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The acidity constants of some tetrazole compounds were determined pH-metrically at 25 °C and at the
constant ionic strength I ) 0.1 mol dm-3 (KNO3) in pure water as well as in various aqueous mixtures
having variable mole fractions (0.05-0.3) of organic solvents. The organic solvents used are methanol,
ethanol, N,N-dimethylformamide, dimethyl sulfoxide, and acetone. Generally, the pKa values increase
with an increase in the content of the organic solvent. It was concluded that the major effects responsible
for this behavior are, in addition to the electrostatic effect, the stabilization of the conjugate base by
hydrogen-bonding interactions with solvent molecules and solvent basicity. Effect of molecular structure
of tetrazoles on the pKa values is discussed. Moreover, the thermodynamic functions (∆H, ∆G°, and ∆S°)
associated with the ionization process of investigated compounds in a pure aqueous medium are derived
and their values are discussed.

Introduction

Tetrazole compounds have a wide range of pharmaceuti-
cal applications,1 where they act as stimulants or sedatives
on the central nervous system. These compounds have
antiinflammatory, antilipemic, antimicrobial, and anti-
allergic activities.2 Moreover, such compounds are useful
as oxidizers and effective agents for regulating plant
growth and as explosives and rocket propellants.3 In
addition, tetrazole compounds have a significant role in
medicinal chemical research.4 N-Unsubstituted tetrazoles
are moderately strong NH acids, where pKa values of
tetrazoles lie in the range of -0.8 to about 6 depending on
the electronic properties of the substituent at position 5 of
the tetrazole ring.5-8 A reliable correlation between the
basicity and acidity for such compounds was established.9-11

Nevertheless, there is no study in the literature concerning
the medium effects or thermodynamic studies on the acid
ionization constants of such compounds. Therefore, with
continuation of our studies concerning solvent effects on
the ionization processes of such biologically important
compounds,12-14 the acidity constants of 1,2,3,4-tetrazole
(I), 5-amino-1,2,3,4-tetrazole (II), and 5-mercapto-1-meth-
yltetrazole (III) have been determined pH-metrically at

25 °C and at the constant ionic strength I ) 0.1 mol dm-3

(KNO3) in aqueous solutions containing varying mole

fractions (0.05-0.30) of organic solvents with different
properties.

The organic media used are amphiprotic (methanol and
ethanol), dipolar aprotic [N,N-dimethylformamide (DMF)
and dimethyl sulfoxide (DMSO)], and low basic aprotic
(acetone) solvents. The acid ionization constants are ex-
plained in relation to both the proportion and nature of
the organic solvent. The effect of the molecular structure
of the compounds on the pKa values is also discussed.
Further, the changes in thermodynamic functions (∆H,
∆G°, and ∆S°) associated with the ionization processes of
the subjected compounds in a pure aqueous medium have
been determined and discussed.

Experimental Section

Materials and Solutions. The tetrazole compounds
used were purchased from Sigma and Aldrich. The purity
for these compounds exceeds 99.5% and it was verified by
the TLC method. The organic solvents used were of high
purity (spectrograde products) and were distilled before use
by standard methods.15 All other chemicals were A.R.
grade.

Stock solution (0.10 mol dm-3) of each tetrazole com-
pound was prepared by dissolving a known mass in the
appropriate volume of CO2-free doubly distilled water.
Carbonate-free KOH solution (≈0.2 mol dm-3) was pre-
pared by dissolving the appropriate mass in CO2-free
doubly distilled water and standardized before use by a
standard solution of potassium hydrogen phthalate. A stock
solution of nitric acid (≈0.1 mol dm-3) was prepared and
used after standardization. The ionic strength (0.1 mol
dm-3) was maintained by using a solution of KNO3 as a
supporting electrolyte. More dilute solutions were prepared
by accurate dilution.

