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a b s t r a c t

We measured pKa values of Tris(hydroxymethyl)aminomethane and dihydrogen phosphate; both are
commonly used to prepare buffers for reverse-phase liquid chromatography (RPLC), in acetonitrile/water
mixtures from 0% to 70% (v/v) (64.6% (w/w)) acetonitrile and at 20, 30, 40, 50, and 60 1C. The procedure
is based on potentiometric measurements of pH of buffer solutions of variable solvent compositions
using a glass electrode and a novel automated system. The method consists in the controlled additions of
small volumes of a thermostated solution from an automatic buret into another isothermal solution
containing exactly the same buffer-component concentrations, but a different solvent composition. The
continuous changes in the solvent composition induce changes in the potentials. Thus, only two
sequences of additions are needed: increasing the amount of acetonitrile from pure water and
decreasing the content of acetonitrile from 70% (v/v) (64.6% (w/w)). In the procedure with homemade
apparatus, times for additions, stirring, homogenization, and data acquisition are entirely controlled by
software programmed for this specific routine. This rapid, fully automated method was applied to
acquire more than 40 potential data covering the whole composition range (at each temperature) in
about two hours and allowed a systematic study of the effect of temperature and acetonitrile
composition on acid–base equilibria of two widely used substances to control pH close to 7.

The experimental pKa results were fitted to empirical functions between pKa and temperature and
acetonitrile composition. These equations allowed predictions of pKa to estimate the pH of mixtures at
any composition and temperature, which would be very useful, for instance, during chromatographic
method development.

& 2014 Elsevier B.V. All rights reserved.

1. Introduction

Because so many biological and chemical processes are depen-
dent upon pH, one of the most important and common laboratory
operations is the preparation and application of buffers to adjust
the pH to desired values. In separation science, one fundamental
application of buffers is for pH control of both the mobile phases in
liquid chromatography and of the running solution in electro-
phoretic separations. In these techniques, the choice of the proper
pH is necessary to reproducibly retain and separate ionic and
ionizable compounds and to avoid undesirable peak asymmetry,
tailing, splitting or shouldering, especially in quantitative analysis.
In liquid chromatography, however, the pH of the mobile phase
can be strongly dependent on the solvent mixture and column

temperature, since both temperature and solvent content not only
affect the retention of neutral species but also influence the pKa

values of ionizable analytes and buffers [1,2]. In fact, a knowledge
of the acid–base equilibria in water/solvent mixtures of common
buffers and of solutes is necessary for predicting retention and
selectivity of these ionizable compounds as function of pH, solvent
composition and column temperature [3,4].

Several techniques devoted to pKa determinations have been
extensively discussed. The most widely spread range from classical
potentiometric and conductimetric techniques to spectrometric
methods [5], and to the indirect estimations of pKa from retention
times in liquid chromatography [6,7] or, more recently, from
electrophoretic mobilities in capillary electrophoresis [8].

Classical potentiometric techniques are based on pH measure-
ments during the titration of the electrolyte solution with an
appropriate titrand while maintaining the solvent composition
and temperature constant. Thus, numerous individual titrations
are needed to cover a wide range of solvent compositions at a
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fixed temperature with each one requiring the preparation of
solutions of the electrolyte and the titrand at that solvent
composition.

We proposed an automated potentiometric method for
obtaining multiple pKa values of weak electrolytes over a wide
range of solvent compositions in a unique titration experiment
[9]. The method consisted in measuring pH values of buffer
solutions under conditions in which only the organic-solvent
content is systematically changed. Two solutions having exactly
the same analytical molal concentrations of the components of
the conjugated pair were prepared in two different solvents: in
pure water and in 70% (v/v) acetonitrile/water mixture. Thus,
additions of small volumes of one solution into a known volume
of the other allowed the systematic variation of solution potential
as a consequence of solvation and the medium's dielectric
properties. Thus, the only variation was in solvent composition
because the concentration, degree of dissociation, and ionic
strength remained unchanged. The pH values of these solutions
were carefully measured and the corresponding pKa values could
be calculated.

