154 J. Chem. Eng. Data 1987, 32, 154-157

Thermodynamics of Protonation of m- and p-Nitroanilines in
Water—Acetonitrile and Water—-Dimethylformamide Mixtures

S. Subramanian, V. V. Giridhar, and C. Kalldas*

Department of Chemistry, Indian Institute of Technology, Madras 600 036, India

The thermodynamic dissoclation constants (pK,) of
m-nitroanilinium lon (MNAHR™) In water~acetonitrile (AN)
and water~dimethylformamide (DMF) mixtures and of
p-nitroanilinium ion (pNAH*) in water—-DMF mixtures have
been determined by a spectrophotometric method a 30 °C
in varlous solvent compositions. While the pk, of mNAH*
lon In water~AN mixtures passed through a minimum at 60
wt % AN, that of mNAH* and pNAH" ions In water-DMF
mixtures passed through a minimum at 80 wt % DMF.
The solvent effect on the dissoclation equilibria has been
discussed, along with the avaliable pK, data on pNAH™ In
water-AN mixtures, in terms of the varlation of transfer
free energies of the various species invoived In the
equilibria.

Introduction

The variation of pK's of weak acids and bases in mixed
solvents provides valuable information toward an understanding
of solute-soivent interactions in these media (7-4). Although
many investigations of this nature have been made in binary
mixtures of aqueous—amphiprotic solvents, very few studies
involving a dipolar aprotic solvent as one of the components
have been reported hitherto. In continuation of our earlier work
on this subject (2, 5-7) the present paper, therefore, deals with
the study of the solvent effect on the dissociation of m- and
p -nitroanilinium ions in water—AN and water-DMF mixtures
using a spectrophotometric method.

Experimental Section

Acetonitrile (S. Merck, India), DMF (E. Merck, India), and
water were purified as described earlier (8, 9). The indicators,
m- and p-nitroaniline (Sisco Research Laboratories, India),
were recrystallized twice from aqueous ethanol and their
melting points (114 °C for mNA and 148 °C for pNA) were
found to be in agreement with the reported ( 70) values. HCI
gas, generated by adding concentrated H,S0, to concentrated
AR HCI, was purified as described earlier ( 77) and bubbled into
the solvent mixture of desired composition. The strength of the
stock acid solution was determined by titration against aqueous
sodium hydroxide solution which was standardized previously
by using a standard solution of potassium hydrogen phthalate.
No perceptible change in the strength of the acld in various
solvent mixtures was observed during the period of measure-
ments in all compositions. The dissociation constants (pK g.+)
of m- and p-nitroanilinium ions were determined spectropho-
tometrically in accordance with the procedure described earlier
(71). The indicator ratio, mg,+/mg, necessary for the evalua-
tion of the dissociation constant was caiculated (72) from

mBH+ EB“E

= ("

mg  E- Ege

where E, Eg, and Eg,+ represent the molar extinction coeffi-
cients of the experimental solution, of the basic form B, and of
its protonated form BH*. Absorbance measurements were

carried out at 30 % 0.1 °C by means of PMQ II Carl Zeiss
spectrophotometer at the wavelength of maximum absorption
of the basic form of the indicator in each solvent composition.
E g+ was found to be negligibly small at this wavelength in all
compositions. The solubilities of m- and p-nitroanilines were
determined in the usual way as described earlier (5). The
solubility measurements were repeated at least twice inde-
pendently to check the reproducibility and the agreement be-
tween duplicates was better than £1%. The pKgy+ data of
pNAH* upto 75 wt % AN at 25 °C, reported by El-Harakany
et al. (13), were also analyzed to understand the solvent effect
on this equilibrium, and the required solubiilty data were de-
termined at 25 £ 0.1 °C. In the case of m-nitroaniline in
water—AN mixtures, solubility measurements in the composition
range between 30 and 80 wt % AN could not be performed
due to the phase separation of the two solvent layers with the
addition of mNA. No such difficulty was encountered below 30
wt % and above 80 wt % AN. Further experimental details
are given elsewhere (77).