Procedure. The following two solutions were prepared
(total volume 25 cm3) and titrated individually against the
carbonate-free KOH solution: (a) HNO3 [(8.0-10.0) × 10-3

mol dm-3)]; (b) solution (a) in the presence of 4.0 × 10-3

mol dm-3 of each tetrazole compound and containing
different mole fractions (0.05-0.30) of the organic solvent
used. A solution of (1.0 mol dm-3) KNO3 was used to attain† Fax: 002 086 342601.
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a constant ionic strength for the two solutions. A water
thermostat Fischer Scientific Isotemp Refrigerated Circu-
lator Model 9000 (temperature uncertainity (0.1 °C) was
used to obtain the desired temperature. The titrations were
carried out in an inert atmosphere where nitrogen gas was
bubbled through the titrated solutions. The titration was
repeated at least three times (40 points for each) at each
mole fraction of a solvent.

pH measurements were performed by means of a Metro-
hm automatic titrator model SM 702 with a combined pH
glass electrode equipped with a magnetic stirrer (Switzer-
land). The accuracy of the instrument was (0.001 pH unit.
The instrument was calibrated using aqueous standard
buffers of pH 4.00 (phthalate buffer) and 9.20 (borate
buffer). Because the ionic strength of the test solution is
constant, the hydrogen ion activity can be expressed in
terms of concentration. So the electrode system was
calibrated in an aqueous medium in terms of hydrogen ion
concentration instead of activities.16 This calibration was
required for the calculation of acidity constants in pure
water. Thus, to account for the differences in acidity,
basicity, relative permittivity, and ion activities for an
aqueous mixture relative to pure water, the pH values in
the former medium were corrected depending on the
method described by Douhéret,17 where the meter reading
pHR obtained in a partially aqueous medium differs by an
amount δ from the corrected reading pH*:

Values of δ for the various proportions of each organic
solvent were determined as recommended.17

The titration curve corresponding to solution (b) show
only one inflection point denoting that only one proton is
titrated. This inflection is consistent with the following
acid-base equilibrium:

The pKa values were determined by adopting the Irving-
Rossotti technique,18,19 which has been fully described
previously,12-14 using two different methods (the average
value and linear plot methods). All calculations were
performed using a computer program based on unweighted
linear least-squares fits.

Results and Discussion

Medium Effects on the Acidity Constants. The mean
pKa values at 25 °C along with the error obtained by
applying the least-squares fits are listed in Table 1. The
previously reported20 pKa value for 1,2,3,4-tetrazole and
pKa2 value for 5-amino-1,2,3,4-tetrazole in a pure aqueous
medium are reproduced in this study. However, the dif-
ferences in the pKa values from those reported in the
literature, using the same method, could be attributed to
the different experimental conditions (temperature and
ionic strength). The first acid ionization constant value
(pKa1) of 5-amino-1,2,3,4-tetrazole is very low (1.76);20

therefore, it could not be determined under the experimen-
tal conditions used in this study. Moreover, the pKa value
for 5-mercapto-1-methyltetrazole is reported for the first
time.

The data cited in Table 1 clearly reveal that both the
proportion and the nature of the organic solvent have a
conspicuous influence on the acid ionization constant
values of the studied compounds. Generally, increasing the

mole fraction of the organic solvent in the medium leads
to a decrease in the acid ionization constant for each
compound.

The acid ionization constant in a pure aqueous medium
(Ka(w)) is related to that in a partially aqueous medium
(Ka(s)) by the relation21

where γ is the activity coefficient of the respective species
in a partially aqueous medium relative to that in pure
water. The electrostatic effect resulting from the change
in the relative permittivity of the medium operates on the
activity coefficient of any charged species.21 Thus, one can
expect that increasing the content of the organic solvent
in the medium will increase the activity coefficient of both
the H+ and conjugate base A-. Consequently, according to
eq 3, increasing the mole fraction of the organic solvent
should decrease the acid ionization constant (i.e., pKa is
high). This is consistent with the results reported in Table
1. However, methanol and DMF have approximately
similar relative permittivity (32.6 and 36.0, respectively)21

so that the electrostatic effects in aqueous solutions

Table 1. Mean pKa Values for Tetrazole Compounds
(I-III)a in Different Water (1) + Organic Solvent (2)
Media at 25 °C and at the Constant Ionic Strength I ) 0.1
mol dm-3 (KNO3)

pKa valuesa

x2
b (εr)m {1/(εr)m} 102 I II III

0.00 78.40 1.28 4.70 ( 0.03 5.95 ( 0.02 3.28 ( 0.04
(4.90)19 (6.07)19

Methanol
0.05 76.11 1.31 4.72 ( 0.02 5.98 ( 0.02 3.30 ( 0.03
0.10 73.82 1.36 4.72 ( 0.02 6.05 ( 0.03 3.34 ( 0.02
0.15 71.53 1.40 4.74 ( 0.01 6.11 ( 0.01 3.38 ( 0.05
0.20 69.24 1.44 4.80 ( 0.02 6.15 ( 0.03 3.47 ( 0.03
0.25 66.95 1.49 4.83 ( 0.03 6.19 ( 0.02 3.55 ( 0.03
0.30 64.66 1.55 4.90 ( 0.04 6.32 ( 0.04 3.61 ( 0.04

