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a b s t r a c t

The acidic dissociation enthalpies and constants of anilinium, protonated tris(hydroxymethyl)-
aminomethane (HTris+), benzoic and acetic acids, have been determined at several temperatures in pure
water and in methanol/water mixtures by potentiometry and by isothermal titration microcalorimetry
(ITC). The pKa values determined by both techniques are in accordance when the dissociation process
involves large amounts of heat. However, for the neutral acids the ITC technique gave slightly lower pKa
eywords:
Ka in methanol/water mixtures at
ifferent temperatures
cid–base dissociation enthalpies in
ethanol/water mixtures at different

emperatures

values than those from potentiometry at the highest temperatures studied due to the small amounts of
heat involved in the acidic dissociation. The dissociation enthalpies have been determined directly by
calorimetry and the obtained values slightly decrease with the increase of temperature. Therefore, only
a rough estimation of the dissociation enthalpies can be obtained from potentiometric pKa by means of
the Van’t Hoff approach.
otentiometric pKa

TC pKa

. Introduction

The reported increments of enthalpy (�H) for most acidic dis-
ociation processes are referred to aqueous solutions and the
emperature range of 15–40 ◦C [1]. However, very often, literature
hows discrepancies between the values obtained by different tech-
iques and laboratories and it is not easy to select the best one

or further calculation purposes. When specific values are not tab-
lated it is mandatory to calculate them from the available data.
he Van’t Hoff equation is often used to estimate �H values of a
articular process from the available acidity constants at different
emperatures. This procedure involves the assumption that the �H
uantity is constant in the temperature range considered.

It is much more difficult to have reliable data in hydroorganic sol-
ent mixtures such as methanol/water, especially at temperatures
ifferent of 20–25 ◦C. Nevertheless, methanol/water mixtures show
ery relevant applications such as suitable solvents for chemicals
paringly soluble in water or as mobile phases in liquid chromatog-

aphy and, in both instances, it would be very useful to know the
hermodynamic quantities involved in the acid–base reactions in
hese solvent mixtures. The first use has become very popular in
rug discovery through the methodology proposed by Sirius Instru-

∗ Corresponding author at: Departament de Química Analítica, Universitat de
arcelona, Barcelona, Spain.

E-mail address: e.bosch@ub.edu (E. Bosch).

731-7085/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpba.2009.01.037
© 2009 Elsevier B.V. All rights reserved.

ments, Ltd. to determine pKa values of drugs by potentiometry or
spectrophotometry [2,3]. Thus, measurements of pKa are done in a
variety of methanol/water mixtures and the aqueous pKa is easily
obtained by extrapolation. The measurements and calculations are
currently made at room temperature but the instruments and asso-
ciated softwares are able to achieve pKa values at higher temper-
atures such as 37 ◦C. However, the Sirius arrangements are unable
to get accurate pKa at temperatures higher than 40 ◦C because of
the limitations of the softwares, which are especially designed for
the study of drugs. Nevertheless, this technology would be used to
determine pKa values at temperatures higher than 40 ◦C and differ-
ent methanol/water mixtures if the suitable constants are used and
a proper standardization procedure is performed.

Methanol/water mixtures have been also widely employed as
mobile phases in liquid chromatography for room temperature sep-
arations. However, nowadays temperature has become a powerful
analytical variable in HPLC and most of the modern chromatographs
show devices to control the temperature along the separation pro-
cess. All the published models to describe the effect of temperature
on the retention for compounds with acid–base properties point
out that retention depends on the acidic dissociation enthalpies and
constants of both analyte and buffering agent [4–7]. These thermo-

dynamic quantities should be referred to the binary solvent used as
the mobile phase, methanol/water mixtures for instance, but rarely
they are available in literature.

