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Bipyridine and its derivatives have been widely used as the ligands in transition metal complexes. The proton
affinities of pyridine derivatives were calculated using an ab initio quantum mechanical method (B3LYP with
various double zeta and triple zeta basis sets) in combination with the Poisson-Boltzmann continuum solvation
model. Van der Waals radii of the atoms in the heterocyclic rings for the solvation energy calculation were set
to values determined to reproduce the pKa values of guanine and oxoguanine derivatives and that of chlorine
was optimized to reproduce the experimental values of relating compounds. The pKa values for the heterocyclic
ring compounds were in agreement with the experimental values with a mean unsigned error of 0.45 pKa units.
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Introduction

Bipyridine and its derivatives have widely been used as
the ligands in transition metal complexes. Ruthenium
polypyridine (bipyridine and terpyridine) complexes have
received extensive attention due to their strong metal to
ligand charge-transfer (MLCT) transitions, facile electron-
transfer properties and long lived MLCT excited states,
which makes them attractive for designing photo- and
electrochemical devices.1,2 Chiral ruthenium-containing
terpyridyl-based compounds were synthesized and char-
acterized due to their potential applications as nonlinear
optical materials and as electrocatalysts for enantioselective
transformations.3 Iridium (III) bipyridine complexes were
synthesized as multicolor luminescent cross-linkers for bio-
logical molecules.4 Derivatives of polypyridine complexes
of platinum (II) are receiving a great deal of attention for
their photoliminescence.5 In order to design a better ligand
for the optical application it is required to obtain basic
physical and chemical properties of the ligand and find their
relations to the optical properties. One of the properties
defining the characteristics of the ligand would be pKa. This
value can be regarded as one of the solution phase properties
essential for the novel photosensitizer design.6 

The heterocyclic molecules have lately attracted attention
due to their “shifted pKa values” upon complexation to metal
ions because it can rationalize the existence of nucleobases
of differing protonation states at physiological pH.7

Polypyridine ligands also find its use in the nuclear fuels
reprocessing by forming actinide/lanthanide complexes.8

Studies on protonation of polypyridine molecules are also of
great interest in pharmacological and biological research
since the site of protonation is closely related to expression
of biological activity.9

In order to establish a method for calculating proton
affinities in the gas phase and aqueous solution, we
performed density functional theoretical study on 16
molecules shown in Scheme 1. This is also to check the vdw
parameters of atoms used for the solvation energy
calculation for the heterocyclic ring that was developed
already and to optimize the value for chlorine attached to the
ring. 

Computational Details

The details of the pKa calculation have been described
elsewhere.10 Here we summerize those features of the
calculation relevant to the discussion of the data below.

The pKa value of an acid HA in aqueous solution is related
to the Gibbs free energy change for the deprotonation
process expressed by10

(1)

where R is the gas constant and T temperature in Kelvin. The
standard free energy of deprotonation from one of the
deprotonation sites of HA in water, , is defined as
(See Scheme 2).
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Scheme 1. pyridine, imidazole, and pyrazole derivatives.
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The standard free energy of each species (HA, A−, and H+)
in water, , can be written by the sum of the gas-phase
standard free energy  and the standard free energy of
solvation in water :

. (3)

The standard free energy of each species in the gas phase,
, is obtained by

. (4)

The total energy of the molecule at 0 K (E0K) is calculated at
the optimum geometry from quantum mechanics (QM).
Harmonic oscillator-rigid rotor approximation is applied for
the calculation: The zero-point energy (ZPE) and the
vibrational contribution to Gibbs free energy change from 0
K to 298 K (∆∆G0→298K) are calculated from frequencies
calculated using QM. The translational and rotational free
energy contribution is also calculated in the ideal gas
approximation. We used (H+) = 2.5 RT – T∆S0 = 1.48-
7.76 = −6.28 kcal/mol from the literature.11

All QM calculations used the Jaguar v4.1 quantum
chemistry software. To calculate the geometries and energies
of the various molecules, we used the B3LYP flavor of
density functional theory (DFT), which includes the
generalized gradient approximation and a component of the
exact Hartree-Fock (HF) exchange. Since calculations of
vibration frequencies are generally quite time-consuming,
the small basis set of 6-31G** basis set was first used to
optimize the geometry and calculate the vibration frequen-
cies. Recently, it is reported that B3LYP/6-31G** level of
calculation is adequate to describe the conformational
properties of bipyridines.12 Then the other basis sets (6-
31++G**, cc-pVDZ, aug-cc-pVDZ, cc-pVTZ(-f), and aug-
cc-pVTZ) were used for the final geometry optimization
started from the 6-31G** optimized geometry:

. (5)

Gas-phase proton affinity (PA) and gas-phase basicity
(GB) at 298 K, which are defined as the enthalpy change and
the free energy change, respectively, during the protonation
process in gas-phase are calculated.

PA = (A−) + (H+) − (HA), (6)

GB = (A−) + (H+) − (HA), (7)

where (H+) = 2.5 RT = 1.48 kcal/mol and (H+) =
2.5 RT – T∆S0 = 1.48 − 7.76 = –6.28 kcal/mol at 298 K. 

