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Abstract 

The equilibrium constants (K) of several acid-base equilibria involving isomers of 

acetohydroxamic acid in aqueous solution are theoretically determined applying electronic 

structure methods (at the M06-2X-SMD/6-311++G(d,p) and MP2-PCM/6-311++G(d,p) levels of 

theory) and steered molecular dynamic (SMD) simulations. In the absence of experimental data 

and to validate the methods used, the aqueous acid-base process between formic acid and the 

acetate anion was also studied. Excellent agreement with experiment was obtained from SMD 

simulations that started from M06-2X-SMD optimized geometries. Of the four proton-transfer 

processes studied from the Z- and E-imide isomers to the OH-deprotonated Z-amide anion, the 

COH deprotonation of Z-imide is the most favorable process from a kinetic and thermodynamic 

points of view. Good qualitative agreement was found between the calculated pK values from 

electronic structure calculations and the SMD simulations. SMD simulations, when properly 

corrected, can be successfully used to evaluate Gibbs energy changes of acid-base reactions in 

solution and the corresponding pK values. 
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1. Introduction 

 

Thermodynamic studies, and in particular the determination of equilibrium constants (K, 

pK = - log K) in aqueous solution, are essential to properly understand a variety of systems of 

environmental and biochemical importance. Experimental challenges and the need for reliable 

physico-chemical data explain the growing interest in developing computational protocols for the 

accurate prediction of equilibrium constants [1-12]. 

 

Continuum solvation methods are the most practical way of accounting for solvent effects when 

calculating pK values in solution making use of electronic structure methods. Some studies have 

made use of a thermodynamic cycle that combines the equilibrium in the gas phase with the 

equivalent one in solution after calculating Gibbs energies of solvation of the species involved [13, 

14]. Other studies apply solvation methods when optimizing and characterizing the geometries of 

the species involved and directly compute standard absolute Gibbs energies in solution [15, 16]. 

There have been numerous examples of pK calculations in which, in addition to the continuum, 

explicit solute-solvent interactions are accounted for by considering one or more explicit solvent 

molecules interacting with each of the species involved in a particular equilibrium system [17]. 

Qualitative structure-property relationships have also been successfully used to predict aqueous 

pK values [18]. 

 

This study focuses on the calculation of aqueous pK values of acid-base equilibria. When dealing 

with this type of system, the work with isodesmic reactions has led to more accurate pK 

determinations [16, 19]. Isodesmic reactions are hypothetical reactions in which the number of 

bonds of each formal type remains the same on each side of the equation but with changes 

occurring in their mutual relationships [20]. 

 

Classical molecular dynamic (MD) simulations are a desirable alternative approach for predicting 

the evolution of acid-base processes in time and to account for the molecular description of the 

solvent. The steered molecular dynamic (SMD) technique [21, 22], which applies external steering 

forces in a particular direction allow the calculation of Gibbs energy changes during the course of 

an elementary reaction. 
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Acetohydroxamic acid (AHA), also known as lithostat, is a drug used with antibiotics and/or 

surgery to treat certain types of bladder infections. AHA is also used as a chelating ligand for 

organometallic compounds. Other hydroxamic acids also have medical applications and play key 

roles as bioligands [23]. AHA is a complex system in aqueous solution. It can exist in four neutral 

forms, the amide and imide forms, in Z and E conformations each (see Figure 1). The Z-amide and 

E-amide forms are the most thermodynamically stable. The complete thermodynamic and kinetic 

study of the imide-amide tautomerisms in AHA was recently performed by our group applying 

both electronic structure methods (M06-2X-SMD/6-311++G(d,p) and MP2-PCM/6-311++G(d,p)) 

and SMD simulations [15]. 

 

Each neutral form of AHA has two acidic hydrogen atoms and can experience O- and 

N-deprotonation (the amide isomers: ZA and EA) or two different O-deprotonations (the imide 

isomers: ZI and EI) in aqueous solution. The eight possible dissociations produce five (with the 

MP2 method; see [24, 25]) or six (with the M06-2X method) different anionic forms shown in 

Figure 1, together with their relative Gibbs energies of formation at two levels of theory. These 

multiple dissociation equilibria contribute to the relatively low overall acid dissociation constants 

(Ka, pKa = - log Ka) of this compound in aqueous solution. Several theoretical and experimental 

studies have dealt with the deprotonation and pKa determination of AHA [24-27]. 

