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Abstract 

The molar enthalpies of solution at 298.15 K of several aromatic sulphonic acids and 
of some aminosulphonic acids were measured in water, in aqueous acid, and in aque- 
ous alkali. Molar enthalpies of ionization in aqueous solution were derived for orthanilic 
acid (11.86 f 0.53 kJ mall’), metalinic acid (20.79 f 2.1 kJ mall’), sulphanilic acid 
(17.91 f 0.63 kJ mall’), aminomethanesulphonic acid (29.14 f 0.32 kJ mall’) and taurine 
(43.39 f 0.65 kJ mall’). 

INTRODUCTION 

The ability of the sulphonic acid group to confer solubility in water to 
otherwise insoluble materials has led to a wide range of applications, in 
particular in the dye-stuffs industry, in detergents, and in oil additives for 
engine protection. There have been very few reported measurements 
concerning the thermodynamics of the solution of sulphonic acids, 
including the aminosulphonic acids, for which the main species in aqueous 
solution is expected to be the zwitterion form. 

In this paper we report the enthalpies of solution of some aromatic 
sulphonic acids, together with those of some of their sodium salts and of 
some aminosulphonic acids, in water, in aqueous alkali, and in aqueous 
acid. From the enthalpies of solution of the aminosulphonic acids, the 
enthalpies of ionization of the -NH: group have been derived. 

EXPERIMENTAL 

Materials 

Sulphamic acid (B.D.H., analytical standard) was used, which from 
microanalysis and acidimetric titration was assessed to be ~99% pure. 
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Aminomethanesulphonic acid (Aldrich) and taurine (1-aminoethane-2- 
sulphonic acid) (Aldrich) were purified by crystallization from water and 
dried in vacua over P,O,,. 4-Methylbenzenesulphonic acid monohydrate 
(B.D.H., microanalytical grade) was stored over P401,, because it is 
hygroscopic. 4-Nitrobenzenesulphonic acid (Eastman Kodak) was dried in 
vacua; acidimetric titration indicated only 96% purity but attempts to 
purify by sublimation in vacua resulted in decomposition. The three 
aminobenzenesulphonic acids (Aldrich) were dried before use; micro- 
analyses and acidimetric titrations indicated purities >99%. 4-Chloro- 
benzenesulphonic acid monohydrate, 2-nitrobenzenesulphonic acid mono- 
hydrate, and 3-nitrobenzenesulphonic acid monohydrate were prepared 
from the corresponding sodium salts by ion exchange using an Amberlite@ 
IR 120 (hydrogen form) resin column. Checks on the sodium content of 
the eluate were made to ensure this to be <l ppm and to demonstrate 
the absence of sulphate ions. The acids were prepared by evaporating the 
eluates to dryness in a rotatory evaporator and storing the samples over 
P,O,,. 3-Nitrobenzenesulphonic acid monohydrate decomposes at room 
temperature in the presence of light so this sample was immediately 
transferred to a nitrogen-filled dry box to be sealed into glass ampoules for 
measurement and analysis. Microanalyses of the final products showed that 
these three acids were monohydrates. 

Sodium 4-methylbenzenesulphonate was prepared from the correspond- 
ing acid by adding a slight excess of sodium hydroxide and concentrating 
the solution in a rotary evaporator. A solution of the dried salt had a pH 
of 7.0, indicating the absence of sodium hydroxide. Sodium 4-chloro- 
benzenesulphonate and sodium 2-nitrobenzenesulphonate were stored over 
P,O,,. The purities of these salt samples were confirmed by microanalyses. 

Solution -reaction calorimeter 

The calorimeter has been previously reported [l] and only a brief 
description is given here. An unsilvered glass Dewar containing 130 cm3 of 
solvent was equipped with a twin-bladed glass stirrer rotating at 7.5 Hz. 
Temperatures were measured by a thermistor; the thermistor resistance 
was averaged over 30 s intervals by a Solartron 7065 DVM and the values 
transferred to a microcomputer for calculation of ATad, the temperature rise 
that would have occurred if the calorimeter were adiabatic and there was no 
work of stirring. An electric heater (100 Q) in an oil-filled tube was used for 
electrical calibration; the potential difference across the heater was 
measured with a Solartron A210 DVM and the current determined from 
the potential drop across a standard 1 Q resistance. The time for electrical 
heating was controlled by generating 0.1 s square-wave pulses from the 
200 kHz Droitwich signal, then switching the current to the calorimeter 
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heater for a preset pulse count. Samples were sealed in thin glass ampoules 
which were broken under the solvent at the appropriate time by 
compression between two glass rings. The calorimeter top plate was sealed 
to the Dewar using an O-ring and the calorimeter was submerged in a water 
thermostat maintained at 298.150 f 0.001 K. 