The simplest method to determine experimentally �H values of
acidic dissociation processes is the isothermal titration calorimetry

http://www.sciencedirect.com/science/journal/07317085
http://www.elsevier.com/locate/jpba
mailto:e.bosch@ub.edu
dx.doi.org/10.1016/j.jpba.2009.01.037
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ITC) which is a powerful technique mainly used in the study of
imolecular biological interactions. A well-designed experiment
llows the determination of the binding enthalpy, the binding
onstant and the reaction stoichiometry in a single experiment.
owever, other applications, such as the study of complexation

eactions between a cation and an organic ligand [8,9], the deter-
ination of acidic dissociation constants of small molecules such

s the l-cysteine [10] or the protonation of polybases such as
he phytate ion [11] have also been proposed. In this work, ITC is
sed to determine the dissociation enthalpies and pKa values of
everal pattern acids and bases in pure water and in 50% (w/w)
ethanol/water in a wide range of temperatures. These pKa

alues have also been determined potentiometrically in the same
xperimental conditions and in a wider variety of methanol/water
ixtures. Moreover, the dissociation �H values have been derived

rom the Van’t Hoff plots built from the potentiometric pKa values
nd they have been also directly measured from the ITC titrations.
he results obtained by means of both techniques have been criti-
ally compared and they allow: (a) the validation of the procedure
o determine potentiometric pKa values at temperatures higher
han 25 ◦C and methanol/water mixtures; (b) the evaluation of ITC
o determine accurate acidity constants at different temperatures
n methanol/water mixtures; (c) the evaluation of the Vant’Hoff
pproach to estimate accurately the enthalpy changes associated
o the acidic dissociation processes in methanol/water mixtures.

It is well known that ITC is an emergent technique to determine
he thermodynamic quantities associated to interactions of biolog-
cal interest. The comparison of calorimetric results for very simple
nteractions (the protonation of a monoprotic base) under non-
rdinary experimental conditions (hydroorganic solvent and high
emperatures) with those from a reference technique, potentiom-
try, allows a useful critical evaluation of the quality of the values
chieved by ITC in these instances. The results obtained for this
inary solvent, commonly used in drug discovery, at temperatures
igher than room temperature, around 37 ◦C, open the ITC to further
tudies involving drugs sparingly soluble in water and temperatures
lose to the physiological one. In addition, the very accurate �H
alues obtained for the studied acidic dissociation reactions allow
he recommendation of ITC as a suitable and useful technique to
etermine the dissociation enthalpy variation of the more common
cids and bases used as buffers of the HPLC mobile phases in the
hromatographic conditions of use, i.e. in binary solvents and high
emperatures. Therefore, models already proposed for prediction of
etention and selectivity of ionizable analytes including drugs with
cidic or basic groups [6,7,12] will become much more useful to
ook for the experimental conditions of analysis when temperature
s used as a significant chromatographic variable.
. Experimental

Chemicals: aniline (Merck, >99.5%); tris(hydroxymethyl)-
minomethane, Tris (Aldrich, >99.99%); sodium benzoate (Panreac,
96%); sodium acetate (Carlo Erba, >99%); potassium chloride

able 1
he Debye-Hückel parameters.

0% MeOH 10% MeOH 20% MeOH

(◦C) A a0B A a0B A a0B

15.0 0.500 1.500 0.542 1.541 0.592 1.586
5.0 0.510 1.500 0.554 1.542 0.606 1.589
0.0 0.515 1.500 0.560 1.543 0.614 1.590
5.0 0.521 1.500 0.567 1.543 0.622 1.592
0.0 0.526 1.500 0.574 1.544 0.631 1.593
5.0 0.532 1.500 0.581 1.545 0.640 1.595
0.0 0.538 1.500 0.589 1.546 0.649 1.596
5.0 0.545 1.500 0.597 1.546 0.658 1.598
Biomedical Analysis 49 (2009) 923–930

(Merck, >99.5%); hydrochloric acid (Merck, Titrisol®); potassium
hydroxide (Merck, Titrisol®); methanol (Merck, HPLC grade); water
purified by a Milli-Q Plus system from Millipore with a resistance
higher than 18 M�.

