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The effect of substitution on the solubility and dissociation constants for the reaction

HA=H"+A"
(HA = substituted benzoic acids)

have been studied from the measurements of pH and solubilities of substituted benzoic acids in ethanol+water
mixtures (0—100 wt%). The changes in the solubility values depend on the hydrophobic character and the
dielectric constant of the solvent medium. The free energies of transfer for anions have been determined from

the relation

AG; (dissn.) = AG; (HT) + AG (A7) — AGs (HA)

using the previously determined values of AG;(H™). The results are discussed in the light of solute-solvent

interactions.

The importance of accurate solubility data and their
diverse applications in different branches of science and
technology have been stressed.® However, compara-
tively little studies have been made to study the effects
of solvents on the solubilities and dissociation constants
of different substituted benzoic acids.

In course of our studies on ion—solvent interaction,
it has been observed that the determination of free en-
ergies of transfer of solute from one solvent to other and
the determination of ionic free energies of transfer pro-
vide the quantitative measure of ion (or solute)—solvent
interactions.

The results are reported here.
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Experimental

Absolute alcohol (B.C.P.W., Calcutta) was distilled twice
and the middle fraction was used. Triply distilled water was
used to prepare the solution. The solvent mixtures were
prepared by weight. The densities were determined using
a calibrated pycnometer. The dielectric constants of the
mixed solvents were taken from the literature.!V)

Substituted benzoic acids (o-nitro-, m-nitro-, p-nitro-,
o-chloro-, m-chloro-, and p-chlorobenzoic acids) were of
Fluka’s Puriss grade and need not be purified. However,
the compounds were recrystallized from ethanol-water mix-
tures, dried in an air oven at 390 K and kept in a vacu
um desiccator. The purity of the compounds was tested
from melting point determinations and volumetric titration
of acids.

The solubility measurements were made in the same way
as described before.> ™ The average values of the solubility
of substituted benzoic acids in water and H,O-EtOH sys-
tems at 298.15 K are presented in Tables 1 and 2. The errors
in the solubility measurements are within 0.1 to 0.3%.

The dissociation constants of the acids were determined
from pH-measurements of the saturated solutions of the sub-
stituted acids using Orion Digital pH-meter (Model EA™

940 Expandable Ion Analyser) having an accuracy of +0.001
pH unit. The glass electrode was calibrated in HoO-EtOH
systems before use in the way suggested by Van Uitert et
al.'® and used extensively by us and others.}2~17

The meter readings (B) of the 107* M HCIlO4 solutions
in HO-EtOH systems (1 M=1 mol dm~3) were taken using
10~* M HClO, in aqueous solutions as pH 4. The ‘correction
factor’ (log Un) is obtained using the relation

—log[H'] = B +log Un
or, 4 = B+logUnu

The HT concentrations in HoO-EtOH systems were ob-
tained by algebraic addition of log Un to the meter read-
ing of the desired solution in the solvent mixtures. In order
to obtain better accuracy, the ‘correction factor’ was deter-
mined before each set of measurements.

Results

The thermodynamic dissociation constant for the re-
action

HA=H'+A" (1)

(A™ = substituted benzoate ion)

can be written as

Cut X Cp-  fof-

Kt = -
T Cua fua
Ch+ 12
= Ht JE 2
Cr = Cnr) < Fun @

(since Cy+ = Cy-)