The calorimeter and procedure were tested by measuring the enthalpy of 
solution of THAM (NBS SRM 724) in HCl (aq) (0.1 mol dmp3) at 298.15 K; 
the mean of five experiments gave A,&,, = -29.75 f 0.08 kJ mol-‘, in 
agreement with the value of Kilday and Prosen [2], -29.77 f 0.03. 

RESULTS 

Table 1 lists the results for the enthalpies of solution in water, where 12 is 
the ratio of the number of moles of water to one mole of the compound. 
Uncertainties are twice the standard deviation of the mean, except when 
the number of experiments was less than three, due to limited amounts of 
pure material: the uncertainties were then assessed by comparison with the 
other measurements. Solution of the hydrated sulphonic acids is markedly 
less endothermic than for the anhydrous acids. 

Table 2 lists the results for the enthalpies of solution in 
0.1 mol dmp3 NaOH(aq), where m is the ratio of the number of moles of 
[NaOH * 550H20, l] to one mole of the compound. 

Table 3 lists the enthalpies of solution in 0.05 mol dm-3 H,SO,(aq), 
where m is the ratio of the number of moles of [H,SO, - llOOH,O, l] to one 
mole of the compound. 

TABLE 1 

Molar enthalpies of solution in n moles of water at 298.15 K 

NH,SO,H 
NH2CH2S03H 
NH,(CHd,SO,H 
4-CH,C,&SO,H . H,O 
4-ClC,H,S03H. H,O 
2-N0,C,&S03H . Hz0 
3-NO,C,H,SO,H . H,O 
4-NO,C,H,SO,H 
2-NH,C,H$O,H 
3-NH,C&SO,H 
4-NH,C&SO,H 
4-CH,C&SO,Na 
4-ClC,H,SO,Na 
2-NO&,H,SO,Na 

No. of expts. n AH(l)/kJ mol-’ 

2 1245 18.78 f 0.54 
4 1972 25.14 f 0.23 
4 3070 24.15 f 0.35 
2 3005 0.16 f 0.50 
1 2279 -0.14 f 0.70 
2 2405 0.80 f 0.67 
2 2459 -7.10 f 3.40 
2 1821 17.25 f 0.17 
4 1753 22.72 f 0.11 
4 2302 19.43 f 1.70 
5 2088 17.35 f 0.21 
2 1750 10.85 f 0.40 
3 2050 19.41 f 0.25 
4 1735 56.91 f 0.65 
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TABI.,E 2 

Molar enthalpies of solution in m moles of [NaOH .55OH,O] at 298.15 K 

No. of expts. m AH(2)lkJ mol-’ 

NH,SO,H 
NH&H2S03H 
NH2(CH2)2S03H 
4-CH&H_,S03H 1 H,O 
4-ClC,H,SO,H . H,O 
2-N02C6H,S03H~ HZ0 
3-NO&&S03H . H,O 
4-N02CbH$03H 
2-NH,C,H$O,H 
3-NH&H,S03H 
4-NH,C,H,SO,H 
4-CH,C,H,S03Na 
4XlC,H,SO,Na 
2-NO&,H,SO,Na 

3.88 -37.69 f 0.37 
3.56 -4.32 f 0.22 
3.98 11.32 f 0.06 
3.48 -56.14 rf: 0.19 

11.48 -57.72 j, 1.20 
13.82 -57.34 f 0.60 
10.60 -65.46 i 1.30 
4.32 -39.50 rir 0.60 
2.51 -25.37 rt 0.24 
5.16 - 17.55 rf 0.20 
5.17 -23.23 ~fr 0.33 
3.61 11.38 It 0.30 
3.62 19.64 zt 0.40 
3.11 56.68 rt 1.04 