Ethanol
0.05 75.69 1.32 4.74 ( 0.02 6.00 ( 0.02 3.33 ( 0.02
0.10 72.99 1.37 4.76 ( 0.04 6.08 ( 0.02 3.40 ( 0.01
0.15 70.29 1.42 4.80 ( 0.03 6.13 ( 0.03 3.47 ( 0.03
0.20 67.58 1.48 4.85 ( 0.03 6.21 ( 0.02 3.52 ( 0.05
0.25 64.88 1.54 4.89 ( 0.04 6.26 ( 0.04 3.58 ( 0.03
0.30 62.17 1.61 4.92 ( 0.06 6.38 ( 0.03 3.66 ( 0.02

DMSO
0.05 76.81 1.30 4.71( 0.04 5.96( 0.02 3.29 ( 0.02
0.10 75.22 1.33 4.73( 0.02 6.03 ( 0.03 3.33 ( 0.01
0.15 73.63 1.36 4.75 ( 0.04 6.09 ( 0.04 3.39 ( 0.04
0.20 72.04 1.39 4.79 ( 0.03 6.13 ( 0.02 3.43 ( 0.03
0.25 70.45 1.42 4.83 ( 0.04 6.16 ( 0.04 3.49 ( 0.03
0.30 68.86 1.45 4.86 ( 0.02 6.21 ( 0.03 3.53 ( 0.04

DMF
0.05 76.31 1.31 4.70 ( 0.02 5.95( 0.02 3.29 ( 0.05
0.10 74.23 1.35 4.72 ( 0.03 6.00 ( 0.03 3.32 ( 0.03
0.15 72.15 1.39 4.74 ( 0.04 6.08 ( 0.03 3.37 ( 0.04
0.20 70.06 1.43 4.78 ( 0.03 6.12( 0.02 3.41 ( 0.01
0.25 67.98 1.47 4.80 ( 0.02 6.16 ( 0.04 3.47 ( 0.02
0.30 65.89 1.52 4.82 ( 0.04 6.19 ( 0.03 3.49 ( 0.03

Acetone
0.05 75.53 1.32 4.78 ( 0.06 6.08 ( 0.03 3.34 ( 0.04
0.10 74.16 1.35 4.80 ( 0.05 6.16 ( 0.02 3.43 ( 0.03
0.15 72.04 1.39 4.84 ( 0.03 6.23 ( 0.03 3.50 ( 0.04
0.20 69.92 1.43 4.89 ( 0.06 6.28 ( 0.04 3.54 ( 0.04
0.25 67.80 1.47 4.92 ( 0.04 6.32 ( 0.03 3.63 ( 0.02
0.30 65.68 1.52 4.95 ( 0.03 6.39 ( 0.04 3.69 ( 0.05

a I-III refer to 1,2,3,4-tetrazole, 5-amino-1,2,3,4-tetrazole, and
5-mercapto-1-methyltetrazole, respectively. b x is the mole fraction
of the solvent.

Ka(w) ) Ka(s)(γA-γH+/γHA) (3)

pH* ) pHR - δ (1)

AH S A- + H+ (2)
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containing the same mole fraction of these two solvents
should be virtually identical. (i.e., pKa values for a com-
pound in such solutions should be the same.) However, the
data obtained indicate that all compounds are more acidic
in the aqueous mixtures of DMF than in that of methanol.
Also, though ethanol and acetone have comparable relative
permittivity (24.3 and 20.7, respectively),21 the ionization
process of each compound is more pronounced in the
presence of ethanol than in the presence of acetone, where
the medium contains the same mole fraction of each. This
indicates that the acid ionization constants of tetrazole
compounds obtained in various aqueous mixture media,
though governed by the electrostatic effect, are strongly
influenced by other solvent effects. This conclusion is
further substantiated by the obtained nonlinear plots of
pKa values against the reciprocal of the relative permit-
tivity (εr)m of the medium (cf. Figure 1), according to the
relationship,22 which relates the variation of pKa values
to the relative permittivity of the medium. The relative
permittivity of the medium (εr)m is obtained from the
relation (cf. Table 1):