2.1. Potentiometric measurements

Instrument: Automatic titrator PCA 101 from Sirius Instruments
Ltd. (UK) equipped with a Sirius 010604 combined electrode. The
potentiometric system was standardized at various temperatures
in the range of 25–55 ◦C according to the literature specifications
[2].

Procedure: Samples of selected compounds in various
MeOH/H2O mixtures 0.15 M of KCl and different temperatures
were preacidified at pH 1.8 and titrated with aqueous 0.5 M KOH.

Calculations: Potentiometric pKa values (I = 0.15) of anilinium,
protonated tris (HTris+), benzoic acid and acetic acid at various
MeOH/H2O compositions and temperatures were calculated from
the potentiometric curves by means of the pKaLOGPTM software (v
5.2 Sirius). The Yasuda-Shedlovsky equation allowed the interpola-
tion of pKa at MeOH/H2O mixtures of 10, 20, 30, 40 and 50% (w/w)
of MeOH. Obtained values were converted in the thermodynamic
ones (I = 0) by means of the Debye-Hückel approach

log � = − Az2I1/2

1 + a0BI1/2
(1)

where z is the charge and � the activity coefficient of the ionic
species. A and a0B parameters for a number of methanol/water
mixtures and temperatures are given in Table 1.

2.2. Microcalorimetric measurements

Instrument: Isothermic titration microcalorimeter MicroCal VP-
ITC equipped with a 1.4047 mL cell.

Procedure: Additions of 10 �L of HCl in pure water or in
MeOH/H2O 50% in weight of MeOH and 50 mM KCl were introduced
in the titration cell filled with aniline (∼5 × 10−4 M), tris (∼10−4 M),
sodium benzoate (∼2 × 10−3 M) or sodium acetate (∼2 × 10−4 M)
aqueous or 50% in weight MeOH solutions which are 50 mM in KCl.
Experiments were carried out at several temperatures from 15 to
65 ◦C.

Calculations: The protonation enthalpies and constants were cal-
culated from the calorimetric sigmoidal curves using the OriginLab
Version7 software. The pKa (I = 0.05) were converted in the thermo-
dynamic values as explained above.

3. Results and discussion
The four parameters standardization procedure [2] was used to
standardize the potentiometric system at different temperatures.
Thus, literature values of static dielectric constants in MeOH/H2O
mixtures and different temperatures (εMeOH/H2O(T)) within the
range of 5–55 ◦C were compiled [13] and fitted to the following

30% MeOH 40% MeOH 50% MeOH

A a0B A a0B A a0B

0.651 1.637 0.723 1.696 0.811 1.762
0.669 1.642 0.744 1.702 0.838 1.770
0.678 1.644 0.756 1.705 0.852 1.774
0.688 1.646 0.768 1.708 0.867 1.778
0.698 1.648 0.781 1.711 0.882 1.782
0.709 1.651 0.794 1.714 0.899 1.786
0.721 1.653 0.808 1.717 0.915 1.790
0.732 1.655 0.822 1.720 0.933 1.794
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Table 2
Thermodynamic acidic dissociation constants at different temperatures.

Values in water Values in MeOH/Water 50% (w/w)

T (◦C) pKa (Pot.) pKa (ITC) pKa (Lit.)a pKa (Pot.) pKa (ITC) pKa (Lit.)

Anilinium
15.0 4.79 ± 0.01 4.78 4.46 ± 0.03
20.0 4.70
25.0 4.69 ± 0.01 4.62 ± 0.01 4.62 4.32 ± 0.01
25.4 4.33 ± 0.01
29.1 4.58 ± 0.01
29.3 4.23 ± 0.02
30.0 4.51
34.8 4.52 ± 0.01
34.9 4.15 ± 0.01
35.0 4.46 ± 0.01 4.43 4.13 ± 0.04
39.8
40.0 4.35
44.5 4.44 ± 0.01 4.04 ± 0.02
45.0 4.35 ± 0.02 4.27 4.03 ± 0.02
48.5 4.39 ± 0.01
49.5 4.03 ± 0.03
50.0
54.5 4.29 ± 0.01 3.99 ± 0.03
55.0 4.17 ± 0.02 4.00 ± 0.04
65.0 4.09 ± 0.01