The measurement of pH in solutions prepared in solvents
differing from water is not a trivial undertaking. One option
consists in the calibration of the pH electrode in solutions
prepared with exactly the same solvent as the one used for the
solution to be measured. In accordance with the IUPAC recom-
mendation [10] these pH values must be noted as s

spH (or w
wpH in

the case when the solvent is pure water). When the electrodes are
calibrated with the aqueous buffer standards, the pH is measured
in solutions with a solvent different from water; the pH value
obtained should be denoted as s

wpH. The δ-conversion parameter
relates to both operational pH scales. This parameter depends on
the solvent composition [11–13] and temperature [14,15].

One aim of this work was to evaluate the precision and the
performance of the new method since the original homemade
apparatus [9] has now been greatly improved: the times for
additions, stirring, homogenization, and data acquisition are now
entirely controlled by a homemade software application specifi-
cally programmed for this routine. The automatic method was
accordingly applied to acquire more than 40 potential data (at a
given temperature) in only two hours.

The method has been used to measure the dissociation con-
stants of two common substances of different chemical natures.
Both are used as buffers to control the pH within the same range:
Tris(hydroxymethyl)aminomethane (Tris) and phosphoric acid in
its second dissociation equilibrium (dihydrogen phosphate). Since
for RPLC mobile phases, aqueous mixtures with acetonitrile or
methanol are generally used, mixtures of acetonitrile and water
are chosen in the present study. We determined pKa of dihydrogen
phosphate and of Tris from 0% to 70.0% (v/v) acetonitrile (MeCN)
and in the temperature range from 20 to 60 1C at intervals of 10 1C.
The upper limit in MeCN content was determined by the solubility

of the buffer components [16] and the ability of the glass electrode
to make measurements in solutions of low water content solution
without dehydrating and damaging the glass membrane [17].

Finally, another aim was the development of robust mathema-
tical empirical equations that would accurately describe the pKa

values of each substance as a function of solvent composition and
temperature. Such equations would allow the estimation of pKa for
any intermediate value of composition and temperature within
the intervals measured.

2. Experimental

2.1. Instrumentation

An automatic titrator, Metrohm Titrino SM702 with an Elec-
trode Schott Blueline 11pH, was employed for pH measurements.
A homemade glass cell with a cylindrical body and conical bottom
was constructed to allow the measurements of pH with the
electrode immersed in a minimal initial volume (2.000 mL includ-
ing the volume of the magnetic stirrer) while keeping maximum
total volume of about 20 mL [9]. All initial volumes of each
sequence were delivered with an automatic titrator Schott Titro-
line Alpha (2.00070.001 mL).

The buret is connected to the cell through a glass coil with a
sintered-glass plate (frit) at the end. Both, the cell and the coil,
were kept submerged in a thermostatic bath (Lauda) in order to
add the previously temperature-equilibrated solution. The bath
had a control of temperature of 70.5 1C.

2.2. Chemicals

Water came from a MilliQs purification system (Simplicity,
Millipore, Massachusetts, MA, USA) and acetonitrile was HPLC grade
(Mallinckrodt Baker Inc., Phillipsburg, NJ, USA). The chemical
reagents used in this work were of analytical grade or better: Tris
(hydroxymethyl)aminomethane and sodium hydroxide were from
Carlo Erba, sodium dihydrogen phosphate from Merck, potassium
hydrogen phthalate from Fluka, disodium hydrogen phosphate and
hydrochloric acid from Merck and Borax from Baker.

2.3. Solutions

For each buffer, H2PO4
�/HPO4

¼ and Tris/Tris:HCl, six solutions
(three pairs) were initially prepared. Each pair had exactly the
same analytical concentration of all the species, i.e., contained the
same dissociation ratio for the components of the conjugated pair.
We prepared solutions containing Tris/Tris-Hþ and H2PO4

�/
HPO4¼ ratios of 0.40, 0.50, and 0.60. Three aqueous solutions
(solutions A) were prepared with pure water while other three
solutions (solutions S) were prepared with 70% (v/v) MeCN in

Table 1
Molal concentrations and solvent composition of the solutions of Tris/Tris:HCl and dihydrogen phosphate/hydrogen phosphate. CT is the analytical molar concentration; I is
the ionic strength.

