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Abstract
In this paper, pKa values of the drugs betahistine and cimetidine were determined in aqueous solution. We used ab initio and
density functional theory (DFT) methods with the B3LYP 6-31+G(d) functional and basis sets and polarizable continuum
solvation model (PCM) to include the effects of aqueous solvation. Also, we have calculated the free energies for
determining the pKa values, and intermolecular hydrogen bonds (IHBs) in aqueous solution by Tomasi’s model. In the
present work, there is comparable agreement between the experimentally determined pK a values for the acid-base reactions
selected by potentiometric and spectrophotometric methods and those reported in the literature, demonstrating the
theoretically calculated pKa values.

Rezumat
În acest studiu, cele două valori ale pKa pentru betahistidină și cimetidină au fost determinate pentru soluții apoase. A fost
folosită teoria densității funcționale cu seturi bazice de B3LYP 6-31+G(d) și modelul de solvatare polarizabil continuu
(MSC) pentru a include efectele solvatării apoase. A fost calculată energia liberă pentru determinarea valorilor pKa și energia
legăturilor de hidrogen intermoleculare în soluție apoasă, folosind model Tomasi. În prezentul studiu, există o corelație între
valorile experimentale ale pKa-ului stabilite pentru reactanții reacțiilor acido-bazice, selectate prin metodele
spectrofotometrice și potențiometrice și cele teoretice, din literatură.
Keywords: betahistine, cimetidine, acid dissociation constant, intermolecular hydrogen bonding

The important drug properties to be taken into
consideration are the molecular weight, chemical
functionality, and especially the physico-chemical
properties. These properties have the greatest effect on
the drug delivery. pKa is an important physico-chemical
parameter in drug absorption. The gastric or intestinal
pH values and the blood pH are indicative for the
driving force of pH gradient absorption.
Many drug compounds include at least one acid
and/or basic functionality, and the ionization state of
these groups play an important role in determining
the compound physio-chemical properties. The pKa
for a compound creates a means of specifying the
extent of ionization of the compound at any
solution pH. Information of a compound’s pK a
value plays a major role in the expansion of drug
delivery formulations [4-6].
For the determination of acid constants; capillary
electrophoresis [7], calorimetric adsorption method [8],
potentiometric titration method [9], chromatographic
methods [10] and IR, NMR or UV-visible spectrometric
[11-13] determinations in water or in solvents
mixtures are used. In addition to experimental
methods, quantitative chemical methods have been
developed for calculating the pKa values based on

Introduction
The ability to deliver therapeutic agents to a sick
person in a pulsatile or staggered release profile has
been a major target in drug delivery research over
the last two decades. A key issue in drug delivery
system is to maximize the drug access to specific
sites, and to be able to control the release of drugs,
in order to maintain a desired drug concentration
level for long periods of time without reaching a
toxic level or dropping below the minimum
effective level [1]. Betahistine is an antivertigo drug.
The chemical formula of betahistine is C8H12N2, it
has the molar mass (g/mol) 136.194 grams per
mole, the half-life of 3 to 4 hours, and the protein
band is very low. It is effective for treating
abnormal noise hearing in the ears and Meniere's
disease [2]. Cimetidine is the most used drug for
stomach pain disease. Cimetidine is administered as
gastric acid secretion inhibitor, for the prevention
and treatment of active benign gastric and duodenal
ulcers and reflux of gastric contents into the oesophagus,
and in other cases is for reducing stomach acidity.
At the time of the drug administration, it is best to
avoid driving until full recovery [3].
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chemical structures. The pKa can be calculated
from the energy of the following reaction:

HA  H   A

we investigated the molecular conformations and
solute-solvent interactions of the cation, anion, and
neutral species of betahistine and cimetidine, using ab
initio and density functional theory (DFT) methods.