HTris+

15.0 8.36
24.9 8.16 ± 0.01
25.0 8.07 7.82
25.4 8.04 ± 0.01
29.9 8.02 ± 0.01
30.4 7.90 ± 0.01
34.8 7.92 ± 0.01
35.0 7.80 7.75 ± 0.02
39.8 7.84 ± 0.01 7.70 ± 0.02
44.5 7.79 ± 0.01 7.61 ± 0.05
45.0 7.55
48.5 7.77 ± 0.01
54.5 7.65 ± 0.01 7.50 ± 0.02
55.0 7.32

Benzoic acid
15.0 4.17 ± 0.01 4.212 5.33 ± 0.03
20.0 4.206 5.43b

25.0 4.23 ± 0.03 4.204 5.38 ± 0.06 5.43b; 5.39a

25.1 4.24 ± 0.01
25.2 5.47 ± 0.03
29.6 4.24 ± 0.01 5.45 ± 0.03
30.0 5.42b

34.4 4.27 ± 0.01 5.49 ± 0.03
35.0 4.28 ± 0.02 4.206 5.39 ± 0.01 5.41b

39.9 4.33 ± 0.01 5.42 ± 0.03
40.0 5.42b

44.5 4.37 ± 0.01 5.46 ± 0.03
45.0 4.28 ± 0.03 5.32 ± 0.25 5.42b

49.5 4.38 ± 0.01 5.53 ± 0.02
50.0 4.223 5.42b

54.5 4.33 ± 0.01 5.46 ± 0.02
55.0 4.33 ± 0.03 5.34 ± 0.10
60.0 4.240
65.0 4.27 ± 0.02

Acetic acid
15.0 4.758 5.55 ± 0.04
20.0 4.756
25.0 4.756 5.61 ± 0.04 5.66a

25.2 4.84 ± 0.01 5.84 ± 0.03
30.0 4.757
30.4 4.81 ± 0.01
30.5 5.83 ± 0.02
34.7 5.76 ± 0.02
34.9 4.82 ± 0.01
35.0 4.762 —
39.8 4.84 ± 0.01 5.83 ± 0.02
40.0 4.769
44.5 4.89 ± 0.01 5.90 ± 0.07
45.0 4.777 5.65 ± 0.09
49.5 4.97 ± 0.01 5.92 ± 0.03
50.0 4.787
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Table 2 (Continued )

Values in water Values in MeOH/Water 50% (w/w)

T (◦C) pKa (Pot.) pKa (ITC) pKa (Lit.)a pKa (Pot.) pKa (ITC) pKa (Lit.)

54.5 5.07 ± 0.01 5.95 ± 0.05
55.0 4.799 5.79 ± 0.07
6 2

e
t

ε

w

ı

D

b
f
p
d
r

d

F
i

0.0 4.81

a From Ref. [1].
b From Ref. [23].

mpirical equation [14], which was derived for binary mixtures up
o 60% (w/w) of methanol

MeOH/H2O(T) = 10ı + log D0 (2)

here

= (t − 25)
[
−0.020 − 0.0005 wt%

60

]
(3)

0 = 78.47 − 0.42 wt% − 5.1 × 10−4(wt%)2 (4)

eing t the temperature in Celsius scale and wt% the percent weight
raction of MeOH. These expressions allow the calculation of any

ermittivity value by interpolation. In the same manner, values of
ensities of pure water and pure methanol [15] in the temperature
anges of 0–50 ◦C originated the following expressions

water = −4.94 × 10−6 t2 + 7.64 × 10−6 t + 1.00 (5)

ig. 1. Van’t Hoff plots of (A) aniline, (B) tris, (C) benzoic acid, and (D) acetic acid at various
n MeOH.
dMeOH = −6.22 × 10−7 t2 − 9.21 × 10−4 t + 0.81 (6)

