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ABSTRACT
With the specific aim of analyzing the interactions of monoacidic conju-
gate bases with the solvent, equations that describe several reactions and
equilibria of  ionization were proposed. Furthermore, to prove the valid-
ity of these acid-base equations we calculate the pKa values in aqueous
solutions of monohydroxylic phenols, benzoic acids and acetic acids, by
means of  a DFT method that makes use of  Tomasi’s model. The B3LYP/
6-311++G(d,p)//HF/6-311++G(d,p) method was used for performing
the calculations that permitted to describe the molecular conformations
of  the compounds and of  their corresponding conjugate bases. Diverse
ionization reactions and equilibria in water, which possesses a high hydro-
gen-bond-donor capability, were proposed. It was considered that the
solvation of  monoacidic conjugate bases occurs by means of  intermo-
lecular hydrogen bonds that involve one molecule of the base and one
molecule of  water. The very good agreement between the calculated
acidity constants and the experimental pKa values reported in the litera-
ture constitutes a good support for the reactions and equilibria of ioniza-
tion proposed in this paper. Moreover, the use of  the acid-base equations
proposed, together with the selected DFT method and Tomasi’s model,
permitted to develop a procedure potentially suitable for calculating with
reasonable accuracy the acidity constants of diverse compounds in aque-
ous solutions.                 2006 Trade Science Inc. - INDIA
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INTRODUCTION

It is well-known that diverse experimental[1-4] and
theoretical[5-7] procedures are used for the determi-
nation of  acidity constants. Recently, have been de-
veloped diverse procedures to perform excellent
studies on the solvation of  ions[8] and the determina-
tion of the pKa of compounds of varied nature[9-13].
Moreover, it must be pointed out that important soft-
ware has been developed for the calculation of pKa
values[14,15]. However, there exist few studies dealing
with the molecular structures and acid-base proper-
ties of monoacidic compounds in aqueous solu-
tions[16-18].

As part of a research program aimed at investi-
gating acid-base molecular properties in aqueous
solutions, we study the interactions of monoacidic
conjugate bases with the solvent by means of equa-
tions that describe several reactions and equilibria
of ionization. In addition, to prove the validity of
the acid-base equations proposed in this paper, we
calculate the acidity constants of monohydroxylic
phenols, benzoic acids and acetic acids using a DFT
method with the Tomasi’s model.

Methods
The following compounds were studied: (1) phe-

nol; (2) 3-chlorophenol; (3) 4-chlorophenol; (4) 3-
methoxyphenol; (5) 3-formylphenol; (6) benzoic acid;
(7) 4-methylbenzoic acid; (8) 4-chlorobenzoic acid;
(9) acetic acid; (10) fluoroacetic acid; (11)
chloroacetic acid and (12) bromoacetic acid. Calcu-
lations were performed following procedures used
in previous works[16,18,19]. The initial molecular geom-
etries of the conjugate acids were modeled by the
AM1 method included in the CS Chem3D program
version 5.0[20]. On the other hand, the initial struc-
tures of monoacidic conjugated bases solvated (by
means of H-bonds) with one water molecule,
(H2O)AO-, were obtained simulating the reaction of
partial neutralization,

HAO + OH−−−−− (H2O)...AO−−−−−

using the MM+ method included in the HyperChem
programs package[21,22]. Afterwards, all the initial ge-
ometries were optimized with the Gaussian 98[23]

programs package. The final optimization of all the

molecular structures was performed with the B3LYP/
6-311++G(d,p)//HF/6-311++G(d,p) method. To
compute solvation free energies of the optimized
structures in gas-phase of  all the species involved in
the proposed ionization reactions, the PCM model
of  Tomasi et al.[24-26] with radii of  Pauling[27] was used.
We do not carry out any type of  modification in the
PCM works, i.e. that always was used the standard
PCM method included in the Gaussian 98 (Revision
A.9). In all the calculations the default convergence
criteria were used.

