February, 1990] © 1990 The Chemical Society of Japan

Bull. Chem. Soc. Jpn., 63, 581—585 (1990) 581

The Ionization Constants of Nitrobenzoic and Benzoic
Acids in Water-Ethanol Mixture at 25 °C from
Conductance Measurementst

M. S. K. Niazr,* M. Zafar Igbal Kuan, J. Ari, and M. AEMAD
Department of Chemsitry, Quaid-i-Azam University, Islamabad, Pakistan
(Received February 20, 1989)

Molar conductances of dilute solutions of 2-, 3-, 4-nitrobenzoic and benzoic acids are reported at 25°C in

ethanol-water (EtOH-H20) mixtures over composition range from 0 to 70 wt% of ethanol.

The ionization

constants and limiting molar conductances of these acids have been computed from the data using Fuoss 1978
conductance equation. Solvent effect on the ionization of acids in EtOH-H20 mixtures has been discussed in

terms of free energy of transfer of respective anions of the acids from H2O to EtOH-H2O mixtures.

It is found

that the order of ionization of these acids in EtOH-H2O system is 2-nitrobenzoic acid>3-nitrobenzoic acid =4-

nitrobenzoic acid>benzoic acid.

Previous reports from this laboratory presented the
study of thermodynamic dissociation constants of
aminobenzoic, pyridinecarboxylic, and some amino
acids in ethanol-water (EtOH-H20) mixtures;! and
the solvent effect on the ionization of 2-, 3-, and 4-
nitrobenzoic acids in methanol-water (MeOH-H:20)
mixtures? at 25 °C respectively. In both reports ben-
zoic acid was taken as a model compound since it has
been widely studied in alcohol-water mixed solvent
system.

Ethanol-water constitute nonideal binary solvent
system,® in which solvent-solvent interactions play a
considerable part and properties of the mixtures can-
not always be interpreted on the basis of continuous
miscibility of the components in all mixtures. Sol-
vent effect of such system as in Ref. 1 was differentiat-
ing on the ionization of neutral acids and on those
which exist as zwitterions (dipolar in nature). Pres-
ent paper reports molar conductances of dilute solu-
tions of 2-, 3-, 4-nitrobenzoic and benzoic acids in
EtOH-H20 mixtures ranging in composition from 0
to 70 wt% ethanol, at 25°C. The limiting molar
conductance (4o) and the ionization constants (Ka) of
the four acids were computed from conductance-
concentration data using Fuoss 1978 conductance
equation with some modifications. From the
pKi(=—log Kq) values of these acids in EtOH-H20
mixtures values of free energy of transfer of carboxy-
late ions (AG°4(A-)) from H2O to EtOH-H20 mix-
tures have been calculated. The results are discussed
in terms of solvent effect on the ionization of nitroben-
zoic acids and solute-solvent interactions.

Experimental

The acids were of ultrahigh purity product of E. Merck.
These were recrystallized and dried in a way already de-
scribed elsewhere.2)  Acids and KCI were stored in a desicca-
tor over PzOs.

Ethanol (Absolute-Merck) was purified according to
procedure described by Shedlovsky et al.5  After refluxing
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with magnesium ethoxide, ethanol was distilled under ni-
trogen gas and middle fraction was collected in nitrogen
filled flask. Further, it was immediately used after distilla-
tions. Deionized water was twice distilled for preparation
of solvent mixtures and as aqueous medium. It was also
stored in a flask filled with nitrogen gas. The specific
conductances of EtOH and H20 were between 2—5X10-8
and 2—4X10-7 Scm™! respectively. The EtOH-H20 mix-
ture were prepared in w/w composition.

The viscosities and densities of EtOH-H20 mixture were
measured in the same way as described earlier® and are in a
good agreement with those cited in literature.>” The di-
electric constants of mixtures were taken from liter-
ature.>7)

Conductance measurements were carried out using an
autobalance precision bridge (Wayne Kerr, B641) at 1592 Hz
in the same way as described elsewhere.”® Two different
cells with cell constants 0.5498 and 1.0532 cm~! were used.
The temperature of water bath was controlled at 25+0.02 °C.
The cells were calibrated following the known procedures?
using KCl solutions in the concentration range (2—30)X
10-* moldm=3. Duplicate measurements of each mixture
were made. The results varied within £0.1% only.