where d stands for the density of the subscript species at
t temperature. Suitable interpolated values of εMeOH/H2O(T),
dH2O(T) and dMeOH(T) have been used in the application of the
Yasuda–Shedlovsky equation [2,3,16–22], which relates the pKa of
an acidic compound in any MeOH/H2O mixture (s

spKa) to the dielec-
tric permittivity of the solvent, being C and D specific constants for
each compound and temperature

s
spKa + [H2O] = C + Dε−1

MeOH/H2O(T) (7)
The pKa (I = 0.15 M) at different solvent mixtures and tempera-
tures for anilinium, HTris+, benzoic acid and acetic acids were
determined and the s

spKa values at several intermediate solvent
compositions in the 0–60% (w/w) composition and 25–55 ◦C tem-
perature ranges have been calculated using Eq. (7). From these

MeOH/H2O mixtures: (♦) 0%, (�) 10%, (�) 20%, (�) 30%, (©) 40% and (�) 50% (w/w)
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Table 3
Potentiometric pKa interpolated from the experimental values by means of Eq. (6).

T (◦C) 10% 20% 30% 40% 50%

Anilinium
25.4 4.63 ± 0.01 4.58 ± 0.01 4.51 ± 0.01 4.43 ± 0.01 4.33 ± 0.01
29.3 4.55 ± 0.02 4.49 ± 0.02 4.42 ± 0.02 4.34 ± 0.02 4.23 ± 0.02
34.9 4.44 ± 0.01 4.39 ± 0.01 4.32 ± 0.01 4.24 ± 0.01 4.15 ± 0.01
44.5 4.34 ± 0.02 4.29 ± 0.02 4.22 ± 0.02 4.14 ± 0.02 4.04 ± 0.02
49.5 4.32 ± 0.03 4.27 ± 0.03 4.21 ± 0.03 4.13 ± 0.03 4.03 ± 0.03
54.5 4.22 ± 0.03 4.18 ± 0.03 4.13 ± 0.03 4.07 ± 0.03 3.99 ± 0.03

HTris+

25.4 8.15 ± 0.01 8.13 ± 0.01 8.11 ± 0.01 8.08 ± 0.01 8.04 ± 0.01
30.4 7.94 ± 0.01 7.93 ± 0.01 7.93 ± 0.01 7.92 ± 0.01 7.90 ± 0.01
35.0 7.90 ± 0.02 7.87 ± 0.02 7.84 ± 0.02 7.80 ± 0.02 7.75 ± 0.02
39.8 7.81 ± 0.02 7.79 ± 0.02 7.77 ± 0.02 7.74 ± 0.02 7.70 ± 0.02
44.5 7.77 ± 0.05 7.74 ± 0.05 7.71 ± 0.05 7.67 ± 0.05 7.61 ± 0.05
54.5 7.64 ± 0.02 7.62 ± 0.02 7.59 ± 0.02 7.55 ± 0.02 7.50 ± 0.02

Benzoic acid
25.2 4.44 ± 0.03 4.64 ± 0.03 4.88 ± 0.03 5.15 ± 0.03 5.47 ± 0.03
29.6 4.45 ± 0.03 4.65 ± 0.03 4.88 ± 0.03 5.14 ± 0.03 5.45 ± 0.03
34.4 4.47 ± 0.03 4.67 ± 0.03 4.90 ± 0.03 5.17 ± 0.03 5.49 ± 0.03
39.9 4.48 ± 0.03 4.66 ± 0.03 4.88 ± 0.03 5.12 ± 0.03 5.42 ± 0.03
44.5 4.52 ± 0.03 4.71 ± 0.03 4.92 ± 0.03 5.17 ± 0.03 5.46 ± 0.03
49.5 4.59 ± 0.02 4.78 ± 0.02 4.99 ± 0.02 5.24 ± 0.02 5.53 ± 0.02
54.5 4.63 ± 0.02 4.80 ± 0.02 4.98 ± 0.02 5.20 ± 0.02 5.46 ± 0.02