RESULTS AND DISCUSSION

Recently it has been reported[16-18] that the
autoprotolysis of water takes place according to the
following reaction,

3H2O (H2O)H+ + (H2O)OH−−−−−       (1)
In the above reaction, (H2O) indicates the water

molecules of  solvation of  the H+ and OH− ions. This
is to say that the proposed reaction considers that
both H+ and OH− ions are hydrated with one water
molecule. It must be noted that H3O

+ or (H2O)H+

will be used to represent the hydronium ion. The
equilibrium constant (KN) of the reaction described
by Eq. (1) is,

3
2

22
N ]OH[

]OH)OH[(]H)OH[(K
−+

=       (2)

Taking into account that the value of  the KW
constant (ionic product of water) is,

)K15.298(10x008.1]OH)OH[(]H)OH[(K 14
22W

−−+ == (3)

and also that the molarity of water is 55.3 (298.15
K), from Eq. (2) it is inferred that,

)K15.298(10961.5
]OH[

KK 20
3

2

W
N

−==       (4)

It must be remarked that Eq. (1) together with
other acid-base equations different to the proposed
in this paper, have been used to determine the over-
lapping pKa values of resorcinol with a B3LYP/6-
31+G(d) method[17]. In the referred study, it was con-
sidered that in alkaline aqueous solutions the
monoanion and dianion of resorcinol are solvated
with two and four molecules of  water, respectively.
On the other hand, it should also be pointed out
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that Eq. (1) has been strongly supported[18] by means
of B3LYP/6-311++G(d,p) calculations that involve
the solvation of OH− ions, and the solvation param-
eters α and β of the water, which measure its high
hydrogen-bond-donor ability (HBD capability) and
considerable hydrogen bond acceptor ability (HBA
capability).

In aqueous solutions an acid takes part in the
following proton transfer equilibrium[28],

HAO + H2O AO−−−−− + H3O+       (5)

Where, AO− is the conjugate base of  monoacidic
acid HAO. The above reaction represents the proton-
donating ability of  HAO, which is characterized by
the ionization equilibrium constant (Ki), conven-
tionally defined as,

OaHaHAO
OaHaAO

K
2

3
i

+−

=       (6)

In this equation, aAO−, aH3O
+, aHAO and aH2O

are the activities of  the species in equilibrium. To
simplify the discussion we shall make the approxi-
mations of replacing the activities in ionization con-
stants by the numerical values of the molar concen-
trations. Consequently,

O][H[HAO]
]O[H][AO

K
2

3
i

+−

=       (7)

It is well-known that Eqs. (5)-(7) are widely used
in studies of acid-base equilibria in aqueous medium.
Besides, that hydrogen bonding in protic solvents
plays an important role in solvating anions. Thus,
the solvation of anions is effective in protic solvents
as water, because hydrogen bonds may be formed
between the proton of the solvent and the lone pairs
of electrons of the anion[29a]. The stabilization of
the anion by formation of  hydrogen bonds implies a
decrease of  its free energy[29b] and a higher thermo-
dynamic stability. For these reasons we believe that
the reaction described by Eq. (5) should be improved
(see Eq. (10)), considering the solvation of the con-
jugate base involved in the ionization reaction. There-
fore, we consider that in alkaline aqueous solutions,
it is appropriate to represent the partial neutraliza-
tion reaction of monoacidic compounds, in the fol-
lowing way,
HAO + (H2O)OH−−−−− (H2O)AO−−−−− + H2O       (8)

In this reaction, HAO represents to monohy-
droxylic phenols (P), benzoic acids (B) and acetic
acids (Ac) while (H2O)AO− represents the corre-
sponding conjugate bases solvated with one water
molecule. It must be noted that this fact, i.e. the sol-
vation of the conjugate bases with one water mol-
ecule, implies the formation of  intermolecular hy-
drogen bonds (IHBs) between the O− atom of the
conjugate bases and the H atom of water molecules,
which exert their high HBD capability[30]. Moreover,
it should also be observed that the reaction described
by Eq. (8) is characterized by the equilibrium con-
stant KC, which is defined by the following equation,

]O)OH[(H[HAO]
O][H]O)AO[(H

K
2

22
C −

−

=       (9)

The KC constant was theoretically determined
using the relation, ∆G°reaction= -RT Ln KC. On the
other hand, considering that the AO− and H+ ions
are hydrated, appearing predominantly as (H2O)AO−

and H3O
+, the ionization reaction of monoacidic

compounds in aqueous medium (Eq. (5)) is better
represented by the following reaction,

HAO     + 2H2O (H2O)AO−−−−− + H3O+     (10)

