Thermochimica Acta, 56 (1982) 307-323 307
Elsevier Scientific Publishing Company, Amsterdam— Printed 1n The Netherlands

CAILLCULATION OF NEUTRALIZATION ENTHALPIES FROM
THERMOMETRIC TITRATIONS OF DIPROTIC AND TRIPROTIC
ACIDS USING A LINEAR LEAST-SQUARES METHOD

C. MONGAY, M.C. GARCIA and G. RAMIS

Departmenrt of Anasyncal Chenistry, Facuity of Ohenusory, Unrcersiy of Valencra, Valescaa
(Spainj

(Received 20 January 1982)

ABSTRACT

The applicauion of (hermometric titnmetries to the determination of enthalpies of neutrali-
zation of dipratic and cipratic acids uswag a linear least-squares methad s studied critically.
The best way of fitting is investigated by analyzing the experimental data for a series of
simulated titration curves of a number of acids. The conclusions are applied to the calculation
of ths tnithalpies of maletmimidedioxime, thiodipropionic and thiodiglycolic acids (diprotic
systems}, aad cunic acid.

INTRODUCTION

Tnermometric wurimetries are particularly interesung for tne swdy of
acid-base systems, as it is possible to get the thermodynamic protonation
parasaeiess of these systems with them iy 2 1apid and simaple way. The study
of the enthalpograms 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
or enthalpies from thermomaetric titration curves. {n the case of a monoprotic
acid, where the protonation constant is known and it is assumed that the
ionic strength does not change along the titration, the calcufation is im-
mediane 11 The Imnz) dssotianon of The atid can be negecied (1. 1§ Yms
initial disgociation 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 [2]. 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
polyvalent 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
enthalpies 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 1ons in the medium

H*+OH™=H,0 AH,,

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

H,A+OH™  =HA™ +H,0 AH\;

HA-+OH =A*" +H,0 AH,,
(It is assumed that the dilution effect of the titrant is negligible). These
enthalpies of neutralization, A Ay, are related tc the protonation enthalpies
HA™ +H"=H,A AH,

A2"+H*=HA™ AH,,
by the expression AHy=AH,— AH,
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Thus, the heat developed during the titration in the dissociation processes
cf the ac{x (s

@1 T LLLes
+[[A7 (v +0v) —[227],V](—AH,,) (1)

V being the initial volume of acid, v the volume of strong base added, and
[HA™ ], and [A%™ ], 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
g NS SNEtiaTy S givar oy’

—QZ———{(ZCOV-F Ilf; V) —[h(V+ v)+C0VﬁH]}(AHW) (2)

— ={HATT HATHO o) — AT H1A7 T I HH iy )
(

where C, is the initial analytical concentration of the acid, K|, the ionic
product of water. #, and # are the concentration of the free protons at the
beginning and at any point of the titration, and i 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 point of the titration. The value V- K /h, 1s the number of moles of
hydrogen ions arising from water: this value is negligible compared with the
vatue of Cy¥.

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

Q=0,+Q,=AT(C+vpc’)

where the heat developed is expressed as a function of the temperature rise
from the beginning 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 ¢’. Expressing the concentration of the
different ionic species present as a function of the cumulative protonation
constants, 8, and f,, results in

_ _ CoV Blh+1 _plh0+1 1 . 1
AT“c+vpc'[( P(h)  P(hq) )A””2+(P<zz) P(ho))AHN']
1 Biho+2
+ C+vpc,[q,v P(‘;‘Io) h(V—l—v)}AHw (3)

where P(h) = B,h*+ A+ 1 and P(h,y) = Boh3 + Bho+ 1
The value of the proton concentration at each point of the titration can be
calculated from the charge balance in the solution, using any iterative
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where £ is the conceniration 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 caliculated for a certain
point as the initial value for the calculation of the approximated ionic
strength of the next point, and thence the values of the constants at this
point arc obtained. Next. the values of the ionic strength and of the
constants. which are used in the calculation of the enthalpies. are recalcu-
lated. (This process can be repeated if a significant difference between the
two calculated ionic strengths is observed).

in the same way, the thermomeiric curve of neutralizatiion of a triprotic
acid. H;A. with a strong base is given by

(Bﬁ1+mh+1_ﬁﬁ3+ﬁmf+l
P(h) P(hy)

Bih+1 Bihy+1 11

( P(h) P(ho) )AH”2+(PU:) P(ho))AHN‘}

B,h2+ 2Bk, + 3
P(hg)

1
+___.
C+ vpc’

CoV

—h(V+ v)}AHW (5)

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

Simulation of the “experimental” curves

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 C,, ¥V and C, about 30 urniformly distributed points
(v,, AT) along the theoretical titration curve are calculated. In order to avoid
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
tenperature at the end of the titration.

From this theoretical titration curve, 15 “experimental” curves are simu-
lated, transforming the diffcrent theoretical points (v, AT;) into “experimen-
tal” points (v,,AT,), assigning to the former Gaussian errors by means of
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the expressions
v, =v,+ 0,2
AT, = AT, + o042’

o, and o, being the standard deviations associated with each of the two
variables, and z and z’ aleatory 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 [8].