 

In this work, the aqueous equilibrium constant (K, pK = -log K) of four acid-base equilibria (shown 

in Figure 2) involving each of the imide isomers of AHA reacting with the O-deprotonated form 

of ZA, ZA(NO-), to form an anionic form of the imide isomers and ZA molecule, are calculated 

applying electronic structure methods (at two levels of theory) and steered molecular dynamic 

(SMD) simulations. This is the first study in which SMD simulations are applied to determine 

aqueous pK values of acid-base equilibria.  
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Figure 1. Most stable conformations of the AHA isomers and their possible dissociation products 

in aqueous solution calculated at the M06-2X-SMD/6-311++G(d,p) and MP2-PCM/6-

311++G(d,p) levels of theory (relative Gibbs energies of formation are shown in parentheses and 

brackets for the M06-2X and the MP2 methods, respectively, at 298.15 K in kcal/mol).  
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Figure 2. Acid-base equilibria studied. 
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2. Computational Details 

 

2.1. Calculation of aqueous pK values 

 

The calculation of pK values require the use of eq 1, where R is the ideal gas constant and T is the 

temperature in kelvin. The standard Gibbs energy change (ΔG°) is calculated as the difference 

between the sum of the calculated standard absolute Gibbs energies (G°) of the products and of 

the reactants (stoichiometric coefficients are assumed to be 1), as if using their corresponding 

standard Gibbs energies of formation (ΔfG°) using eq 2. 

 

 
10log

p
o

RT

G
K


  (1) 

 

 ΔG° = ΣΔfG° (products) – ΣΔfG° (reactants) (2) 

 

For the acid ionization reaction shown in Scheme 1, the aqueous thermodynamic pKa of the acid 

HA is the experimental value of the equilibrium quotient extrapolated at ionic strength zero. 

 

 HA(aq) A-
(aq)+ H+

(aq) Scheme 1 

 

As previously introduced, theoretical determinations of aqueous pKa values are more accurate 

when performed relative to another acid (HB) of similar chemical structure, as shown in Scheme 

2. 

 

 HA(aq) + B-
(aq) A-

(aq) + HB(aq) Scheme 2 

 

In such cases, the aqueous thermodynamic pKa of HA is calculated using eq 3, in which the 

experimental aqueous pKa of the reference acid is needed, pKa (HB), and ΔG° in solution is 

calculated according to eq 4. 
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 ΔG° = ΔfG°(A-) + ΔfG°(HB) – ΔfG°(HA) – ΔfG°(B-) (4) 

 

The acid-base equilibria shown in Figure 2 are of the type described in Scheme 2. The two 

O-deprotonations from Z-imide (ZI) and E-imide (EI), relative to the O-deprotonation of the most 

thermodynamically stable acid form, Z-amide (ZA), are studied. Eqs 3 and 4 become Eqs 5 and 6 

when applied to the ZI→ZI(NO-) equilibrium depicted in Figure 2. 

 

 ))(Z(

o

))(Z( 10log


 





 NOZAAaNOZIIa
pK

RT

G
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 ΔG° = ΔfG°(ZI(NO-) + ΔfG°(ZA) – ΔfG°(ZI) – ΔfG°( ZA(NO-) (6) 

 

Given the complexity of AHA in aqueous solution and the fact that its experimental pKa value, 

reported to be in the 9.02–9.40 range [24, 28, 29], is not solely determined by a single acid 

dissociation and that an experimental value for the thermodynamic pKa of the ZA isomer 

dissociating to form the ZA(NO-) anion is not available, we are unable to rigorously apply eq 5 to 

determine the site specific pKa values of the neutral isomers depicted in Figure 2. However, we 

can apply eqs 6 and 1 to determine the aqueous pK of these acid-base equilibria. The purpose of 

this paper is to perform this task with electronic structure methods and SMD simulations to 

compare the performance of these two distinctive theoretical approaches. To validate the methods 

used, the additional acid-base equilibrium between formic acid and acetate (shown in Figure 2), 

for which an experimental value exists, was also studied. 

