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Abstract

The autoprotolysis constants (pKap) of water-
ethanol mixtures containing 10-90 % v/v of ethanol
have been measured at 298.15 K using ab initio and
density functional theory (DFT) methods. Basis sets
at the B3LYP/6-31+G(d) level of theory were used
for calculations. These data show that water-ethanol
mixtures are more basic media than pure water and
the pK  value of this media increases with addition
of ethanol. The effect of the dielectric constant of in-
vestigated mixture solvent on the autoprotolysis con-
stant was described employing Yasuda-Shedlovsky
procedure.

Keywords: Autoprotolysis constant, water-etha-
nol mixture, DFT method, solvent effect.

Introduction

Mixtures of water with alcohols are important in
several engineering and industrial application. For
example water-ethanol mixture is widely used in cos-
metics, hairsprays, window cleaners, deicers and cer-
tain pharmaceutical preparations. Most people have
experienced skin contact with alcoholic solutions
(Koohyar ef al., 2012). The accessibility and diversi-
ty of these reaction media is strongly increased from
the combination of pure water and alcohol solvents
in binary mixtures. Among the thermodynamics
properties of solvent, autoprotolysis constant (pKap)
is one of the most important properties and knowl-

edge of this parameter is considered as fundamen-
tal concept in application of the solvent. The pKap
value of solvent indicates the range of pH of me-
dia and its importance for standardization of pH
measurements have been described for both organ-
ic solvents and aqueous organic solvent mixtures
(Serjeant, 1984; Mussini et al., 1985). The auto-
protolysis constant is an especially important crite-
rion for the solvent selection, since determines the
acidic or basic region available in the solvent used.
The smaller the autoprotolysis constant, the great-
er the range of acid or base strengths that can ex-
ist in a solvent and the greater the likelihood that it
will be a differentiating solvent. Hence, acid-base
titrations are best carried out in solvents with small
autoprotolysis constant values.

Different methods were employed for the deter-
mination of pK . Among them, potentiometric titra-
tion is accurate method for measuring autoprotoly-
sis constant (Serjeant. 1984; Izutsu, 1990; Rondinini
et al., 1987; Izutsu, 2002). On the other hand, dur-
ing the last two decades there has been much inter-
est in developing a methodology enabling theoretical
prediction of pK values, employing various quantum
theoretical techniques. As pK_equals AG/2.303 RT,
where AG is a free energy change of the reaction ei-
ther in a gas or solution, autoprotolysis constant of a
solvent can be determined by the AG value (Kiani et
al., 2010). Therefore, in this study pKap has been cal-
culated using ab initio and density functional theory
(DFT) method and compared with constants experi-
mentally determined by potentiometric.
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In mixtures of water and a miscible organic sol-
vent such as ethanol, the dielectric constant of mixed
solvent changes considerably with the proportion of
ethanol (Akerlof, 1932). In respect to electrostatic
interactions, the influence of dielectric constant of
solvent can be used for elucidation of solvent com-
position effect on chemical equilibrium such as auto-
protolysis constant.

The objective of this study is the determination
of autoprotolysis constant of different water-ethanol
mixtures involving 10-90 volume percent of ethanol
using DFT method. Relationship between the calcu-
lated autoprotolysis constants with experimental au-
toprotolysis constants and dielectric constant of mix-

C,H,OH "
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tures, over the whole experimental range studied,
were examined and Yasuda-Shedlovsky plot (Yas-
uda, 1959; Shedlovsky, 1962) was used to correlate
these parameters.

Materials and methods

Figure 1 shows the structures of ethanol cation,
neutral molecule, anion and the practical number-
ing system adopted for performing the calculations.
The initial geometries of the molecules by the semi
empirical PM3 method are included in program CS
Chem3D version 5.0 (Program CS Chem3D 5.0,
(2000).

C,H,0°

Figure 1. Optimized Structures of C,H,OH,", C,H,OH, C,H,O" for carrying out the calculations.

These geometries were optimized with the
GAUSSIAN 98 program package using the
B3LYP/6-31+G(d) method and the default conver-
gence criteria (Frisch et al., 1998). To analyze the
solvent effects on all the specimens involved in the
selected ionization reaction, the polarized continu-
um model (PCM) of Tomasi ef al. was used (Miertus

and Tomasi, 1982). Furthermore, to shed light on
the experimental pKaq values of ethanol in water,
the different spicies molecular were tested by the
program. All of the mentioned calculations were
accomplished at different mixtures containing 10-
90 % v/v of ethanol to calculate the autoprotolysis
constants of ethanol in water (Table 1).