(1)

Using the relation:

pK a =

Materials and Methods

ΔG
2.303RT

All the theoretical computations were performed
using HyperChem version 7.0 and Gaussian 09
program package [21]. The initial geometry and
different conformers of betahistine and cimetidine
(Figure 1) were built by the semi empirical parameterized
model number 3 (PM3) method. All the initial
geometries and solvated species (in water) were
optimized with the Gaussian 09 program packages
using the B3LYP/6-31+G(d) methods and the default
convergence criteria [22]. The polarized continuum
model (PCM), which is the ideal conceptual framework to describe solvent effects on all species involved
in the selected ionization reaction, was used [23].
Furthermore, to focus on the experimental pKa values
of these drugs in water, all possible conformers were
tested using the Excel program. Among them, all
calculated pKa values that were not compatible with
experimental values were rejected. We then focused
on reactions having pKa near to experimental
values. Finally, we selected the solvation of the
species by means of intermolecular hydrogen bonds
(IHBs) that involve one molecule of the mentioned
species and some molecules of water.

(2)

In the main reaction, ΔG is the difference between
the free energy of products and reactant [14-18].
Ab initio Hartree-Fock and density functional geometry
optimizations were performed with the Gaussian 09
program. The ab initio geometries were employed
for calculating the free energies solvation using the
B3LYP/6-31+G(d) [19]. For considering the
interactions in aqueous solution, we added one,
two, three, and four water molecules to the model
using the polarizable continuum model (PCM) [20].
This article refers to the factors influence, such as the
Self-Consistent Reaction Field (SCRF) model applied,
choice of a particular thermodynamic equation, atomic
radii used to build a cavity in the solvent (water),
optimization of geometry in water, electron
inclusion of correlation, and the dimension of the
basis set on the solvation free energies and on the
calculated pKa values. In this study, betahistine and
cimetidine pKa values were specified in aqueous
solution by an ab initio method at a temperature of
25°C. To explain the acid dissociation constants obtained,

betahistine

cimetidine

Figure 1.
The structures of the (a) betahistine and (b) cimetidine for carrying out the calculations
per water molecule as a function of the total
number of solvation water molecules. Figure 2 and
Table I show the marked increase of the total
energies of cations, when the number of water
molecules increases in the solvation indicating the
endothermic nature of the reaction.

Results and Discussion
The total energies of the single and solvated
betahistine and cimetidine (cationic, zwitterion
natural, and anionic) species were calculated in
water at the B3LYP/6-31+G(d) level of the theory,
using Tomasi’s model. Table I summarizes the
variations of the total energy (kJ/mol) of the species
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Figure 2.
Plot of the total energy (kJ/mol) of solvated betahistine and cimetidine cations per water molecule against the
total number of solvation water molecules
Table I
Calculated total energy using the Tomasi method at the B3LYP/6-31+G(d) level of theory for cationic, neutral,
and anionic species of betahistine and cimetidine, at 298.15 K
Na

solvated species

0
1
2
3
4
0
1
2
3
4
0
1
2
3
4
0
1
2
3
4

HL:UZ
HL:UZ
HL:UZ
HL:UZ
HL:UZ
HL:Z
HL:Z
HL:Z
HL:Z
HL:Z
H2L+
H2L+
H2L+
H2L+
H2L+
LLLLL-

0
1
2
3
4
0
1
2
3
4

H2L+
H2L+
H2L+
H2L+
H2L+
HL
HL
HL
HL
HL

0
0
2
0
0
1

H2O
OH(H2O)2
2H2O
3H2O
OH-(H2O)

G0sol (Hartree)
betahistine
-422.054468
-498.49119
-574.937239
-651.38316
-727.826292
-421.599903
-498.042731
-574.485192
-650.926641
-727.368698
-421.597388
-498.036583
-574.487431
-650.920888
-727.373315
-421.061022
-497.515477
-573.993907
-650.407726
-726.887053
cimetidine
-1117.865042
-1194.306783
-1270.764512
-1347.19977
-1423.644751
-1117.449684
-1193.890075
-1270.328636
-1346.777371
-1423.218238
Water
-76.434
-75.952
-152.87
-152.868
-229.302
-152.4

