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ABSTRACT

From e.m.f. measurements on cells of the type Pt, H,(g)|/H,A(m;)) MHA(m,).
MCl(m,)|AgCl(s), Ag and Pt, H,(g) |]MHA(m,), M,A(m,), MCl(m)|AgCI(s), Ag, the first
and second dissociation constants of oxalic, malonic, succinic, glutaric, adipic, tartaric and
phthalic acids have been determined at different temperatures in water +10, +20, + 30 and
+ 40 mass% dioxane. From the temperature coefficients, the thermodynamic quantities, AG®,
AH®, AS® and ACY, of the dissociation process have been evaluated. The results have been
discussed in terms of preferential solvation of dicarboxylate ions. The additivity in the
thermodynamic quantities for the homologous series of dicarboxylic acids has been examined.
The distances between the carboxylic groups have been calculated from the ratio of the
successive dissociation constants in these media.

INTRODUCTION

Dash and Nayak [1] reported the dissociation constants of a number of
dicarboxylic acids in aqueous and non-aqueous media using cells without
liquid junction potentials. Relatively little work has been done on the
determination of the dissociation constants of dicarboxylic acids in mixed
solvent systems [2]. However, Das et al. [3] made similar studies on d/-malic,
maleic and fumaric acids in different water—dioxane mixtures over a range
of temperatures and discussed the results in terms of ion-solvent interac-
tions. With a view to extending such studies to other dicarboxylic acids, the
present work has been undertaken to determine the dissociation constants of
oxalic, malonic, succinic, glutaric, adipic, tartaric and phthalic acids in
different water + dioxane compositions (10, 20, 30 and 40 mass% dioxane)
at five different temperatures ranging from 15 to 35°C. For this purpose,
cells of the type

Pt, H,(g) |[H,A(m,), MHA(m,), MCl(m;) |AgCl(s), Ag (A)
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and
Pt. H,(g) IMHA(m1)~ M,A(m,), MCl(m3) |AgCl(s), Ag (B)

where M is Na or K, and A is the dicarboxylate ion of the acid concerned,
have been employed.

EXPERIMENTAL

Acids were Merck G.R. grade or B.D.H. AnalaR grade. Oxalic acid was
dehydrated following the method of Paul and Srenathan [4] by heating to
100° C and keeping in a vacuum for 18-20 h. Other acids were stored in a
vacuum desiccator before use. Mono- and disodium salts of the acids were
prepared by adding calculated quantities of sodium bicarbonate solution to
known weights of pure acids, evaporating the solutions to dryness on a
steam bath, and recrystallizing the products from 95% alcohol. The salts
were dried at 110-120° C for at least 2 h. Sodium oxalate (Merck) was dried
at 125°C for more than 4 h. Sodium chloride (Merck) was dried at 100°C
for 2 h. These salts were kept in a vacuum desiccator over calcium chloride
until required. The purity of the mono- and disodium salts was checked by
the standard method [3,5].

Dioxane (Merck) was purified by the method described earlier [6]. Solvents
of different compositions were prepared (wt.%) from the conductivity water
and purified solvent.

Preparation of the electrodes, setting up of the cells, e.m.f. measurements
and other experimental details have been discussed earlier [7].

RESULTS AND DISCUSSION

The method of calculating the first dissociation constant, K, was based
on the evaluation of the “apparent” hydrogen ion molality of the solution as
recommended by Harned and Owen for moderately weak acids {8]. The
“apparent” hydrogen ion molality, my-, is related to the e.m.f.s of cell (A)
by the equation [3]

(AE)F

~log My = S a5 e RT

+log m;+ 2 log v

24T,

(AE)F .\
> 1+ Ba%Id,

=————-4log m

" 2.3026RT (1)

where AE = E — EC.
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The ionic strength, 1, is given by I = m, + m; + my~. The values of I and
miyy~ were calculated as described earlier [9]. The “apparent” first dissocia-
tion constant, K7, can be calculated from the expression

my+(my+ migs) B 24\1d,
(m; —my) 1+ Ba®/Id,

The “apparent” second dissociation constant, K,, obtained from cell (B)

can be expressed by [3]
EVF m.m 2A4y1d
(AE) + log 13 4 0

2.3026RT m, 1+ Ba®(1d,

where AE = E — E°, The ionic strength, 1, in this case equals m, + 3m, + m,.
The true (thermodynamic) dissociation constants, K; and K,, were ob-
tained from the intercepts of the plots of log K| and log K, respectively,
against the ionic strength.

