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ABSTRACT 

The applicsrton of thermometnc tttnmetnes to the determmatton of enthalpies of neutrah- 
zation of diprotrc and ~npmtrc acrds usrng a lrnear least-squares method IS studled cntlcally. 
The best way of fittmg is investigated by analyzing the expertmental data for a serves of 
stmulared titration cur/es of a number of acids. The conclusions are apphed to the calculatron 
of the _ c.z:htipies of malemtmtdedioxime, thiodipropiontc and thtodiglycohc actds (dtprottc 
systems), WZd c&c a&d. 

INTRODUCTION 

Thermometirc IiIi~meIires are particuiarIy interesting Car Ihe stu&y o”r 
acid-base systems, as it is possible to get the thermodynamic protonation 
parixx...~s of t&..~ systems wi<h VX.SI i 1 a xa#I aId tiq& wa.. . The sWs& 

of the entha%pograms indicates that their form depends on the combined 
effects of the enthalpies of neutralization, of its kinetics and of the protona- 
tion constants of the system. 

Several methods of calculation have been proposed for the determination 
ol” enthalpies from thermomztri~ titration curves. In the case of a monuprotic 
acid, where the protonation constant is known and it is assumed that the 
ionic strength does not change along the titration, the calculation is im- 
me&&e i? the itifid &ssohaXmn ~5 the ad can be ne$ec\etr )3}. 15 r%s 
initial dissociation is not negligible, the calculation is also immediate, but it 

must be considered the neutralization of the free acidity and that a part of 
the heat of dissociation of the acid has been liberated before the beginning 
of the titration. Besides, if the variation of the ionic strength is not negligi- 
ble, the protonation constant of the acid must be corrected at each point of 
the titration 121. Christensen and Izatt [3] have also proposed a method for 
the simultaneous calculation of the protonation constant and other thermo- 
dynamic parameters of a monoprotic acid. 
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The determination of the neutralization enthalpies of diprotic systems 
have been performed by the method of simple linear regression [4,5]. For 
poIyvalcnt systems, Barthel et al. [6] have proposed a simple method of 
calculation based on the resolution of a system of equations, each of them 
corresponding to a determined point on the titration curve. 

Other more laborious mathematical methods have been described for the 
calculation of the enthalpies of reaction, which take into account the 
propagation of the aleatory errors and their effect on the determination of 
the enthalpies [7]. However, these methods require the use of high speed 
computers and very sophisticated programs. 

In this work, we undertake a critical study of the different ways of fitting 
the data, from a thermometric titration curve, for the determination of the 
enthalples of diprotic and triprotic acids by using the methods of simple and 
multiple linear regression, respectively. The initial dissociation of the acid, 
and the variation of the protonation constants by effect of the ionic strength 
are considered. 

In order to be able to discuss not only the precision, but also the accuracy 
of the method. hypothetical systems of prefixed protonation constants and 
enthalpies of neutralization are assumed. Since the different ways of fitting 
the data are not equivalent, the conditions of applicability of each of them 
are studied. 

Finally. the conclusions are applied to the determination of the enthalpies 
of neutralization of real diprotic and triprotic acids. The application of the 
method may be carried out using a pocket programmable calculator. 

TITRATION CURVES 

During the titration of a diprotic acid, H,A, with a strong base, the heat 
evolved arises partially from the reaction of neutralization of the free 
hydrogen ians in the medium 

H+ +OH- =H,O AH, 

and partially from the reaction between the diprotonated and monoproto- 
nated species with the titrant base 

H,A+OH-= HA- +H,O AH,, 

HA- +OH- =A’- +H,O A& 

(It is assumed that the di!ution effect of the titrant is negligible). These 
enthalpies of neutralization, AHN, are related to the protonation enthalpies 

HA- +H+ =H2A AH, 

A’- +H+ = HA- AH,, 

by the expression AH, = AH, - AEIP 
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Thus, the heat developed during the titration in the dissociation processes 
CE c&Z a&v is 

V being the initial volume of acid, v the volume of strong base added, and 
[HA- JO and [A’- lo the concentration of the monoprotonated and nonproto- 
nated species before the beginning of the titration. 

Moreover, the heat developed in the neutralization of all the hydrogen 
ions (those arising from the initial dissociation and those being liberated 
aZ!kI~ SW &i-&k.+ ;=r $+3~ &y’ 

K - 2CJf 7;” v 
) 

-[h(V+u) + C,VFT,] (AH,,,) 
0 

(2) 

where Co is the initial analytical concentration of the acid, K, the ionic 
product of water. ho and h are the concentration of the free protons at the 
beginning and at any point of the titration, and ‘T, is the average number of 
protons bound to the acid. 