Solution % (v/v) MeCN Buffer Tris/Tris–HCl Buffer phosphate

ma
a (mol kg�1) mb

a (mol kg�1) CT (mol L�1) I (m) ma
a (mol kg�1) mb

a (mol kg�1) CT (mol L�1) I (m)

A1 0 0.0306 0.0203 0.03 0.031 0.0172 0.0115 0.05 0.052
S1 70.0 0.0362 0.0241 0.03 0.036 0.0204 0.0136 0.05 0.061
A2 0 0.0310 0.0305 0.03 0.031 0.0145 0.0145 0.05 0.050
S2 70.0 0.0367 0.0361 0.03 0.037 0.0171 0.0172 0.05 0.069
A3 0 0.0302 0.0470 0.03 0.030 0.0116 0.0173 0.05 0.063
S3 70.0 0.0358 0.0556 0.03 0.036 0.0137 0.0205 0.05 0.075

a Molal concentration of the acidic (ma) and basic (mb) form of the conjugated pair.
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water. Table 1 summarizes the molal analytical concentrations and
compositions of these solutions. For the proposed procedure,
maintaining the molar concentration of the species, degree of
dissociation, and the ionic strength of the media constant is
critical. Thus, all the solutions were prepared by weight and thus
led to a final known volume in a calibrated flask; the molar, molal
and solute moles per kilogram of solution can thus be calculated
(this last expression for concentration facilitates the computation
of the solvent composition).

2.4. Measurement procedure

2.4.1. Software
One of the principal goals of this work was to improve the

control of all the instrumental components used in the experiment
and the automation involved. All the devices used in a titration
were controlled by computer through the serial port. The compu-
ter had a Linux OS (Xubuntu 8.10) installed and a homemade
software application called Pytrator v1.0 programmed under
Python. In this work, Pytrator was used to control one system
though it was designed to control more than one system simulta-
neously. Sequences based on time intervals can be programmed
specifying time, speed, and volumes dispensed by the automatic
buret, power on/off for the water bath, power on/off for the
magnetic stirrer and acquisition and storage of potentiometric
data.

2.4.2. Calibration of the glass electrode
The wide-range glass pH electrode was calibrated by following

the multipoint-calibration procedure [18] using three aqueous
standard solutions: potassium hydrogen phthalate, dihydrogen
phosphate/hydrogen phosphate, and borax. All three standard
solutions were prepared according to the procedures recom-
mended by IUPAC and NIST [19] and were temperature equili-
brated before the measurements. About 10 potential readings
were taken for each buffer calibration at the working temperature
to obtain an average. The glass electrode was then immersed into
the solutions through a hole in the cap of the glass cell and the
solutions were shaken to avoid changes in solvent compositions
by condensation into the internal flask walls. This agitation was
essential for minimizing errors in the solvent composition.

2.4.3. Sequential measurements
A pair of solutions with the same dissociation grades (A and S)

was chosen: one the titrant and another the volume titrated. The
procedure was performed in both directions exchanging titrant
with titrated solutions. During the titration the amount of titrant
added must be accurately measured in order to know the
mixture's exact composition. In this work the added amount was
precisely planned in order to produce changes of 2.0% (w/w) in
MeCN content of the mixture within the potentiometric cell.

The calibrated electrode was immersed in the cell, and after
thermal equilibrium, an initial potential difference was measured.
The syringe dispenser and the tubing had been previously filled
and purged with the titrand solution, and after thermal equilibra-
tion, the sequence of additions was started by adding a known
volume of solution from the dispenser. After each addition, a
period of time was allowed for mixing and stabilizing the
electrode potential before making a measurement. The stabiliza-
tion of the electrode response demanded a longer period with
increasing amounts of MeCN and vice versa. The frequency of the
additions was programmed in the software to take into account
two different time periods according to the solvent content in the
cell, i.e., every 1 min for the water rich region and 3 min for the
intermediate and high MeCN/water mixtures.