Table 1. Calculated total energy using the Tomasi’s method at the B3LYP/6-31+G(d) level of theory for
cationic, neutral and anionic specimen of ethanol, at 298.15 K.

Solvated Specimen

G’sol/molecule (kJ.mol!)

Solvated Specimen G’sol/molecule (kJ.mol!)

C,H.OH," -4.07 x 10° HO " -2.01 % 109
C,H.OH - 4.06 x 10 H,0 -2.00 x 10
C,HO~ -4.05 % 10° OH — -1.99 x 10°
G°sol: total free energy in solution; G°sol/molecule: total energy of solvated specimen per water molecule.
Results and discussion RH+RH < RH,"+ R~ (D

The ionization process in mixed solvent such as
water-ethanol mixture can be presented by:

Openly accessible at http://www.european-science.com

In equation (1), RH," and R~ are solvated pro-
ton and produces ions of solvent respectively.
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Therefore the conditional or stoichiometric au-
toprotolysis constant of water-ethanol mixture will
be according to equation (2):

K, =[RH,"[R7] 2

Kap, [RH,"] and [R~] are the stoichiometric
autoprotolysis constant, the concentration of sol-
vated proton and the concentration of lyate ion, re-
spectively. The autoprotolysis constant, can be di-
vided into two acidic and basic regions. In acidic
region, the porotonation constant at 298.15 K is
given by following equation:

RH(aq) + H,0"(aq)~RH,"(aq) + H,O(L) K, (3)

In basic region of titration, by eliminating
[RH,"], and taking into account equation (2), the
function for protonation constant takes the form of:

RH(ag) + OH (ag)~»R7(aq) + HO(L) K, (4)
Besides the water also takes place:

2H,0H,0"+0H- K, (5)

At298.15 K, K = 1.008 x 10", shows that only
a few of the water molecules are ionized (Atkins.
1998).

By combining Egs. (3), (4) and (5) we obtain
the reaction of Eq. (1), which defines autoprotol-
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ysis constant of ethanol (Kap). It is evident that the
constants K, K,, K and K_ are related by the Eq.

The calculated values using the Tomasi’s meth-
od at the B3LYP/6-31+G(d) level of theory and
experimental autoprotolysis constants values of
water-ethanol mixtures involving 0 to 90 volume
percent of ethanol, expressed in log unit, are sum-
murized in Table 2 and plotted versus volume per-
centage of ethanol in Figure 2.

Relationships between pKap experimental of wa-
ter-ethanol solutions and dielectric constant (g ) of
the solvent were investigated using Yasuda-Shed-
lovsky approach (Akerlof, 1932; Yasuda, 1959). Ya-
suda-Shedlovsky approach is extrapolation method
based on Born equation (Born, 1920) and Bjerrum’s
theory (Bjerrum and Larsson, 1927) of ion salva-
tion. This extrapolation method was successfully
used to determine the aqueous dissociation constant
of low miscible compounds in water where the suc-
cess of potentiometric method to direct determina-
tion of aqueous pK_ is sometimes dubitable by poor
aqueous solubility (Avdeef et al., 1999).

Considering this technique, the plot of pK +
log [H,0] against A + B/e_leads to a straight line
where empirical parameters A and B are the inter-
cept and the slope of the plot respectively.

In present work, dielectric constant values for
different aqueous mixtures of ethanol (Kiani ef al.,
2010) are shown in Table 2.

Table 2. Autoprotolysis constants and the dielectric constants of different water-ethanol solution mix-

tures in 298.15 K.

ethanol mole frac- pKaP (exp) pKap (cal) ‘g ty o Ref.
%(v/v) tion of [18]
ethanol

0 0.00 13.78 78.56 This work

10 0.03 14.02 14.03 73.95 0.93 4.46E-08

20 0.07 14.21 14.10 69.05 0.88 2.11E-08

30 0.12 14.35 14.18 63.85 0.82 1.31E-08

40 0.17 14.50 14.25 58.36 0.75 9.22E-09

50 0.24 14.65 14.34 52.62 0.70 6.79E-09

60 0.32 14.87 14.44 46.71 0.61 5.18E-09

70 0.42 15.23 14.55 40.73 0.46 4.02E-09

80 0.55 15.86 14.67 34.84 0.25 3.13E-09

90 0.74 16.62 14.82 29.19 0.13 2.40E-09

100 1.00 14.99 24.55

* The values of ¢ were obtained from Akerlof, 1932.