Calculations and Results

Physical properties of EtOH-HsO mixtures are
listed in Table 1. The molar concentrations and
corresponding values of the molar conductances are
given in Table 2 for all the four acids in solvent

Table 1. Physical Properties of EtOH-H20
Mixtures at 25 °G
% EtOH d n
D
(w/w) g-cm™3 cp?
0 0.9971 0.890 78.54
10 0.9811 1.325 72.80
20 0.9662 1.810 66.99
30 0.9530 2.409 62.10
40 0.9318 2.375 55.02
50 0.9074 2.361 48.50
60 0.8866 2.234 43.40
70 0.8637 2.013 36.70

d=density; n=viscosity; D=dielectric constant.
a) 1 P=0.1 Pas.
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Table 2. Molar Conductivities, 4 (S cm2mol-1) and Molar Concentrations, C (mol dm~3) of Acids
in Ethanol-Water Mixtures at 25 °C

Wt% EtOH 0 10 20 30 40 50 60 70
10tC A A A A A A A 104C A
2-Nitrobenzoic acid
1.923 387.36 284.44 169.61 143.61 96.62 53.42 32.01 0.961 17.13
5.357 368.57 262.83 147.83 114.63 72.78 38.36 2245 2678 12.23
8.333 354.40 247.82 134.82 100.38 62.31 3227 18.74 4167 10.27
10.938 344.02 237.42 126.54 92.10 5649 28.99 16.77  5.498 9.22
13.235 335.82 229.52 120.57 86.44 52.61 26.85 1549  6.618 8.53
15.227 329.18 293.29 116.03 8229 49.80 2532 14.58 7.639 8.04
17.105 323.64 218.18 112.44 79.07 47.66 2416 1390  8.553 7.66
18.750 318.96 213.96 109.52 76.52 4598 2325 13.36  9.375 7.37
20.238 314.95 210.39 107.10 74.44 4461 2253 12.93 10.119 7.14
21.591 311.47 207.33 105.05 72.69 43.47 21.92 12.56 10.796 6.94
W% EtOH 10 20 30 40 50 60 70 0
10¢C A A A A A A 10¢C A
3-Nitrobenzoic acid
8.333 134.76  77.05 4442 2743 1901 10.16 4.167 9.04 176.06
10.938 121.92 68.86 39.49 2429 16.78 893 5498 7.95 159.33
13.235 113.38  63.55 36.32 2298  15.36 8.16 6.618 725 14824
15.277 107.24  59.77 34.09 20.89  14.38 7.62  7.639  6.77 140.22
17.105 102.56 56.93 32.41 19.88  13.64 7.23 8533 642 134.13
18.750 98.86 54.70 31.09 19.01 13.06 692 9375  6.14 129.30
20.238 95.87 52.71 30.05 18.35 12.60 6.67 10.119 592 125.38
21.591 93.38 51.43 29.19 17.81 12.23 6.46 10.796 587 122.15
1.923 211.39 132.61 79.711 50.83 3624 1990 0.961 17.86 274.88
5.357 157.01 91.87 53.49 33.28 2322 1249 2678 11.23 206.10
Wit% EtOH 0 10 30 70 20 40 50 60
10¢C A A A A 104C A 4 A A
4-Nitrobenzoic acid
2.678 245.87 180.51 85.43 1255 5357 102.02 43.15 2528  14.59
4.167 218.38 15593 71.31 1054  8.333 85.73 35.64 20.81 11.94
5.498 201.15 141.41 6296 892 10973 76.72 31.61 1840  10.53
6.618 189.36 131.80 58.93 815 13.275 70.85 29.03 16.88 9.64
7.639 181.03 125.15 5545  7.62 15.222 66.67 2721  15.86 9.02
8.553 174.02 119.66 52.84 722 17.105 63.53 25.85 15.03 8.56
9.375 168.61 11545 50.79 691 18.750 61.07 24.80 14.41 8.20
10.119 164.15 112.00 49.14 6.66 20.238 59.08 23.95 13.91 7.91
10.796 160.43 109.18 47.77  6.42 21.590 57.44 23.25 13.50 7.67
0.962 301.99 238.22 121.41 19.78  1.923 14625 65.35 38.73  22.82
Wit% 0 10 20 30 40 50 60 70
10¢C A 4 A A A A A 104C A
Benzoic acid
5.357 115.63 57.19 40.56 2417 11.97 8.38 6.57 2.678  6.48
8.333 95.96 50.02 33.04 19.72 9.52 6.72 526  4.167  5.25
10.973 85.29 4257  29.09 17.37 8.93 5.86 460 5498  4.50
13.275 78.423 39.21 2659  15.89 7.49 5.33 418  6.618  4.09
15.222 73.58 37.76 24.84 14.85 7.04 4.96 3.89 7.639  3.80
17.105 69.95 36.36 23.56  13.90 6.54 4.69 3.67 8533  3.59
18.250 67.12 3391 2254 13.04 6.19 4.48 351  9.375  3.43
20.238 64.85 3275 21.73  12.42 5.93 4.31 3.38 10.119  3.31
21.590 62.97 31.42 21.07 12.00 5.76 4.17 3.27 10796  3.20
1.923 172.28 9522 64.19 38.09 19.23 13.98 1096 0.962 10.78