TABLE 3 

Molar enthaipies of solution in m moles of [H,,SO, - llOOH,O] at 298.15 K 

NH,S03H 
NHZCH2S03H 
NHz(CWW,H 
4-CH,C,H,SO,H - Hz0 
4-ClC6H,S03H. Hz0 
2-NO,C,H,SOIIH . H20 
3-NO#Z,H,SO,H . H,O 
4-NO,C,H,SO,H 
2-NH&H,SO,H 
3-NH&,H,S03H 
4-NH~C~~SO~H 
4-CH&H,SO,Na 
4XIC,H,SO,Na 
2-NO,C,H,SO,Na 

No. of expts. m AH/kJ mol- ’ 

2 1.77 19.97 f 0.52 
3 1.61 24.49 rfr 0.36 
2 2.66 23.62 f 0.54 
4 1.51 2.42 f 0.22 
1 1.77 2.59 zt 0.70 
1 1.88 1.68 zt 0.65 
1 2.38 -3.97 f 0.90 
2 1.78 20.15 f 0.50 
3 1.94 21.00 f 0.20 
3 2.12 17.70 rt 0.60 
3 1.94 14.50 * 0.10 
2 1.52 10.39 f 0.36 
2 1.46 18.21 + 0.11 
2 2.23 28.46 f 0.40 

DISCUSSION 

Table 4 lists comparisons of the results with previously reported 
calorimetric measurements of the enthalpies of solution of sulphamic acid, 
taurine, and sulphanilic acid in water and in NaOH(aq). Although the 
concentrations of the final solutions do not precisely correspond, the results 
are close, suggesting that for these solutions, enthalpies of dilution will be 
small. 
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TABLE 4 

Comparisons with previous measurements at 298.15 K 

Solvenr AH/kJ ml- Reference 

NH,SO,H 
NH,SO,H 
NHKH,),SO,N 
NHzWHMQH 
4-NH2C,HJS0,H 
4-NH,C,H,SO$-I 
NH,SO,H 
NH,SO,H 
4-NH&H$O,H 
4-NH&,H$O,H 

H,Q 
H,O 
HXJ 
HZ0 
Hz0 
H,O 
NaOH 
NaOH 
NaOH 
NaOH 

12 =2445 
n = 1245 
ra = 2033 
n = 3070 
n = 10120 
n = 2088 
m = 2.42 
m = 3.88 
m = 5.17 
m = 3.81 

19.03 f 0.12 
18.78 l 0.54 
24.18 f 0.21 
24.15 f 0.35 
18.80 f 0.63 
17.35 f 0.21 

-37.20 f 0.23 
-37.49 f 0.37 
-23.56 f 0.06 
-23.23 f 0.33 

3 
This work 
4 
This work 
4 
This work 
4 
This work 
4 
This work 

Although the concentrations of the final solutions in water and in 
NaOH(aq) are small, nevertheless they are somewhat removed from 
infinite dilution and rigorous corrections to infinite dihrtion are not possible 
due to lack of information concerning dilution enthalpies. An approximate 
correction can be made as follows. The processes measured are 

HA(c) + nH,O(I) + [HA . nH,O](l) (0 

and 

HA(c) + m[NaOH - 550H,O](l)-+ [NaA ’ (m - 1)NaOH - (5SOm + l)H,O](I) 

(21 
By subtraction 

[HA - nH,O](l) -t m [NaOH - SSOH,O](l) -+ 

[NaA * (m - I)NaOH + (SSOm + 1)H,O](l) -t nH,O(I) 

where MI(3) = hH(2) - MY(l). 

(3) 

Process (3) may be considered as occurring in two stages 

[HA I nH,O](l> + [NaOH .S5OH,O](l)--+ [NaA . (551 + n)H,O)(t> 

and 

[NaA - (551-t- n)H,O](l) + (m - l)[NaOH - 550H,O](l) -+ 

[NaA . (m - 1)NaUH - (SSOm + l)H,O](l) + nH,O(l) (3bI 

where process @b) involves the mixing of 0.1 mof dms3 NaA(aq) with 
0.1 mol drnm3 NaOH(aq) in the ratio 1 :(m - I>. Although no data are 
available on these mixing enthalpies, at the concentrations used they 
are almost certainly very small so that the approximation AH(3) = MI(3a) 
can be made. The dilution enthalpies for [HA = nH,O](l) and for 
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TABLE 5 