where Ct=total concentration of the acid determined
from solubility measurements. Cpy+=concentration of
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Table 1. Solubility and pK-Values of Nitrobenzoic Acids in ESOH+H20O Mixtures at 298.15 K
wt% of 0-NO>CsH4COOH m-NO2CsHsCOOH p-NO,CeH,COOH
EtOH 1/ex10° A  Solubility Corrected pK pKr Solubility Corrected pK pKr Solubility Corrected pK pKr
moldm 3 pH moldm ™3 pH mol dm~3 pH
2.17 3.49 3.45
0.0 1.27 0.509 0.0334 1.93 2.12*2.17 0.0153 2.69 3.47*3.49 0.002525 3.11 3.43*3.45
(0.033395) (2.17)(0.015235) (3.49)(0.002516) (3.43)
8.0 1.35 0.5552 0.0421 198  2.46 2.55 0.0225 2.68  3.67 3.72 0.00305 3.09 351 354
(2.51) (3.70) (3.52)
16.4 1.42 0.6130 0.0482 2.03 2.65 2.73 0.0410 2.61  3.81 3.87 0.004975 3.03 3.67 3.71
(2.72) (3.86) (3.73)
25.3 1.53 0.6939 0.0581 217 3.05 3.17 0.0492 2.70  4.07 4.13 0.007425 298 3.76 3.81
(3.09) (4.10) (3.84)
34.4 1.71  0.7912 0.0627 230 3.36 3.46 0.0534 2.72  4.15 4.22 0.00845 3.03 3.93 3.98
(3.41) (4.28)
44.0 1.90 0.9270 0.1942 2.22  3.71 3.84 0.1787 2.65  4.55 4.63 0.009075 3.13 4.18 4.23
(3.80) (4.61) (4.29)
54.1 2.14 1.133 0.5485 2.10 3.93 4.11 0.4365 2.55  4.74 4.87 0.009975 3.16  4.29 4.35
(4.11) (4.85) (4.41)
64.7 2.44 0.348 0.8432 2.25 4.42 4.61 0.8141 2.53 4.97 5.11 0.011025 3.21 4.39 4.46
(4.49) (5.12) (4.52)
76.0 2.87 1.707 1.1082 2.30 4.64 4.85 1.0892 2.75  5.54 5.68 0.022575 3.18 4.70 4.79
(4.72) (5.67) (4.88)
87.6 337 2179 1.4821 2.35  4.87 5.14 1.4635 298 6.13 6.27 0.034475 3.11  4.75 4.86
(5.01) (6.26) (5.24)
100.0 3.95 2.792 1.6261 — — — 1.6157 — — — 0.05445 — —- —
(1.6251) (1.6251) (0.05444)

*p Kt value-from Ref. 22. ( ) pKt value-from conductance measurements. K=dissociation constant of the acid without activity

correction. Kt=thermodynamic dissociation constant using activity corrections.

Table 2. Solubility and pK-Values of Chlorobenzoic Acids in EtOH+H>0 Mixtures at 298.15 K

Wt of 0-CIC¢H4COOH m-ClCsH4sCOOH p-ClICeH4,COOH
EtOH 1/ex102 A  Solubility Corrected pK pKr Solubility Corrected pK pKr Solubility Corrected pK pKr
mol dm~3 pH moldm™3 pH moldm™3 pH
0.0 1.27  0.509  0.0210 236 2.90 2.94 0.00408 3.15  3.81 3.83 0.0008 3.62 3.98 3.99
(0.0208) (2.94) (0.0041) (3.83)(0.000797) (3.98)
8.0 1.35 0.5552 0.0282 235 3.08 3.12 0.0048 3.17  3.96 3.98 0.0011 3.65 4.24 4.25
16.4 1.42 0.6130 0.0440 2.38 3.36 3.41 0.0073 3.18 4.18 4.20 0.0015 3.67 4.45 4.46
25.3 1.53  0.6939 0.0525 247  3.63 3.68 0.0152 3.12 440 4.43 0.0028 3.63 4.67 4.68
34.4 1.71  0.7912 0.0945 245  3.86 3.92 0.0628 296 4.71 4.75 0.0061 3.53 4.82 4.84
44.0 1.90 0.9270 0.1885 240 4.07 4.15 0.1350 290 4.91 496 0.0125 3.48 5.05 5.08
54.1 2.14 1.133  0.3770 2.30 4.17 4.29 0.2872 2.86  5.18 5.25 0.0190 3.50 5.27 5.30
64.7 244 1.348  0.4975 2.29  4.27 442 0.3978 291  5.42 5.50 0.0395 3.47 553 557
76.0 2.67 1.707  0.6385 2.30 440 4.60 0.4795 298 5.64 5.75 0.0758 344  5.75 5.82
87.6  3.37 2179  0.9270 2.35 4.66 491 0.5195 3.02 5.75 5.87 0.1516 3.38  5.93 6.03
100.0 395 2792  1.1275 — — — 0.6480 — — — 0.2895 — - —

HT ion in the saturated solution of HA.

