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ABSTRACT 

Estimation of the dissociation constant, or pKa, of weak acids continues to be a central goal in 

theoretical chemistry.  Here we show that ab initio Car-Parrinello molecular dynamics 

simulations in conjunction with metadynamics calculations of the free energy profile of the 

dissociation reaction can provide reasonable estimates of the successive pKa values of polyprotic 

acids. We use the distance-dependent coordination number of the protons bound to the hydroxyl 

oxygen of the carboxylic group as the collective variable to explore the free energy profile of the 

dissociation process. Water molecules, sufficient to complete three hydration shells surrounding 

the acid molecule, were included explicitly in the computation procedure. Two distinct minima 

corresponding to the dissociated and un-dissociated states of the acid are observed and the 

difference in their free energy values provides the estimate for pKa, the acid dissociation 

constant.  We show that the method predicts the pKa value of benzoic acid in good agreement 

with experiment and then show using phthalic acid (benzene dicarboxylic acid) as a test system 

that both the first and second pKa values as well, as the subtle difference in their values for 

different isomers can be predicted in reasonable agreement with experimental data.  
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INTRODUCTION 

Knowledge of the acid dissociation constants of the ionizable protons in molecules in aqueous 

media is of fundamental importance in many areas of chemistry and biochemistry. The 

dissociation of an acid, HA, in aqueous solution may be represented in the form 

HA(aq) ⇄ H+(aq) + OH-(aq) 

and the pKa value  defined as  

pKa  =  - log (Ka)   =  ∆Ga  ̸ 2.303 RT 

where Ka is the equilibrium dissociation constant The pKa value of a molecule determines the 

relative concentration of its protonated and deprotonated forms at a specific pH and is therefore 

an important descriptor of its chemical reactivity. Consequently, considerable efforts have been 

devoted to the experimental determination of pKa values. Although in many cases accurate 

experimental measurements are easily made, there are situations where accurate measurements 

are difficult. It is, therefore, not surprising that the capability to provide   accurate estimates of 

the pKa value has been a central goal in theoretical chemistry and there has been a large effort in 

developing methodologies for predicting pKa values in a variety of chemical systems by differing 

quantum chemical techniques.1-3 The prediction accuracy within 0.5 pKa units of experiment is 

the desirable level of accuracy. This is a non-trivial exercise for an error of 1 kcal/mole in 

estimates of the free energy value would result in an error of 0.74 pKa units.4  

     The majority of pKa calculations involve constructing the appropriate thermo-chemical 

acid dissociation cycle followed by evaluation of the free-energy change at each step of the 

cycle.1 The dissociation free energy is expressed as the sum of the dissociation free energy of the 

molecule in the gas phase and the solvation free energy difference of the neutral acid and the 

dissociated products. In most calculations the gas phase acid dissociation is computed at the 
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 4

quantum mechanical (QM) level while the solvent modeled as a dielectric continuum.5 The 

drawback of these procedures, and a major source of error, is that short-range intermolecular 

interactions with water molecules, such as hydrogen bonds and ion-dipole interactions as well as 

solvent dynamics, are not explicitly accounted for although they are particularly important, as 

these calculations involve ionic species. By far the most challenging aspect in the theoretical 

prediction of pKa values is to account for the solvent in a physically meaningful way. A number 

of different strategies have been developed to improve the accuracy of the calculations by 

explicit inclusion of solvent water molecules in the acid dissociation process.6-8 For strongly 

coupled solute-solvent systems explicit inclusion of water molecules in the quantum mechanical 

part of the calculation can greatly improves the accuracy in computed pKa values, especially for 

certain continuum models, such as the  SM6 solvation model.3 A number of hybrid approaches 

have been developed to  capture the first and second solvation directed effects in the context of 

continuum models. These have been summarized in recent reviews.3,9-12 An alternate approach to 

the continuum models is to model the solvent molecules using molecular mechanics (MM) using 

an appropriate force fields while describing the bond-breaking by QM procedures.13-17 

   A critical issue in any dissociation event is how the solvating water molecules arrange 

themselves both spatially and dynamically around the ionizable and ionized species. This, in 

principle, is best described by ab initio molecular dynamics   wherein all solvent molecules in 

the ensemble are treated explicitly.18   In these simulations the electronic structure calculations 

are usually based on density functional methods and although these are more restricted as 

compared to the methods used in the hybrid continuum models have the advantage that solvation 

effects are handled with greater rigor.  Consequently, a number of investigations of acid 

dissociation using ab initio molecular dynamics including Car-Parrinello molecular dynamic 
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 5

have been reported.19-22 The systems investigated include HCOOH, CH3COOH and H2CO3.
19-22 

It has also been reported that free energies associated with the dissociation  of HCl, HCOOH, 

H2S and ortho and para salicylic acids can been estimated  from ab initio MD simulations using 

the distribution of the vertical energy gap  for the insertion or deletion of a proton.23 The 

dissociation of histidine in aqueous media  has  been explored using constrained ab initio Car-

Parrinello molecular dynamics (CPMD).22  Free energies were obtained by  integrating the 

potentials of mean force  along a chosen coordinate for the deprotonation of histidine. Although 

the chosen reaction coordinate limited their analysis to stopping just beyond the transition state, 

the correct relative pKa value was obtained by subtracting the equivalent profile for a reference 

reaction, the auto-dissociation of water.   