Molar enthalpies, Gibbs energies and entropies of ionization at 298.15 K 

AH*(3)/kJ mole’ AH:“t,lkJ mol-’ PK, AG:n’,/ 
kJ mol-’ 

NH,SO,H 
NH,CH,SO,H 

NH,(CH,),S%H 
4-CH,C,H,SO,H 
4-CIC,H,S03H 
2-NO,C,H,SO,H 
3-NO,C,H,SO,H 
4-NO,C,H,SO,H 
2-NH,C,H,SO,H 
3-NH&,H,SO,H 
4-NH,C,H,SO,H 

-55.97 i 0.65 1.97 f 0.57 [7] 0.988 [7] 5.64 - 12.3 
-28.96 zt 0.32 29.14 f 0.32 6.01 34.30 -17.3 
-12.33 i 0.36 43.39 f 0.65 9.06 [7] 51.71 -27.9 
-55.80 + 0.53 
-57.08 f 1.40 
-57.64 f 0.90 
-57.86 f 3.60 
-56.25 f 0.62 
-47.59 f 0.26 11.86 i 0.53 2.46 [7] 14.04 -7.3 
-36.48 f 1.71 20.79 f 2.10 3.74 [7] 21.35 -1.9 
-40.08 f 0.39 17.91 f 0.63 3.23 [7] 18.44 -1.8 

[NaA - 550H,O](l) t o infinite dilution are expected to be small and are 
mutually cancelling, so that the essential dilution term to correct AH(3a) to 
infinite dilution is for [NaOH - 550H,O](l), for which AH(dilution) = 
-0.48 kJ mol-’ [5], so that AH*(3) = [AH(3a) + 0.51 kJ mol-‘. 

The derived AH*(3) values are listed in the first column of Table 5. For 
the monofunctional sulphonic acids, AH*(3) is essentially indistinguishable 
from the standard enthalpy of formation of water from H’(aq) and 
OH-(aq), -55.84 f 0.04 kJ mall’ [6], consistent with the view that these 
are strong acids and at the concentrations employed in this study they will 
be effectively completely dissociated. 

Because of the ease of dissociation of the sulphonic acid group, the 
undissociated aminosulphonic acids are expected to be in a zwitterion form, 
NH:-R-SO;. The standard enthalpy of ionization can be derived from the 
standard enthalpy of reaction (3), now written as 

HA(aq) + OH-(aq) = A-(aq) + H,O(l) 

and the standard enthalpy of ionization of water, AHe 

H,O(l) + H’(aq) + OH-(aq) 

Hence for 

HA(aq)+ H’(aq) + A-(aq) (4) 

AH*(4) = AHQ(3) - AHe( It is necessary, however, to correct the 
observed AHe(3) for the degree of dissociation of the aminosulphonic acid 
in water. 

For sulphamic acid, pK, = 0.988 [7], and at the concentrations used in 
this work, the aqueous acid will be approximately 90% dissociated. 
Previous determinations of the enthalpy of ionization of sulphamic acid 
show this to be small, 1.97 f 0.67 kJ mol-’ [7] and 1.05 f 0.63 kJ mol-’ [4], 
so that -AH*(3) without correction for dissociation is equal to the 
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enthalpy of ionization of water to within the limits of experimental 
un~rtainty. For the aminomethanesulphonic acid, pli;, = 6.01 was deter- 
mined by measuring the pH during the titration with alkali of three 
solutions at concentrations less than 10m3 mol dmm3 and extrapolating to 
zero concentration. The value is reasonably close to, but is preferred to, 
that reported by Rumpf [8], pK, = 5.75, because the latter value was 
measured at an unstated concentration and temperature. The degree of 
dissociation in an aqueous solution of an aminosulphonic acid was derived 
from pK, and activity coefficients calculated using the formula proposed by 
Davies [9], i.e. at 298.15 IS 

log,, y* = 
-0.51151’” 

1 + Iln + 0.011 

Fortunately, uncertainty in the values of the activity coefficients does not 
have a marked effect on the calculated degree of dissociation and 
consequently on AP (ionization). The enthalpies of ionization are listed 
in Table 5 and compared with values reported in the literature in Table 6, 
showing that good agreement has been obtained. 