The free energy of transfer for neutral substituted

The activity coeflicients of ions fi in solutions of ev-
ery low ionic strength (ca. 1072 M) have been calculated

benzoic acids are given by

using Davies equation'® _
. AGS (HA)peus = —2.303RT log ((11 :‘ig J{((I;i))
AZI\/[_I, — 0w ) CUw w
—lo = -0.2 3 -
g fx =17 Vi ’ ®) = —2.303RT log % (4)

with appropriate A-values in each solvent. fizo has been
assumed to be unity in saturated solution i.e. in the
standard states of the respective solvents. Similar as-
sumptions have been made by other workers also.'®

where C; and C,, are the molar solubilities of the acid in
solvents and water respectively. a5 and a,, are the de-
grees of dissociation of acids in aqueous organic solvent
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and water respectively.

The free energy of transfer for the dissociation of the
substituted benzoic acids have been calculated from the
equation

AG: (1) = —2.303RT [log K1(s) —log Kr(w)]  (5)

Discussion

The solubilities and the pKt values of substituted
benzoic acids at 298.15 K in EtOH+H>0O mixtures are
presented in Tables 1 and 2. The accuracy of pKr val-
ues are 0.01 to 0.02. The values in aqueous solutions
agree with the literature.?°=2? The sequence of the sol-
ubility of substituted benzoic acids in water is

0-NO3- > 0-Cl- > m-NOz- > m-Cl- > p-NO2- > p-Cl-

The sequence is usually maintained at low percentages
of EtOH but the order is changed at higher percent-
ages. Usually meta compounds are more soluble than
the corresponding para compounds.

The solubilities of benzoic acids increase with the
increasing hydrophobic character of the aqueous or-
ganic solvents. The variations of the solubility of the
substituted benzoic acids in different substances arise
from the differences in the cohesion between like so-
lute molecules and solute-solvent interactions of various
types.?®) But no quantitative correlation is possible.

The pKr values of substituted benzoic acids increase
continuously with increase in organic co-solvent and
show a linear relationship when plotted against (i) mole
fraction of EtOH and (ii) 1/€ (e is the relative permittiv-
ity of the solvent) well up to ca. 40 wt% beyond which
deviations from linearity occur.

It is to be noted that pKt values of p-nitrobenzoic
acid are much higher than those for o-nitrobenzoic acid
in water rich solvents but the reverse is true beyond ca.
60 wt% of ethanol. High solubilities of o-nitrobenzoic
acid in these solvent mixtures may be the reason for it
but the correctness of the results was confirmed by con-
ductometric determination of pKt values using Fuoss—
Kraus method.?®

Transfer free changes of electrolytes may give little
idea regarding solvent effects on solute-solvent inter-
actions but the transfer free energy changes of single
ions have enormous potentialities in quantitative corre-
lations between the equilibrium constants, rate constant
etc.2>) However, the single ion values of organic ions are
more important as most of the compounds of biological
interest are organic ions.

Thus, attempts have been made to determine the sin-
gle ion values of substituted benzoate ions. We have
from Eq. 1

AG(1) = AG;(HT) + AG5 (A7) — AG;(HA)  (6)
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or,

AG (A7) = AGs (1) — AGs (HY) + AGE(HA)  (7)

AG?(H') values have been taken from the works in
our laboratory.” The values of AG;(A™) of substituted
benzoate ions are given in Table 3. The uncertainties
in the experimentally determined values of AGP (1) and
AG°(HA) are small. The accuracy of AGP(A™) de-
pends mainly on the accuracy of AG;(H") values.