The first parenthesis in eqn. (2) represents the total acidity before the 
beginning of the titration, and the second one represents the total acidity of 
any p;int of the titration. The value Y - KJh, is the number of moles of 
hydrogen ions arising from water: this value is negligible compared with the 
value of C,V. 

The titration curve, AT = f( U) is derived from 

Q=Q,+Q, = AT( C + UPC’) 

where the heat developed is expressed as a function of the temperature rise 
from the begmning of the titration and the heat capacity of the system, 
which is corrected at each point of the titration, taking into account the 
volume added of reactant, its specific weight p, and its specific heat once 
diluted in the interior of the solution c’. Expressing the concentration of the 
different ionic species present as a function of the cumulative protonation 
constants, /3, and &, results in 

-AT= 

where P(lz) = &h2 + P,h + 1 and P(h,) = P,hg + /?,I?, + 1 
The value of the proton concentration at each point of the titration can be 

calcuIated from the charge balance in the solution, using any iterative . 
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method 
-c 

h 
v /3,h4-2 ++c,*-coI,-t,; P(h) =O (4) 

where C\ is the concentration of titrant base. Since the ionic strength 
changes during the titration, the values of the equilibrium constants are 
modified; therefore those values must be recalculated for each point. As 
these changes are small when the points taken from the curve are sufficiently 
close. the correction is done taking the constants calculated for a certain 
point as the initial value for the cakulation of the approximated ionic 
strength of the next point, and thence the values of the constants at this 
point are obtained. Nevt. the values of ihe ionic strength and of the 
cons?ants . which are used in the calculation of the enthalpies. are recalcu- 
latzd. (This process can be repeated if a significant difference between the 
two calculated ionic strengths is obsewed). 

In the same way, the thermomerric curve of neutralizaiion of a triprotic 
acrd. H,A. with a strong base is given by 

P,h+ 1 &ho+ 1 
P(/z) -- P(h,) 

V&h: + 2&ho + 3 _ h( V+ v) 

P(ho) 1 

AH 

w 

The value of the proton concentration is also calculated by 
balance, taking into account the corrections due to the variation 
strerigth. 

Simrdatlon of the “experrmental” curves 

(5) 

the charge 
of the ionic 

In order to generate the “experimental” titration curves, diprotic and 
triprotic acids with prefixed values of their enthalpies of neutralization and 
protonation constants at zero ionic strength are assumed. Assuming also 
certain values of Co, V and C, about 30 uniformly distributed points 
( ut, A?) along the theoretical titration curve are calculated. In order to dvoid 
values of AT close to zero, the first point is taken in such a way that the 
corresponding value of AT is at least the tenth part of the whole rise of 
te-nperature at the end of the titration. 

From this theoretical titration curve, 15 *‘experimental” curves are simu- 
lated, transforming the different theoretical points (u,, AT,) into “experimen- 
tal” points (v,, AT’), assigning to the former Gaussian errors by means of 
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the expressions 

v&= = vt + Q”Z 

AT, = AT, + c+’ 

u, and UT being the standard deviations associated with each of the two 
variables, and z and ;’ a&tory numbers, which follow the normal distribu- 
tion law. These values have been generated by means of a computer. 
following the same method used in a previous work IS]. 

The values taken for the different parameters have been: V= 50 ml. 
c., = 1 mole l-l, C=23OJ OC-l, p=l~cm-~, c’=4.184Jg-’ OC-’ and 
hEi,= - 55.81 kJ mole- ’ [9]. The assu&ed analytical concentration of the 
acid was C, = a.020 mole 1-l for the diprotic systems and C, = 0.015 moIe 
i-’ for the triprotic systems. 

Treatrnmt of the data 

As 

A= 
-c,v A@+ 1 Plh0-f 1 

AT(C + UPC’) + M P(h) - P(h,) i 

and 

-C,V 

I?= AT(C+cpc’) +M 
1 1 --- 

P(h) P(h,) 

where 

M= CoV’$;z - h(V+ u)] A& 
I 0 

expression (3) may be written as the equation of a straight-line 

Xa, + Ya, = 1 (6) 

where X and Y are functions of A and B, and the parameters a, and a, are 

TABLE 1 

Transformation of eqn. (3) to the form Xu, -I- Ya, = 1 

Straight-line Equation X Y 

1 XAHNz -I- YAH,, = 1 A B 

X- AHNZ 1 +YOH,,=* A 1 2 -- 
AH,, B ii 

1 1 B 3 AHNI 

XhH,, + yK = * z 
-- 

A 
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directly related to AHH,, and AHNZ. This equation may lead to the expres- 
sions shown in Table 1, where the values of the variables X and Y are also 
indicated for each case. 