The sequences consisted in potentiometric measurements in
the reaction cell upon variations in the solvent composition at a
fixed temperature. Solutions were initially rich in aqueous solvent
(A), and solvent compositions were changed by the additions of
titrand solution rich in organic solvent (S). In this direction of
polarity, potenciometric readings were measured within the
composition range between 0% and 58.8% (v/v) MeCN. Conversely,
by adding the aqueous solutions (as titrand) to the S solutions, the
compositions changed from 70% to 11.9% (v/v) MeCN.

The complete set of s
wpH-composition data was obtained from

both sequences including an overlapping portion within the
intermediate MeCN-composition range between 15.25% and
55.25% (v/v). When a sequence was completed, a second calibra-
tion with the aqueous standard pH buffers was performed, so that
an average calibration pH for the entire sequence from start to
finish could be calculated.

3. Data treatment

The experimental determination consisted in the measurement
of the pH of Tris and dihydrogen phosphate solutions, the
concentrations of which species were well known. If we take into
account the physical properties and conversion parameters, the
dissociation constants (sspKa) are obtained from the equation:

s
spKa ¼ � log

mA� þmHþ þmOH�

mHA�mHþ þmOH�
þ log s

sγHA � log s
sγA� þ s

spHm

ð1Þ
where m is molal analytical concentration and the subscripts
indicate the chemical species, base (A�) and acid (HA) from the
conjugated pair. The terms s

sγi are the activity coefficients and
s
spHm the molal scale. Since these two buffers are mildly alkaline
and all the solutions are prepared at relatively high concentra-
tions, the contribution of hydrogen and hydroxyl ions, mH+ and
mOH-, in the first term on the right of Eq. (1) can be neglected. The
activity coefficients of the neutral molecules were assigned a value
of unity, whereas the activity coefficients of the ions were
estimated through the Debye–Hückel equation:

log s
sγi ¼

Az2
ffiffi
I

p

1þa0B
ffiffi
I

p ð2Þ

where I stands for the ionic strength in the molal scale, z is the
charge of the ionic species, and A and aoB are parameters that can be
calculated by assuming the Bates–Guggenheim convention [20,21]:

A¼ 1;834;600
ffiffiffiffiffi
ρs

p

ðεsTÞ3=2
ð3Þ

a0B¼ 1:5

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðεwÞ
ðεsÞ

� � ðρsÞ
ðρwÞ

� �s
ð4Þ

where T is the absolute temperature, ε indicates the static dielectric
constant, ρ denotes the density, all at a given temperature, and the
subscripts w and s stand for pure water and the solvent (or solvent
mixture), respectively [10,22]. The physical properties of these solvent
mixtures were taken from the literature [17]. The value of the ionic
strength is needed in order to estimate the activity coefficient by
means of Eq. (2), and since this calculation requires a knowledge of the
contribution of all the ionic species, an iterative calculation is applied.

The s
spHm values are calculated by converting the experimental

s
wpH of the solutions by means of the δm conversion parameter as
follows:
s
spHm ¼ s

wpH�δm ð5Þ
where the δm parameter at each temperature and composition has
been taken from the literature [23].
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With the experimentally obtained s
spKa values, the changes of

s
spKa with MeCN content and with temperature were evaluated in
order to develop simple and robust equations to describe these
s
spKa dependences with temperature and solvent composition.
Two software applications, Table Curve 3D and SigmaPlot 9.0,
were used for fitting of data.

4. Results and discussion

Measurements of potential provided sequential data points
cover the range from 0% to 70% (v/v) MeCN/water (two titrations).
The potentials have been measured by titration in both directions
including several MeCN/water compositions for each degree of
dissociation and temperature. These measurements provided 48
potentials in only 2 h. The measurements were repeated at three
degrees of dissociation grades and each one at five temperatures
(from 20 through 60 1C at intervals of 10 1C), thus, acquiring more

%(w/w) MeCN 

0 10 20 30 40 50 60 70

ss pK
a

6.5

7.0

7.5

8.0

8.5

9.0

Fig. 1. Plot of s
spKa of Tris as a function of MeCN composition at five temperatures.

