in 0.1 kcal/mol 
relative to the experimental values. These intramolecular parameters are evaluated for the molecules 
in neutral state, but that of ionized molecules have not been presented yet. Thus, the force field 
parameters should be improved and developed for the sampling of the organic conformation in 
neutral and cationic (or anionic) state in solution. 
 In this study, we performed the DFT calculations with high-level basis set to obtain the 
optimized structures of acetone and 3-pentanone in the neutral and cationic state and developed new 
force field parameters for the stretching vibration, angle bending and partial charges of those 
molecules. We carried out the MD simulations of these models by using the optimized force field 
parameters and investigated the structure and hydration free energies of the molecules in neutral and 
cationic state. The ionization effect of these molecules on the hydration free energy was also 
examined in this study.  
 
2 Computational Methods 
 
2.1    Geometry Optimization in Gas Phase 
 
Geometry optimizations of the acetone and 3-pentanone in the neutral and cationic states in gas 
phase were performed by DFT-B3LYP [20,21] calculations with 6-31+G** basis set [22-24]. The diffuse 
function was adopted for the ionized molecule to estimate the influence of extent of charge 
distribution [25]. In this study, the dependence of basis set on the total energy of the optimized 
structure was examined by using the various basis sets of 3-21G, 6-31G*, 6-31G**, 6-31+G*, 6-31+G**, 
6-311G**, and 6-311+G**. The calculations of the 6-31G including the extended basis set such as the 
polarization function and the diffuse function showed lower energy than that with 3-21G basis set. 
The triple split valence basis sets showed even lower values. The differences of the minimum 
energies between in the neutral and cationic state were similar with that of the 6-31G in the each 
molecule. These calculations were done by Gaussian 03 [26]. 
 
2.2    Force Field 
 
The force field for the intramolecular interaction of the molecule is represented as sum of the bond 
stretching, angle bending, and torsional energy as following equation,  
 

                             V intra = Kr r − req( )2
bonds
∑ + Kθ θ −θeq( )2

angles
∑ +

Vijkl
n

2
1+ cos nφijkl −γ ijkl( )#$ %&

dihedrals
∑ ,                         (1) 

 

where Kr  and Kθ  are spring constants of the stretching and angle, req  and θeq  are equilibrium bond 
lengths and angles, Vijkl

n  is the spring constant of torsional energy constructed by ijkl , n  is the phase 
period, and γ ijkl  is equilibrium torsion angle, respectively.  
 The parameters of equilibrium length and angle of the molecules were obtained from the 
optimized structure by B3LYP/6-31+G** calculation, and the spring and bending parameters were 
determined by fitting these parameters to reproduce the potential energy curve which is obtained by 
DFT calculations with different bond distance and angle of the molecule.  For the evaluation of spring 
and vending constants, 5 sample data were taken in this study.  
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Figure 1.    Optimized structures for neutral state of (a) acetone and (b) 3-pentanone from DFT-B3LYP 
/6-31+G** calculations. 
 
Table 1.    Relative spring constants (kcal/mol/Å2) and equilibrium bond lengths (Å) for parm99 
force field, DFT calculations, and experimental data of acetone and 3-pentanone. 
 

Exptlb

��bond Kr req Kr req Kr req req

 O2–C1 570.0 1.229 932.3 1.219 806.8 1.214 1.213
 C3–C1 317.0 1.522 295.8 1.518 251.0 1.524 1.520
 H4–C3 340.0 1.090 394.4 1.091 394.4 1.089 1.103
 H5–C3 340.0 1.090 376.5 1.096 376.5 1.095 1.103
 H6–C3 340.0 1.090 376.5 1.097 376.5 1.098 1.103
 C7–C1 317.0 1.522 295.8 1.518 251.0 1.524 1.520
 H8–C7 340.0 1.090 376.5 1.096 376.5 1.096 1.103
 H9–C7 340.0 1.090 376.5 1.097 376.5 1.098 1.103
 H10–C7 340.0 1.090 394.4 1.091 394.4 1.089 1.103