     One of the factors that has limited the  use of ab initio MD methods is that  dissociation of 

weak acids is an  infrequent event  and consequently unreasonably long simulation times  are 

required before one is observed, making such studies impractical. One of the successful 

techniques to handle rare and infrequent events in MD simulations is the metadynamics 

formalism.24-26 The formalism allows the system to escape the free-energy minima, by biasing 

the dynamics with a history dependent potential (or force) that acts on select degrees of freedom, 

referred to as collective variables. The bias potentials, modeled by repulsive inverted Gaussians 

that are dropped during propagation, drive the system out of any free energy minima and allow it 

to explore the configurational space. The system is prevented   from revisiting regions of 

configuration space where it has been in the past making the sampling relatively quick and 

efficient. It is therefore ideally suited for studying dissociation of weak acids.  CPMD in 

combination with metadynamics has been successfully used to describe the dissociation of acetic 

acid in water.19 The dissociation reaction occurred along a well-characterized pathway and free 
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 6

energy minima corresponding to the associated and dissociated states of acetic acid were 

observed along with a shallow minimum in the free energy surface corresponding to a contact 

ion pair. It was subsequently shown that the dissociation constant can be obtained, without the 

need of constructing thermo-chemical cycles, as the difference in the values of the  free energy 

minima corresponding to the associated and dissociated states in the metadynamics computed 

free energy profile.27 It had also been demonstrated that the formalism could correctly account 

for the influence of the inductive effect as well as hydrogen bonding on pKa values of weak 

organic acids in good agreement with experiment.27 

  Here we show that ab initio Car-Parrinello Molecular Dynamics (CPMD)28 in conjunction 

with metadynamics computation24-26  of the free-energy landscape  can provide accurate  

estimates of the successive pKa  value of  polyprotic acids.  This is of practical relevance for in 

many situations where successive dissociation constants are not well separated making accurate 

measurements of individual pK values difficult. We show that the dissociation constant of 

benzoic acid in water  obtained from our calculations   is comparable to experiment and  then 

show using  phthalic acid (benzene dicarboxylic acid) as a test system that both the first and 

second pKa  values as well, as the subtle difference in their values for different isomers can be 

predicted in reasonable agreement with experimental data.  

 

SIMULATION METHODOLOGY 

The CPMD v3.11.229 program was used to perform the ab initio molecular dynamics simulation. 

Simulations were performed on an IBM Blue Gene cluster using 256 (128 × 2) processors. A 

single acid molecule, either benzoic or phthalic acid, solvated by water molecules, was placed in 

a cubic box with periodic boundary conditions; the dimensions reproduce the experimental 
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 7

density of water. All water molecules are considered explicitly in the CPMD simulations. The 

number of water molecules solvating the acid molecule was chosen such that at least three 

hydration shells were complete. The dimension of the simulation box was selected so as to 

ensure that after subtracting the van der Waals volume of the organic acid the space available for 

the water molecules would correspond to the experimental density of unity. Maintaining water 

density as close to unity is an important consideration for obtaining accurate pKa values. 27 The 

number of water molecules and the dimension of the simulation cell are different for each 

organic acid and are specified in the Supplementary Information, Table S1.  

The gradient corrected exchange correlational DFT-HCTH/12030 functional was used in the 

present study because it provides significantly improved energies as compared to DFT-BLYP 

(Becke exchange and Lee-Yang- Perr correlation) for water–ion systems.31 Dispersive 

interactions were accounted for by the empirical dispersion correction of Grimme.32 Core 

electrons were treated using the normconserving atomic pseudopotentials of Troullier-Martins,33 

while valence electrons were represented in a plane wave basis set truncated at an extended 

energy of 70 Ry. The fictitious electron mass parameter was equal to 800 a.u.. The time step 

applied during the simulations was set to 6 a.u. (0.146 fs). All simulations were performed at a 

temperature of 300 K. The Nose-Hoover´ thermostat was used to control the temperature of the 

NVT ensemble. The initial part of the simulations was taken as the equilibration time (40 ps) and 

was not considered during the data analysis.  