Results and Discussion

The pK g+ of m- and p-nitroanilinium ions (BH*) according
to the equilibrium

BH" = B + H* (2)

was obtained by extrapolation of the piots of pK’,+ against the
concentration, m, of the acid to m — 0 in the various solvent
mixtures. The function pK’g+ is defined by

PK'gy+ = log mgy+ /Mg — log my+ = pKg+ + £(m) (3)

where m,+-represents the molal concentration of free hydrogen
ions which is assumed to be equal to the stoichiometric con-
centration of the acid in the solution. In the case of mNA a
correction was made (74) for the concentration of HCI at
equilibrium taking BH* formed into consideration. The plots of
pK’ g+ vS. m were found to be falirly linear in all solvent com-
positions. In the calculation of pK’y,+, the acid was assumed
to be completely dissociated in all solvent compositions, except
In pure DMF. In this case, a correction was made for the ion
association of HCI, using the association constant data available
in pure DMF. Due to the Iinstability of HCI in pure AN, pKg.+
measurements. were not performed in pure AN. The pKgy+ of
mNAH* and pNAH ions in pure water at 30 °C are 2.42 and
0.99, respectively, which are in good agreement with the re-
ported values (75, 76) at the same temperature. The pK g+
data of MNAH* and pNAH™, the solubiiities, and Gibbs transfer
energies, AG°yg, of MNA and pNA (calculated from solubility
data as described earlier (5)) in water-AN and water-DMF
mixtures are given in Tables I and II.

A better insight into the variation of the pK .+ with solvent
composition can be obtained by considering the variation of the
transfer parameters of the equilibrium process (eq 2) with the
solvent composition. The change of standard free energy as-
sociated with the dissociation equilibrium of BHT in the solvent
(AG°®,) relative to that in pure water (AG°,) may be related to
the pKg,+ difference of the indicator between the solvent under
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Table I. pKyg+ of mNAH* Ion (Molal Scale) and pKgg+, Solubility, and Transfer Free Energy Data of m-Nitroaniline in

Water-AN and Water-DMF Mixtures at 30 °C

water—AN mixtures

water-DMF mixtures

wt % of org solubility of AG® mna)’/ solubility of AG®una®/
solvent component pKpy+® ApKpy+ mNA/mol kg™! kJ mol! pKpy+® ApKpy+ mNA/mol kg™! kJ mol!
0 2.42 0 7.744 X 1073 0 2.42 0 7.744 X 10° 0

20 1.88 -0.54 6.516 X 10 -5.36 1.74 -0.68 0.03643 -3.90
30 0.181 -7.95
40 1.52 -0.90 1.24 -1.18 0.1457 ~7.40
60 1.30 -1.12 0.53 -1.89 0.9117 -12.02
80 1.40 -1.02 1.960 -13.93 0.06 -2.36 2.535 -14.60
90 2.279 -14.31
100 2,377 -14.43 1.95 -0.47 3.192 -15.18

%Values accurate to £0.01 unit. ® Accurate to £0.05 kJ mol™l. Solubility values accurate to within £1%.

Table II. pKgg+ of pNAH* Ion (Molal Scale) and pKgg+, Solubility, and Transfer Free Energy Data of p-Nitroaniline in

Water-AN (at 25 °C) and in Water-DMF (at 30 °C) Mixtures

water-AN mixtures

water~-DMF mixtures

wt % of org solubility of AG®pnat/ solubility of AG® Nt/
solvent component  pKpy+®  ApKay+ pNA/mol kg! kJ mol™! pKpy+* pKpy+ PpNA/mol kg! kJ mol™!
0 1.02 0 4,379 x 107 0 0.99 0 5987 x 107 0
20 0.46 -0.56 4,101 x 1072 -5.56 0.36 -0.63 0.03406 -4.38
40 0.04 -0.98 0.256 -10.08 -0.26 -1.25 0.1784 -8.56
60 -0.19 -1.21 0.691 -12.55 -0.88 -1.87 1.0624 -13.05
75 -0.30 -1.32 1.090 ~13.68
80 -1.75 -2.74 2.6335 -15.34
100 0.15 —0.84 4,025 -16.41

9Values from ref 13 interpolated at the compositions mentioned.