 O2-C1 570.0 1.229 927.8 1.219 950.2 1.192
 C3–C1 317.0 1.522 286.9 1.525 179.3 1.573
 H4–C3 340.0 1.090 358.6 1.100 376.5 1.095
 H5–C3 340.0 1.090 358.6 1.100 358.6 1.101
 C6–C1 317.0 1.522 286.9 1.525 179.3 1.573
 H7–C6 340.0 1.090 358.6 1.100 358.6 1.101
 H8–C6 340.0 1.090 358.6 1.100 376.5 1.095
 C9–C6 310.0 1.526 322.7 1.528 322.7 1.518
 H10–C9 340.0 1.090 385.5 1.094 394.4 1.092
 H11–C9 340.0 1.090 376.5 1.095 376.5 1.097
 H12–C9 340.0 1.090 385.5 1.094 394.4 1.093
 C13–C3 310.0 1.526 322.7 1.528 317.5 1.518
 H14–C13 340.0 1.090 385.5 1.094 394.4 1.092
 H15–C13 340.0 1.090 376.5 1.095 376.5 1.097
 H16–C13 340.0 1.090 385.5 1.094 394.4 1.093

parm99a neutral state cation state

acetone

3-pentanone

 
 

a The parm99 force field parameters from Ref. 16 and 17. 
b Experimental values for structural parameters of acetone by microwave spectroscopy from Ref. 35. 
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Table 2.    Relative spring constants (kcal/mol/deg2) and equilibrium bond angles (deg) of parm99 
force field, results of DFT calculations, and experimental data for acetone and 3-pentanone. 
 

Exptlb

        angle Kθ θeq Kθ θeq Kθ θeq θeq

 C3�C1�O2 80.0 120.4 80.0 121.6 33.8 119.0
 H4�C3�C1 50.0 109.5 65.7 110.1 68.8 111.4
 H5�C3�C1 50.0 109.5 63.6 110.7 63.2 107.1
 H6�C3�C1 50.0 109.5 62.2 109.8 60.3 106.0
 C7�C1�O2 80.0 120.4 80.0 121.6 33.8 119.0
 C7�C1�C3 63.0 117.0 57.7 116.8 48.0 122.0 116.0
 H8�C7�C1 50.0 109.5 63.6 110.7 63.2 107.1
 H9�C7�C1 50.0 109.5 62.2 109.8 60.3 106.0
 H10�C7�C1 50.0 109.5 65.7 110.1 68.8 111.4

 C3�C1�O2 80.0 120.4 84.0 121.8 41.5 122.0
 H4�C3�C1 50.0 109.5 67.7 107.6 67.7 104.6
 H5�C3�C1 50.0 109.5 67.7 107.6 62.8 101.2
 C6�C1�O2 80.0 120.4 84.0 121.8 41.5 122.0
 C6�C1�C3 63.0 117.0 61.5 116.4 47.0 115.9
 H7�C6�C1 50.0 109.5 67.7 107.6 62.8 101.2
 H8�C6�C1 50.0 109.5 67.7 107.6 62.8 104.6
 C9�C6�C1 63.0 111.1 106.9 114.2 87.3 114.8
 H10�C9�C6 50.0 109.5 72.6 111.0 72.6 112.3
 H11�C9�C6 50.0 109.5 67.7 110.5 62.8 106.9
 H12�C9�C6 50.0 109.5 72.6 111.0 72.6 112.2
 C13�C3�C1 63.0 111.1 106.9 114.2 87.3 114.8
 H14�C13�C3 50.0 109.5 72.6 111.0 72.6 112.3
 H15�C13�C3 50.0 109.5 67.7 110.5 62.8 106.9
 H16�C13�C3 50.0 109.5 72.6 111.0 72.6 112.2

parm99a neutral state cation state

acetone

3-pentanone

 
 

a The parm99 force field parameters from Ref. 16 and 17. 
b Experimental values for structural parameters of acetone by microwave spectroscopy from Ref. 35. 
 