G0sol/molecule (Kj.mol-1)
-1108103.899
-654394.2469
-503165.8587
-427551.5806
-382181.5492
-1106910.439
-653805.5324
-502770.2423
-427251.933
-381941.2667
-1106903.836
-653797.4616
-502772.2018
-427248.1569
-381943.691
-1105495.607
-653113.3797
-502340.2861
-426911.3302
-381688.3549
-2934954.386
-1567826.079
-1112130.635
-884268.1642
-747555.787
-2933863.864
-1567279.046
-1111749.171
-883990.912
-747331.825
-200677.4477
-199411.9569
-133786.7155
-401354.8955
-602032.3432
-200063.0808

N a: total number of solvation water molecules; Gsolo , total free energy in solution; Gsolo/molecule, total energy of solvated species per water
molecule; H2L+, cation species; HL, neutral; L-, anion species.
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Fully protonated betahistine loses proton in two
stages and cimetidine in one stage. For betahistine,
the proton is lost from NH both in R- group and
ring to give different ionized species. The ring has
the electron-donor effect on nitrogen atom.
Therefore, the nitrogen atom in R- group has more

positive charge than the one in the ring. For this
reason, the R- group loses proton easier than the
ring. In Table II, it can be seen that the value of
pKa2 is greater than pKa1. For cimetidine, the proton
is lost from NH2+ in the R- group (Figure 3).
H

H
+
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N

N

+

N
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Figure 3.
Suggested protonation scheme of (a) betahistine and (b) cimetidine
Table II
Values of pKa for the protonation of betahistine and cimetidine obtained using the Tomasi method at the
B3LYP/6-31+G(d) level of theory, at 298.15 K
Species

Selected equations

pKa (calculated)

pKa (experimental)

Ref

betahistine

+

 HL H O + H O +
H 2 L H2O + H 2 O 

3
2 2
2

 
 

3.78

3.900 (Ia = 0)

28


 L- H O + H O +
HL+ 5H 2 O 

3
2 4

10.33

10.020 (Ia = 0)

28

 

6.88

6.900 (Ia = 0)

28

cimetidine

 

 

+

 HL H O + H O +
H 2 L H2O
+ 2H 2 O 

3
2 4
3

a

I : Ionic strength

First ionization constant of betahistine
It was selected that in alkaline solution betahistine
suffers a reaction of partial neutralization as follows:
 HL  H2O   Z + H2O
H2 L  H2O 2 + OH 
2
+

-

(4) and (3). The equation (5) defines the first
ionization constant of betahistine:
 HL  H2O   Z + H3O+
H2 L+  H2O 2 + H2O 
2
Ka1

KC1

(3)

It is obvious that:

It is well-known that all aqueous solutions contain
hydrogen (H+) and hydroxyl (OH-) ions. In pure
water these ions are derived completely from the
ionization of the water molecules. Considering that
the H+ ion is hydrated, appearing predominantly as
H3O+, the auto-protolysis of two molecules of water
is better represented by the following reaction:
2H 2 O  H 3O   OH 

Kw

(5)

Kal = KC1× Kw  pK a1 = - logKa1 

(6)

The equation (6) was applied for determining the
values of the first ionization constant of betahistine
in water. Table III summarizes the optimized values
of molecular properties of the H2L+(H2O)2 cation
(Figure 4A), and the HL(H2O)2:Z natural (Figure
4B) obtained at the B3LYP/6-31+G(d) level of
theory with Tomasi’s method in water at 298.15 K.
The formation of the betahistine zwitterion implies
that the electronic density of the N1 atom decreases
notably (in absolute value) with respect to the N1
atom of the betahistine cation. It can be observed that
the pKa1 value theoretically calculated (pKa1 = 3.78)
is relatively comparable with the experimentally
determined pKa(pKa1 = 3.9) [25].