Solubilities accurate to within +£1%.

bValues accurate to £0.05 kJ mol™.

¢Values accurate to £0.01 units.

Table III. Thermodynamic Parameters (kJ mol™!) of Various Species Involving mNA in Water-AN Mixtures at 30 °C (Molal

Scale)
AN AGm* AG°uaw  AG°ymuc)® AG®yery AG k! AG®y gy AG°pmHey  AG°ysHey
0 0 0 0 0 0 0 0 0

20 -5.36 -3.13 1.25 1.79 (3.86) —0.54 (-1.61) -2.77 (-4.84) -0.98 -4,38
30 -7.95 -4,30° 2.21 2.60 (5.60) —0.39 (-3.39) —4,04 (-7.04) -1.44 -6.51
40 -5.22 3.45 3.68 (7.06) -0.23 (-3.61)

60 -6.50 7.02 6.40 (9.90) 0.62 (-2.88)

80 -13.93 -5.92 14.64 12.16 (15.78) 2.48 (-1.14) -5.53 (-9.15) 6.63 -10.56

¢Interpolated from a large-scale plot of AG®4;,) vs. composition of AN. *By EMF method; ref 22. ¢By nLJP method, using the relation
AG®cr) = AG%ageny — AG®yagy; AG®yagen from ref 21 and AG®y,,+) from ref 22. Values in parentheses are based on the TATB method.

dAG°‘(H+) = AGQ® tHC) ~ AGet(CI) Accurate to £0.05 kJ mol™L.

consideration and the reference solvent (water in the present
case) by the expression

AGot(a‘) = 2'303RTApKBH+ =
AG°«H+) + AG °t(3) - AGO:(BH"’) (4)

which can also be written as
AG°,(HC,, + AG °“B) - AG °quc|) (5)

The AG®y, where | = B, BH", H* etc., in the above equations
represents the Gibbs transfer energies of the species i from
water to the solvent under consideration. The values of
AG® g+ and AG ° i) Were evaluated from eq 4 and 5 using
the avallable tfransfer energy data of other specles (see footnote
under Tables III-VI). The thermodynamic quantities of the
various species invoived in the dissociation equilibria are re-
corded for mNAH™ ion (Tables III and IV) and pNAH? ion
(Tables V and VI).

It is seen that AG°® 4., for MNAH* and pNAH* ions in both
the solvent mixtures over the entire range of solvent compo-
sitions is negative and thus the equilibrium is more favored in
the mixed solvent than in pure water. The minimum observed
in° AG g, C8N be explained as arising from the opposite
varlation of two factors, AG ° ., which is positive and contin-
uously increases and AG® g, ~ AG® e Which is negative and
continuously decreases with the addltlon of the organic com-~
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Figure 1. Hydrogen-bonded complexes between water and acetonttrile.
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Figure 2. Mesomeric forms of p-nitroaniline.

ponent in both the solvent mixtures, the dominating factor being

AG O‘(B) -

AG ot(Bch.

The transfer energies of neutral bases are negative and de-
crease continuously (Tables I and II) with the addition of or-
ganic component, indicating that they are better solvated in the
mixed solvents than in water, which can be explained as fol-
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Table IV. Thermodynamic Parameters (kJ mol™!) of Various Species Involving mNA in Water-DMF Mixtures at 30 °C

(Molal Scale)

wt % AG®yg -
DMF  AG°p?  AG°qw)®  AGyua)’ AG® ey’ AG® ' AG®ygH*) AG®euey  AG°ymHay
0 0 0 0 0 0 0 0 0
20 -3.90 -3.95 0.01 2.00 (2.50) -1.99 (-2.49) -1.94 (-2.44) 0.06 -3.96
40 ~7.40 ~-6.85 0.43 4.50 (8.00) -4.07 (-7.57) -4.62 (-8.12) -0.12 ~7.28
60 -12.02 -10.97 1.96 8.30 (16.00) -6.34 (-14.04) -7.39 (-15.09) 0.91 -12.93
80 -14.60 -13.70 7.08 14.00 (23.00) -6.92 (-15.92) -7.82 (-16.82) 6.18 -20.78
100 -15.18 -2.73 28.36¢° 35.00 (45.90) -6.64 (-17.54) -19.09 (-29.99) 15.91 -31.09