mixtures of different compositions listed therein. from the set of equations;
The experimental data were analyzed with Fuoss 1978

. . cpe . A=p[Ao(1+AX/X)+AA. 1
conductance equation* with some modifications. Pl ) ] M
The limiting molar conductances (4o) and ionization =p[Ao—S(t)Ci!>+E(t)Ciln Ci+]1(t,B/R)CitJ2(t,8/R)C32
constants (Kq=1/Ka where K4 is association constants (2)

for the process H*‘I—A'% H*A-) were deduced Ka=C2?f2y2/(1—) (3)
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and

—In f=e%y/2DkT(1+kR) (4)

where B(=¢e2/D«kT) is twice the Bjerrum distance, p is
the fraction of acid contributing to the conductance
current AX/X is the relaxation field effect, A4. is the
electrophoretic countercurrent, 1/ is the radius of the
ion atomsphere, D=dielectric constant of the solvent,
e is the electron charge, « is Boltzmann constant, R is
the Gurney-sphere diameter, 7y is the fraction of solute
present as unpaired ions, C is the molarity of the
solution, C;i=C<y. The activity coefficients were cal-
cualted from the Debye-Hiickel equation (Eq. 4).

The Gurney-sphere diameter serves as an adjustable
parameter chosen to minimize the sum of the square
of the residuals in the fitting of the conductance
function to experimental data. However, for weak
acids the variation in o, the standard deviation, as a
function of R is too small to be significant in compari-
son to the experimental scatter of the data. Based on
the recommendation of Fuoss,* the value of R was set
at twice the Bjerrum distance (R=e2/DkT). Trial
calculations with R set at ten times this values lowered
pK. by only £0.01.

Table 3 lists Ao values and K4 values of each acid in
ethanol-water mixture. Values of 0,4(%) are standard
deviation expressed as a percentage of Ao. Figure 1 is
a plot of pK. for the four acids versus composition of
solvent mixtures.

The solvent effect on the ionization of nitrobenzoic
acids was calculated using relationship

8(AG%(HA))=RT In (K:/K}) (5)

(6)

=5.71(pK:—pK%) (in kJ mol-1)

Ionization of Nitrobenzoic Acids in EtOH-H20

583

where s and w refer to mixed solvent and H20
respectively, and pK. are respective values of —log K4
in these media. The free energy of transfer of carbox-
ylate ions of each acid was calculated using Wells
procedurel®

AGA-)=RT In (KY/K3)—AGH*)
AGYA-)=5.71 (pKi—pKY)—AGYH™)
18.01 d, )
Medy,

where M=100/(w/46.07)+((100—w)/18.015), w is the
weight% of ethanol in mixture, dw and ds are densities
of pure water and mixtures at 25°C. The values of
AG&(H*) were taken from literature.l) The depend-
ence of values of G3(A-) of each nitrobenzoate and
benzoate ions on composition of mixture (EtOH-
H:0) is shown in Fig. 2.