The ‘experimental’ data obtained from each one of the 15 series per- 
formed for each system are fitted according to the equations in Table 1 by 
the least-squares method, which leads to three regression straight-lines of X 
on Y and another three of Y on X. The values of AH,, and AH,, may be 
cakulated from each one of the six fittings. 

Similarly, for a triprotic acid, calling 

j3,h; + 2&h, + 3 

P(hcl) 
-h(Pv) A& 

I 

eqn. (5) may be written as the equation of a plane 

Xa, + Ya, + Za, = 1 (7) 

where ao, a, and a, are again directly related to the enthalpies of neutraliza- 
tion. and X. Y and Z are functions of 

A =- 
-c,v &h2+&h+ 1 &h;fP,ho+ 1 

AT( C + vpc’) + M P(h) - P(4) 

B 
-CJ 

i 

&h -I- 1 j?,h, + 1 

= A?rT( c + UPC’) + M P(h) - Ph,) 

-c,v 
i 

1 1 
C 

= AT(C+- UPC’) + M 
--- 
P(l2) P(h,) ) 

Thus, eq. (7) may lead to the four different forms shown in Table2. 
Each one of these equations can be treated by three different ways, giving 

rise to twelve regression planes, which lead to different values of the 
enthalpics of neutralization of the triprotic acid. 

TABLE 2 

Transformation of eqn (5) to the form Xu, + Yu, + Zu, = 1 

Plane Equation X Y z 

1 XAHN3 + YAHNz + ZAH,, = I A B c 

2 
1 AH,2 AHN, 

*AHN, +‘A&, +ZbH,,=l 
1 B C - P 

z 
-- -- 

A A 

3 
*%, X- 

1 AH,, 

AHN~ 
+y- - 

AHNZ +ZAHN2 =’ 

A 1 c -- -- 
B z B 

4 AH,, AHN2 1 A B 1 - - 
*AH,, + YSH,, + =m =’ 

-- -- 
c c c 
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DISCUSSION AND CONCLUSIONS 

Since in every thermometric titration the measurements are affected by 
error, the different ways of fitting the data are not equivalent, leading to 
diverse values of the enthalpies. This can be explained by considering that in 
the resolution of the systems of normal equations in the application of the 
least-squares method, there are, in some cases, subtraction operations be- 
tween very close values, yielding a “loss of accuracy”, which is bigger if the 
errors in the expetiental data are larger. Specially when the relative error of 
the difference is much larger than one of the minuend or the substrahend 
values, the results obtained become absurd. 

Drprotic acids 

First of all, a study of the dependence of the results on the errors m 
volume and temperature has been accomplished. For this purpose, either the 
standard deviation associated with the temperature or the standard deviation 
associated with the volume has been kept constant, while the other has been 
modified. It can be observed that whereas the errors that affect the volume 
(up to a value of cr, = 0.020) scarcely have an influence, the errors in the 
temperature have a more marked influence upon the results. 

In Table3 the mean values of the enthalpies and the standard deviations 
(given to two significant figures) obtained from 15 simulated titrations by 
using the different ways of fitting are indicated. This table has been obtained 
assuming that CY, = 0.010. In all the tables the negative values of the neutrali- 
zation enthalpies are given in kJ OC-’ mole-‘. 

In this table, it may be observed that the regression of X on Y by means of 
straight-line2 leads to the best results. The regression of X on Y by means of 
straight-line 1 gives rise to values that, though usually acceptable, are slightly 
more inaccurate than the former; whereas the regression of Y on X by these 
two straight-lines offers considerabl, 11 worse results. Both regressions by 
straight-line3 offer very deficient and usually unacceptable results, even for 
low values of the standard deviation associated with the temperature. All of 
it has been put in evidence, not only with the systems shown in this table, 
bJt also in all the systems, which have been studied. 

In Table4 the results from systems having a great diversity of protonation 
constants and enthalpies of neutralization are shown. The values of the 
enthalpies indicated correspond to the best way of fitting. 