 

2.2. Electronic structure calculations 

 

Calculations have been performed using the GAUSSIAN 09 software package [30]. Geometries 

have been fully optimized and characterized at the MP2/6-311++G(d,p) level of theory. Solvent 

effects are accounted for on the geometry optimizations and frequency calculations by means of 
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the IEF-PCM [31] method, employing the UFF atomic radii when constructing the solvent cavity. 

Mulliken charges [32] in solution were used to calculate the initial intermolecular potential used 

in the MD simulations and to perform an initial acidity comparison of the four cases studied. 

Additional calculations have been performed using the M06-2X [33] functional and the 6-

311++G(d,p) basis set in combination with the SMD solvation method [34] on both geometry 

optimizations and frequency calculations. 

 

2.3. MD simulations 

 

To describe the solute-solvent interaction potential, a LJ (12-6-1) function was used 
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where the Aij and Bij van der Waals parameters were taken from the AMBER force field [35] for 

each type of atom instead of from quantum calculations, because of the great computational effort 

involved. This choice takes into account that the van der Waals component is only a small fraction 

of the total interaction energy. However, due to the importance of the electrostatic component in 

this type of studies the net charges on each solute atom 
s

iq , used in eq. 7, are initially obtained 

with the Mulliken procedure [32], whereas the charges of the solvent atoms 
w

jq  are pre-assigned 

as the TIP3P charges [36], i.e., (O) = -0.83 and (H) = 0.415. 

 

The potential of mean force (PMF) in a reaction represents the free energy change with the reaction 

coordinate. To relate Gibbs energy differences between two equilibrium states and non-

equilibrium processes, the Jarzynski’s equality [37] is used. So, this free energy change, G, is 

related to an average over all possible works W of an external process that take the system from 

the equilibrium state A to a new state B, as shown by eq. 8: 
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http://en.wikipedia.org/wiki/Thermodynamic_free_energy
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where W is calculated by integrating the force over the distance of the steered atom from its initial 

to final position, according to eq. 9. 

 

    drrrvtkdrFW ot
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0

)(
2

1
. (9) 

 

The MD simulations with periodic boundary conditions for each system in an aqueous 

environment, formed by about 200 water molecules depending on the system considered, were 

carried out at 298.15 K using the AMBER program [38]. Water molecules initially located at 

distances less than 1.6 Å from any solute atom were eliminated from the simulations. The long-

range electrostatic interactions were treated by the Ewald method [39]. A cut-off of 7 Å was 

applied to the water–water interactions in order to simplify the calculations, and periodic boundary 

conditions were used to keep the number of solvent molecules constant. 

 

In order to perform the SMD simulations, the QM/MM method with the semi-empirical QM 

Hamiltonian SCC-DFTB [40, 41], implemented in the AMBER12 software [42, 43] was used. The 

system was initially minimized with a 1 ps simulation. Subsequently, the system was equilibrated 

at 100 ps in order to obtain an initial configuration to begin the phase propagation and data storage. 

Finally, during the last 100 ps of the simulation the position and velocity of each atom were stored 

and all the atoms of AHA (except the hydrogen ion being transferred) were kept fixed. The force 

constant used was 1000 kcal/mol·Å2 for the distance, and the hydrogen ion being transferred was 

directed from the imide to the amide anion structure. The reaction coordinates chosen for 

describing the proton transfer processes are discussed in the next section. 

 

SMD simulations allow the calculation of Gibbs energy profiles. Hence, the standard Gibbs 

energies of activation (≠Gº) and reaction (Gº) can be determined following the time-evolution 

of the process, i.e., from the configuration of the reactant to the product configuration in an 

elementary step focusing on the reaction coordinate. The stationary points involved in the reaction 

mechanism can be visualized to represent the evolution of the system every step of the process. 
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Calculated Gº values from SMD simulations need to be corrected to be properly compared with 

values calculated applying electronic structure methods. This correction arises from the fact that, 

due to computational practical considerations, the simulation does not start at an infinite separation 

between the interacting species. Corrected G values are obtained by subtracting the sum of the 

ΔfG° of the isolated reactants (and products). To this end, quantum calculations of reactant (and 

product) systems at their isolated configurations were also performed. The energy differences 

between the reactants (and products) with the simulation structure with respect to the isolated 

molecules lead to a correction of G° energy that will be hereinafter denoted as SMD-corrected 

(ΔG), and it is represented in Scheme 3. 