The above reaction was obtained adding the re-
actions described by equations (1) and (8). It must
be remarked that we are not affirming that the sol-
vation of any anion involves only one water mol-
ecule. The reaction of Eq. (10) is one of the model
reactions that we adopted to carry out our pKa cal-
culations. The theoretical calculations for ∆Gdiss in
water performed by Klamt et al.,[10] are based on the
reaction model,

AH + H2O →→→→→ A−−−−−  H3O+

Considering the higher thermodynamic stability
of  (H2O)AO− with respect to A− (or AO−)[8,18], it is
evident that Klamt’s reaction has a lower physico-
chemical significance that the reaction model of Eq.
(10). On the other hand, taking into account the pre-
ceding comments, the following equation was pro-
posed,

[HAO]
]O[H]O)AO[(HK 32

a

+−

=      (11)

This equation defines the acidity constant (Ka Theo)
of  monoacidic compounds. Considering Eqs. (2), (9)
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and (11), it is clear that the constants KN, KC and Ka

Theo are related by the equation,
[ ] 2

2NCTheoa OHKKK =     (12)

The above equation was used to determine theo-
retically the Ka Theo values of  P, B and Ac in aqueous
solutions. TABLES 1 and 2 summarize the optimized
values of molecular properties of all the species in-

TABLE 1: Calculated molecular parameters and prop-
erties whit the Tomasi’s method at B3LYP/6-
311++G(d,p) for water molecule (H2O), monohy-
drated hydroxyl ion ((H2O)(OH−−−−−)), monohydroxylic
phenols, benzoic acids, acetic acids and their conju-
gate bases solvated with one water molecule, in aque-
ous medium at 298 K.

Compounds Gºsol dHwater-O– A-OwHwO– 

H2O -47988.1 ------ ------ 

(H2O)(OH–) -95672.9 1.362 176.6 

Phenol -193001.8 ------ ------ 

(H2O)...phenolate– -240694.2 1.661 171.2 

3-Chlorophenol -481418.2 ------ ------ 

(H2O)...3-Chlorophenolate– -529112.4 1.691 172.8 

4-Chlorophenol -481418.4 ------ ------ 

(H2O)...4-Chlorophenolate– -529112.3 1.673 171.6 

3-Methoxyphenol -264888.7 ------ ------ 

(H2O)...3-Methoxyphenolate– -312582.6 1.653 172.4 

3-Formylphenol -264135.5 ------ ------ 

(H2O)...3-Formylphenolate– -311829.2 1.708 176.5 

Benzoic acid -264154.0 ------ ------ 

(H2O)...benzoate– -311854.6 1.698 171.0 

4-Methylbenzoic acid -288832.2 ------ ------ 

(H2O)...4-Methylbenzoate– -336532.8 1.695 171.2 

4-Chlorobenzoic acid -552570.3 ------ ------ 

(H2O)...4-Chlorobenzoate– -600271.1 1.699 172.3 

Acetic acid -143809.8 ------ ------ 

(H2O)...acetate– -191509.6 1.724 161.4 

Fluoroacetic acid -206094.4 ------ ------ 

(H2O)...Fluoroacetate– -253797.4 1.761 161.0 

Chloroacetic acid -432220.4 ------ ------ 

(H2O)...chloroacetate– -479923.3 1.771 161.1 

Bromoacetic acid -1758729.8 ------ ------ 

(H2O)...bromoacetate– -1806432.0 1.777 161.3 

Gºsol=Total free energy in solution, kcal/mole; dHwater-O−−−−−= Distance of
the IHB between the indicated atoms, Å; A-OwHwO−−−−−= H-Bond angle(º). volved in the reaction described by Eq. (8) for the

compounds (1-12). The experimental pKa values
(pKaExp)

[9,31,32] of the compounds are also given in
TABLE 2. From TABLE 1, it can be observed that
the distances and angles that characterize the IHBs
in compounds (1-12) indicate that they belong to the
class of  moderate IHBs[33]. To illustrate, figure 1
shows the monosolvated structure of  the benzoate
anion.

TABLE 2: Calculated acidity constants using the
Tomasi’s method at B3LYP/6-311++G(d,p) for
monohydroxylic phenols and benzoic acids, in aque-
ous medium at 298 K.