As expected, it is seen that when the protonation constants of the acid are 
smaller than lo3 or larger than lo”, the results are worse than those for 
other values. In addition, in general, the closer the protonation constants of 
the acid are, the more deficient the fittin,. 0 In this table it is assumed that 

=” = 0.010 and err = 0.005. 
Finally, the precision in the determination of AHHN, is worse than the 



314 

TABLE 3 

Entha!pies for diprotic acids at different oT values 

0-r Flttmg - A&,,, =45, -A&, =40 

log K, =2 log K, =5 logK,= 8 
log K, =3 log K,=7 logK,=ll 

0.002 1 Xon Y 

YonX 

2Xon Y 

Yon X 

3 Xon Y 

Yon x 

0.005 1 Xon Y 

Yon x 

2Xon Y 

Yon X 

3XonY 

Yon X 

0.007 I Xon Y 

Yon X 

2Xon Y 

Yon X 

3XonY 

Yon X 

45.2-c 2.6 
39.32 2.2 
41.6* 2.4 
43.8-e 2.1 
45.0r 20 
40.0-c 1.3 
43.8-c 1.7 
41.22 1.1 
47.8-e 5.3 
35.72 6.0 
44.82 4.2 
M.2= 4.4 

47.7’- 4.3 
35.5& 4.6 
34.5-c 94 
52 * 10 
45.2’ 4.0 
39.82 2.9 
41 8-c 3.8 
43.4* 3.0 
54.6-c 7.9 

26.02 9.4 

45.2= 6 8 

39.82 6.8 

44 “34 
38 *41 

17 k-26 
73 =31 
44.6-c 4.0 

40.3) 2.6 
35.6* 4.2 
50.02 4.4 
72 -cl9 
0 -c25 

45.7& 8.9 
38.92 92 

44.94= 0.41 
40.06-+ 0.62 
44.76* 0.45 
40.88” 0.99 
45.0 * 0.38 
39.98” 0.51 
44.90” 0.38 
40.312 0.57 
45.1 -c 1.9 
32 k 60 
44.9 -c 1.7 
42 * 49 

44.88-c 0.88 
40.3 + 14 
44.1 f 1.0 
43.8 * 2.5 
45.15” 0.82 
39.9 i- 1.1 
44.72-c 0.77 
41.3 z= 1.1 

45 5 = 5.3 

12 = 150 

44.8 = 5.1 

51 2 140 

45.0 -c I.1 
39.8 = 1.9 
44.0 * 1.4 
44.4 -c- 3.5 
45.312 0.97 
39.5 =t: 1.6 
44.7 f 1.0 
41.5 f 2.0 
46.9 f 4.0 

-29 &I30 
45.9 -c 3.6 
22 *loo 

45.00-+ 0.41 
39.95 -c 0.82 
44.83& 0.46 
40.9 * 1.1 
45.05 2 0.37 
39.89 f 0.70 
44.95r 0.39 
40.29 + 0.75 
45.3 = 1.4 

-86 *410 
45.2 * 1.5 

8 2450 

44.932 0.74 
40.2 -t !.2 
44.36-c 0.91 
43.3 - 2.7 
45.104 0.68 
39.97 f 0.97 
44.76* 0.71 
41.4 f 1.3 
45.0 * 2.6 

-13 2 750 
44.5 = 2.7 

290 k74.0 

44.48* 0.96 
40.8 2 1.6 
43.69 - 13.99 
45.2 =t 2.6 
44.73-c 0.96 

40.5 2 1.5 

44.20-c 0.84 
42.7 * 1.3 
45.5 2 4.0 

-330 r990 
44.8 f 3.6 
38 *820 
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-AH,,=20, -AH,,,=15 

log K2’2 log K,=5 log K* = 8 
log K, =3 logK,=7 logK,=ll 

21.1r 1.8 
13.12 1.4 
13.8e 3.6 
22.3 f 3.8 
20.1= 1.9 
14.9c 1.2 
17.9” 1.6 
17.42 1.2 
25.2* 3.7 
7.42 4.1 

19.92 3.5 
15.3‘- 3.5 

8 ” 37 
27 * 45 

-5 k 14 
45 -k 18 
19.12 3.6 
15.5-t 2.6 
9.6-c 4.5 

25.8~ 4.6 
48 + 19 

-27 2 30 
18.2* 7.4 
16.62 7.8 

50 =I60 
-22 *200 
- 14 * 14 

56 r 18 
21.12 3.5 
14.3* 2.5 
0 * 12 

38 -c 13 
71 -c 29 

-59 *44 
21.5* 8.2 
13.7-e 9.0 

19.99’ 0.35 
14.942 0.61 
19.71-c 0.31 
16.14-c 0.70 
20.05 2 0.34 
14.9O=c 0.52 
19.88” 0.28 
15.47-c 0.36 
20.6 -c 1.4 

-5 -t- 37. 
20.4 - 1 3 
6 * 36 

19.5 * 1.1 
15.7 -c 1.6 
17.5 -c 2.5 
24.7 -c 9.2 
20.132 0.78 
14.9 2 1.1 
19.06 * 0.84 
18.5 * 2.2 
21.3 f 5.1 