 

 

Scheme 3. Graphical representation of the method to calculate the SMD-corrected energy   
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3.  Results and Discussion 

 

3.1. Equilibria studied 

 

Initially, a brief study of acid-base equilibrium between carboxylic acids (Formic acid (F) + 

Acetate anion (A-)  Formate anion (F-) + Acetic acid (A)) was performed as reference test taking 

into account the availability of pK experimental values of these acids and the simplicity of the 

deprotonation process given that only one type of proton transfer is possible (see the top 

equilibrium of Figure 2). Afterwards, several Imide + ZA(NO-)  Imide-anion + ZA equilibria 

were also studied applying electronic structure methods, in which solvent is treated as a continuum, 

and through SMD simulations, in which the solvent is treated as a discrete medium. The four acid-

base AHA processes considered and the acronyms used to identify the species involved are shown 

in Figure 2 (a to d). In these processes, the hydrogen atom on the -NOH (oxime) or on the -COH 

(enol) groups of the ZI and EI isomers is transferred to the NO- group of the ZA(NO-) anion to 

form the ZA neutral acid and the corresponding ZI- and EI- imide anions.  

 

The reaction coordinate considered to carry out the SMD simulations in these processes was the 

distance RC = d(OS-HS) -d(HS-OZA
-), where S and ZA represent the atoms of the isomer (S = ZI, 

EI) involved in the proton transfer. The initial orientation and separation between the reactant 

molecules was set to an OS···OZA distance of 3 Å and the (OS-H···OZA) bond angle was set to 180º. 

Cartesian coordinates of each of the optimized species are reported in the Supporting Information.  

 

3.2. Reaction free energies from quantum calculations 

 

Reaction free energies of all processes studied by electronic structure calculations are presented in 

Table 1. The standard absolute enthalpies and Gibbs energies, as well as the Cartesian coordinates 

of each species considered in this study are shown in Tables S1 and S3, respectively, of the 

Supporting Information. As previously reported [24], the ZI(NO-) anion cannot be optimized at 

the MP2-PCM level of theory, which explains the lack of a calculated value for equilibrium (a) at 

this level of theory. 
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Table 1. Standard aqueous Gibbs energy of reaction (Go, in kcal/mol at 298.15 K) calculated 

from electronic structure methods (M06-2X-SMD and MP2-PCM) and from SMD simulations.  
 

Acid-Base Equilibria M06-2X-SMDa MP2-PCMa SMDb SMD-correcteda 

F +A- 
 F- + A

e -4.3  -5.9 -3.2c (-5.3)d -1.3c (-3.2)d 

(a) ZI + ZA(NO-)  ZI(NO-) + ZA 3.1 - 2.8 (4.0) 4.4 (5.7) 

(b) ZI + ZA(NO-)  ZI(CO-) + ZA -7.9 -12.4 -13.1 (-3.5) -11.6 (-3.6) 

(c) EI + ZA(NO-)  EI(NO-) + ZA 6.7 6.2 5.9 (3.7) 8.7 (10.9) 

(d) EI + ZA(NO-)  EI(CO-) + ZA -5.5 -8.1 -7.5 (-3.7) -3.4 (-0.3) 

a Calculated as: ΔG° = ΔfG°(F-, ZI- or EI-) + ΔfG°(A or ZA) – ΔfG°(F, ZI or EI) – ΔfG°(A- or ZA(NO-). 
b Obtained from PMF in SMD simulation. 
c Using M06-2X-SMD initial geometries. 
d Using MP2-PCM initial geometries. 
e The experimental Go is -1.36 kcal/mol.  

 

 

Both combinations of electronic structure calculations are able to reproduce the negative sign of 

the experimental Go (-1.36 kcal/mol) of the equilibrium involving the carboxylic acids, with more 

than 2.5 kcal/mol units of error. The error of the MP2-PCM calculation is larger than that of the 

M06-2X-SMD calculation.  