Table 2
s
spKa values of Tris(hydroxymethyl)aminomethane–Hþ at several MeCN/water compositions and at five temperatures (standard deviations in parenthesis).

% (w/w) MeCN s
spKa Δs

sH
a (kJ mol�1)

20 1C 30 1C 40 1C 50 1C 60 1C

0 8.269(0.002) 7.92(0.07) 7.69(0.04) 7.45(0.06) 7.23(0.03) 47.58 (0.09)
6.05 8.25(0.01) 7.92(0.05) 7.67(0.04) 7.45(0.06) 7.23(0.04) 47.24 (0.07)
8.11 8.25(0.01) 7.92(0.05) 7.67(0.04) 7.45(0.06) 7.22(0.03) 47.55 (0.07)

14.40 8.28(0.05) 7.98(0.05) 7.65(0.05) 7.47(0.05) 7.20(0.04) 50.2 (0.1)
23.10 8.29(0.05) 7.99(0.06) 7.74(0.05) 7.48(0.05) 7.22(0.03) 49.66 (0.04)
32.17 8.31(0.05) 8.02(0.06) 7.77(0.04) 7.50(0.05) 7.25(0.03) 49.51 (0.03)
39.23 8.35(0.05) 8.06(0.06) 7.78(0.06) 7.53(0.05) 7.29 (0.02) 49.45 (0.02)
46.51 8.43(0.03) 8.05(0.04) 7.79(0.05) 7.54(0.05) 7.33(0.02) 50.5 (0.1)
52.35 8.49(0.01) 8.10(0.05) 7.83(0.04) 7.60(0.03) 7.38(0.03) 51.1 (0.1)
56.61 8.54(0.03) 8.28(0.01) 7.98(0.04) 7.73(0.05) 7.45(0.02) 51.03 (0.06)
61.83 8.61(0.04) 8.36(0.01) 8.05(0.05) 7.71(0.06) 7.53(0.03) 52.6 (0.1)
64.60 8.65(0.04) 8.41(0.01) 8.09(0.05) 7.75(0.05) 7.58(0.05) 52.4 (0.1)

a Dissociation enthalpies estimated according to Eq. (6).

Table 3
Comparison of Tris/Tris-Hþ s

spKa values with literature data at different solvent compositions and temperatures.

% (w/w) MeCN T (1C) s
spKa Δs

spKa Methoda I (m)b References

Experimental Bibliography

0 20 8.27 8.22 0.05 A 0 [26]
8.21 0.06 A 0 [27]
8.21 0.06 A 0 [28]

30 7.92 7.93 �0.01 A 0 [27]
7.93 �0.01 A 0 [28]

40 7.69 7.68 0.01 A 0 [27]
7.68 0.01 A 0 [28]

50 7.45 7.44 0.01 A 0 [27]
7.44 0.01 A 0 [28]

60 7.23 7.21 0.02 A 0 [28]
Δs
sH (kJ mol�1) 46.04 47.69 [29]

25 20 8.28 8.10 0.18 B 0.0173 [30]
30 7.99 7.83 0.16 B 0.0173 [30]
40 7.70 7.56 0.14 B 0.0173 [30]
50 7.49 7.33 0.16 B 0.0173 [30]
Δs
sH (kJ mol�1) 45.64 47.0 [30]

0 25 8.09 8.08 0.01 B 0 [31]
16.58 8.12 7.97 0.15 B 0 [31]
34.55 8.16 7.99 0.17 B 0 [31]
51.70 8.24 8.18 0.06 B 0 [31]

a Measurement method: A: electrochemically without liquid junction potential; B: potentiometry with glass electrode.
b Ionic strength.
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than 700 data points. These potential data were converted to s
wpH

values by means of the calibration, and these values transformed
first to s

spH by Eq. (5) and then to the s
spKa values through Eq. (1).