-60 -c 160 
19.6 -c 5.0 

32 2 140 

26 * 26 
4 * 47 

15.1 + 5.0 
34 -c 22 
19.76 * 0.83 
15.4 * 1.5 
18 2 ” 1.1 
20.8 k 3.2 
21.6 * 4.1 

-100 =190 
18.9 2 3.8 
45 ‘110 

20.00* 0.20 
15.02-t 0.35 
19.75” 0.25 
16.313- 0.85 
20.07 A 0 20 
14.91- 0.34 
19.91 -c 0.19 
15.58-‘- 0.45 
20.4 -c 1.4 

- 140 2 440 
20.2 f. 1.4 

-34 -c 400 

19.70* 0.63 
15.3 * 1.1 
18.4 * 1.5 
22.4 -c 6.1 
20.05 -+- 0.53 
14.89 f 0.95 
19.2or+ 0.56 
18.4 -c 1.7 

22.6 * 3.7 

-1100 *1100 
21.5 * 3.7 

-430 -‘llOO 

19.43 * 0.96 
15.3 = 1.7 

16.9 2 2.1 
29.0 -e 9.0 
20.14* 0.72 
14.5 - 1.2 
18.5 * 1.0 
21.2 -i- 3.4 
23.6 -c 4.4 

-1500 -cl700 
21.6 L 4.0 

-420 * 1200 
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TABLE 4 

Enthalpies for diprotic acids at different AH and log K vaIues 

-AH,,=8 --AH,,=22 -AHH,,=52 - AH,, = 16 
-AHN,=8 -AH,, =22 -AH,, =52 -AH,,= 8 

logK,= 2 
log K, = 3 

logK,= 4 
log K,= 5 

log K, = 6 
lo; K, = 7 

log K, = 8 
logK,= 3 

log K,=lO 
log K, = 11 

log K= = 4 
log K, = 14 

log K, = 1 
log K, = 4.25 

log A-, = 3 
log K,= 6 

log K, = 4 
log K, = 8 

log K, = 4 
!og K,=ll 

logK,= 4 
log K, = 13 

7.5 =3.8 
8.4 r2.7 

8.1 =13 
7.9 e2.1 

7.98 r0.96 
8.1 = 1.3 

8.2 * 1 2 
7.6 22.0 

7.77-cO.89 

8.2 * 1.7 

5.6 k-2.5 

7.3 C3 2 

82 2 1.7 
7.9 *2.3 

7.91 r0.95 

8.2 21.3 

846t063 
77 = 1.0 

8.09 * 0.77 
77 e1.1 

8.1O-cO.Sl 

5.5 =6.0 

21.8 23.0 

22.1 r1.9 

21.82*0.82 

22.2 * 1.3 

22.07 * 0.93 
21.9 -cl.4 

22.0 12 0.83 

220 -cl.4 

22.3 * 1 1 

21.5 22.1 

22.5 -c20 

21.4 k-2.7 

22.1 z22 
21 8 -30 

22.29= 0 75 
21.7 = 1.0 

22.07 * 0 75 

2 1.82 5 0.94 

21 83kO.70 
22.1 ‘10 

21_7s*o 77 

22.6 =6.1 

51.5 24.1 
52.5 ‘2.8 

52.3 2 1.0 

51.4 -cl.5 

52.12 * 0.97 
51.9 *1.6 

51.9 r1.2 

523 -c20 

52.2 -c 1 I 

51 6 -f;.O 

512 --‘3 1 

52.5 ~4.0 

52.5 + 1.9 
51.5 c2.5 

52.13r0.72 
519 *lo 

52.05 * 0 80 
51 8520.99 

51.98*0 84 
52 2 1.1 

51 90*0.96 
528 -t65 

162 k3.1 
7.9 22 3 

16.1 = 1.1 
7.7k 1.5 

15.77’-0.88 
8.3 “1.2 

15.96-cO.75 

8.0 -cl.1 

16.21 kO.68 

7.7 = 1.2 

16.1 ‘2.6 
7.9 k3.3 

16.1 ~2.5 
7.8 23.5 

15 7920.72 
8 12--‘0.95 

16 OSr0.69 
8.0 -el.l 

16.2 2 1.1 
7.6 -c 1.7 

16 3320.77 
5.5 ‘45 

precision for AHN2 except when the second protonation constant of the 
acid-base system is too small. 