It was recognized that solvent effects such as hydrogen
bonding and solvent basicity as well as dispersion forces
and proton-solvent interactions exert a profound influence
on the ionization process of weak acids in the presence of
organic solvents.21 The effective density of dispersion
centers in each organic solvent used is higher than that in
pure water.23 Accordingly, one can expect a higher stabi-
lization of the conjugate base A- of each compound by the
dispersion forces, which are established between the de-
localized oscillator dipole of the conjugate base and the
localized oscillator dipole of the solvent. Furthermore, the
proton is expected to be highly stabilized in aqueous
mixtures by its interaction with organic solvent and water
molecules (proton-solvent interaction) compared with
water molecules alone in pure water.23 Consequently, both
A- and H+ will be highly stabilized upon increasing of the
mole fraction of the organic solvent in the aqueous medium;
that is, γA- and γH+ are decreased. Thus, in the light of eq
3, the acid ionization constant of the studied tetrazoles
would increase (pKa decreases) with increasing organic
solvent content in the medium. However, this is not the
case, as is evident from the data cited in Table 1. Therefore,
one can conclude that both the dispersion forces and
proton-solvent interaction effects do not have a significant

role in the ionization process of the studied tetrazole
compounds.

On the other hand, water molecules are characterized
by a high tendency to donate hydrogen bonds compared
with other solvent molecules.24 Therefore, the conjugate
base A- is expected to be less stabilized by hydrogen-
bonding interaction with solvent molecules as the mole
fraction of an organic solvent is increased (i.e., γA- in-
creases). This will tend to increase the pKa values of all
compounds as eq 3 implies. Accordingly, the observed
increase in the pKa values of the compounds upon increas-
ing mole fraction of the solvents in aqueous mixtures can
be ascribed, in addition to the electrostatic effect, to the
hydrogen-bonding interaction between the conjugate base
A- and the organic solvent molecules.

The results given in Table 1 indicate that the variation
of pKa values in the media containing the same mole
fraction of alcohol or acetone appears to be in the order
methanol < ethanol < acetone. This is presumably due to
the decrease in the tendency of the solvent to develop a
hydrogen bond to the ionic form A- upon going from
methanol to acetone.23 This was deduced from the fact that
acetone is characterized by a very weak tendency to develop
hydrogen bonds to a solute than alcohols.21,24,25 Further,
the tendency of alcohol to associate with solutes through
hydrogen bond decreases with an increase in the molecular
weight of alcohol.25 Moreover, acetone is considered to be
a very weak basic solvent compared with ethanol or
methanol.21,26 Therefore, the stabilization of the proton, by
developing a hydrogen bond from solvent molecule to the
hydrogen, will tend to decrease upon increasing of the mole
fraction of acetone in the medium. Accordingly, the activity
coefficient of H+ is increased, that is, a high pKa value. This
behavior emphasizes that the differences in stabilization
of the conjugate base A- and hydrogen ion H+ by a
hydrogen bond play a vital role in the ionization process
of the compounds studied. On the other hand, methanol,
ethanol, and acetone are characterized by low basicity
compared to water;21 therefore, the proton becomes less
stabilized in the presence of these solvents in the aqueous
medium. Thus, increasing the mole fractions of these
solvents in the medium will result in an increase in the
activity coefficient of the proton, thereby causing a decrease
in the ionization constant (i.e., a high pKa value) as
indicated by eq 3. Accordingly, one can suggest that
changing the medium basicity, by increasing the mole
fraction of methanol, ethanol, or acetone, is an additional
factor affecting the ionization process of the investigated
compounds in aqueous mixtures of these organic solvents.