Details for the solvation energy calculation are given
elsewhere,10 and so we briefly described the overall
procedure. Continuum solvent model was applied to the
calculations. The solvation Gibbs free energy was given by
the sum of the non-electrostatic contribution due to the
creation of the solute cavity in the solvent and the
electrostatic interaction between solute and solvent. The
electrostatic part of the solvation free energy was evaluated
by a self-consistent formalism13,14 that cycles through
quantum mechanical calculations in the solvent reaction
field that involves numerical solution of the Poisson-
Boltzmann (PB) equation.15

Non-electrostatic contribution such as creation of a cavity
in the solvent by the solute are taken into consideration by a
term proportional to the solvent-accessible surface (SAS)
area of the solute defined by the surface traced out by the
center of the sphere of probe radius (1.4 Å for water) as it is
rolled around the solute. This term is based on the experi-
mental solvation energy of linear and branched alkanes.13,14 

Vdw radii of the atoms in the heterocyclic rings for the
solvation energy calculation were set to according to
guanine and oxyguanine.10,16 For sp3 carbon and hydrogen
attached to it, vdw radii were taken from the original
parameters of Marten. Vdw radius of chlorine was optimiz-
ed to reproduce the pKa of chlorine derivatives of ring
compounds 6, 7, 8 and 13. 

Results and Discussion

Gas phase proton affinity (PA). The accuracy of pKa

calculations depends on two factors: one is the gas phase
basicity and the other is the solvation energy. The former can
be checked against the gas phase experiment. Therefore we
checked the accuracy of the gas phase proton affinity (PA).
In Figure 1, we depicted PA, the enthalpy change corre-
sponding to the protonation reaction for the 16 molecules
shown in Scheme 2. Regression Coefficient (R) is similar
with each other. However, the calculated absolute values
from 6-31G** are about 6.6 kcal/mol too large as judged
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Scheme 2. Thermodynamic cycle used in the calculation of a pKa

value.

Table 1. van der Waals (vdw) radii used for the solvation energy
calculations

atom
vdw radii 

(Å)
scale factora references

N (sp2) 1.41 0.94 10,16
C (sp2) 1.88 0.94 10,16

(sp3) 1.90 1.00 14
H (attached to sp2 N) 1.08 0.94 10,16

(attached to sp2  C) 1.18 0.94 10,16
(attached to sp3 C) 1.15 1.00 14

Cl 1.66 0.84 present work
aScaled from the valued reported in reference14
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from the y-intercept. This discrepancy can be reduced either
by using different basis set (c, or e) or by including diffuse
function (b, d or f). The inclusion of the diffuse function
(See (b)) has greatly affected the precision of the theoretical
calculations as reported by others.17 This is due to the poorer
description of a neutral base in comparison with its
conjugated cationic acid.17 However the calculated relative
PA values are sufficient as shown their R2 values. Judging
from the slope and the y-intercept together, inclusion of the
diffuse function is better treatment for the direct reproduc-
tion of PA.

Gas phase basicity (GB). In Figure 2, we depicted gas
phase basicity, the Gibbs free energy change corresponding
to the protonation reaction for the 16 molecules shown in
scheme 2. Similar argument can be applied to GB as in the
case of PA.

pKa. As discussed earlier, the accuracy of pKa calculations
depends on both the gas phase basicity and the solvation
energy. The former factor was checked against the gas phase
experiment in the previous 2 sections. Here we check the
latter part.

Shown in Figure 3 are pKa values for the 16 molecules
shown in Scheme 2. The inclusion of the diffuse function
(See b)) has greatly affected the precision of the theoretical
calculations as reported by others. Of three basis set, we
choose aug-cc-PVDZ (= cc-PVDZ++) for the production

Figure 1. Gas phase proton affinities (PA) of heterocyclic
molecules calculated with a basis set of a) (a) 6-31G**, (c) pp-
PVDZ, (e) cc-PVTZ(-f) and b) (b) 6-31++G**, (d) aug-cc-PVDZ,
and (f) aug-cc-PVTZ(-f).

Figure 2. Gas phase basicity (GB) of heterocyclic molecules
calculated with a basis set of a) (a) 6-31G**, (c) pp-PVDZ, (e) cc-
PVTZ(-f) and b) (b) 6-31++G**, (d) aug-cc-PVDZ, and (f) aug-cc-
PVTZ(-f).

Figure 3. pKa values of heterocyclic molecules calculated with a
basis set of a) (a) 6-31G**, (c) pp-PVDZ, (e) cc-PVTZ(-f) and b)
(b) 6-31++G**, (d) aug-cc-PVDZ, and (f) aug-cc-PVTZ(-f).



588     Bull. Korean Chem. Soc. 2005, Vol. 26, No. 4 Sungu Hwang et al.

calculation due to its relative small computation cost and
smallest deviation. Moreover, the correlation consistent
basis sets are one of the most widely used basis sets due to
their convergent behavior upon increasing basis set size.18

For diprotic acids having two protons available, we use the
following dissociative equilibria.19,20

Ka1  =  Ka, A + Ka, B (8)

pKa1  =  –log(Ka, A + Ka, B)  =  –log(10–pKa, A + 10–pKa, B) (9)

where Ka, A and Ka, B is the site-specific, microscopic pKa

value for proton site A and B, respectively, and Ka1 is the
apparent, overall pKa value.

Summary

We performed B3LYP flavor of DFT calculations with six
different basis sets on the nitrogen-containing heterocyclic
aromatic compounds for the pKa calculations. The inclusion
of the diffuse function would greatly improve the quality of
the numerical results. The cc-pVDZ++ basis set would be of
choice for the accuracy and the size of the resources
required. The calculated values are in good agreement with
the experimental data within 0.4 pKa units of mean unsigned
error.

Future directions in the research to obtain further
improvements in the theoretical calculation of the pKa value
is that for the nonaqueous, organic solvent and mixed
solvent.21 We are also currently working on this line of
research.22-24
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