Table 5 lists the standard Gibbs energies and entropies of ionization. The 
entropies of ionization are small, consistent with the undissociated acids 
being in the zwitterion form in aqueous solution. For taurine, the enthalpy 
of ionization is large and the entropy of ionization has the largest negative 
value suggesting that this molecule forms a six-membered ring structure 
with an intramolecular hydrogen bond. 

The effect may be present to a smaller degree in aminomethanesulphonic 
acid and in orthanilic acid where five-membered rings may be present. 

TABLE 6 

Comparison of AHE” values at 298.15 K in kJ mol-’ 

This work Ref. 7 Ref. 4 

NH,(CH,)&AH 43.39 f 0.65 41.80 f 0.25 
2-NH&H$O,H 11.86 f 0.53 10.16 f 0.21 
3-NH,C,H,SO,H 20.79 f 2.10 21 .OO f 0.21 
4-NH,C6H,S03H 17.91 f 0.63 18.58 f 0.21 17.57 f 0.84 
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Enthalpies of solution in sulphuric acid 

By subtraction of the enthalpy in water from that in sulphuric acid 
(0.05 mol dmm3), the enthalpy of process (5) is derived 

[HA - nH,O](l) + m [H,SO, - llOOH,O](l) -+ 

[HA * mH,SO, - ll~~H~O](l) -I- nH,O(I) 

The final acid solution can be written in the form 

1lOOrrl 
HA.------ 

llOO??zH o 
m + 1 H,O~mH,SO,~------- 

m+l 2 I 

in which the water is associated equally between the acids HA and 
mH,SO,. Examination of process (5) shows that m(H,SO, * llOOH,O) 
dilutes to m(H,SO, - ll~~/(~ + l)HzO) and (HA + nH,O) dilutes to 
(HA - llOO~/(~ + l)H,O. The enthalpy of dilution of the sulphuric acid is 
readily calculated from data tables, and that for the acid HA is expected to 
be small. Hence, by applying the dilution correction, AH(corr), the 
enthalpy of mixing very dilute aqueous solutions of the sulphonic acids and 
sulphuric acid, AN(G) = AH(5) + ~~(corr), can be derived; the values are 
listed in Table 7. 

For the monofunctional sulphonic acids, AH(6) is effectively zero, as 
anticipated because protonation of the sulphonic acid group is not expected 
in sulphuric acid at these concentrations. For the aminosulphonic acids, 
however, protonation of the -NH, group in NH,-R-SO; is expected, 
leading to an exothermic process. It is not feasible to calculate the extent of 
protonation in these cases because of lack of information on the activity 
coefficients of the species concerned in 0.05 mol dm-” sulphuric acid. 

TABLE 7 

Enthalpies of mixing of HA. nH,O(l) with H,SO,(aq) 0.05 mol dmm3 at 298.15 K 

A~(corr)/kJ mol”“ AH(G)/kJ mol-’ 

NH,SO,H 2.20 
NH,CH,SO,H 2.19 

NH*(CH~)~SO~H 2.38 
4-CH,C,H,SOsH 2.17 
4-CIC6H,S0,H 2.20 
2-NO,C,H,SO,H 2.23 
3-N0,C,H,S03H 2.23 
4-NO,C,H,SO,H 2.20 
2-NH,C,H,SO,H 2.25 
3-NH,C,H,SO,H 2.30 
4-NH,C6H,S03H 2.25 

- 1.01 f 0.75 
-1.54*0.44 
-2.91 f 0.64 

0.09 jz 0.54 
0.53 * 0.99 

- 1.35 * 0.93 
0.90 f 3.5 
0.70 f 0.53 

-3.97 it 0.23 
-4.03 f 1.80 
-5.10 f 0.23 
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Except for the sodium salt of 2nitrobenzene sulphonic acid, the 
enthalpies of solution of the sodium salts show little change for solution in 
solvents of low, neutral, and high pH values. For the salt of 2- 
nitrobenzenesulphonic acid, dissolution in acid is less endothermic than 
expected, possibly due to an acid-catalysed denitration which is expected to 
be an exothermic process. 
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