(4)

At T = 298.15K, Kw = 1.008×10-14 shows that only
a few of the water molecules are ionized [24].
In the reaction (3), H2L+(H2O)2 is the betahistine
cation solvated with two water molecules, and
HL(H2O)2:Z represents the betahistine zwitterion
natural solvated with two water molecules. The reaction
(5) is characterized by equilibrium constants (Kal) which
was theoretically obtained by incorporating equations
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qN1= -0.325516

qN1= -0.267201

(A) H2L+(H2O)2

(B) HL(H2O)2 Z

Figure 4.
Calculated structure for the betahistine cation (A) and neutral (B) betahistine zwitterion, at the B3LYP/631+G(d) level of theory and using Tomasi’s method in water at 298.15 K
Table III
Calculated structural magnitudes using Tomasi’s method at the B3LYP/6-31+G(d) level of theory for the
cations, anion and neutral molecules of betahistine at 298.15 K
Species
betahistine
KaC1
KaC2
Kaal
Kaa2
a0
qN1
qC2
qN9
qH12
qH17
qO23
qO24
qO26
qO27
qH22
qO22
qO25
qO28
dH26N9
dH28O24
dH29O24
dN9H21
dH24N9
dH17H25
dH25N9
dO23H27
dH34O28
dN9H30
A O24H26N9
AN9H25O23
AO23H25H22
AN9H19O23
A H19N9H21
AO28H30N9
AO31H32N9
D-C7C6N1C2
D-H20C10N9C8
D-H21C10N9C8
D-H29O27C7C6
D-H13C4C3C2

H2L+(H2O)2
6.02936E+17
6077.59093
4.84
-0.325516
-0.114362
-0.741437
0.280085
0.269507
-1.127553
-1.125145
0.226103
1.87620
2.49797
2.56010
162.21245
-178.990194
177.171022
120.9078132
-

Calculated magnitudes
HL(H2O)2
HL
3.34223E+29
2.144E+10
4.83
4.38
-0.267201
-0.291449
-0.166267
-0.197335
-0.756594
-0.572144
0.223397
0.223844
0.224549
0.206586
-1.142653
-1.121146
0.199510
2.019597
1.74662
1.81100
2.49633
175.03024
53.53124
23.52878
138.68177
179.772057-179.173993
177.171022
176.572701
-64.203571
-65.660557
179.938810
179.982580

a

L-(H2O)4
4.94
-0.278065
-0.200069
-0.830403
0.224065
0.201861
-1.342936
-1.209226
-1.199325
1.74586
1.72090
1.91971
167.09575
128.30898
-178.017024
-65.377886
55.605016
-179.765909

KC1 and KC2, equilibrium constants of equations; Ka1 and Ka2, first and second acid dissociation constants of species in water; D, dihedral
angle between the indicated atoms (Å); a0, bohr radius (Å); q, total atomic charge (Muliken) (au); d, bond lengths between the indicated
atoms; A, angles (°).
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Second ionization constant of betahistine
It is selected that the HL:Z suffers a total
neutralization process as follows:
 L-  H2O 
HL  Z + OH-  H2O 3 
4

The second ionization constant (Ka2) that characterizes
the above reaction is associated with constants KC2
and KN2 by equation (7):

Ka2 = K C2 × K N3  pKa2 = - logKa2 

Kc2

(7)

In the above reaction, L-(H2O)4 and HL represent
the solvated anion with four water molecules and
zwitterion natural of betahistine, respectively. The
autoprotolysis of five molecules of water is better
represented by the following reaction [26, 27]:

The above equation was used to determine
theoretically the value of the second ionization
constant of betahistine in water. Table III
summarizes the optimized values of molecular
properties of the HL:Z zwitterion (Figure 5A), and
L-(H2O)4 anion molecule (Figure 5B) obtained at
the B3LYP/6-31+G(d) level of theory with Tomasi’s
method in water at 298.15 K. Obviously, the
formation of the betahistine anion L-(H2O)4 implies
that the electronic density of the N9 atom increases
notably (in absolute value), with respect to the N9
atom of the betahistine zwitterion HL. It can be
observed that the pKa2 theoretically calculated value
(pKa2 = 10.33) is relatively comparable with the
experimentally determined pKa2 (pKa = 10.02) [24].