Acetic acid
25.2 4.97 ± 0.03 5.14 ± 0.03 5.34 ± 0.03 5.57 ± 0.03 5.84 ± 0.03
30.5 4.99 ± 0.02 5.16 ± 0.02 5.35 ± 0.02 5.57 ± 0.02 5.83 ± 0.02
34.7 4.98 ± 0.02 5.13 ± 0.02 5.31 ± 0.02 5.52 ± 0.02 5.76 ± 0.02
39.8 5.04 ± 0.02 5.19 ± 0.02 5.37 ± 0.02 5.58 ± 0.02 5.83 ± 0.02
44.5 5.14 ± 0.07 5.29 ± 0.07 5.47 ± 0.07 5.67 ± 0.07 5.90 ± 0.07
4
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Table 4
Variation of enthalpy of several acidic dissociation processes calculated through the
Van’t Hoff equation.

From potentiometric pKa values From ITC pKa values
% MeOH (w/w) �HVH (Kcal/mol) �HVH (Kcal/mol)

Anilinium
0a 5.3 ± 0.4 6.3 ± 0.2

10b 5.9 ± 0.5
20b 5.7 ± 0.5
30b 5.5 ± 0.5
40b 5.2 ± 0.5
50b 4.9 ± 0.6 5.2 ± 0.6

Tris
0a 7.1 ± 0.6 –

10b 7.2 ± 0.9
20b 7.4 ± 0.9
30b 7.6 ± 0.8
40b 7.9 ± 0.8
50b 8.2 ± 0.8 –

Benzoic acid
0a −2.8 ± 0.4 −1.6 ± 0.2

10b −2.9 ± 0.4
20b −2.4 ± 0.4
30b −1.9 ± 0.5
40b −1.2 ± 0.6
50b 0.1 ± 0.4 0.1 ± 0.5
50c 0.15 ± 0.09

Acetic acid
0a −3.5 ± 0.9 –

10b −3.4 ± 0.7
20b −3.1 ± 0.7
30b −2.8 ± 0.7
40b −2.5 ± 0.7
50b −2.1 ± 0.8 −2.2 ± 0.6

the protonation of amines increases with the ionic strength, it
9.5 5.17 ± 0.03 5.32 ± 0.03 5.49 ± 0.03 5.69 ± 0.03 5.92 ± 0.03
4.5 5.13 ± 0.05 5.30 ± 0.05 5.48 ± 0.05 5.70 ± 0.05 5.95 ± 0.05

alues the thermodynamic ones (I = 0) were calculated through the
ebye-Hückel approach. Table 2 shows the results for the com-
ounds studied at 0 and 50% (w/w) MeOH/H2O solutions at the
5–55 ◦C temperature range. It includes the literature pKa values,
hich are consistent with those potentiometrically determined in

he present work. It should be noticed that all the values for ben-
oic acid in 50% (w/w) MeOH/H2O agree with the wide set given in
iterature [23]. This consistency validates the potentiometric proce-
ure at temperatures higher than 25 ◦C and, consequently, validates
lso the whole set of the potentiometric pKa values shown in
ables 2 and 3.

Fig. 1 is built from the thermodynamic potentiometric pKa val-
es for anilinium, HTris+, benzoic and acetic acids and it shows
pparently linear Van’t Hoff plots. Therefore, the variation of the
issociation enthalpy, �HVH, at the 25–55 ◦C temperature range
an be taken as a constant that can be easily calculated from the
an’t Hoff slopes. Values of �HVH are gathered in Table 4 for solu-

ions from 0 to 50% of MeOH. The results show that the absolute
HVH values for anilinium and HTris+ are significantly higher than

hose of benzoic and acetic acids and the dissociation process is
ndothermic for the cationic acids whereas it is slightly exothermic
or the neutral acids in the solvent mixtures studied.