Although the reproducibility of any pH measurement would
result in standard deviations of about 70.008-pH units, the real
uncertainty is mainly determined by the unknown residual liquid-
junction potentials between the calibration solutions and those
measured [24,25]. These pH-uncertainty values are estimated
at about 70.02 pH-units. Modern combination-glass electrodes
filled with 3 M KCl exhibit a constant junction potential between
an aqueous standard and solvent buffers for measurements in
MeCN/water mixtures within a wide temperature range [23].
Nevertheless, two precautions were taken to keep any uncertainty
as low as possible: first, a multipoint calibration with three
standard solutions was performed; second, since the glass mem-
brane was exposed to substantial changes in solvent composition
during the sequence, the electrode calibration was repeated after
the sequence of additions had been completed.

4.1. Tris/TrisþHCl

Fig. 1 shows the whole data set of s
spKa for Tris at different

MeCN compositions and five temperatures, while Table 2 sum-
marizes s

spKa values at several solvent compositions. We consid-
ered that the s

spKa obtained from the three different degrees of
dissociation were replicated so that the standard deviations of
these averaged values were added (shown in parentheses). These
standard deviations ranged between 0.002 and 0.07 pKa units,
whose values are somewhat smaller than those obtained pre-
viously for formic acid and triethylamine by following a similar
approach but with a less automatized system [9].

Fig. 1 clearly illustrates that the Tris s
spKa decreases with

increasing temperatures, while the increase in solvent composi-
tion has a minor influence on the s

spKa values.
An estimation of the enthalpies for the dissociation equili-

brium, Δs
sH0 , at a given solvent composition can be obtained from

the dependence of s
spKa with temperature:

∂ss
pKa

∂ð1=TÞ ¼
Δs
sHo

2:303R
ð6Þ

This equation must be tested since it implicitly assumes that the
dissociation enthalpy is independent of temperature, i.e., the heat
capacity for the dissociation reaction is negligible within the
temperature range between 20 and 60 1C. An analysis of variance
was carried out at several intermediate solvent compositions
where more data had been acquired, in order to check for a
potential deviation from the linearity between s

spKa and 1/T. The
analysis indicated that the linear dependences were statistically
correct within this temperature range. The last column of Table 2
summarizes the calculated Δs

sH
0 values and the corresponding

standard deviations.
Unfortunately, since only scant literature on Tris and dihydro-

gen phosphate s
spKa values in MeCN/water solvent mixtures and at

different temperature conditions is available, the comparison with
values in the literature is rather limited. We gathered the pre-
viously published data of Tris-sspKa values and compared with data
measured in Table 3. The predicted values are in excellent agree-
ment with those reported in the literature. For 0 % (w/w) MeCN
the maximum s

spKa difference is 0.06 units, whereas the difference
increases up to 0.18 pKa units for 25% (w/w) MeCN and 20 1C.

In Table 3 the dissociation enthalpies obtained at 0% and at 25%
(w/w) MeCN are also compared with data previously published
and are in good agreement at both solvent compositions. This is
another indication that the method proposed here to obtain Tris
s
spKa between 10–60 1C and 0–70% (v/v) MeCN is reliable.

The proposal of a single empirical equation for estimating s
spKa

for this compound at a given MeCN composition and temperature
would be highly desirable for practical purposes in RPLC method
development. In order to arrive at that expression, the enthalpy

% (w/w) MeCN
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changes with solvent composition demonstrated that the values
over the composition range studied were statistically equivalent
(cf. Table 2). Therefore, i) the predicting equation must have a
linear dependence between pKa and 1/T; ii) Fig. 1 shows that a
change in the solvent composition produces a nonlinear increase
in the s

spKa values. From 0% up to about 30% (w/w) MeCN, s
spKa

remains almost constant, whereas this quantity increases drama-
tically above that solvent composition. The statistical study of
these tendencies at different temperatures indicated that a quad-
ratic term did not describe this trend, but a cubic term with
a similar characteristic parameter for all temperatures did so

perfectly well. Under these considerations, the empirical expres-
sion chosen for prediction of s

spKa for buffer Tris was

s
spKa ¼ �0:60ð70:05Þþ1:40ð70:03Þ � 10�6X3

þ2:60ð70:02Þ � 1000=T

r2 ¼ 0:978; S:E:¼ 0:007 ð7Þ
where X represent the solvent composition (in % (w/w) MeCN).
The correlation coefficient, r2, and the standard deviation for
prediction (S.E.) of the empiric equation were 0.978 and 0.007,
respectively.