(8)
K N3 =

KW

=6.4149×10-20
3

 H 2 O

(9)

The described reaction in equation (7) is characterized
by another equilibrium constant, KC2, which was also
theoretically determined. By combining equations
(7) and (8), the second ionization reaction of
betahistine was obtained:
 L-  H2O  + H3O+
HL  Z + 5H2O 
4

(11)

Ka2

(10)
qN9 = -0.572144

qN9 = -0.830403
-

(A) HL(Z)

(B)L ( H2O)4

Figure 5.
Calculated structure for the betahistine zwitterion natural (A) and anion (B), at the B3LYP/6-31+G(d) level of
theory and using Tomasi’s method in water at 298.15 K
Ionization constant of cimetidine
It was chosen that the H2L+(H2O)3cation suffers a
total neutralization as follows:

The equilibrium constant Ka that characterizes the
above reactions, is:

K a = K C × K N2  pK a = - logKa 

H 2 L ( H 2 O) 3  OH  ( H 2 O) 2  HL( H 2 O) 4  2H 2 O Kc (12)

These equations were used to theoretically determine
the value of the ionization constant of cimetidine in
water. Table IV summarizes the optimized values of
molecular properties of the H2L+(H2O)3 cation (Figure
6A), and HL(H2O)4 neutral molecule (Figure 6B)
for cimetidine obtained at the B3LYP/6-31+G(d)
level of theory with Tomasi’s method in water at
298.15 K. Evidently, the formation of the neutral
cimetidine implies that the electronic density of the
N13 atom decreases notably (in absolute value) with
respect to the N14 atom of the cimetidine cation, as
shown in Table IV. It can be observed that the pK a
value theoretically calculated (pKa = 6.88) is relatively
comparable with the experimentally determined pKa
(pKa = 6.9) [24].

The autoprotolysis of four molecules of water is
better represented by the following reaction [27]:
K N2


 H3O+ + OH-  H2O 
4H2O 

2

K N2 =

KW

 H 2 O

2

(13)

=3.326×10-18

(14)

In the reaction (12), HL(H2O)4 is the neutral
cimetidine solvated with four water molecules.
Also, H2L+(H2O)3 represents the cimetidine cation
solvated with three water molecules. The reaction
of equation (15) was obtained by incorporating
equations (12) and (13):

 HL  H2O  + H3O+
H2 L+  H2O 3 +2H2O 
4

(16)

Ka1

(15)
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qN14 = -0.987501

qN13 = - 0.384

+

(A) H2L (H2O)3

(B) HL(H2O)4

Figure 6.
Calculated structure for the cimetidine cation (A) and neutral (B), at the B3LYP/6-31+G(d) level of theory and
using Tomasi’s method in water at 298.15 K
Table IV
Calculated structural magnitudes using Tomasi’s method at the B3LYP/6-31+G(d) level of theory for the cation
and neutral molecules of cimetidine at 298.15 Ka
Species
cimetidine
KC1
Ka1
a0
qC1
qC2
qC5
qS8
qN11
qN13
qN14
qN17
qO 34
qO35
qO37
qO38
qO40
qH18
qH26
qH33
dO41H31
dO38H32
dO35H30
dH32H39
dO34H30
dN17H41
dO37H36
dO40H38
dO34H29
AN14H31O41
AN17H41O40
AN14H30O35
AN14H30O38
AN14H41O40
D-N4C3C2C1
D-C5N4C3C2
D-C16N13C12N11
D-H18C1C2C3
D-C12N11C10C9
D-H22N6C5N4
D-C14N13C12N11
D-N17C16N15C12

Calculated magnitudes
H2L+(H2O)3
2.30873E+24
7648840.838
5.11
-1.085626
0.592757
0.266249
0.165783
-0.495351
-0.987501
-0.618701
-1.099028
-1.099028
0.238907
0.277584
0.281070
1.77606
2.74581
1.82383
2.61321
164.70310
148.32505
108.64328
-179.895876
0.164437
170.808570
-123.600739
88.804696
178.827607
-

a

HL(H2O)4
5.41
0.308655
0.922961
0.199486
-0.573830
-0.384547
-0.742527
-1.131008
-1.154765
-1.119080
0.485744
0.257281
0.248261
2.75001
1.83638
1.80962
1.78686
2.49998
171.07138
124.09166
0.382486
-179.923216
-87.777321
1.544872
-161.004070
144.457480

KC, equilibrium constants of equations; Ka, acid dissociation constant of species in water; D, dihedral angle between the indicated atoms
(Å); a0, bohr radius (Å); q, total atomic charge (Muliken) (au); d, bond lengths between the indicated atoms; A, angles (°).
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7.