The metadynamics formalism in its extended Lagrangian version was employed to explore the 

free-energy profile of the dissociation process as defined by the collective variable nOH, the O-H 

bond-distance dependent number of hydrogens coordinating the hydroxyl oxygen of the 

carboxylic group. 
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The collective variable nOH has a value close to unity in the un-dissociated state and is zero on 

dissociation. The instantaneous O-H bond distance is rOH and rc (= 1.6 Å) is the critical, or “cut-

off”, distance beyond which the O-H bond breaks.  The exponents controls the long-range 

behaviour and stiffness and ensures a smooth decay of the coordination number.25 The free 

energy profile was sampled by placing history-dependent Gaussian bias potentials along the 

dynamical time evolution path. The height and width of the Gaussian bias potentials were 0.0005 

and 0.1 a.u., respectively, with the deposition time step 0.04 ps.  The sampling was continued till 

the entire free-energy profile was explored and the motion in the collective variable space was 

diffusive. For simulations of the dissociation of phthalic acid nOH is defined for a designated 

carboxylic group. For the second dissociation of phthalic acid the simulations were repeated but 

now with the phthalate ion and the collective variable the nOH of the un-dissociated carboxylic 

group. For the first dissociation of phthalic acid the collective variable is designated as CV1 and 

for the second as CV2. The presence of the hydronium ion formed following the first 

dissociation ensures charge neutrality of the simulation cell for the computation of the second 

dissociation constant. 

 

RESULTS AND DISCUSSIONS 

The free-energy profile for the dissociation of benzoic acid is shown in Figure 1a. During the 

metadynamics simulations dissociation is observed within 6 ps.  Two well-defined minima are 

observed; the minimum on the left corresponds to the un-dissociated neutral acid and that on the  
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Figure 1 (a) The free-energy profile for the dissociation of benzoic acid. The difference in free 

energies of the dissociated and undissociated species, as well as the estimated pKa value is 

indicated. The value in parentheses is the experimentally determined pKa value of benzoic acid. 

The inset shows the evolution of the collective variable, nOH, during the simulation (b) Snapshots 

along the trajectory at the locations indicated on Figure 1a. The proton being abstracted is 

highlighted in yellow and also the water molecules involved in the dissociation reaction. 
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right to the dissociated benzoate anion. In addition, a shallow minima is seen separating the 

reactant and product states. Snapshots along the trajectory at the locations indicated on Figure 1a 

are shown in Figures 1b (a movie file of configurations along the trajectory is provided in the 

Supplementary Information, Movie S1). It may be seen from the snapshots that the first 

minimum (labeled 1 in Figure 1a) corresponds to the solvated neutral benzoic acid. After 3.2 ps 

the proton is abstracted by a water molecule but the hydronium ion and the benzoate ion remain 

as a bound pair; the shallow minima (labelled 2) in the free energy profile corresponds to a 

contact-ion pair (the geometry of the contact-ion par is described in the Supplementary 

Information, Figure S1). Subsequently the contact-ion pair breaks-up with the hydronium ion 

moving away to complete the dissociation process (the second minima, labeled 3, in Figure 1a).  

It is possible to estimate the pKa  values from the free energy profiles in Figure 1a as the 

difference in the free energy of the dissociated and un-dissociated species, pKa = ∆G / 2.303 RT. 

The value of pKa for benzoic acid estimated from the free energy profile (Figure 1a) 4.11 is 

comparable with the experimentally determined value, 4.20.  The agreement with experiment   is 

surprisingly good considering the nature of approximations used in this computation. A number 

of factors are responsible for the lack of accuracy in estimates of the absolute values of free 

energy obtained from a CPMD–metadynamics simulation. The main sources of error are the 

choice of the functional and secondly the errors associated with the metadynamics sampling 

technique. Quantum effects as well as the zero-point energy are also ignored in these 

calculations.34 It may, however, be pointed out that here the pKa values are estimated from the 

difference in free energy values associated with the neutral and dissociated species and 

consequently,   there is a cancellation of errors. Errors associated with the use and choice of 

functionals are considerably reduced when one considers differences. The errors in the free-  
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 11

 

Figure 2 The free energy profiles for the first and second acid dissociation of phthalic acid.  The 

collective variables CV1and CV2 are defined by Equation 1. 

 

energy values introduced by the metadynamics sampling depend essentially on the sampling 

parameters (see previous section) and are estimated to be of the order of  1.94 kBT, for the 

benzoic acid dissociation.35 This error would be considerably reduced when the difference in free 

energy values are considered. It is therefore not surprising that the estimate of the pKa value of 

benzoic acid, obtained as the difference in free-energy values leading to a cancellation of errors,  

is in good agreement with experiment. These results give us the the confidence to attempt 

estimating pKa values of acids with multiple ionizable groups present. In the following section  
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 12

 

Figure 3 a) Snapshots for the first dissociation of phthalic acid at locations on the trajectory 

indicated in Figure 1. b) Snapshots for the second dissociation at locations on the trajectory 

indicated in Figure 1. The proton being abstracted is highlighted in yellow and also the water 

molecules involved in the dissociation reaction. 