Single ion values can not be determined thermody-
namically. The single ion values are always obtained
using extrathermodynamic assumptions and the accu-
racy of the values are invariably dependent on the as-
sumptions involved. Due to this limitation, the single
jon values can not be exact. But inspite of limitations,
AG?(A™) values calculated by us have been found to
be predominantly positive i.e. the transfer process from
water to mixed solvents is unfavourable, a fact gener-
ally observed in practice.>2>—2% Tt is expected that the
stabilization of anion due to hydrogen bonding in aque-
ous system decreases as we go from aqueous to aqueous
organic solvents of decreased hydrogen bonding capabil-
ity and increased basicity. Thus the results reported by
us can be regarded fairly good. AG}{(A~) values have
been found to be maximum in the region 34—44 wt%
of ethanol where the characteristic changes in the sol-
vent properties are observed. The addition of ethanol
is known to strengthen the three dimensional structure
of water. The maximum structure formulation occurs
in the region of 34—44 wt% of ethanol and thereafter
depolymerization of water takes place. There are re-
flected in the ultrasonic absorption and excess proper-
ties of mixing.?"—3Y

Since the electrostatic contributions are likely to
be the same for benzoic acid and substituted benzoic
acids, the energy changes due to structural variations of
the solvent mixtures resulting from substituent effects
should be totally reflected in the changes in nonelec-
trostatic components. The variation of the nonelectro-
static components with solvent-composition can be had
from the relation

SAGY (non-el) = AGY{ (1)(subs. acid)
— AGY (benzoic acid) (8)

and is shown in Fig. 1. AG{(benzoic acid) values have
been taken from our earlier communication.®

The values of §AG{(non el) represent the structural
variations of the solvent-mixtures resulting from inter-
actions of the substituent groups in the parent molecule.
It is apparent that the behavior of the chloro and ni-
tro groups is different and obviously dependent on the
ortho, meta or para positions.

The free energy of transfer of molecules and ions usu-
ally give the quantitative measure of solute-solvent or
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Table 3. Free Energy of Transfer of Anion AG;(A™) of Substituted Benzoic Acid (in kJmol™!) from Water to
EtOH+H20 Mixtures at 298.15 K
wt% of AGY AGY AGY AGY AGY AGY AGY AGY
EtOH (H"')a) (Bz‘)b) (0-NO2Bz™) (m-NO2Bz™) (p-NO2Bz™) (o-CIBz™) (m-C1Bz™) (p-C1Bz™)
8.0 —1.08 1.21 2.68 1.43 1.13 1.38 1.54 1.77
16.4 —-1.83 2.07 4.12 1.56 1.64 2.68 1.65 2.95
25.3 —2.70 2.83 7.04 3.46 2.09 4.65 2.39 3.44
34.4 -3.38 1.83 9.18 4.45 3.39 5.24 1.86 3.20
44.0 —4.52 3.05 9.69 4.93 5.80 5.98 2.30 3.93
54.1 —5.53 4.20 9.67 5.10 7.27 6.07 3.09 5.15
64.7 —5.63 6.00 11.55 5.02 7.75 6.23 3.81 4.98
76.0 —5.563 6.16 12.14 6.46 7.75 6.54 4.56 4.69
87.6 —4.66 6.33 12.21 9.22 6.23 6.52 4.29 3.30
a) Ref. 7. b) Ref. 5.
2r o - p-CiBzH Bengal, India.
1L o - p-NO2BzH
A-m-NO2BzH
0 a-m-ClBzH
; g - 2?;?;“ References

- 3r
©

E ?2f
g

x 1}
> 0
s -1
c

o =200
[&]

<

w0 5

SN NS I TN NN NN N S S S
0 10 20 30 40 S50 60 70 80 90 100

Wt.% of EtOH

Fig. 1. Plots of non electrostatic components (§A Gy)
of substituted Benzoic Acids against wt% of EtOH.

ion solvent interactions which, however, include free en-
ergy change due to cavity formation in the solvent to
accommodate the molecule or ion in question in ad-
dition to interaction energies. It is natural to expect
better insight from the interaction energies.

Dr. B. P. Dey, one of the authors, thanks Swami
Biswanathananda Maharaj, Principal, Vivekananda
Mission Mahavidyalaya, Haldia, Midnapur, West

1) A. S. Kertes, in the forward to the Solubility Data
Series (Pergamon Press, Oxford).

2) W. J. Mader, R. D. Vold, and M. J. Gold, “Deter-
mination of Solubility,” in “Physical Methods of Organic
Chemistry,” ed by A. Weissberger, Interscience Publishers,
New York (1959), Vol. I, Part-1.

3) A.K.Mondal and S. C. Lahiri, Bull. Chem. Soc. Jpn.,
49, 1829 (1976).