 Intermolecular interaction for the vdW and coulomb interaction are represented by following 
equation, 
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where εij  is the Lennard-Jones (L-J) parameter between atom i  and j , rij
e  is the equilibrium 

internuclear distance, which presents the minimum of potential energy as a function of atom distance 
Rij ,

 
qi  is the effective point charge of atom i , and ε  is the relative permittivity, respectively. The L-J 

parameters between different atoms are assigned as an arithmetic average for rij
e  and geometric mean 

for εij  by the rule of Lorentz-Berthelot. All parameters of rij
e 2  and εij  are taken from the parm99  
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Table 3.    RESP charge by DFT-B3LYP/6-31+G** for acetone and 3-pentanone 
 

neutral cation neutral cation neutral cation

 C1 0.621 0.506  H5 0.069 0.175  H9 0.069 0.175
 O2 -0.535 -0.015  H6 0.069 0.175  H10 0.069 0.175
 C3 -0.251 -0.272  C7 -0.251 -0.272
 H4 0.069 0.175  H8 0.069 0.175

 C1 0.530 0.391  H7 0.005 0.109  C13 -0.052 -0.098
 O2 -0.517 -0.082  H8 0.005 0.109  H14 0.020 0.087
 C3 -0.023 -0.035  C9 -0.052 -0.098  H15 0.020 0.087
 H4 0.005 0.109  H10 0.020 0.087  H16 0.020 0.087
 H5 0.005 0.109  H11 0.020 0.087
 C6 -0.023 -0.035  H12 0.020 0.087

acetone

acetone

 
 
force field. The partial charges of the molecule were determined by the Merz-Singh-Kollman method 
[27] with B3LYP/6-31+G** calculations.  
 
2.3    Molecular Dynamics Simulations 
 
The MD simulations for the neutral and cationic state of the acetone and 3-pentanone were carried 
out with the parameters listed in Table 1, 2 and 3. The intramolecular torsion angles are constrained 
with harmonic potential to sample the structure around the potential energy minimum of the 
molecule. The spring constants for the constraints of torsion angle are determined by fitting these 
parameters to reproduce the potential energy curve, which is obtained by B3LYP/6-31+G** 
calculations. The MD simulations were carried out by AMBER 11 program packages. Langevin 
thermostat and barostat were used to control the system temperature (T = 300 K) and pressure (P = 1 
atm) [28]. The acetone and 3-pentanone were solvated by 1425 water molecules in a cubic box with 
39.8 Å × 37.4 Å × 38.0 Å and 1790 water molecules in a box with 44.5 Å × 39.3 Å × 39.5 Å, 
respectively. The TIP3P model [29] was adopted for water molecule. Particle Mesh Ewald (PME) 
method [30] was adopted for the calculation of coulomb interactions. Cut off lengths for the coulomb 
and vdW interactions were 12 Å. A time step for the MD calculations was 2.0 fs. The bond lengths 
including the hydrogen atoms were constrained by SHAKE method [31]. 
 Energy minimization was performed with constraints of the heavy atoms of solute with 50 
kcal/mol/Å2 spring constant. MD calculations were carried out in the constant NPT condition, and 
then, system temperature was gradually increased from 100 K to 300 K for 100 ps. After that, NPT 
simulations were performed in which the constraints of solute were gradually reduced to zero for 100 
ps. Finally, the equilibrium NPT-MD simulations were carried out for 10 ns. 
 
Hydration Free Energy.   We estimate the hydration free energy to investigate the solvation properties 
of the acetone and 3-pentanone in the neutral and cationic sate. The energy representation (ER) 
method was adopted for the estimation of hydration free energy in this study. In the ER method, the 
hydration free energy can be presented as an energy distribution functions ρ e ε( ) , ρ0

e ε( ) , and a 
correlation function χ0

e ε,η( ) . The energy distribution ρ e ε( )  is defined using energy coordinate and 
expressed by following equation;   
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                                                                   ρ ε( ) = δ ν ψ,xi( )−ε( )
i
∑ ,                                                              (4) 