Trlprotlc acrds 

In an analogous way. it can be observed that the standard deviation 
affecting the temperature has a more marked influence upon the results than 
the standard deviation on the volume. In Table5 the results obtained for 

0, = 0.010 and different values of ur are shown. OnIy the treatment based 
upon the regressions of X on Y and 2, and of Y on X and 2 according to 
pIanes Z and 2 are indicated, since the regression of 2 on X and Y by these 
planes and all the fittings by means of planes 3 and 4 lead to much worse 
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- AH,, =36 - AHN2 =56 - AHN, =24 - AH,, =56 
- h l& =I% - hl&*, =4x - hN&p = 3 - hH&,, =38 

36.6 -c3.7 
27.6 -2.4 

35.74-cO.80 
28.3 -cl.3 

36.2 ‘1.0 
27.7 = 1.4 

36.0 * 1.1 
28.1 21.5 

36.09’0.90 
27.9 k-1.6 

36.2 “3.5 
27-g k4.4 

359 -1.8 
28.0 e2.3 

36.02+0.82 
28.1 -+-I 2 

36.13”0.88 
27.5 k 1.2 

35.95 2 0.75 
28.1 k 1.0 

35.84=0.67 
29.7 k6.6 

56.1 k3.4 
47.9 e2.6 

55.9 k1.1 
48.3 ‘1.5 

55.98 2 0.77 
47.9 2 1.1 

56.0 --‘l.l 
48.1 e1.s 

55.94”0.93 
47.9 -cl.5 

56.5 ‘2.8 
47.4 LX.4 

5M ~2.4 
47.2 k3.1 

56.22 St.76 
17.6 -cl.1 

.i6.0 k1.1 
48.0 -c 1.7 

‘15.90 k-o.74 
48.0 k1.1 

56.18dO.83 
47.1 k5.7 

24.6 23.7 
7.6 k2.3 

24.0 -t 1.2 
8.0 A 1.8 

24.1 = 1.2 
7.4 =1.7 

23.72 k 0.72 
8.2 t!.3 

23.97 -t 0.70 
8.0 -cl.3 

24.2 ‘-3.4 
7s e4.5 

23.7 dI.5 
8.5 23.1 

24.2 -t- 1.2 
7.8 k1.6 

23.84=0.96 
8.4 41.4 

34.3420 79 
7.45 -c 0.96 

24.15~0.87 
7.4 i-6.0 

56.5 -3.8 
37.8 e2.6 

564 ‘1.1 
37.4 * 1 6 

56.02 2 0.90 
38 1 L-1.4 

56.2 f 1.0 
37.7 * 1.4 

55.9 zt 1.3 
38.4 42.4 

56.7 k2.6 
17.0 4x1 

57.1 ~2.7 
36.6 e-3.5 

56.!3 20.73 
37.8 ‘-c 1.0 

56.01 kO.84 
38.1 * 1.2 

560 -cl.1 
38.1 -cl 5 

56.5 f 1.0 
34.6 -t7 3 

results than the former ones and are usually unacceptable. 
The best values halve been obtained making use of the regression of X on 

Y and 2 by plane2. The validity of this fitting has been tested for diverse 
triprotic systems; in Tabled the values of the enthalpies assuming G, = 0.010 
ax& bT =^u%% me ‘rr&ca&. 

The first fact brought out is that usually the results are somewhat worse 
fcr L&e tripa~cic acick C&m tk C&e dipmtic acids. tt may ah be abse.wed 
that for the values cf the protonation constants the more extreme or the 
closer they are, the more deficient the fitting. 

Other diprotic anti triprotic acids have been studied, assuming other 
va>m OS &a2 2WAT&R2 &&&;rms, iiRd A2 02 &k%zr Iezi& to t& S&TX LWrI~~- 
sions. 
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TABLE 6 

Enthalpm for triprottc acids at different AH and log K values 

- AH,, =50 - AHN3 =34 -AHHN3=20 -AH,, =38 
--AH,, =50 -AHNz=34 - AH,, = 16 -AHHNZ=34 
-AH,, =50 - AHx, =34 -AH,,=12 -AH,, =30 