*By EMF method ref 20. *By nLJP method, using the relation AG®ycr) = AG®yugc) — AG%ag+y; the AG® agqy) values were taken from the
work of Kundu and Parker (21) and AG®,+ by nLJP method was taken from the present work. °AG°yy+) = AG®ucy — AG®ycry; values in
parentheses are hased on the TATB method. ¢Accurate to £0.05 kJ mol™. ¢Value calculated from ref 23 using the relation AG®y+) +

AG°ycry = AG®ynen-

Table V. Thermodynamic Parameters (kJ mol™) of Various Species Involving pNA in Water-AN Mixtures at 25 °C (Molal

Scale)

wt % AG®p) -

AN AG® g AG®ygiee)* AG®yycy® AG°yory! AG®yy# AG°ygh#) AG®yHCy AG°ymHoy
0 0 0 0 0 0 0 0 0

20 ~5.56 -3.20 1.25 1.79 (3.86) -0.54 (-2.61) ~2.90( (-4.97) -1.11 -4.45
40 -10.08 -5.59 3.45 3.68 (7.06) -0.23 (-3.61) -4.72 (-8.10) -1,04 -9.04
60 -12.55 ~-6.91 7.02 6.40 (9.90) 0.62 (-2.88) -5.02 (-8.52) 1.38 -13.93
75 -13.68 ~-7.54 11.91 10.10 (13.60) 1.81 (-1.69) -4.33 (-7.83) 5.77 ~19.45

3By EMF method; from ref 20. ®By nLJP method. Values in parentheses are based on the TATB method (AG®yag+ values from ref 21).

*AG® gy = AG® ey — AG®y - @ Accurate to £0.05 kJ mol ™.

Table VI. Thermodynamic Parameters (kJ mol™!) of Various Species Involving pNA in Water-DMF Mixtures at 30 °C (Molal

Scale)
DMF  AG°yp°  AG°w)®  AG°yuo)” AG®ycr AG® 4 AG°ygu+) AG%euoy  AG®ysHO)
0 0 0 0 0 0 0 0 0
20 -4,38 -3.66 0.01 2.00 (2.50) -1.99 (-2.49) -2.71 (-3.21) -0.71 -3.67
40 ~8.56 -7.26 0.43 4.50 (8.00) -4.07 (-7.57) -~5.37 (-8.87) -0.87 -7.69
60 -13.05 -10.85 1.96 8.30 (16.00) -6.34 (-14.04) -8.54 (-16.24) -0.24 -12.81
80 -15.34 -15.90 7.08 14.00 (23.00) -6.92 (-15.92) -6.36 (-15.36) 7.64 -22.98
100 -16.41 -4.88 28.36° 35.00 (45.90) -6.64 (-17.54) -18.17 (-29.07) 16.83 -33.24

¢By EMF method ref 20. ®By nLJP method. ¢AG®,u+ = AG®mcy - AG®ycy; values in parentheses are based on the TATB method.
4 Accurate to £0.05 kJ mol™. ¢Values calculated from ref 23 using the relation AG®,y+) + AG®cry = AG® .

lows. The water—AN mixture is more basic than water itself due
to the formation of increased number of monomeric water
molecules and their formation of intercomponent hydrogen-
bonded complexes with AN molecules (77) as shown in Figure
1.  In one of the mesomeric forms of pNA, there exists a
partial quinonoid structure (Figure 2) such that it gets solvated
through the positively charged amino group and the more
negative hydroxyl oxygen of monomeric water molecules. Also,
the =N*H, may interact with the negative end of the dipole of
AN. Although solvation of pNA is possible through the inter-
actions of negatively charged atoms of -NO, group and the
positively charged hydrogen atoms of water molecules, the
hydrophobic nature of phenyl group hinders this type of inter-
action. Apart from these interactions, the presence of an
aromatic ring suggests the possibility of dispersion interactions
with AN molecules. At low compositions of AN, the above-
mentioned interactions add together which results in a consid-
erable increase in solubility of pNA. At higher AN compositions,
the interactions involving water molecules decrease and the
dipole and dispersion interactions due to AN become prominent.
Thus a smaller increase in solubility of pNA may be expected
in the AN-rich region. A similar argument can be made to
explain the observed AG ° g, varlation with solvent composition
for pNA in water—-DMF mixtures. But the increased basicity of
the water-DMF mixtures compared to pure water may be ex-
plained as arising due to the formation of H-bonded complexes
(Figure 3) of the type DMF-nH,O which are in general more
basic than pure water (78, 19).