 

where ψ  is the solute coordinate, xi  is the coordinate of i -th solvent molecule, respectively. The 
sum is taken over all the solvent molecules, and the energy distribution is obtained by the ensemble 
average. The energy distribution ρ0

e ε( )  and the correlation function χ0
e ε,η( )  are constructed by 

inserting the solute molecule in the pure solvent system. The actual form of the hydration free energy 
and the details of the computations are presented elsewhere [32-34]. 
 The calculation of the hydration fee energy requires two MD simulations for solution system and 
pure solvent system. The NVT-MD simulations of 300 ps for the solution system and that of 100 ps 
for the pure solvent system were carried out to obtain the distribution functions ρ e ε( )  and ρ0

e ε( ) . 
The solute was treated as rigid molecule in water solvent in both simulations. The system coordinate 
was dumped every 10 fs for the solution system and 1 ps for the pure solvent system. The solute 
molecule was randomly inserted 1000 times into the pure solvent system. Finally the energy 
distribution function ρ e ε( )  was estimated with 30k samples and ρ0

e ε( )  with 100k samples. 
 
3 Results and discussion 
 
3.1    Optimized Structures in Gas Phase 
 
The optimized structure (bond lengths and angles) of the acetone and 3-pentanone of the neutral and 
cationic state in gas phase calculated by DFT-B3LYP/6-31+G** were listed in Table 1 and 2 with the 
parm99 force filed parameters. In the neutral state, the bond lengths and angles of both molecules 
estimated by the DFT calculation were in good agreement with those of the param99. The differences 
of bond lengths between the param99 and DFT calculations were in ~0.01 Å. The differences of angles 
were shown to be ~3.1 degree in the 3-pentanone. However, because the estimated angles were 
obtained by large basis set (6-31+G**) in comparison with that used in the development of the 
param99, the predicted structures in this study should be more accurate. The optimized structure of 
acetone in the neutral state was compared with the experimental data in the gas phase. The 
differences of bond lengths and angles with the experimental data were ~0.012 Å and ~0.8 degree, 
respectively, showing an excellent agreement with experiment. 
 In the case of comparison with those in cationic state, the differences of bond lengths and angles 
between in neutral and cationic state were ~0.48 Å and ~6.4 degree, respectively. This large angle 
change in the cationic state should be due to the change of molecular orbital by ionization of the 
molecule; the change of molecular polarization should influence the intramolecular interaction 
between the atoms in the molecule, resulting in the change of molecular structure. 
  In our models, the DFT calculation showed that the total energies of acetone and 3-pentanone in 
gas phase were -5,256.55 eV and -7,396.33 eV in the neutral state and -5,246.97 eV and -7,387.13 eV in 
the cationic state, respectively. By way of comparison, the experimental data of first adiabatic 
ionization potential in gas phase are 9.69 eV for acetone and 9.32 eV for 3-pentanone [36]. The 
calculated ionization potentials of the acetone and 3-pentaone were 9.58 eV and 9.19 eV, being in 
good agreement with experimental data. 
 The partial charges of atoms in each molecule are listed in Table 3. To assesse the validity of 
these partial charges, the dipole moments of acetone and 3-pentanone in the neutral and cationic 
states, which were calculated by the classical method using the partial charges, were compared with 
those by the quantum chemical calculation and experimental data in Table 4. The calculated dipole 
moments using the RESP charges were evaluated by using the snapshots taken from the MD  
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Table 4.    Comparison of dipole moment (debye) of DFT-B3LYP/6-31+G** and average in classical 
MD for acetone and 3-pentanone 
 

molecule state DFT-B3LYP/6-31+G**
 acetone neutral 3.19 3.21 ± 0.09 2.88 ± 0.03

cation 2.12 2.54 ± 0.12
 3-pentanone neutral 2.89 2.88 ± 0.05

cation 2.30 2.48 ± 0.06

Classical/MD Exptla

2.82

 
 

a Experimental data from Ref. 36. 
 
simulation in the equilibrium condition. The dipole moments by both quantum chemical and MD 
simulations were found to be in good agreement with the experimental data in both molecules. 
 