 

The calculated sign for the Go involving AHA species is equally determined by both methods, 

but the MP2-PCM results are consistently smaller than the M06-2X-SMD values. The largest 

difference between these two sets of calculations is 4.5 kcal/mol. The two COH deprotonations 

are exergonic while the NOH ones are endergonic, which agrees with previous studies by Senent 

et al. [24, 25] and Dissanayake et al. [26].  

 

3.3. Reaction free energies from SMD simulations  

 

As previously explained in section 2.3., the reaction free energies from SMD simulations need to 

be corrected so that the calculated quantities can be properly compared to those obtained from 

electronic structure calculations. This correction is so that the initial and final state in both types 
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of calculations is the same, because the SMD simulation starts from a point in which both reactant 

species are separated 3 Å. However, when the calculation is done using electronic structure 

methods, the reactant and product species are infinitely separated. The Gibbs energies of reactants 

and products used to determine this correction are reported in Table S2 of the Supporting 

Information. The reaction free energy values from SMD simulations (with and without correction) 

are reported in Table 1 and the energy profiles are displayed in Figure 3.  

 

When focusing on the formic acid-acetate equilibrium, the SMD values that use M06-2X-SMD 

initial geometries lead to Go values that are closer to experiment than the values calculated with 

electronic structure methods, and the corrected value of -1.25 kcal/mol is the one in closest 

agreement with experiment (with an error of 0.11 kcal/mol). 

 

In general, the SMD simulation results agree qualitatively with those obtained applying electronic 

structure methods. The two COH deprotonations are exergonic while the NOH ones are 

endergonic. In addition, the corrected SMD values (starting from M06-2X-SMD geometries) are 

in closer agreement with the M06-2X-SMD values with differences from 1.3 (equilibrium (a)) to 

3.7 (equilibrium (b)) kcal/mol.  

 

Figure 3 shows the evolution of free energy when the proton is transferred during the simulation. 

From the energy curves of the deprotonation reactions of the ZI and EI isomers, one can say that 

there is a change in the spontaneity of the process depending on which is the donor group, namely, 

the process is exergonic when deprotonation occurs from the enolic oxygen and endergonic when 

it occurs from the oximic oxygen. Furthermore, the deprotonation from EI(NOH) using M06-2X-

SMD geometry presents a high barrier (of about 48 kcal/mol), which is significantly reduced in 

the EI(COH) deprotonation (G‡
M06(COH) = 35 kcal/mol) and also when the MP2-PCM initial 

geometry is used (G‡
MP2(NOH) = 37 kcal/mol). According to this, the ZI(COH) deprotonation 

process is the most favorable due to its higher speed and spontaneity for all cases considered. 

 

Analyzing the configurations at each step of the simulation we can find the structures in the 

activation region and for the reaction products (the Cartesian coordinates for transition states and 
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Figure 3. PMF for the deprotonation processes of the ZI and EI isomers using M06-2X-SMD 

(top) and MP2-PCM (bottom) geometries. 

-20

-10

0

10

20

30

40

50


G

(k
ca

l·
m

o
l-1

)

Reaction Coordinate

ZI + ZA(NO-)  ZI(NO-) + ZA

ZI + ZA(NO-)  ZI(CO-) + ZA 

EI + ZA(NO-)  EI(NO-) + ZA

EI + ZA(NO-)  EI(CO-) + ZA

-10

-5

0

5

10

15

20

25

30

35

40


G

(k
ca

l·
m

o
l-1

)

Reaction Coordinate

ZI + ZA(NO-)  ZI(NO-) + ZA

ZI + ZA(NO-)  ZI(CO-) + ZA 

EI + ZA(NO-)  EI(NO-) + ZA

EI + ZA(NO-)  EI(CO-) + ZA



15 
 

product structures are reported in Table S4 of the Supporting Information). Considering as an 

example the (a)-process with MP2-PCM initial geometries, schematically depicted at the top of 

Figure 3, the reactants (in its initial configuration dO(ZI)-H(ZI) = 1 Å, dH(ZI)····O(ZA) = 2.12 Å, and 

OHO=180º) evolve to a higher energy state where the transferred proton is located at 1.55 Å away 

from the oxygen atom acting as donor and at 1.58 Å from the acceptor oxygen atom, forming a 

bond angle of 168º. In the final step the proton is found at dO(ZI)···H(ZI) = 2.38 Å, 

dH(ZI)-O(ZA) = 0.96 Å, and OHO=160º. Similar comments can be made for the rest of the processes 

considered in this work. 