Table 2 includes the pKa values obtained by titration
icrocalorimetry from solutions with 0% and 50% (w/w) of MeOH

t the temperature range from 15 to 65 ◦C. These values were cal-
ulated from the ITC binding constants between the proton and the
onjugate base and are consistent with those obtained by poten-
iometry for the anilinium, for which significant amounts of heat are
nvolved in the protonation processes, and also for the neutral acids.
owever, the small amounts of heat measured for benzoic and

cetic acids and the transition from an exothermic to an endother-
ic process with the increase of temperature lead to pKa values

lightly lower than the potentiometric ones. The ITC curves for
he studied compounds obtained in 50% (w/w) MeOH/H2O solu-
a Experimentally determined in this work.
b Interpolate from the Yasuda-Shedlovsky plots build from potentiometric pKa’s.
c From Ref. [23].

tions at two different temperatures are given in Fig. 2. They clearly
show a higher dispersion of the experimental points at the higher
temperatures, particularly for the titrations of the anionic bases
for which the amount of heat involved in the protonation reac-
tion is lower. However, the experimental points can be adjusted
to the one binding site model except for the acetic acid at 35 ◦C
for which the involved heat is nearly zero. The shapes of the ITC
curves obtained for tris in aqueous and hydroorganic solutions
are not sigmoidal as expected for a 1:1 reaction and, therefore,
these curves could not be adjusted to the suitable model (see
Fig. 3). At the moment, we have not a good explanation for this
fact and, for this reason, the pKa values were not calculated and the
study with the temperature omitted, although the global amounts
of heat involved in the neutralization processes agree with those
from literature, as shown in Table 5. Table 4 includes the �HVH
calculated from the pKa values determined by ITC. The compar-
ison of these values with those derived from the potentiometric
results shows that paired values are close but do not show a perfect
agreement.

The dissociation enthalpies for the studied compounds, �Hcal,
in pure water and in 50% (w/w) MeOH/H2O solutions at differ-
ent temperatures were also determined by calorimetric titration
and they are shown in Table 5. These �Hcal values were deter-
mined at ionic strength 0.05 M (I = 0.05) but they are consistent
with those from literature given at I = 0. Despite the study of Sam-
martano [24] clearly shows that the absolute value of �Hcal for
was performed in a much wider ionic strength range, from 0 to
3 mol kg−1 in NaCl, and the achieved conclusions cannot apply to
our results. Fig. 4 shows that values obtained at different tem-
peratures are linearly related to the temperature with a small
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Fig. 2. Calorimetric titrations in 50% (w/w) MeOH/H2O of (A) aniline at 25 ◦C, (B) aniline at 55 ◦C, (C) benzoic acid at 25 ◦C, (D) benzoic acid at 45 ◦C, (E) acetic acid at 25 ◦C,
and (F) acetic acid at 45 ◦C.
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Fig. 3. Calorimetric titrations of tris at 25 ◦C

nd negative slope and this fact disagrees with the assumption
f the constancy of the �H quantities in the studied temperature
ange as required by the Van’t Hoff equation. It is also noticed
hat the �Hcal are closer to the �HVH derived from the ITC pKa

alues than those derived from potentiometric pKa. Moreover, it
hould be pointed out that the �Hcal for tris in aqueous solution at
5 ◦C clearly disagrees with the potentiometric �HVH but the val-
es obtained in pure water and in the hydroorganic solvent are

onsistent with the reported data. Finally, the comparison with
iterature values clearly shows that ITC provides a better measure-

ent of the heat involved in these acidic dissociation processes
han the Van’t Hoff approach for both aqueous and hydroorganic
olutions.

able 5
ariation of enthalpy of several acidic dissociation processes measured by ITC in 50 mM K

Water

◦C �Hcal (I = 0.05) �Hcal I = 0 [1]

nilinium
15.0 7.10 ± 0.02 7.08; 5.18
5.0 6.90 ± 0.04 5.78–7.43
5.0 6.86 ± 0.04 5.78; 7.35
5.0 6.49 ± 0.16 7.44
5.0 6.57 ± 0.08 –
5.0 6.10 ± 0.06 –