3.2    Hydration Free Energy 
 
 The hydration free energies of acetone and 3-pentanone were estimated by the ER method with 
39 snapshots for acetone and 31 snapshots for 3-pentanone in equilibrium state. The results were 
listed in Table 5. The standard deviations of the hydration free energies were 0.14 kcal/mol in the 
neutral state and 2.68 kcal/mol in the cationic state. The hydration free energy of 3-pentanone was 
larger than that of acetone, showing larger hydrophobicity of the 3-pentanone. This should be due to 
the addition of the hydrocarbons at the end of acetone molecule. The similar hydration character can 
be shown in the experimental data (see. in Table 5). The estimated hydration free energy for 3-
pentanone was shown to be larger than the experimental data. This could be due to the constraints of 
torsion angle in the 3-pentanone; because of the constraints of the torsion angle, the molecular 
conformations, which have better affinity with conformations of surrounding water molecules, could 
not be sampled in the MD simulation, resulting in the larger hydration free energy of the 3-pentanone. 
There could be a possibility that the hydrophobicity of the added methyl group was overestimated 
due to the improper L-J parameters, which is transferred from param99.  The improvement of the 
force field parameters and simulations condition should be done for more accurate estimation; this 
would be our future work. 
 The energy distributions of ρ e ε( )  and ρ0

e ε( )  for the neutral and cationic state in both molecules 
are plotted in Figure 2. In the energy distribution in neutral state, the distribution peak, which is 
caused by the hydrogen bonds with the surrounding water molecules, appears near -5 kcal/mol. The 
number of hydrogen bonds in the cationic state was explicitly larger than those in the neutral state, 
showing that the attractive interactions between the positively charged solute and surrounding water 
molecule in the solution become strong. The resultant hydration free energies of the acetone and 3-
pentanone in the cationic state were shown to be much lower (~30 kcal/mol) than those in the neutral 
state. We can thus conclude that the these molecules in cationic state are stable in water solvent, and  
 
Table 5.    Hydration Free Energy (kcal/mol) for acetone and 3-pentanone 
 

     molecule state Exptla

 acetone neutral -2.34 ± 0.14 -3.80
cation -34.65 ± 2.74

 3-pentanone neutral -0.54 ± 0.13 -3.41
cation -28.25 ± 2.62

Calc

 
 

a Experimental results of hydration free energies for organic molecules at 25 ℃ from Ref. 37. 
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(a)                                                                         (b) 
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Figure 2.    The energy distribution functions ρ e ε( )  and ρ0

e ε( )  for neutral and cation state of (a) 
acetone and (b) 3-pentanone with number of density on a snapshot in solution.  
 
the ionization effect of ketone molecule on the hydration free energies is significant in both molecules.  
 
4 Summary 
 
We studied the structure and hydration property of the acetone and 3-pentaone in the neutral and 
cationic state by using molecular dynamics (MD) and free energy calculations. The force field 
parameters of the bond vibration, angle bending, and intramoleclular partial charges for the acetone 
and 3-pentanone were newly developed by the density functional theory (DFT) calculations with the 
B3LYP method and 6-31+G** basis set. The optimized structures of both molecules were in good 
agreement with the experimental data. The determined partial charges of these molecules reproduce 
the dipole, which is in good agreement with experimental data. Also the evaluated ionization 
potentials were consistent with the experimental data in ~0.13 eV errors. The hydration free energies 
of each molecule in the neutral and cationic state were estimated by energy representation (ER) 
method. The estimated hydration free energy of acetone in neutral state was close to the experimental 
data while that of the 3-pentanone was larger than the experimental data. This difference could be 
caused by constraints of the torsion angles of 3-pentanone. The observed hydration free energies of 
the acetone and 3-pentanone in the cationic state were shown to be much lower (~30 kcal/mol) than 
those in the neutral state, showing that the ionization effect of ketone molecule on the hydration free 
energies should be significant in both molecules. 
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