The molecule of water originated from the acidbase reaction, together with the hydration water
molecule of the betahistine and cimetidine, and
these are the molecules of water that interact with
the betahistine and cimetidine molecules by means
of IHBs. According to ref. [28], the properties of
the weak, moderate and strong hydrogen bonds
have classified. For species of this study, the
distances and angles of intermolecular hydrogen
bounds (IHBs) are shown in Tables III and IV.
These values show that the IHB of cation and the
neutral molecules of cimetidine and also, cation,
anion and neutral molecules of betahistine are very
close to class of the moderate IHBs. Finally, it must
be noted that hydrogen bonds are at the minimum
distance between molecules. Therefore, we can design
nano drugs with lower volume, which are more
effective at lower dosage that can be very useful in
the treatment of different diseases. [4, 28-31].

8.

9.

10.

11.

Conclusions

12.

In this study, we have theoretically determined the
pKa of betahistine and cimetidine in water at 298.15 K
with the ab initio and DFT methods. There is a good
agreement between the theoretically determined acid
dissociation constants and the experimentally determined
ones. This agreement along with the other data (the
electronic density, q, structural properties, and
IHBs) helps us to predict nano drug modelling of
betahistine and cimetidine.

13.

Acknowledgements

14.

Thanks are gratefully extended to the Faculty of
Chemistry, Islamic Azad University, Ayatollah
Amoli Branch for its valuable help with this work.

15.

References
16.
1.

2.
3.

4.

5.

6.

Arkfield D.G., Rubenstein E., Quest for the holy
grial to cure arthrithis and osteoporosis: emphasis
on bone drug delivery systems. Adv. Drug. Delivery.
Rev., 2005; 57: 939-944.
Fisher A.J.E., Histamine in the treatment of vertigo.
Acta. Otolaryngol. Suppl., 1991; 479(111): 24-28.
Bodoki E., Bogdan D., Săndulescu R., Ab initio
study of the na–colchicine positively charged
complex. Farmacia, 2015; 63(4): 539-541
Nag A., Dey B., Computer-Aided drug design and
delivery systems, Capter 2, McGraw-Hill Companies,
2011, USA.
Jia Z., Ramstad T., Zhong M., Medium-throughput
pKa screening pharmaceuticals by pressure-assisted
capillary electrophoresis. Electrophoresis, 2001;
22(6): 1112-1118.
Kibbey C.E., Poole S.K., Robinson B., Jackson J.D.,
Durham D., An integrated process for measuring
the physicochemical properties of drug candidates
in a preclinical discovery environment. J. Pharm.
Sci., 2001; 90(8): 1164-1175.

17.

18.

19.

20.

21.