Tris+

25.0 10.74 ± 0.38 11.33–11.89

enzoic acid
15.0 0.570 ± 0.002 0.46–0.97
5.0 0.209 ± 0.008 0.15 to −0.86
5.0 −0.125 ± 0.002 −0.27 to −0.67
5.0 −0.440 ± 0.001 −0.59 to −0.66
5.0 −0.751 ± 0.019 −0.88 to −1.03
5.0 −1.110 ± 0.015 −1.15

cetic acid
15.0 0.22–0.27
5.0 −0.02 to −0.11
5.0 −0.43; −0.46
5.0 −0.67; −0.80
5.0 −0.90; −1.16
pure water and (B) 50% (w/w) MeOH/H2O.

To evaluate deeper the Van’t Hoff results, the plots of Fig. 4 have
been examined and, as expected, they show slopes very close to
the �Cp values given in literature for all the aqueous dissociation
processes and also for acetic acid in 50% of methanol [1]. These lit-
erature values are given at several temperatures but they are essen-
tially constant. Therefore, the �H cannot be taken as a constant in
the temperature range analyzed and, according to Clarke and Glew
approach, it should be considered a continuous function of tem-

perature [25–27]. However, since the slopes of the lines shown in
Fig. 4 are small, it can be assumed that Van’t Hoff equation provides
a rough value of the enthalpy variation in these acidic dissociation
processes. No �Cp values have been published for anilinium and
benzoic acid in the hydroorganic solutions studied in this work.

Cl solutions. Values given in kcal/mol.

50% MeOH/Water

�Hcal (I = 0.05) �Hcal (I = 0) [1]

7.28 ± 0.20 –
6.86 ± 0.05 –
6.57 ± 0.07 –
6.32 ± 0.13 –
5.54 ± 0.07 –

– –

12.10 ± 0.40 11.43

1.35 ± 0.08 –
0.86 ± 0.03 0.70
0.40 ± 0.01 –

−0.08 ± 0.01 –
−0.58 ± 0.05 –

– –

0.88 ± 0.02 –
0.42 ± 0.02 0.15; −0.05

– –
−0.57 ± 0.01 –
−1.04 ± 0.18 –
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Fig. 4. Variation of the acidic dissociation enthalpy with the temperature. (♦) Aniline
in water, slope = −0.018; (�) aniline in 50% MeOH/H O, slope = −0.040; (�) benzoic
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[24] A. de Robertis, C. Foti, O. Giuffrè, S. Sammartano, J. Chem. Eng. Data 47 (2002)
2

cid in water, slope = −0.033; (�) benzoic acid in water (Ref. [1]), slope = −0.033; (�)
enzoic acid in 50% MeOH/H2O, slope = −0.048; (�) acetic acid in 50% MeOH/H2O,
lope = −0.048.

. Conclusions

The results achieved in this work clearly show that the four
arameter calibration procedure can be applied to get accurate pKa

alues in pure water and methanol/water mixtures at the tempera-
ure range of 25–55 ◦C. Moreover, the Yasuda-Shedlovsky equation
Eq. (7)) and the Debye-Hückel constants given in Table 1 allow the
alculation of the thermodynamic acidity constants at any solvent
omposition (from 0 to 60% (w/w) of methanol) and temperature
from 25 to 55 ◦C). The comparison between the results achieved
y both techniques, potentiometry and calorimetry, shows that ITC
rovides accurate pKa in aqueous as well as in 50% methanol/water
olutions when the protonation enthalpy is high enough but

light differences with the potentiometric ones are obtained when
mall amounts of heat, lower than 1 kcal mol−1, are involved in the
rotonation process. On the other hand, the enthalpy increments of
he protonation processes determined by ITC at different tempera-
ures show linear dependences on temperature with small slopes.

[
[

[

Biomedical Analysis 49 (2009) 923–930

This fact means that the Van’t Hoff equation is able to provide
rough values for the enthalpy variation of the acidic dissociation
processes studied but not the accurate ones.
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