Openly accessible at http://www.european-science.com

142



The pKap + log [H,O] values were plotted
against the reciprocal of the dielectric constant of
solvent mixture in Figure 3. As the Figure 3 shows,
a linear relationship with correlation coefficients of
more than 0.98 is observed (Faraji et al., 2009).

pK, (exp) + log [H,0] = (14.635 £ 0.08) + (78.183 £
+3.78) x (1/2) (6)
pK, (cal) = (13.645 £ 0.05) + (34.516 £ 1.91) x (1/¢))

Analysis of the equation 6 shows that the pKap
of mixture solvent decreases with increasing ethanol
concentration. The linearity of the relationship in-
dicates that the electrostatic interaction in dielectric
constant form is an important parameter for eluci-
dation of solvent effect over the whole range of this
experimental solvent composition.

17

pK,p (exp)

15

pEap

14

13 T | T
0 25 50 75 100

Volume percentage of ethanaol

Figure 2. Illustration of the calculated and experi-
mental values of PKa,, versus the volume percent-
age of ethanol in different mixed solvents.
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Figure 3. Illustration of pKap + log [H,O] values
versus the reciprocal of the dielectric constant in
different mixed solvents.
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Conclusions

In this paper, the autoprotolysis constants of
media in different water-ethanol mixture were mea-
sured using ab initio and density functional theory
(DFT) methods. The calculations performed at the
B3LYP/6-31+G(d) levels of theory using Tomasi’s
method. The autoprotolysis constants theoretical-
ly show a suitable agreement with the autoprotolysis
constants experimentally determined by potentio-
metric (Figure 4).

The regression lines are also used for compar-
ing of different methods. Each point on the graph
represents a single sample analyzed by two separate
methods. Obviously, if each sample yields an iden-
tical result with both methods, the regression line
will have zero intercept and a slope and a correla-
tion coefficient of one. In practice, of course, this
never occurs even if systematic and maybe random
errors are entirely absent. In practice, the analyst
most commonly wishes to test for an intercept dif-
fering significantly from zero, and for a slope from
one. Such tests are performed by determining the
confidence limits for slope and intercept, general-
ly at the 95% significant level (Miller and Miller,
1988). According to Figure (4a) for pK,,, the regres-
sion calculated results are as follows:

y=9.2341 + 0.3462x

Further calculations show that:

S =0.05,S_=0.54, Sﬁ =0.04

Where S, S, and Sﬁ are standard deviation re-
gression, intercept and slope respectively.

The appropriate t-value for 6 degrees of freedom

is 1.94. It gives 95% confidence limits for the inter-
cept and slope as:

o =9.2341 & 1.94 x 0.54 = 9.2341 £ 1.0476
B=0.3462 £ 1.94 x 0.04 = 0.3462 = 0.0776

Since these 95% confidence intervals clearly in-
clude one and zero respectively, thus we must con-
clude that the regression line indicates good agree-
ment between the experimental and calculated
methods. For pKap that is shown in Figure (4b) the
regression calculations are as follows with the same
results.

0= (476 x 10%) £ (1.89 x 7.92 x 10°6) = (4.76 x
x 1071%) + (14.97 x 10-1%)
B=0.00 £ 1.89 x 0.00 = 0.00

However, the differences are mostly due to the
different techniques, various ionic strengths with
different background electrolytes. We conclude

143



that this fact constitutes a strong support for the
reactions and equilibria of ionization in aqueous
medium selected in this work.

These results indicate that pKap of media in-
crease as the percentage of ethanol increased.
When Yasuda-Shedlovsky plot was used, signifi-

14.8 -
y= 0.1641x" + 5.2795% - 27.79

. 145 R= 00955
=
[
“3 14.4 -
[

192 ] y = 03462 + 9.2341
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cant linear relationship between pKap and dielec-
tric constant of solvents was reached. Therefore
for each water-ethanol mixture in the experimen-
tal range of 0-90 volume percentage of ethanol, the
derived equation 6 can be effectively used to calcu-
late pKlep values.

1E-14
SE-15
% GBE-15
L
& 4E-15 A
- y= 00607 =+ ZE-15
2E-15 - R*=0.00132
COE +00 T T T
OE+00 2E-15 4E-15 EBE-1% BE-15
Wap (exp.]

Figure 4. Comparison of calculated and experimental autoprotolysis constants in different mixed solvents.
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