The e.m.f. values of cell (A) were measured with different solutions, from
m=12x10"3 m,=0.6x10"% and m,=09x%x10"2 up to m; =1.1x
1072, m,=1.2%x10"% and m; = 8.5 X 10~2 mol kg~ *. The ionic strength of
the solution in the cell was varied in the range (1.5-10.3) X 1072 mol kg~ ".
For the solutions of cell (B), m;, m, and m, were varied in the range
(0.6-1.4) X 1073, (0.12-2.7) X 10~> and (1.2-9.8) X 10~% mol kg™ !, respec-
tively, and the ionic strength was in the range (1.0-10.7) X 10~% mol kg~ '.

E° values of the silver—silver chloride electrode in various water + dioxane
mixtures were obtained from the literature [10]. d, values and the
Debye-Hiickel constants (4 and B) were also obtained from the literature
[8,10] or calculated on the molal scale by usual methods. The e.m.f. values
obtained for cells (A) and (B) were corrected for the atmosphere [11].

+log K, = log

()

—log K, =

(3)

TABLE 1

Values of ion size parameter, a° (A), for different acids in water and water + dioxane
mixtures

Acid Mass% dioxane

0?2 10 20 30 40
Oxalic 4.5 5.0 5.5 5.0 5.0
Malonic 5.0 5.5 5.0 5.5 6.0
Succinic 5.0 6.0 6.0 5.5 5.5
Glutaric 5.5 5.0 55 5.5 6.0
Adipic 55° 25 2.5 5.0 5.5
Tartaric 50°¢ 2.5 3.5 4.0 6.0
Phthalic 50°¢ 6.0 6.0 5.5 5.5
2 Ref. 15.
b Ref. 1e.

¢ Ref. 16.
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For the suitable choice of the ion size parameter (a°), the first dissocia-
tion constants of the acids at 25° C were calculated for various values of a®
in the range 2.5-6.0 A [3,9] at an interval of 0.5 A following the principle

TABLE 2

Values of pK,; and pK, of oxalic, malonic, succinic, glutaric, adipic, tartaric and phthalic
acids in water and water + dioxane mixtures at different temperatures

Mass%  Temperature ( ° C)
dioxane 15 20 25 30 35
pK, pK, pKy pK, pK, pK, pK, pK, pK; pK,

Oxalic acid

0? 1.375 4280 - - 1.354 4303 - - 1.308 4.338
10 1.601 4.653 1592 4.662 1.580 4.673 1.571 4.684 1.559 4.691
20 1.861 4.940 1.853 4948 1.846 4953 1.839 4960 1.834 4.968
30 2.188 5360 2182 5366 2175 5.372 2170 5379 2164 5.385
40 2.576 5879 2570 5.884 2565 5.862 2.559 5.899 2.552 5.906
Malonic acid

(Vs 2.860 5.683 - - 2.848 5701 - - 2.850 5.731
10 3101 5.941 3.092 5952 3.081 5961 3.070 5.970 3.062 5.981
20 3360 6.233 3.352 6.240 3.346 6.246 3.340 6.254 3.335 6.261
30 3.686 6.679 3680 6.670 3.675 6.662 3.668 6.668 3.661 6.675
40 4.068 7.164 4.061 7170 4.055 7.178 4.048 7.184 4.042 7.190
Succinic acid

(s 4246 5650 — - 4224 5661 - - 4201 5671
10 4480 5968 4471 5975 4462 5982 4454 5989 4443 5997
20 4744 6.254 4738 6.261 4731 6.267 4725 6274 4718 6.280
30 5070 6.669 5.061 6.675 5055 6.681 5046 6.690 5.040 6.697
40 5453 7185 5447 7.191 5440 7.198 5434 7204 5428 7.213
Glutaric acid

0°? 4374 5400 3.363 5413 4351 5421 4345 5429 4339 5437
10 4610 5970 4.601 5979 4592 5986 4.583 5994 4576 6.001
20 4877 6280 4.870 6.288 4.861 6.295 4.855 6.301 4.849 6.310
30 5198 6.695 5191 6.702 5.185 6710 5.180 6.718 5.174 6.725
40 5.582 7.218 5577 7224 5570 7230 5.563 7.238 5.558 7.245
Adipic acid

o° 4444 5914 4421 5937 4419 5974 4404 6.016 4.393 6.030
10 4612 6.137 4604 6143 4598 6.152 4590 6.160 4.583 6.167
20 4916 6445 4910 6.450 4902 6.456 4.893 6.461 4.838 6.468
30 5240 6.859 5235 6.865 5228 6.871 5221 6878 5216 6.886
40 5.628 7.376 5.621 7.383 5615 7.389 5610 7.395 5604 7.401
Tartaric acid