 Compounds KC pKa Theo pKa Exp pKa[9] 
1 Phenol 3.723 x 105 10.17 9.89[31] 9.95 
2 3-Chlorophenol 7.767 x 106 8.85 8.85[31] 9.25 
3 4-Chlorophenol 4.681 x 106 9.07 9.18[31] ----- 
4 3-Methoxyphenol 4.761 x 106 9.06 9.65[32] ----- 
5 3-Formylphenol 3.340 x 106 9.22 8.98[32] ----- 
6 Benzoic acid 3.815 x 1011 4.16 4.19[31] 3.49 
7 4-Methylbenzoic acid 3.223 x 1011 4.23 4.37[32] 4.25 
8 4-Chlorobenzoic acid 4.517 x 1011 4.08 4.00[32] 3.69 
9 Acetic acid 8.352 x 1010 4.82 4.76[32] ----- 
10 Fluoroacetic acid 1.851 x 1013 2.47 2.59[32] ----- 
11 Chloroacetic acid 1.564 x 1013 2.55 2.87[32] ----- 
12 Bromoacetic acid 4.798 x 1012 3.06 2.90[32] ----- 

KC= Equilibrium constant of Eq. (9); Ka Theo= Theoretical acidity con-
stant of the compound in water, Eq. (12); pKa Exp= Experimental pKa
values;[9,31,32] pKa

[9]= pKa values calculated by Schmidt am Busch et al.

Figure 1: Calculated structure for benzoate an-
ion solvated with one water molecule, at
B3LYP/6-311++G(d,p) using the Tomasi’s
method, in aqueous solution at 298 K.
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TABLE 3: Properties calculated acidity constants
using the Tomasi’s method at B3LYP/6-311++G(d,p)
for monohydroxylic phenols and benzoic acids, in
aqueous medium at 298 K.

 AM SD Min Max 
pKa Theo 5.9783 3.0040 2.47 10.17 
pKa Exp 6.0192 2.9859 2.59 9.89 

AM= arithmetic mean; SD= standard deviation; Min= minimum value;
Max= maximum value.

Figure 2: Plot of the calculated pKa values ver-
sus the experimental pKa values
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Figure 3: Data of the function pKaTheo vs. pKaExp
with a 95% confidence range.

It was considered interesting to search a linear
relationship between the pKaTheo and pKaExp values.
TABLE 3 shows the characteristics of the input data
while figure 2 illustrates the straight line and the re-
gression parameters obtained. The corresponding lin-
ear equation is,
pKa Theo = 1.0028 pKa Exp - 0.0576 (r= 0.9967)     (13)

Figure 3 illustrates the data of the function
pKaTheo vs. pKaExp with a 95% confidence range. The
statistical results obtained indicate that the pKa Exp
values explain 99.35% of the variability of the pKaTheo
values. This fact implies, for example, that we would
take only 0.01% risk when rejecting the hypothesis
that a constant model would be better than the lin-
ear model proposed. Moreover, the Eq. (13) reveals
that the algorithm proposed allows calculating
∆G°solvation with quite accuracy.

The pKa Exp values of P and B (TABLE 2) in-
crease as,
pKa Exp(8)=4.00 < pKa Exp(6)=4.19 < pKa Exp(7)=4.37 < pKa

Exp(2)= 8.85 < pKa Exp(5)= 8.98 < pKa Exp(3)=9.18 < pKa

Exp(4)=9.65 < pKa Exp(1)=9.89     (14)

On the other hand, the pKa values calculated by
us (pKa Theo) increase in the following order,
pKa Theo(8)=4.08 < pKa Theo(6)=4.16 < pKa Theo(7)=4.23 < pKa

Theo(2)= 8.85 < pKa Theo(4)=9.06 ˜ pKa Theo(3)=9.07 < pKa

Theo(5)=9.22 < pKa Theo(1)=10.17     (15)

Comparing Eqs. (14) and (15) it is inferred that
the pKa Theo constants here obtained are in good agree-
ment with the pKa Exp constants. The percentual de-
viations between the values of pKa Theo and pKa Exp
for (1-5) and (6-8) compounds are 2.83%, 0.0%,
-1.20%, -6.11%, 2.67% and -0.72%, -3.20%, 2.00%,
respectively.