The observed AG°,g, variation with solvent composition for
mNA in both water-AN and water-DMF mixtures (since the

Cg3 /CH3 C"\’3N /§H3
Ng *
|.,-\ -3 +d-4
H-C=0 H—-O\ —— H-C—O--—H—O\
H H
<)

Figure 3. Hydrogen-bonded complexes between water and N,N-DMF.

®Onw,

-
NO, [ff:l‘NO
2
C)

Figure 4. Mesomeric forms of m-nitroaniline.

tNH,

amino function cannot be in direct conjugation with the nitro
function) can be explained by considering the structure b of
Figure 4 to interact with the basic sltes of the solvent mixtures,
all the other arguments being similar to the one given for pNA
in water—AN mixtures.

The negative and continuously decreasing AG ° .+ values for
water—AN (upto 40 wt % AN) and water-DMF mixtures (Tables
ITI-VI), on the basis of both nLJP and TATB methods, may be
attributed to the enhanced basicity of the solvent mixtures as
pointed out already.

The AG°ygy for both pNAH* and mNAH* ions in water-AN
and water-DMF mixtures (Tables I1I1-VI) is negative throughout



the range of solvent compositions and generally decreases
continuously with the addition of the organic sotvent component
{both on nLJP and TATB methods) although there is a slight
increase; i.e., the value becomes less negalive at 75 wt % AN
and 80 wt % DMF for pNAH+ ion in these mixtures, respec-
tively. Thus these ions are better stabilized in the mixed sol-
vents than in water which can be explained on the basis of the
increased basicity of the solvent mixture than pure water. In
both pNAH* and mNAH™, the —-NH;" group will be solvated by
the negative end of the oxygen of —OH group in the mixed
soivent or even by the negative end of the AN dipole or DMF
dipole (see the intercomponent H-bonded structures of water
with AN and DMF in Figures 1 and 3). Further, the solvation
of pNAH* and mNAH™ can also occur through the negatively
charged atoms of the -NO, group and the positively charged
H atoms of water molecules. At higher compositions of the
dipolar aprotic solvent components, the possibility of dispersion
interactions can lead to the large negative values of AG°«BH+).

The AG° gy Values for mNA (Table I11) and pNA (Table V)
in water—-AN mixtures are negative and decrease initially with
the addition of AN upto 30 and 20 wt % AN, respectively, and
thereafter increase to positive values till pure AN. In water—
DMF mixtures, the AG® values for both mNA and pNA are
very nearly equal to zero upto about 80 wt % DMF (Tables IV
and VI) and thereafter are positive and increase continuously
with the addition of DMF. The very low values of AG® gy Upto
60 wt % organic solvent component in both water—-AN and
water-DMF mixtures can be explained as arising from the
nearly equal and oppostte values of AG° g+ (which is negative
throughout) and AG°,(C,., (which is positive throughout) upto this
solvent composition. But beyond 60 wt % organic solvent
component, the magnitudes of AG®yr, are very high compared
to those of AG® g+ and they overshadow the decrease in
AG® @+ which results in large positive values of AG° g, after
this composition.

The increasing positive values of AG ®yg in both the solvent
mixtures can be explained as arising from the decreasing H-
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bonding availability for CI- ions in water-DMF and water-AN
mixtures compared to that in pure water. This is because both
DMF and AN form H-bonded complexes and hence there will
be a competition for water molecules by both CI~ and the or-
ganic solvent component.

Registry No. mNA, 99-09-2; pNA, 100-01-6; AN, 75-05-8; DMF, 68-
12-2.
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