log KJ = 2 
log K,= 3 
log K,= 4 

log K,= 3 
log K,= 4 
log K, = 5 

iogK,= 5 
logK,= 6 
log K, = 7 

log K3 = 6 
log K, = 7 
log K, = 8 

logK,=lO 
logK,=ll 
log K, =l2 

log K, = 6.25 
log K,= 6 
log K, = 5.75 

log K,= 3 
logK,= 6 
log K,= 9 

log KJ = 4 
log K, = 5 
log K, = 9 

log KJ = 4 
log K, = 8 
log K,= 9 

51.7‘5.9 
49.025 3 
50.6 -c 3.9 

49.2 * 2.@ 
51.222.9 
49.5 * 2.2 

493212 
51.322.3 
49.022 8 

49.9 = 1.3 

50.0 = 2.8 
49.9 * 2.2 

50.2--‘1.6 
49.4 * 3.5 
51 324.5 

51 3r4.3 
47.6 2 9.0 
5l.Ok5.5 

49.6 * 1 .O 
50.6 -c 1.2 
49.8 = 1.3 

50.3 * 1.8 
49.8 * 2.4 
50.0* 1 8 

50.2” 1 3 
49.922.2 
49.7-c2 0 

32.7 * 6.3 
35.3 -c 5.1 
33.2 2 2.8 

34.3 2 2.4 
33.8 * 3.6 
33.7 * 2.7 

34.6 * 1 0 
33.1 = 2.4 
34.5 -t- 2.4 

34.8 * 1.3 

32 3 2 2.6 
35.0 * 2 1 

34.2 -c 1.3 
33.2 -c 3.8 
35.0 -c 5.5 

34.7 2 4 2 
33 * 10 
34.4 * 7.5 

33.8 * 1.2 
34 1 -c 1.6 
340 2 1.8 

33.4 -c 1.4 
34.9 -e 2.0 
33.6 2 1.4 

34.37 -c 0.74 
33.2 -c 1 2 
34.6 * 1.5 

23.1 -r- 5.5 
13.224.1 
13.6 2 2.4 

20.8 * 2.6 
14.3 k4.5 
13.5 * 3.7 

19.6’1.2 
16.8e2.1 
11.4*2.0 

20.5 * I .3 
14.922.9 
12.9e2.5 

19.42 1.1 
17.3k2.9 
10.0+4.9 

21.423.8 
12.9k7.9 
14.Ok4.9 

20.5 * 1.6 
15 3+2.0 
12.4- 1.5 

19.42 1.9 
16.5 -c 2.6 
ll.7* 1.6 

19.8+ 1.2 
16.2~2.7 
12.1k3.1 

37.5 ‘-5.6 
34.2 ‘4.5 
29.9 e-3.3 

38.7 r2.3 
32.9 k3.5 
31.0 e3.1 

38.4 * I.3 
33.2 22.7 
30.9-e2.8 

38.0 21.3 
34.0 k2.6 
29.9 --‘2.3 

38 5 -cl.4 
32.8 e3.6 
31.7 +5 2 

39.2 22.9 
29.9 r6.5 
33.7 k4.8 

37.9 * 1.2 
34.0 = 1.2 
30.1 Cl.5 

38.4 * 1.5 
33.0 22.6 
30.9 -c2.2 

38.38 ko.75 
33.2 * 1.3 
30.6 * 1.5 

EXPERIMENTAL 

The preceding conclusions have been applied to the calculation of the 
enthalpies of neutralization of diprotic and triprotic real systems. 

Diprotsc acids 

For diprotic acids we have considered the maleinimidedioxime, whose 
data have been taken from Albelda et al. [S] and the thiodipropionic and 
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59.a=m 
J%!B=_E3 
48.8 = 3.2 

