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ABSTRACT 

 The PMF (potential of mean force) derived through the methods such as constrained 

MD simulations provide information about the solvation structure of ions and ion pairs that 

influences the nature of reactions in solution media. It is used to identify the CIP (contact ion 

pair), SAIP (solvent assisted ion pair) and SSIP (solvent separated ion pair) states. The PMF 

curve gives the position and the height of the free energy barrier that separates the different 

ion pair states. In the present work, constrained MD simulations have been performed for Na+ 

- Cl- ion pair in the mixture of water – acetone with xacetone = 0.20. The results obtained show 

the presence of all the three states with stable CIP and SAIP state. A shallow minimum in 

PMF curve around 7.0 Å also indicate the presence of SSIP in the mixture. The nature of 

PMF curve has been confirmed by trajectories obtained for various starting configurations. 

The observations are well supported by the average residence time calculated. 

 

KEYWORDS: Solvation Structure; Potential of Mean Force; Contact Ion Pair; Solvent 
Assisted Ion Pair; Solvent Separated Ion Pair 
 
1. INTRODUCTION 
 The importance of solvation studies can be realized by the amount of work that has 

been devoted in this research area1-9. Since last several years, Molecular Dynamics (MD)10-11 

simulations have become an integral part of the studies this field. Because of strength and 

reliability of the MD method, it has been extensively used in simulating many systems12-17. 

Ion pairs play important role in number of biological and chemical processes. Many 

important chemical changes occur in solution state where solvents play significant role. NaCl 

is an important electrolyte because of its biological significance and variety of applications in 

chemistry. Polar solvents such as water and acetone are used in large number of reactions. 

Therefore it is necessary to have understanding of solvation structure of such ion pairs in 

polar solvents and their mixtures.  

In any reaction which involves participation of the solvent, the complete ionization of stable 

solute molecules involves different ion pair states known as contact ion pair (CIP) and the 

solvent separated ion pair (SSIP). In between the two states exist, a solvent assisted ion pair 
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(SAIP) state. CIP and SAIP/SSIP are clearly defined in the pmf curves obtained by 

constrained molecular dynamics (MD).  

Knowledge of the potential of mean force (PMF) is essential for understanding solvation 

structure and ion pairing. In a molecular dynamics simulation the averaged structural effect of 

the solvent molecules on the solute – solute interactions are expressed in terms of mean force 

potential W(r) or PMF. The PMF may be obtained by integrating the mean force between the 

ion pair in solution which is determined during constrained MD simulations of the system  

The series of molecular dynamics simulations of water-acetone mixtures containing either an 

ionic solute or a neutral hydrophobic solute with variation of composition of the mixtures 

have been reported18-20. Various properties such as PMF, the diffusion coefficient of a solute, 

self-diffusion and the orientational relaxation times of water and acetone molecules in 

mixtures with varying compositions have been calculated. In the present article, a mixture of 

acetone - water with xacetone = 0.20 containing Na+ - Cl- ion pair has been simulated for PMF 

calculations , which has not been reported so far. All the MD simulations have been done 

using high computing facilities at IIT Bombay followed by calculations at Molecular 

Dynamics Laboratory in the Department of Chemistry, IIT Bombay and at author’s institute. 

In the present paper, the methodology and computational details are briefly described in 

section2, results and discussions in section 3 and conclusions are summarized in section 4. 

 
2. The methodology and computational details  

All the simulations have been done at Molecular Dynamics Laboratory in the Department of 

Chemistry, IIT – Bombay using Fortran 77 program developed by Tembe and Co-worker.   

The constrained MD methodology has been used in the simulations. The method involves 

MD simulation of the system consisting of the ions and the solvent molecules in which all the 

intra solvent atom-atom separation are held constant along with the ion – ion separation. This 

was achieved by using the SHAKE algorithm21. The long range interactions were computed 

using the reaction field technique22. The equations of motion were solved numerically using 

the Verlet algorithm23 using a time step of 0.1 fs. We have observed that with larger time 

steps, it is often difficult to obtain equilibration. For each of the inter ionic separations of 2.0 

Å to 8.0 Å the system was equilibrated for 100 ps and followed by production period of 1 ns. 

For water, we have used SPCE24 model whereas, acetone molecules are modeled by the 

OPLS potential model of Jorgensen et al25, which comprises of two methyl, one carbon, and 

one oxygen sites. Each methyl group is considered as single interaction site and thus the 

hydrogen atoms of acetone are not considered separately. The Na+ and Cl– solutes are 
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considered as charged Lennard-Jones particles26-32. The values of the Lennard-Jones and 

electrostatic inter-action potential parameters of different atomic sites of water and acetone 

and also of solute particles are summarized in Table 1. 

 

Table 1  

Force field parameters for Acetone, water and potassium chloride  Values of Lennard-Jones 

and electrostatic interaction potential parameters. e represents the magnitude of electronic 

charge. 

Atom/ ion σ /( Å ) ε  /( kJ/mole) Charge/e 

Water- O 3.166 0.65060 - 0.8476 

Water – H 0.000 0.00000 +0.4238 

Acetone – C 3.750 0.43632 +0.300 

Acetone – CH3 3.910 0.66944 +0.062 

Acetone – O 2.960 0.87864 -0.424 

Na+ 2.876 52.1619 +1.000 

Cl- 3.785 52.1619 -1.000 

The details of the chosen solvent mixtures are given in Table 2. 