 

we use the ab initio metadynamics simulations to predict the first and second dissociation 

constants of phthalic acid and its isomers, isophthalic and terephthalic acids. One of the key 

features of the procedure adopted here is that all water molecules are treated explicitly at the 

same level of theory. 

The free-energy profiles for the dissociation of phthalic acid and the subsequent dissociation 

of the singly charged phthalate ion are shown in Figure 2.  As in the case for the dissociation of  

Page 12 of 20Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



 13

Table 1 The predicted and experimental values of the first (pKa1) and second (pKa2) acid 

dissociation constants of phthalic acid, isophthalic acid and terephthalic acid.  

 

benzoic acid two well-defined minima are observed for both the first and second dissociation 

process; the minimum on the left corresponds to the un-dissociated species and that on the right 

to the dissociated ion. For both profiles a shallow minima is seen separating the reactant and 

product states corresponding to the formation of contact-ion pairs. Snapshots along the trajectory 

at the locations indicated on Figure 2 are shown in Figures 3a and b (a movie file of 

configurations along the trajectory is provided in the Supplementary Information, Movie S2 and 

S3).  The dissociation behavior is similar to that of benzoic acid, the first minimum (labeled 1 in 

Figure 2) corresponds to the solvated neutral phthalic acid. After 2.5 ps the proton is abstracted 

by a water molecule but the hydronium ion and the phthalate ion remain as a bound pair that 

subsequently breaks-up to complete the dissociation process (the second minima, labeled 3, in 

Figure 2). The profile for the second ionization, the dissociation of the singly charged phthalate 

ion, is similar. The structure of the contact-ion pairs formed during the first and second 

dissociation reactions of phthalic acid are described in the Supplementary Information, Figure 

 

Acid 

Calculated Experimental
36,37

 

pKa1 pKa2 pKa1 pKa2 

Phthalic 2.91 5.09 2.98 5.28 

Isophthalic 3.34 4.22 3.46 4.46 

Terephthalic 3.51 4.82 3.47 4.69 
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S2. The CPMD-metadynamics simulations were also performed for isophthalic and terephthalic 

acids. The dissociation free-energy profiles for these isomers are similar to that shown in Figure 

2 for phthalic acid (see Supplementary Information, Figure S3). 

The first and second dissociation constants, pKa1 and pKa2, of phthalic acid and its isomers 

were estimated from the difference in the free-energy values of the dissociated and un-

dissociated hydrated species. The estimated and experimental pKa values are shown in Table 1. It 

may be seen that the pKa values predicted from the CPMD-metadynamics simulations are in 

good agreement with the experimental values. We would like to highlight the fact that not only 

do our calculations get the difference in the first and second pKa values  correct it can also 

predicts the more subtle difference and trends  in the pKa  values   of the isomers of phthalic acid.   

 

CONCLUSIONS 

In conclusion we have shown that quantum CPMD based metadynamics simulations can predict 

pKa values of polyprotic weak acids with reasonable accuracy.  The formalism treats all solvent 

water molecules explicitly while retaining conceptual simplicity. We use the distance-dependent 

coordination number of the protons bound to the carboxylic group as the collective variable to 

explore the free energy profile of the dissociation process. Two distinct minima corresponding to 

the dissociated and un-dissociated states of the acid are observed and the difference in their free 

energy values provides the estimate for pKa, the acid dissociation constant. The method provides 

estimates of the pKa   value of benzoic acid comparable to experiment. We use phthalic acid and 

its isomers as the test system to establish that the metadynamics simulations are able to predict 

the trends and values of the first and second dissociation constants in good agreement with their 
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experimentally determined values. We believe that the procedures outlined here are of direct 

relevance to polyprotic acids where successive dissociation constants are not well separated and 

the experimental determination of the corresponding pK values difficult. 

 

ASSOCIATED CONTENT 

Supplementary Information Available: (Table S1) The number of water molecules and 

dimension of the simulation cell for the acid molecules investigated. (Movie S1) Movie files of 

the configurations along the dissociation trajectory of benzoic acid. (Figure S1) Structure of the 

contact-ion pair formed during the dissociation of benzoic acid. (Movie S2 & S3) Movie files of 

the configurations along the trajectory of the first and second dissociation of phthalic acid. 

(Figure S2) The O-H distances of the contact-ion pair formed during the first and second 

dissociation reaction of phthalic acid. (Figure S3) The free energy profiles for the first and 

second acid dissociation of (a) isophthalic acid (b) terephthalic acid. See http://dx.doi.org/. 
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