4) A. Bhattacharyya, A. K. Mondal, and S. C. Lahiri,
Electrochim. Acta, 25, 559 (1980); Indian J. Chem., Sect.
A, 19A, 532 (1980).

5) A.Pal, S. K. Maity, and S. C. Lahiri, J. Indian Chem.
Soc., 60, 640 (1983).

6) D. Sengupta, A. Pal, and S. C. Lahiri, J. Chem. Soc.,
Dalton Trans., 1983, 2685.

7) A. K. Bhattacharyya, D. Sengupta, and S. C. Lahiri,
Z. Physik. Chem. (Leipzig), 265, 372 (1984).

8) S. K. Chakraborty, D. Sengupta, and S. C. Lahiri, Z.
Physik. Chem. (Leipzig), 267, 969 (1986).

9) A. Pal, B. P. Dey, and S. C. Lahiri, Indian J. Chem.,
Sect. A, 25A, 322 (1986).

10) B. P. Dey, S. C. Dutta, and S. C. Lahiri, Indian J.
Chem., Sect. A, 25A, 1105 (1986).

11) G. Akerldf, J. Am. Chem. Soc., 54, 4123 (1932).

12) L. G. Van Uitert and C. G. Haas, J. Am. Chem. Soc.,
75, 451 (1953).

13) L. G. Van Uitert, C. G. Haas, W. C. Fernalius, and
J. E. Douglus, J. Am. Chem. Soc., 75, 455 (1955).

14) U. C. Bhattacharyya and S. C. Lahiri, Z. Phys. Chem.
(N.F.), 50, 451 (1966).

15) S. C. Lahiri and S. Aditya, J. Indian Chem. Soc., 51,
319 (1974).

16) H. M. N. Irving and U. S. Manhot, J. Inorg. Nucl.
Chem., 30, 1215 (1968).

17) R. G. Bates, “Determination of pH,” John Wiley and
Sons Inc., New York (1973).

18) C. W. Davies, J. Chem. Soc., 1938, 2093.

19) K. Das, A. K. Das, K. Bose, and K. K. Kundu, J.
Phys. Chem., 82, 1242 (1978).

20) N. A. Lange, “Handbook of Chemistry,” McGraw-Hill
Book Company, New York (1961), p. 457.

21) Stecher G. Paul, Martha Windhotz, and S. Doleres



October, 1993]

Leathy, “The Merck Index,” 8th ed, Merck and C. Inc.,
Ratiway, N. J. (1968).

22) I L. Finar, “Organic Chemistry,” Longman, London
(1982), Vol. I.

23) K. Shinoda, “Principles of Solutions and Solubility,”
Marcel Dekker Inc., New York and Basel (1977), p. 8.

24) R. M. Fuoss and C. Krauss, J. Am. Chem. Soc., 55,
476 and 2390 (1933).

25) O. Popovych, in “Treatise on Analytical Chemistry,”
2nd ed, ed by J. M. Kolthoff and P. J. Elving, Wiley, New
York (1978), Vol. I, Part I, Chap. 12.

26) V. V. Alexaandrov and N. A. Izmaylov, Zh. Fiz.
Khim., 32, 404 (1958).

Solvational Behavior of Some Substituted Benzoic Acids
in Ethanol-Water Mixtures at 298.15 K

2789

27) C.F.Wells, J. Chem. Soc., Faraday Trans. 1, 69, 984
(1973); 72, 601 (1976).

28) C. M. Criss and M. Solomon, in “Physical Chem-
istry of Organic Solvent,” ed by A. K. Covington and T.
Dickinson, Plenum Press, London and New York (1973),
Appendix 2, 11.13, p. 327.

29) D. Feakins, in “Physicochemical Process in
Mixed Aqueous Solvents,” ed by F. Franks, Heinemann
Educational Books, London (1967), p. 71.

30) F. Franks and D. J. O. Ies, Q. Rev., Chem. Soc., 39,
1 (1966).

31) E. M. Arnett, W. G. Bentrude, J. J. Burke, and P. N.
Duggleby, J. Am. Chem. Soc., 87, 154 (1965).