 

3.4. pK calculations 

 

As previously discussed, the experimental data (Go and pK values) for the formic acid-acetate 

equilibrium is best reproduced by the corrected-SMD simulations starting from M06-2X-SMD 

geometries. The pK value is calculated with an error of 0.08 units. 

 

The calculated pK values of the different acid-base processes considered are reported in Table 2, 

relative to the Z-amide dissociation to the ZA(NO-) anion. Therefore, a negative value of pK (that 

results from a negative Go value, see eq 1) indicates that a particular deprotonation of the imide 

isomer is more favorable than that of the Z-amide  form (into the ZA(NO-) anion). Hence, such a 

species is a stronger acid that ZANOH. 

 

Analyzing the pK values obtained for the AHA equilibria from electronic structure calculations 

and SMD simulations, the same acid-base strength sequence can be qualitatively (except when the 

SMD simulations use initial MP2-PCM geometries), which is consistent with other studies [25, 

26]: 

 

pK (c, EINOH) > pK (a, ZINOH) > pK (d, EICOH)  pK (b, ZICOH) 

 

In agreement with the predictions of Dissanayake [26], the NOH deprotonation leads to larger pK 

values that the COH deprotonations from each of the imide isomers. Each of the E-imide 
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deprotonations are less favourable than the corresponding Z-imide deprotonations, relative to the 

Z-amide deprotonation (ZANOH). 

 

 

Table 2. Calculated pK values in aqueous solution at 298.15 K using eq 1 and the Go values 

displayed in Table 1. 

 

Acid-Base Equilibria M06-2X-SMD MP2-PCM SMD SMD-corrected Others 

F + A-  F- + A -3.12 -4.33 2.45a (0.92)b -0.92a (-2.33)b  -1.0c 

(a) ZI + ZA(NO-)  ZI(NO-) + ZA 2.27 - 2.05 (2.93) 3.20 (4.18) - 

(b) ZI + ZA(NO-)  ZI(CO-) + ZA -5.79 -9.09 -9.57 (-2.57) -8.47 (-2.64) - 

(c) EI + ZA(NO-)  EI(NO-) + ZA 4.89 4.54 4.31 (2.71) 6.34 (8.00) - 

(d) EI + ZA(NO-)  EI(CO-) + ZA -4.03 -5.94 -5.50 (-2.71) -2.52 (-0.22) - 

a Values using GM06-2X-SMD from SMD simulations. 
b Values using GMP2-PCM from SMD simulations. 
c Experimental pK obtained using the experimental pKa values of acetic acid (4.75) and formic acid (3.75). 

 

 

4. Conclusions 

 

The aqueous pK values of several acid-base equilibria involving isomers of acetohydroxamic acid 

have been calculated applying electronic structure methods (at the M06-2X-SMD/6-311++G(d,p) 

and MP2-PCM/6-311++G(d,p) levels of theory) and SMD simulations. Of the four proton-transfer 

processes studied from the Z- and E-imide isomers to the NOH-deprotonated Z-amide species, the 

COH deprotonation of Z-imide is the most favorable process from a kinetic and thermodynamic 

points of view. Good qualitative agreement was found between the calculated pK values from 

electronic structure calculations and the SMD simulations. SMD simulations, when properly 

corrected, can be successfully used to evaluate Gibbs energy changes of acid-base reactions in 

solution and the corresponding pK values. 
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Given the results obtained for the formic acid-acetate equilibrium, the corrected SMD results that 

start from M06-2X-SMD geometries seem to lead to the best results reported in this paper. Given 

the consistent closer agreement between these SMD simulations and the M06-2X-SMD results, 

these would be the most trusted electronic structure calculations presented in this paper. However, 

more simulations on acid-base systems from which there are reliable experimental data would be 

desirable. 

 

Supporting Information 

 

Tables S1 and S2 display the calculated thermodynamic data. Table S3 contains the M06-2X-

SMD/6-311++G(d,p) and MP2-PCM/6-311++G(d,p) Cartesian coordinates of each calculated 

reactant and product species. Table S4 shows the Cartesian coordinates obtained from SMD 

simulations. 
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