346

Foulon C., Danel C., Vaccher C., Yous S., Bonte J.P.,
Goossens J.F., Determination of ionization constants
of N-imidazole derivatives, aromatase inhibitors,
using capillary electrophoresis and influence of
substituents on pKa shifts. J. Chromatogr. A., 2004;
1035: 131-136.
Molin P.G., Zon M.A., Fernandez H., The electrochemical behaviour of the altenuenemycotoxin and
its acidic properties. J. Electroanal. Chem., 2002;
520: 94-100.
Xu Q., Tanaka K., Mori M., Helaleh M.I.H., Hu W.,
Hasebe K., Toada H., Monolithicoctadecylsilyl-silica
gel column for the high-speed ion chromatographic
determination of acidity. J. Chromatogr. A., 2003;
997: 183-190.
Blanco S.E., Almandoz M.C., Ferretti F.H.,
Determination of the overlapping pKa values of
resorcinol using UV-visible spectroscopy and DFT
methods. Spectrochim. Acta. Part A., 2005; 61: 93-102.
Duc M., Gaboriaud F., Thomas F., Sensitivity of the
acid–base properties of clays to the methods of
preparation and measurement: 1. Literature review.
J. Colloid. Interface. Sci., 2005; 289: 139-147.
Alarcón-Angeles G., Corona-Avendaño S., RojasHernández A., Romero-Romo M.A., Ramrez-Silva M.T.,
Evaluation of the acidity constants of the 4-hidroxy5-[salicylideneamino]-2-7-naphthalene-disulfonic acid
(Azomethine-H) using UV–vis spectrophotometry.
Spectrochim. Acta. Part A., 2005; 61: 313-319.
Sanchez-Rivera A.E., Corona-Avendano S., AlarconAngeles G., Rojas-Hernandez A., Ramrez-Silva M.T.,
Romero-Romo M.A., Spectrophotometric study on
the stability of dopamine and the determination of
its acidity constants. Spectrochim. Acta. Part A.,
2003; 59: 3193-3203.
Kelly C.P., Cramer C.J., Truhlar D.G., Adding explicit
solvent molecules to continuum solvent calculations
for the calculation of aqueous acid dissociation
constants. J. Phys. Chem. B., 2006; 110: 2493-2499.
Mohle K., Hofmann H.J., Stability order of basic
peptide conformations reflected by density functional
theory. J. Mol. Model., 1998; 4: 53-60.
Tosso R.D., Zamora M.A., Survire F.D., Enriz R.D.,
Ab initio and DFT study of the conformational energy
hypersurface of cyclic gly-gly-gly. J. Phys. Chem.
A., 2009; 113: 10818-10825.
Hudaky P., Perczel A., Conformation dependence of
pKa: Ab initio and DFT investigation of histidine.
J. Phys. Chem. A., 2004; 108: 6195-6205.
Liptak M.D., Gross K.C., Seybold P.G., Feldgus S.,
Shields G.C., Absolute pKa determinations for substituted
phenols. J. Am. Chem. Soc., 2002; 124: 6421-6427.
Elmali D., Calculation of acidity constants of some
substituted thiazole derivatives using DFT and UV
spectroscopic methods. J. Arts. Sci., 2007; 8: 23-33.
Cossi M., Rega N., Scalmani G., Barone V., Energies,
structures, and electronic properties of molecules in
solution with the C-PCM solvation model. J. Comp.
Chem., 2003; 24: 669-681.
Program C.S., Chem3D 5.0; Program for Molecular
Modeling and Analysis; Cambridge Soft
Corporation: MA, USA, 2000.

FARMACIA, 2016, Vol. 64, 3
22. Frisch M.J., Trucks G.W., Schlegel H.B., Scuseria
G.E., Robb G.R., Gaussian 98, revision A.6;
Gaussian, Inc.: Pittsburgh, PA, 1998.
23. Miertus S, Tomasi E.J., Approximate evaluations
of the electrostatic free energy and internal energy
changes in solution processes. Chem. Phys., 1982;
65: 239-245.
24. Atkins P.W., Physical Chemistry, 6th ed.; Oxford
University Press: England, 1998.
25. Shalaeva M., Kenseth J., Lomobardo F., Bastin A.,
Measurement of dissociation constants (pKa values)
of organic compounds by multiplexed capillary
electrophoresis using aqueous and co-solvent
buffers. J. Pharm. Sci., 2008; 97: 2581-2606.
26. Castro G.T., Ferretti F.H., Blanco S.E., Determination
of the overlapping pKa values of chrysin using
UV–vis spectroscopy and ab initio methods.
Spectrochem. Acta, Part A., 2005; 62: 657-665.

27. Kiani F., Behzadi H., Koohyar F., Thermodynamic
study of asparagine and glycylasparagine using
computational methods. Braz. Arch. Biol. Technol.,
2015; 58: 477- 486.
28. Jeffrey G.A., An Introduction to Hydrogen Bonding,
Oxford University Press, Oxford, 1997.
29. Rouvary D.H., King R.B., Topology in chemistryDiscrete mathematics of molecules, Horwood
Publishing, Chochester, UK, 2002.
30. Iovanov R.I., Tomuță I., Barbu A., Rus L., Leucuța
S.E., Preparation and in vitro characterization of
pellets containing felodipine solid dispersions.
Farmacia, 2015; 63(5): 637-646.
31. Morsaly A., Nano chemistry of supermolecules.
Tarbiat Modares University Press, Chapter 2, Iran,
2011.

347