In case of benzoic acid in 60 and 70% EtOH-H20
water system, association of (HtA-) was so high that
extrapolation to zero concentration was impossible.
For these systems, a plot of log4 against log C was
linear, with slope equal to —0.5. The conductance
parameters were derived using Aprano et al. proce-
dure.!” They have suggested that in such cases
Arrhenius approximation y=4/4o (i.e. neglecting the
effect of long-range electrostatic forces) should be
used, so that the mass action equation reduces to

CA2=A%/Ka

(7)

or

+5.71 log (8)

9)

which predicts a slope of —0.5 for the log-log plots
and calls for constancy of the CA2% product. By a
short extrapolation of plots of Walden product Aoy
against mole fraction of ethanol, values of 4o could be
estimated for these systems, and then from the average

6.0, 470
o  2-Nitrobenzoic acid
A 3-Nitrobenzoic acid
A 4-Nitrobenzoic  acid
®  Benzoic acid
46.0
450
3o}
20 L i 1 1 1 1 L 4.0
0 10 20 30 10 50 60 70 80
Wt% EtOH
Fig. 1. Dependence of pK, values of acids on composition of ethanol-

water mixtures at 25 °C.
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Table 3. Conductance Parameters of Acids
in (EtOH-H:0) Mixtures at 25 °C

%EtOH 4o oA
w/w S cm2mol-1 % K
2-Nitrobenzoic acid
0 401.56 0.005 6.412X10-3
10 304.97 0.010 2.993X10-3
20 190.97 0.008 1.385X10-3
30 184.31 0.015 5.236X10~4
40 141.87 0.020 2.748X10~4
50 92.17 0.023 1.503X10—4
60 62.34 0.017 1.054X10-4
70 30.24 0.024 5.636X10-5
3-Nitrobenzoic acid
0 406.65 0.045 3.125X10-4
10 315.26 0.070 2.052X10-4
20 257.05 0.057 1.037X10-4
30 186.34 0.031 6.022X10-5
40 145.24 0.008 3.543X10-5
50 132.49 0.015 1.935X10-5
60 103.75 0.020 8.548X10-6
70 107.72 0.033 3.111X10-8
4-Nitrobenzoic acid
0 370.35 0.013 3.471X10-4
10 337.08 0.020 1.626X10-4
20 275.02 0.041 1.142X10-4
30 227.00 0.022 5.846X10-5
40 174.28 0.008 4.235X10-5
50 115.32 0.017 2.070X10-5
60 86.78 0.046 1.111X10-5
70 97.64 0.044 4.808X10-6
Benzoic acid
0 394.33+8.93 0.041 6.237X10-5
10 292.2446.55 0.038 4.735X10-5
20 264.2215.33 0.035 2.070X10-5
30 204.13+1.78 0.018 6.123X10-6
40 131.27£2.24 0.045 3.265X10-6
50 105.35+4.37 0.045 1.963X10-6
60 (125.22)" — (1.109X10-6)
70 (130.48)" — (6.607X10-7)"

a) Values estimated using Eq. 9 i.e. approximate
values.

of CA2 for a given system, the corresponding associa-
tion constant was calculated. A summary of the
derived constants is given in Table 3.