Recently, the pKa values of  (1), (2), (6), (7) and
(8) were calculated by Schmidt am Busch et al.,[9]

using DFT methods (Becke-half&half and B3LYP).
The following pKa values were obtained by these
authors (last column of TABLE 2),
pKa (6)=3.49 < pKa (8)=3.69 < pKa (7)=4.25 < pKa (2)= 9.25 <
pKa (1)=9.95     (16)

The above pKa values are in reasonable agree-
ment with the experimentally determined ones (Eq.
(14)). However, the pKa values calculated by Schmidt
am Busch et al. are more distant from the experi-
mental pKa values than those calculated by us.

From TABLE 2, it can be observed that the pKaExp
values of the acetic acids analyzed, increase as,
pKa Exp(10)=2.59 < pKa Exp(11)=2.87 ˜ pKa Exp(12)=2.90 < pKa

Exp(9)= 4.76     (17)

While the pKa values calculated by us (pKa Theo)
increase in the following order,
pKa Theo(10)=2.47 < pKa Theo(11)=2.55 < pKa Theo(12)=3.06 <
pKa Theo(9)= 4.82     (18)

Comparing Eqs. (17) and (18) it is inferred that
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the pKa Theo constants are in good agreement with
the pKa Exp constants. The percentual deviations be-
tween the values of pKa Theo and pKa Exp for (9), (10),
(11) and (12), are 1.26%; -4.63%, -11.2% and 5.52%,
respectively. The calculation of  the ionization con-
stants of  (9-12) was also performed using the CSpKa
predictor,[14] which is based on topological structure
descriptors and was developed by the use of artifi-
cial neural networks. Using this software, the fol-
lowing pKa values were obtained,
pKa (10)=3.12 < pKa (11)=3.18 < pKa (12)=3.74 < pKa (9)= 4.33

(19)

The above pKa values are in reasonable agree-
ment with the experimentally determined ones (Eq.
(17)). Nevertheless, the pKa predicted with the
CSpKa program differ from the pKa Exp values more
than those obtained by us.

On the other hand, from TABLE 2 and accord-
ing to Eq. (12) it is observed that the pKa Theo values
increase when the KC constants decrease. This re-
sult confirms that hydrogen bonding in protic sol-
vents is essential in solvating anions[29]. We think that
KC constant is a good magnitude to measure the
strength of  IHBs, which determine the solvation of
monoacidic conjugated bases.

Finally, it must be remarked that the original acid-
base equations shown in this section are very impor-
tant because besides allowing the calculation of the
pKa of a compound, they facilitate the study of the
nature of  acid-base molecular interactions. The pKa

Theo constants calculated show acceptable agreement
with the pKa Exp constants. However, it is evident
that in order to assure the reliability of a new method
to calculate acidity constants of monoacidic com-
pounds, it is necessary to consider a higher number
of compounds than that considered in this work.
Nevertheless, it was concluded that the use of the
acid-base equations proposed, together with the se-
lected DFT method and Tomasi’s model, permitted
to develop a procedure potentially suitable for cal-
culating with reasonable accuracy the acidity con-
stants of  diverse compounds in aqueous solutions.

CONCLUSIONS

We have calculated the acidity constants of
monohydroxylic phenols, benzoic acids and acetic
acids in aqueous solution, based on the proposal of
original equations to describe the acid-base proper-
ties of  the solvent and the solutes. Thus, there were
proposed a reaction for the partial neutralization of
monoacidic compounds (Eq. (8)) that considers the
solvation of the conjugate bases, as well as other
equation (Eq. (11)) that defines the acidity constant
Ka Theo and that also take into account the solvation
of  the conjugate bases in water. On the other hand,
in the model reactions described by Eq. (8) and Eq.
(10), it was considered that the solvation of monoa-
cidic conjugate bases occurs by means of  intermo-
lecular hydrogen bonds that involve one molecule
of  base and one molecule of  water. The new acid-
base equations proposed are very important because
besides allowing the calculation of the pKa of
monoacidic compounds, they give the strength of
the interactions involved in the solvation of the cor-
responding conjugate bases. The calculations were
performed with the B3LYP/6-311++G(d,p) method
and using Tomasi’s model. The calculated ionization
constants show acceptable agreement with the ex-
perimental constants. It was concluded that the use
of the acid-base equations proposed, together with
the selected DFT method and Tomasi’s PCM model,
permitted to develop a procedure potentially suit-
able for calculating with reasonable accuracy the
acidity constants of monoacidic compounds in aque-
ous solutions. We are currently studying other com-
pounds and have obtained quite acceptable results.
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