To evaluate the accuracy of the proposed equation, a plot of
residuals of s

spKa was made and plotted against both solvent
composition and the reciprocal of the temperature (Fig. 2A and
B). In both plots, the residuals are distributed homogeneously
between 70.02 logarithmic units. We therefore considered that
this relatively simple equation accurately describes the behavior
between Tris s

spKa and MeCN content and temperature.

4.2. Buffer KH2PO4/K2HPO4

The experimentally obtained s
spKa2 values for phosphate at

different MeCN compositions and five temperatures are plotted in
Fig. 3, and the data at given compositions are summarized in
Table 4.

As opposed to Tris-Hþ s
spKa, sspKa2 of phosphoric acid increases

dramatically with the MeCN content, but remains practically
constant against changes in temperature. Table 5 presents the
average experimental s

spKa values as compared with the s
spKa

values reported in the literature and the corresponding
differences.

Table 4
Values of s

spKa for dihydrogen phosphate (pKa2) at several MeCN/water compositions and five temperatures (standard deviations in parenthesis).

% (w/w) MeCN s
spKa Δs

sH
a (kJ mol�1)

20 1C 30 1C 40 1C 50 1C 60 1C

0 7.25(0.02) 7.24(0.02) 7.22(0.02) 7.20(0.02) 7.18(0.04) 3.7 (0.4)
6.07 7.43(0.02) 7.42(0.03) 7.39(0.02) 7.38(0.01) 7.35(0.01) 3.4 (0.4)
8.13 7.49(0.02) 7.48(0.02) 7.45(0.02) 7.44(0.01) 7.412(0.002) 3.5 (0.5)

14.44 7.66(0.09) 7.62(0.08) 7.60(0.05) 7.61(0.03) 7.58(0.05) 3.3 (0.8)
23.16 7.91(0.05) 7.88(0.06) 7.85(0.04) 7.86(0.04) 7.83(0.06) 3.1 (0.8)
32.23 8.12(0.05) 8.08(0.07) 8.06(0.07) 8.10(0.04) 8.08(0.06) 1.5 (1.4)
39.28 8.26(0.05) 8.25(0.06) 8.24(0.06) 8.28(0.04) 8.26(0.06) �0.8 (0.7)
46.56 8.42(0.05) 8.43(0.05) 8.43(0.05) 8.47(0.04) 8.46(0.07) �2.3 (0.8)
56.63 8.58(0.06) 8.62(0.04) 8.66(0.02) 8.69(0.08) 8.66(0.08) �4.6 (1.4)
59.22 8.64(0.03) 8.69(0.03) 8.74(0.03) 8.78(0.04) 8.75(0.03) �5.7(1.2)
64.60 8.78(0.01) 8.82(0.02) 8.89(0.05) 8.92(0.05) 8.90(0.08) �6.2 (1.6)

Table 5
Comparison of dihydrogen phosphate s

spKa2 values with literature data at different compositions and temperatures.