Discussion

The pK. values of benzoic and 2-, 3-, and 4-
nitrobenzoic acids in H2O are in good agreement with
those quoted in literature mainly derived by potentio-
metric methods. The ionization constants of these
acids in a few mixtures of EtOH-H20 are also availa-
ble in literature!? which are in accord with values
reported in this paper. Lahiri et al.3 have studied 4-
nitrobenzoic acid in EtOH-H20 system by solubility
and potentiometric methods. The pK, values derived
by them are less than those derived in this study.
This may be due to their procedural digression from
the normal potentiometric method for determination
of pK. values of carboxylic acids in mixed solvent

-

-
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? 10 o 2-Nitrobenzoate -

|>\ A 3-Nitrobenzoate

< A 4-Nitrobenzoate

~

d‘ e Benzoate

a -
s -
4 | J
2 " s " s L N
10 20 30 40 50 60 70 80

Wt% EtOH

Fig. 2. Dependence of transfer free energy values of
carboxylate anions on the composition of ethanol-
water mixtures at 25 °C.

2 1 ! L
1 1.5 2.0 2.5 3.0

1/DX10?

Fig. 3. Dependence of pK. values of 2-nitrobenzoic
(O, @), 3-nitrobenzoic (A, A), and 4-nitrobenzoic
acids (OJ, M) on inverse of dielectric constant of
EtOH-H;O and MeOH-H:O systems at 25°C.
Filled symbols for MeOH-H2O system.
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system.L14)  They measured pH values of saturated
solution of 4-nitrobenzoic acid and calculated the
respective pK, values.

It has been found that these acids easily dissociate in
MeOH-H20 mixtures as compared in EtOH-H20
mixtures. This would be attributed to lower values
of relative viscosities and higher values of dielectric
constants of MeOH-H20 media as compared with
EtOH-H20 mixed solvent system (see Fig. 3).

Figure 1 shows that the plots of the respective pK,
values of nitrobenzoic and benzoic acids versus %
composition of EtOH-H20 mixtures are nonlinear in
mixtures with contents of EtOH more than 50%.
Similarly in Fig. 2, plots of free energy of transfer of
nitrobenzoate ions (AGu(A-)) in k] mol-! versus sol-
vent composition are nonlinear. These values of
AGy(A-) become more positive as acids get transferred
from aqueous to EtOH-H20 mixtures with higher
contents of EtOH. It means that all these acids show
remarkable deviation from pK,’ calculated by using
Born’s equation:

AGu(el)=pK’,=122 (1/D—0.0128)[(1/r,++1/7,.)] (10)

where 7+, 7,- are respective ionic radii of proton and
anion of an acid.

These deviations suggest that the effect of EtOH-
H>O mixtures on the acidity of nitrobenzoic acids does
not depend solely on electrostatic features, as predicted
by Born.!®) It may also be caused by ignoring the
variation in dielectric constant of the solvent mole-
cules in the vicinity of an ion.) Further, it is found
that on division of AGy(diss) into AGy(el)(electrostatic
free energy) and AGu(chem)(the non-electrostatic
chemical free energy) parts, the contribution of chemi-
cal free energy increases as the EtOH concentration is
raised. It means that specific chemical interactions
are taking place between solvent molecules and the
ions of respective acid. Similar conclusion can be
drawn from calculations of AP, (the change in proton
affinity of conjugate base (A-) of an acid) values
detailed by Wells:18)

AP,=5.707(ApK.)+AG«(H)—C (11)

where C is the last term in Eq. 8.

The ionization or dissociation order in respect of
the acids studied in (EtOH-H20) mixtures turns out
to be: 2-nitrobenzoic acid>3-nitrobenzoic acid=4-
nitrobenzoic acid>benzoic acid. It means that
proton is easily released from 2-nitro substituted acid
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as compared with 3- and 4-nitro substituted acids. It
can be attributed to difference of intramolecular hy-
drogen bonding, inductive and resonance effects of the
substituent and its respective position on the benzene
ring with respect to carboxyl group.!?® Further, 2-
nitrobenzoate anions are more solvated than 3- and 4
nitrobenzoate anions with solvent molecules.

Finally the normalized Walden products (n°4*/%"4")
against percentage of EtOH in EtOH-H2O system,
decreases as the solvent mixture is riched in ethanol.
The changes in the Walden product are not only due
to viscosity or dielectric constant variations but also to
an altering proton transfer mechanism.®
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