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ABSTRACT 

Relative apparent molal heat contents, $I~, are reported for the tetramethylguanidinium 
salts of methanesulfonic (MS) and trifluoromethanesulfonic (TFMS) acids. Relative partial 

molal heat contents, Ez, are calculated and combined with previously reported activity 
coefficient data, to yield excess entropies. It is found that the values of J?~ make the principal 
contribution to the excess entropies of Me,GuMS solutions while the excess free energies, as 
calculated from activity coefficients, make the greatest contribution to the excess entropies of 

Me,GuTFMS solutions. 

INTRODUCTION 

Trifluoromethanesulfonic acid (triflic acid) has been referred to [l] as the 
strongest of all acids. This statement is similar to those frequently found 
when perchloric acid is discussed. The majority of the evidence for these 
statements is based on the properties of the acids in non-aqueous media. In 
dilute aqueous solutions, it is observed [2,3] that both acids exhibit a 
considerable degree of association as evidenced by their colligative properties 
and heat capacity in solution. This behavior has been postulated [3] to be 
due to a very stable hydrogen-bonded ion pair involving the hydrated proton 
and the anion. The association decreases in more concentrated aqueous 
solutions where the proton is hydrated to a lesser extent. It is significant that 
in all systems where this type of association occurs there is even greater 
association of the anion with the tetramethylguanidinium (Me,Gu+) cation. 
The H,O+ ion and the Me,Gu+ ion can both form bifurcated hydrogen 
bonds with the anions but only the proton can covalently bond to the anion 
to form a non-ionic molecule. The Me,Gu+ salts are therefore useful in the 
study of these unusual ion pairs. A comparison of the heats of dilution of 
Me,Gu+ chlorides and perchlorates has been reported [4] as a part of the 
study to determine why the perchlorate salt associates strongly in aqueous 
solution while the chloride salt does not. A similar situation exists regarding 
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the methanesulfonate and trifluoromethanesulfonate systems and calorimet- 
ric data on these salts should be of equal interest. 

EXPERIMENTAL 

The best grades of methanesulfonic acid and trifluoromethanesulfonic 
acid available from Aldrich Chemical Co. were vacuum distilled and the 
center fraction retained. Anhydrous ether solutions of these acids were then 
neutralized with the free base, tetramethylguanidine (Pfaltz and Bauer). The 
salts were separated by filtration, recrystallized twice from methanol-ether 
solutions and dried under vacuum over concentrated H,SO, and finally over 

P,% The molecular weight of each salt was obtained by passing an 
aqueous solution through the acid form of a cation exchange resin. Titration 
of the eluent showed that neither of the salts was a hydrate (or solute). In 
each instance the molecular weight agreed with the calculated value within 
the experimental error of the titration (0.1-0.2s). 

The heats of dilution of the salts were measured using the “broken 
ampoule” technique. The experimental technique was the same as that used 
in the earlier heat of dilution measurements [4]. The apparatus was that used 
for previously reported [5] heat capacity measurements. The sets of dilution 
data are given in Table 1 for the two tetramethylguanidine salts. 

RESULTS AND DISCUSSION 

The apparent relative molal heat content of a solution, $L, is obtained by 
measuring the heat of dilution of that solution to infinite dilution. Since this 
is not experimentally possible in practice, a given solution is diluted to 
several finite concentrations and an extrapolation of the slope, A&/Am”‘, 
is performed knowing [6] that the limiting Debye-Huckel slope is 1975 J 
mole-’ for 1,l electrolytes. After obtaining r#~~ values for the solutions, it is 
possible to calculate relative partial molal heat contents, &, from the 
equation 

The plot (Fig. 1) of & vs. m ‘I* shows that the Me,Gu MS curve is slightly 
S-shaped and the Me,Gu TFMS curve is considerably more so. This is due, 
in part, to the fact that the concentration axis is expanded below 1.0 m and 
compressed above this concentration when the square root is extracted. 
Because of the nature of the curves, it was found that the most accurate 
slopes could be obtained from expanded plots. The partial molal excess 
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Fig. 1. Apparent relative molal heat contents of tetramethylguanidinium methanesulfonate 
and trifluoromethanesulfonate solutions. 

entropies as given in Table 2, were calculated [7] from 

TSE = L2 - vRTln y + 

using known activity coefficient data [2]. 
In a previous study [4], it was noted that the values of .& for Me,GuCl 

were not too different from those of NaCl or KCl. Actually, the values of I#B~ 
for Me,GuCl are almost identical to those of Me,NHCl up to the limit of 

TABLE 2 

Partial relative molal heat contents and excess entropies 

m 

1.0 
2.0 
3.0 
4.0 

Me,GuMS Me,GuTFMS 

_ 

f;; 

TSE L, TP 

(JK-‘) (J) (JK- ‘) 

2510 4620 3280 8890 
4430 6290 4840 12630 
5900 7310 5400 14680 
7060 7850 5790 16 140 
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the reported values [8] for the latter compound. They are quite different 
from the large positive values of +L for HCl. No other salts of Me,Gu+, 
including the nitrate which will be reported later, have been found to have 
positive values of +L. The large positive values of Me,GuMS and 
Me,GuTFMS indicate that both of the sulfonate anions make a large 
contribution to the positive value of $I~. These values of +r. are similar in sign 
and magnitude to those of HCl at comparable concentrations. 

The original purpose of these studies was to compare the relative molal 
heat contents of the two sulfonate salts. In dilute solutions the values of both 
+L and & for the trifluoro-salt are the larger. The +L curves cross at about 
4.0 m and the & curves at about 2.5 m with the relative molal heat content 
values of the methanesulfonate salt being larger in the more concentrated 
solutions. Colligative property data had indicated [2] appreciable association 
of the TFMS salt. These calorimetric data are consistent with the activity 
coefficient values if one assumes that the dilute Me,GuTFMS data are 
representative of the heat content of the undissociated salt and that the 
flattening of the curve, with a resultant crossing of the Me,GuMS curve is a 
result of association in the more concentrated solutions. 

Large positive values of excess entropy for a solute may be due either to 
large positive values of L2 or large negative values of c: (resulting from 
small activity coefficients). It is seen that for Me,GuMS the principal 
contribution to TSE is the heat content, &. For Me,GuTFMS, on the other 
hand, it is observed that the contribution of p to TSE is almost three times 
that of &. The excess entropy is thus essentially free energy controlled, as 
was the case for Me,GuClO,. 
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