%w*L??p 
s>a=&c 
48.9* 3.2 

5.x7=2.2 
52.7 -c2.2 
47.6 = 1.6 

56.6*1.1 
50.7~2.3 
48.9c2.2 

56.1’1.4 
51.8k2.8 
48.2 ‘3.4 

56.0~ 3.5 
52.028 0 
47.9 * 5.8 

56.3~ 1.2 
51.5* 1.5 
48.2t 1.7 

56.4’ 1.4 
51.0-c 1.8 
49.0 -c 1.4 

56.2-c 1.1 
51.922.8 
47.7-t2.8 

4-0.3 *b.b 
322 =-Es 
25.4 23.5 

-cl’.& =.zo . 
wax ‘ZP 
25.5 k2.0 

dJ.9 =>A 
x4n k2.7 

25.9 =t2.1 

42.Q ‘1.4 
34.1 23.2 
25.9 A2.9 

42.0 ‘-1.4 
34.1 +3.7 
25.7 “-5.2 

42.0 k2.4 
33.9 k5.6 
26.0 e-3.9 

41.6 -cl 0 
34.6 -c 1.2 
25.9 * 1.2 

436 =!.S 
33.4 *24 
26.1 -cl.7 

41.92*0.83 
33.7 k 1.5 
26.6 * 1.7 

4x3 26% 
3&f =_E3 
21.2 k3.0 

-#a%+ =z.r 
322 =@a P 

20.4 -2.i 

e.ts t?.? 
2413 -c’l.I 
19.6 2 1.6 

48.6 k-15 
32.8 23.2 
20.8 k2.9 

48.1 *IA 
34.1 23.6 
19.0 *-5.-I 

49.7 A3.2 
29.9 k6.8 
2:.7 k4.8 

48 6 21.8 
33.2 k2.2 
20.5 2 1.6 

48.2 Al.6 
33.8 k2.6 
19.7 -c2.0 

47.68 kO.77 
34.7 *1.4 
19.7 k1.5 

43.1 r3.6 
a.2=+?2 
21.622.4 

3f?” \ .I--,.& 
-x 813Z _ _ 
19.822.3 

3P..Y= 2.2 
2.5n*27 
19.422.5 

40.9”t.3 
22.3 C 3.0 
20.8 = 2.5 

4QS-c1.6 
22.3 + 4.7 
22.7 L-7.2 

42.3 13.4 
19.Ok7.6 
23.0*5.5 

39.72 1.3 
24.6 -c I .5 
19.42 1.3 

39.9 2 1.2 
24 2~ 1.7 
19.9* 1.7 

40.4-c 1.3 
23.0 * 2.6 
20.7’2.2 

43.Pe4.7 
38.5-“3.cf 
24.8 + 2.8 

$3. F--’ x?. -+ 
&E‘P? . -me 
23.6-c2 0 

a.2- 2. ? 
1,9&=2A 
24.7r2.7 

43.9’1.3 
40.0 2 2.6 
23 9’2.1 

44.5-c I,4 
38.8~3.7 
25.7 *5.3 

43.7 3- 3.0 
395167 
25.0-5.1 

44.1-t-1.2 
40.0 * 1.3 
24.1~ 1.2 

MO= 1.8 
39.9k2.1 
24.5 * 1.4 

44.1 -c 1.2 
39.9e2.1 
23.82 1.9 

thiodiglycolic acic!s, taking the data cited by Borrull Cl]. The mean values of 
the enthalpics of neutralization of these systems obtained making use of the 
regression of X on Y by straight-line2 are indicated in Table7, where they 
are compared with the values obtained by these authors. 

In the case of the maleinimidedioxime, because of the high values of its 
protonation constants (log K, = 11.60 and log K2 = 10.41 at 2S°C, both 
extrapolated to zero ionic strength) it is not necessary to consider the initial 
dissociation, as Albelda indicates. The difference between their values and 
those obtained by us are mainly due to the use of different ways of fitting 
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TABLE 7 

%nthalpies of neutralization of real diprotic systems 

Substance -AH,, -AHPa Ref. 

Malelnirmdedioxune 

Thiodipropionic acid 

Thiodiglycohc acid 

21.76 23.77 5 
21.89 22.84 TIus work 
52.66 68.42 1 
55.40 60.26 This work 
51.14 69.98 1 
55.52 60.45 This work 

and to a much lesser extent to the correction of the constants according to 
the ionic strength at each point. 

The difference between the enthalpies indicated by Borrull for the thio- 
dipropionic and thiodiglycolic acids and the ones determined by us are 
clearly larger because in addition to the application of different ways of 
fitting and the correction of the constants according to the ionic strength, the 
initial dissociation has more influence as the protonation constants of these 
systems are smaller (thiodipropionic acid: log K, = 5.04 and log K, = 4.07; 
thiodiglycolic acid: log K, = 4.54 and log K, = 3.27. All of them determined 
at 25OC and extrapolated to zero ionic strength). 

Triprom acids 

The enthaipies of neutralization of the citric acid have been determined. 
taking the data from the enthaipogram given by Barthel f6] and using the 
protonation constants at zero ionic strength indicated by Davies and Hoyle 
[lo]. In Table 8, the values obtained applying the regression of X on Y and 
2, and of Y on X and 2 according to the equations of planes 1 and 2 are 

TABLE 8 
z 

Enthzdpies of neutrahzation of citric acid 

Fitting - A%3 -AH,, -AH,, References 

1 

2 

Xon YandZ 
YonXandZ 
Xon YandZ 
YonXandZ 

49.86 55.28 57.14 
49.17 57.87 53.49 
50.42 53.81 59.01 
50.15 54.49 58.28 
50.79 52.89 59.08 
51.72 53.45 59.25 
51.30 52.68 57.74 

This work 

6 
11 
12 
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shown. It may be observed that the results from the fitting of X on Y and 2 
by plane2 agree better with the values cited in the literature, which are also 
tidicated in Table8. The other ways of fitting the data lead to much more 
dc+kkz~< wi &%s& V&CRS. 
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