0°¢ 3.235 4370 3218 4386 3201 4400 3195 4409 3.190 4.413
10 3458 4.632 3450 4.644 3442 3.653 3.431 4.662 3422 4.670
20 3726 4917 3.720 4925 3713 4932 3705 4941 3.698 4.948
30 4.050 5.338 4.040 5341 4.038 5345 4.030 5351 4.025 5.358

40 4440 5862 4433 5866 4425 5862 4419 5868 4413 5.875
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TABLE 2 (continued)

Mass%  Temperature (° C)

dioxane 75 20 25 30 35
Pk, pK; pK; Pk, pK; pK, pk, pK, K, Pk,

Phthalic acid

0° 3.022 5475 3.004 5483 2981 5492 2960 5498 2943 5.506
10 3226 5706 3.220 5.712 3213 5720 3205 5726 3196 5.734
20 3496 5981 3489 5987 3483 5994 3476 5998 3470 6.005
30 3.822 6.385 3.815 6.391 3810 6.398 3.802 6.404 3.796 6411
40 4215 6900 4208 6.907 4201 6915 4194 6.927 4185 6.936
2 Ref. 15.
b Ref. le.
¢ Ref. 16.

adopted by Roy et al. [12]. The same value of a° was used for the
calculation of both K; and K,. Values of a° are reported in Table 1.

Any possible error in the values of pK; and pK, due to deviations from
the Debye—Hiickel equation under the experimentail conditions was com-
pensated by the extrapolation method used and the adjustment of the
parameter a° in our calculation procedure.

The values of pK; and pK, obtained from the linear extrapolation of pK;
and pK, to I =0 in water + dioxane mixtures at different temperatures are
listed in Table 2. These values, obtained at different temperatures, were
fitted by a least-squares method to an equation recommended by Harned
and Robinson [13]

pK= 2. +B+CT (4)

The parameters A, B and C for pK; and pK, of the acids in different
solvents are presented in Table 3. The average deviation between the
observed values of pK, and pK, and those calculated from eqn. (4) are
within the range 0.003-0.007 log units.

Using these parameters, the various thermodynamic quantities, AG?,
AH® AS° and AC,?, for both the dissociation processes of the acids in their
standard states have been calculated from the following equations:

AG® =2.3026R(A + BT + CT?) (5)
AH®=2.3026R(A— CT?) (6)
AS®= —2.3026R(B + 2CT) (7)
AC,) = —2.3026R(2CT) (8)

Table 4 shows the values of these quantities at 25°C.
The thermodynamic functions (on the mole fraction scale) for the transfer
process at 25°C between water (w) and water + dioxane mixtures (s) of
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TABLE 6

Values of y (A) in water and water + dioxane media at 25°C

Mass% Acid

dioxane  G5.alic Malonic  Succinic  Glutaric Adipic  Tartaric  Phthalic
0 1.31 1.36 4.48 6.45 7.94 5.28 1.66

10 1.39 1.52 3.76 4.36 3.63 5.67 1.81

20 1.58 1.72 424 4.76 4.16 6.41 2.07

30 1.79 1.94 4.53 5.02 4.53 6.58 2.33

40 2.05 222 434 5.29 4.77 6.70 2.65

various compositions of the first and second dissociation processes of acids
are listed in Table 5. The results are expressed on the mole fraction scale in
order to eliminate any change in the thermodynamic quantities due to
concentration changes. For this purpose the dissociation constant on the
mole fraction scale has been calculated from the standard equation:

pK(N)=pK(m) + 2 1log(1000/M) (9)

where M is the mean molar mass of the mixed solvent. The standard Gibbs
free energy of transfer is given by the expression:

AG?(N)=12.3026RT[,pK(N) —, pK(N)] (10)

The values of other thermodynamic quantities for the transfer process (on
the mole fraction scale) have been obtained from the usual relationships.

The distance r (A) between the carboxylic groups of the acids in different
solvents have been calculated from Bjerrum’s equation [14]:

In(K,/4K,) = Ne?/RTDr (11)

where D is the effective dielectric constant of the solvent and r is the
distance between the carboxylic groups. Other terms have their usual signifi-
cance. The values are presented in Table 6 along with that in water.