However, the results reported in Table 1 reveal that the
acidity ionization process of the subjected compounds is
more pronounced in the media containing the poorer
hydrogen bond donor solvents DMF and DMSO than in the
media of other solvents, where the mole fraction of the
solvents is the same. This behavior can be ascribed to the
high basic character of DMF and DMSO compared to other
solvents; that is, both DMF and DMSO solvents have
higher hydrogen bond accepting abilities. This is expected
to lead to the construction of a stronger hydrogen bond
acceptor from the un-ionized solute (AH) by which the
ionization is promoted (i.e., low pKa value).

Therefore, one can conclude that the hydrogen-bonding
interaction and the change in the basicity of the medium,
in addition to the electrostatic effect, have a profound effect
on the ionization process of the studied compounds in
aqueous mixtures of methanol, ethanol, acetone, DMF, and
DMSO.

Figure 1. Variation of pKa value of 1,2,3,4-tetrazole (I) with
1/(εr)m of the medium in various water + organic solvent media at
25 °C and at the constant ionic strength I ) 0.10 mol dm-3 (KNO3).

(εr)m ) ε1x1 + ε2x2 (4)
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Effect of Molecular Structure on the Acidity Con-
stant. The pKa values reported in Table 1 for studied
tetrazole compounds in different media reveal the lower
acidity of 5-amino-1,2,3,4-tetrazole (compound II). The
lower acidity of this compound can be attributed to the high
electron density at the aromatic system as a result of the
electron donor character of the substituent amino group,
therefore, stronger bonding of the proton to the heterocyclic
nitrogen atom, affording a lower acidity constant for this
compound. On the other hand, the data in Table 1 indicate
high acidity of 5-mercapto-1-methyltetrazole (compound
III). The obtained pKa value (3.28) for this compound in
an aqueous medium runs in the magnitude of pKa values
(3.04-3.12) that are published6 for 1-phenyl-5-mercap-
totetrazole and some 1-aryl-5-mercaptotetrazoles having
a similar ring structure. It was reported that 1-phenyl-5-
mercaptotetrazole exists mainly in the thione structure.2,6,27

Therefore, this suggests the capability of 5-mercapto-1-
methyltetrazole (compound III) being in the thione struc-
ture having the electron-withdrawing CdS group, which
decreases the electron density on the tetrazole ring.
Consequently, the bond between the hydrogen atom and
the heterocyclic nitrogen atom is weakened, leading to
easier ionization, that is, a low pKa value. This can be
substantiated by the low value of ∆H for compound III
(12.54 kJ mol-1), indicating the ionization of this compound
requires a small amount of energy relative to other
compounds II and I (cf. Table 2).

Thermodynamic Parameters of the Ionization Pro-
cess. The thermodynamic parameters (∆H, ∆G°, and ∆S°)
associated with the ionization process are estimated. For
this purpose, the acidity constants (Ka) in a pure aqueous
medium at the constant ionic strength I ) 0.1 mol dm-3

KNO3 within the temperature range 5-45 °C were deter-
mined. According to the van’t Hoff relationship, by plotting
log Ka at different temperatures vs 1/T (Figure 2) and
equating the gradient with -∆H/19.15, the values of the
enthalpy change (∆H) was determined. The standard free
energy (∆G°) and entropy (∆S°) changes are also calculated
at 25 °C. The pKa values along with the thermodynamic
functions are collected in Table 2. The results in this table
indicate that the acid ionization constant values increase
as the temperature is increased. This is consistent with
the endothermic nature of the ionization process. The
obtained pKa and therefore ∆G° values of the investigated
compounds increase in the order II > I > III. This is in
agreement with the higher tendency of the ionization of
III compared with those of other compounds. The value of
enthalpy change ∆H connected to the acid ionization
process for the subjected compounds runs in the same
above sequence, that is, II > I > III. This behavior reveals
that the ionization of compound II requires a relatively
great amount of energy relative to that of compound I or
III. The negative sign of ∆S° values for all compounds is
taken as a criterion for the presence of intermolecular

hydrogen bonding in aqueous media28 resulting from the
greater degree of orientation of water molecules in an
aqueous medium on ionization. This indicates that hydro-
gen bonds formed between tetrazole compounds and solvent
have a profound effect on the ionization process in aqueous
media. This substantiates the conclusion that hydrogen-
bonding interaction plays an important role in the ioniza-
tion process of such compounds.
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