Table 2 

Solvent 1 = acetone; Solvent 2 = water; xi = Mole fraction of solvent i, ni = number of 
molecules of solvent i in the cubic simulation box; ρ = Density at 298 K;                                 
ε = Dielectric constant. Box length for each composition =25.000 Å (NVT ensemble) 
 

x1 x2 n1 n2 ρ (g/cm3) ε 
0.20 0.80 67   266 0.9199 66.98 

 

The solvent – solvent, solute – solvent and solute - solute interactions are taken to be pair 

wise additive and comprise of Lennard – Jones and Coulumbic terms. 

The site – site potential has been taken as  

r
qq

r
C

r
A

rU 
 








 612)(                                                (1) 

Where r is the site – site separation in Å, 

α and β are the interaction sites on different molecules. qα and qβ are the charges located at 

sites  α and β respectively. 

 124  A                                                       (2) 
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 64  B                                                             (3) 

where εαβ and σαβ are the energy and distance parameters in Lennard – Jones potential. 

  2/                            (4) 

  2/1
                          (5) 

For the system consisting of two ions (A, B) and N solvent molecules, the total mean force 

between the ions is the sum of the direct (bare) ion – ion force, Fd (r) and the solvent 

contribution, ΔF(r). That is, 

F(r) = Fd(r) + ΔF(r)        (6) 

The potential of mean force, )(rW of the ion pair in the presence of the solvent can be 

calculated as 

 
r

r

drrFrWdrrFrW
0

)()()()( 0     (7) 

The choice of )( 0rW is required to be done in such a way that calculated mean force potential 

matches the macroscopic Coulombic potential at long distances 

0
0  )(     

r
qq

rW ji       (8) 

where qi is the charge on the ith ion and ε is the dielectric constant of the solvent. It has been 

found that ion – ion PMFs for the solvent compositions studied are not sensitive to the choice 

of r0 at a distance greater than 8.0 Å. 

The problem of surface effects is effectively removed by implementing periodic boundary 

conditions.  

 
3. Results and discussions 
3.1. The Potential of Mean Force The ion – ion PMFs, W(r), obtained by direct integration of 
the total force, F(r), according to eqn. 7 is shown in the fig.1 
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Fig. 1.  Potential of mean force for Na+ - Cl- ion pair in water - acetone mixture with      
xaceotne = 0.20.  
 
 The PMF curve obtained for NaCl ion pair in acetone- water mixture with 

xaceotne=0.20 shows the presence of CIP (contact ion pair, in which the two ions are in direct 

contact) and SAIP (solvent assisted ion pair, in which the two ions are partially separated by 

at least one solvent molecule between them) at 3.0 Å and 4.8 Å with comparable stabilities. 

The locations of the minima have been taken from the dynamical trajectories. The curves also 

suggest presence of relatively less stable SSIP (solvent separated ion pair, in which the two 

ions are separated by at least one solvent molecule between them) indicated by a shallow 

minimum at around 7.0 Å. The nature of PMF in this composition suggests a transition from 

the CIP to SAIP through a small barrier whereas the barrier height between SAIP state and 

SSIP state is very small. The derived PMF curves are strongly supported by dynamical ion – 

ion trajectories of the ion pair performed using respective auxiliary MD simulation 

programmes followed by calculation of average residence times. 

The characteristics of the Na+ - Cl- PMFs in water - acetone mixture with xaceotne=0.20 is 
given in the following table 3. 
Table 3 

First  minimum* (Å) 
Depth of first 

minimum        
(kJ/mol) 

First maximum      
(Å) 

Height of  First 
maximum                
(kJ/mol) 

3.1 -3.727 3.5 0.505 

Second minimum* 
(Å) 

Depth of second 
minimum       
(kJ/mol) 

Second maximum   
(Å) 

Height of  second 
maximum                
(kJ/mol) 

5.0 -5.186 6.0 -3.690 

Third minimum* (Å) 
Depth of third 

minimum     
(kJ/mol) 

Third maximum      
(Å) 

Height of Third 
maximum               
(kJ/mol) 

6.9 -3.972 - - 
* The location of the minima have been taken from the dynamical trajectories 

3.2. Dynamical Trajectories of ion pair and average residence times 

The nature of potentials of mean force for the ion pair is confirmed by studying the 

dynamical trajectories of the ion pair initiated at various ion – ion separation followed by 

calculation of residence times. A constrained free MD simulation on the system was carried 

involving calculation of the ion – ion separation vector at each time step. The interaction of 

solvent molecules with each other and with solute ions contributes to the dynamics of the ion 

pair. For each of the dynamical trajectories, several inter ionic separations have been chosen 
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as the starting ion – ion distance and followed up to 20ps. These trajectories have been used 

to calculate the average residence times.  In fig. 2, a representative average residence times 

has been shown.  

 

 

 

 

 

 

 

 

 

 

Fig. 2. Representative average residence times of Na+ - Cl- ion pair for 20 ps  

 

4.  Summary and conclusions 

 Potential of mean force (PMF) curve obtained using constrained MD method has been 

used to identify the CIP, SAIP and SSIP states. The curve also provides information about the 

position and the height of the free energy barrier between the different ion pair states. 

Simulations have been performed on the Na+ - Cl- ion pair in the water- acetone mixtures 

with xacetone = 0.2. The PMF has been calculated and the ion pair and solvation structure 

studies have been done. The derived PMF for the ion pair suggest the existence of contact ion 

pair (CIP) and solvent assisted ion pair (SAIP) with comparable stabilities and a relatively 

less stable solvent separated ion pair (SSIP). The derived PMF curve is well supported by 

dynamical ion – ion trajectories performed using auxiliary MD simulation programmes and 

the resultant average residence times.  
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