% (w/w) MeCN T (1C) s
spKa Δs

spKa Method I (m) References

Experimental Bibliography

0 20 7.25 7.21 0.04 A 0 [32]
30 7.24 7.19 0.05 A 0 [32]
40 7.22 7.18 0.04 A 0 [32]
50 7.20 7.19 0.01 A 0 [32]
60 7.20 7.20 0.00 A 0 [32]
Δs
sH (kJ mol�1) 2.96 3.08–4.13 A 0 [29,33]

3.52 A 0
25 20 7.93 7.88 0.05 A 0.0098 [30]

30 7.88 7.81 0.07 A 0.0098 [30]
40 7.87 7.83 0.04 A 0.0098 [30]
50 7.90 7.83 0.07 A 0.0098 [30]
Δs
sH (kJ mol�1) 2.47 3.05 [30]

A: potentiometry with glass electrode.
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Fig. 4. Change in enthalpies of dissociation, Δs
sH0 (kJ mol�1) vs % (w/w) MeCN.
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The changes in enthalpy for each composition were obtained
from the regression slope between pKa and 1/T, according to
Eq. (6). These enthalpy values as a function of solvent composition
are plotted in Fig. 4. Clearly, the Δs

sH0 values are not constant with
changes in solvent composition; as the MeCN content increases
(starting from pure water), the positive enthalpy, corresponding to
an endothermic process, becomes slightly negative, indicating an
exothermic shift as the solvent mixture becomes enriched in
MeCN. Since that transition occurs with a quadratic dependence
of enthalpy on composition, the empirical equation of pKa will
have a parameter that depends on 1000/T and on the square of the
% (w/w) MeCN.

As to the organic-solvent content, s
spKa2 exhibits a lineal

relationship with respect to that composition with a regression
slope of pKa vs % (w/w) MeCN, whose parameter is, in turn, a linear
function of the reciprocal temperature.

In our proposal of an empirical expression allowing the s
spKa2

determination over the entire range of temperature and composi-
tions, we took the relationship of s

spKa2 with temperature and
MeCN content into account. We accordingly tested the interrela-
tionships between variables and found that the equation that best
described the empirical phosphate pKa2 with solvent composition
(X) and temperature changes was

s
spKa ¼ 6:19ð70:18Þþ3:60ð70:5Þ � 10�2X

þ0:31ð70:06Þ � 1000=T�3:3ð71:6Þ � 10�3X=T

R2 ¼ 0:971; S:E:¼ 0:10 ð8Þ

where X is given in % (w/w) MeCN. The correlation coefficient and
the estimation of standard deviation of the empirical equation
were 0.973 and 0.10, respectively.

A residual plot between the predicted and the experimental
s
spKa2 values is represented vs both solvent composition and the
reciprocal of the temperature (Fig. 5). The residuals in both
instances are between þ0.04 and �0.04 pKa units, indicating a
less accurate equation than that proposed for Tris/Tris-Hþ . These
larger residuals are expected since the equation has an additional
term including both independent variables.

5. Conclusions

We have implemented a fully automatized potentiometric
method for the accurate determination of dissociation constants
for weak electrolytes in aqueous–organic solvent mixtures. The
method generated a large number of pKa data over a wide range of
organic-solvent content and under isothermal conditions in fewer
than 2 h. We incorporated the method of automatization in the
addition of titrand volumes, time to wait for the stabilization of
the system, and measurement times after each addition with
stirring power off before acquisition of each data, through the
use of a routine software program, named Pytrator. The data
acquired resulted in smaller standard deviations than those
obtained previously for other weak electrolytes with the simpler
system proposed here.

Empirical equations of s
spKa as a function of % (w/w) MeCN and

temperature were developed for Tris buffer and dihydrogen
phosphate buffer, respectively. These equations are accurate
for pKa calculation within the range of 0–64.4 % (w/w) MeCN
and 20–60 1C.

As the two substances selected as buffers, we can conclude that
in spite of being used for the regulation of pH within the same
region of the scale, the chemical nature of these two substances
makes a substantial difference in their acid–base equilibria upon
changes in solvent composition, temperature or both variables
simultaneously. For phosphate buffer the s

spKa2 values, and con-
sequently the pH of the buffered solution were clearly influenced
upon MeCN addition, whereas s

spKa was not affected by tempera-
ture changes at a fix solvent composition. In contrast, with Tris:
Tris/HCl as the buffer, the MeCN increment had only a minor effect
on pKa and the corresponding pH, while a temperature increase
led to a significant decrease in these parameters.
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