A perusal of Table 2 shows that the pX values of the acids are higher in
water + dioxane mixtures than in water and tend to increase with increasing
dioxane content. The magnitude of this increase is in accordance with the
electrostatic charging (Born) effect corresponding to the monotonic increase
of D! or the composition of water + dioxane mixtures. As observed, the
pK values of the acids in various water + dioxane solvents increase with
lengthening of the aliphatic carbon chain, i.e., with increasing CH, groups
in the carboxylate ion. It can be concluded that the strength of the
homologous dicarboxylic acids gradually decreases with an increase of the
carbon chain length. However, the order of pK,; values for glutaric and
adipic acids and pK, values for malonic, succinic and glutaric acids is
opposite in water to that in water + dioxane mixtures. This deviation might
be due to the difference in anionic solvation of the dicarboxylate ions in
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these solvents. A comparison between the pK values of succinic, d/-malic [3]
and tartaric acids shows that the introduction of a hydroxyl group into
succinic acids favours ionization, i.e., pK values decrease with an increase in
hydroxyl groups.

It is of interest to study the additive substituent effects for the proton
ionization of the mono- and di-CH, substituted oxalic acids, and of the
mono- and di-OH substituted succinic acids in these mixed solvents. Consid-
ering the CH, and OH substituent changes

COOH spx, COOH spx, COOH
| - CH2< - (CH, )2<
COOH COOH COOH
pKO pKCHz pK(CH:)z
and
CH,-COOH ;,, CH(OH)-COOH ,,,. CH(OH)-COOH
| - - |
CH,-COOH CH,-COOH CH(OH)-COOH
pKO pKOH pK(OH)g

perfect additivity in pK would give pK, equal to pK,. If pK; = pkK,, i.e,
pK* —pK°%=pK®:—pK* where X=CH, or OH, then pK®: = 2pK*
— pK°. The pK, values of oxalic, malonic (mono-CH,-substituted) and
succinic (di-CH,-substituted oxalic) and the pK, values of succinic, malic
(mono-hydroxy succinic) and tartaric (di-hydroxy succinic) acids are in good
agreement with the additivity on the corresponding proton ionizations in
these mixed solvents.

The similarity between AH° values of the dissociation processes of the
acids (except AHY? for malonic acid in 30 wt% dioxane and tartaric acid in
water) in water and water + dioxane mixtures indicates similar pattern of
solvation in these solvents. The AS® values are expected to be negative in
these solvents but in water + dioxane mixtures they are more negative. This
may be due to the fact that the degree of reorientation and partial immobili-
zation of the dioxane and water molecules by H* ion and mono- and
di-carboxylate ions is greater in water + dioxane mixtures than in pure
water. As apparent from Table 4, the standard changes in the heat capacity,
ACPO for both of the dissociation processes appear to be different in few
solvents. This difference might be attributed to the contrary variation of
AS° and ACPO in the solvents concerned. Since electrostatic interactions
between ions and dipolar solvent molecules should orient solvent molecules
in the proximity of the ions, and hence should lead to decreased entropy and
heat capacity (which is not observed in some cases), it is expected that there
may be other interactions involved, such as “hydrophobic interactions”,
between the undissociated acid molecule and the water + dioxane solvent
structure which may lead to the opposite trends in AS° and AC, values.

The increased positive values of AG? (except the first dissociation step of
oxalic acid in 10 wt% dioxane) for the transfer from water to the mixed
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solvent of increased dioxane content indicate that the acids have more
energy in the mixed media than in water. Unlike AG? values, AH? and AS;
values are increasingly negative (except a few cases) in water + dioxane
mixtures. This points to the fact that the mixed solvents are less associated
(i.e., more structured) than pure water, thereby promoting an increased
order in the solvation shells of the H" ion and the acid anions formed on
dissociation in the mixed solvents.

The values of r, the distance between the carboxyl groups, are found to be
more in water + dioxane mixtures than in water (except for succinic in 10
and 20 wt% dioxane and glutaric and adipic acids in all solvents). The values
are presented in Table 6. As observed, the values of r in water + dioxane
mixtures increase with increasing dioxane content. This increase may be
attributed to the change in orientation of solvent molecules accompanying
the acid ion-solvent interactions and solvation. When the proportion of
dioxane increases, more solvent molecules (having two non-adjacent dipolar
groups) enter the ionic field, thereby promoting a sort of ordering effect in
the medium, and reducing the freedom of solvent molecules which would
probably cause a separation between the carboxyl groups. This is reflected
in the increased r value between the carboxyl groups with increasing
dioxane content, contrary to the fact that the electrostatic interaction
between the carboxyl groups and formation of intermolecular hydrogen
bond in the acid ion are indicative of high K,/K, ratios in these acids.
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