The values taken for the different parameters have been: V=50 ml.
C,=1mole 17!, C=230J °C™}!, p=1lgcem™3, ¢'=4.184Jg" ! °C™! and
AH,= —5581 kJ mole™! [9]. The assumed analytical concentration of the
acid was C, = 0.020 mole 17! for the diprotic systems and C, =0.015 mole
i~! for the triprotic systems.

Treatment of the data

As

4= -GV (,B,h+1__,3,h0+1)

AT(C +vpc’)+ M\ P(h) P(h,)
and
B= — GV ( 11 )

AT(C+vpc’)+M\ P(h) P(h,)
where
M= COV%%_)—% —h(V+ u)]AHw
expression (3) may be written as the equation of a straight-line
Xay+ Ya; =1 (6)

where X and Y are functions of 4 and B, and the parameters a, and a, are

TABLE 1
Transformation of eqn. (3) to the form Xay,+Ya, =1

Straight-line Equation X Y
AHy, T _ _A 1
2 XAHN, +YAHM =1 B B
1 AHy; _ 1 B
3 XAHNZ +YAHN2 =1 A A
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directly related to A Ay, and A Hy,. 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 Table1 by
the least-squares method, which leads to three regression straight-lines of X
on Y and another three of ¥ on X. The values of AHy, and A Hy, may be
calculated from each one of the six fittings.

Similarly, for a triprotic acid, calling

Byhs +2B,ho+3

M=|CV —h(V+v){AH
CO P(ho) ( U) w
eqn. {(5) may be written as the equation of a plane
Xa,+ Ya, + Za, =1 (7)

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

4= -G,V B hi+Bih+1  Byhg+ Bihg+1
T AT(C+opc)+ M P(h) P(h,)
B—’ _CO' B1]1+1 _Blh0+1 )
AT(C+vpc)+M\ P(h) P(h,)
c= =4 11 )
AT(C +vpc)+ M\ P(h) P(h,)

Thus, eq. (7) may lead to the four different forms showa in Table 2.
Each one of these equations can be treated by three different ways, giving

rise to twelve regression pl-nes, which lead to different values of the
enthalpies of neutralization of the triprotic acid.

TABLE 2

Transformation of eqn (5) to the form Xa, + Ya,+ Za, =1

Plane Equation X Y VA
1 XAHy;+YAH, + ZAH =1 A B C
2 YRS YRRt ZaEe =t 4 >
3 e
4 Xgplevgplezg—= -4 -2 g
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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 experin.ental 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.

Duprotic acids

First of all, a study of the dependence of the results on the errors 1n
volume and temperature has besn 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 o, =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 simulatzd titrations by
using the different ways of fitting are indicated. This table has been obtained
assuming that o, = 0.010. In all the tables the negative values of the neutrali-
zation enthalpies are given in kJ °C~! mole™

In this table, it may be observed that the regression of X on Y by means of
straight-line 2 leads to the best results. The regression of X on Y by means of
swraight-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 considerably worse results. Both regressions by
straight-line 3 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,
bat also in all the systems, which have been studied.

In Table 4 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 103 or larger than 10'!, the results are worse than those for
other values. In addition, in general, the closer the prctonation constants of
the acid are, the more deficient the fitting. In this table it is assumed that
6, =0.01G and o, =0.005.

Finally, the precision in the determination of AHy, is worse than the
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TABLE 3

Enthalpies for diprotic acids at different o1 values

or Fitung — AHy, =45, —AHy, =40
log K, =2 log K, =5 log K, = 8
log X, =3 log K, =7 log K, =11
0.002 l1XonY 452+ 2.6 44.94= 041 45.00x 041
39.3x= 22 40.06= 0.62 3095+ 0.82
YonX 41.6= 2.4 44.76=+= 0.45 44.83= 0.46
438= 2.1 40.88*= 0.99 409 = 1.1
2XonvY 450= 20 450 = 0.38 4505+ 0.37
400+ 1.3 39.98== 0.51 39.89= 0.70
Yon X 43.8= 1.7 44.90= 0.38 4495+ 0.39
41.2= 1.1 40.31= 0.57 40.29=x= 0.75
3XonY 478+ 53 45.1 = 1.9 453 = 14
35.7%= 6.0 32 = 60 —86 =410
YonkX 48+ 4.2 49 = 1.7 452 = 15
40.2= 44 42 = 49 8 =450
0.005 1XonV?Y 47.7% 4.3 44.88+ (.88 493+ 0.74
35.5= 46 403 = 14 402 = 12
YonX 345+ 94 4.1 = 1.0 44.36= 0.91
52 =10 438 = 25 433 = 2.7
2XonVY 45.2= 40 45.15= 0.82 45.10= 0.68
398+ 29 369 = 1.1 3997= 0.97
YonX 41 8%+ 38 4472+ 0.77 44.76 = 0.71
43.4= 3.0 41.3 = 1.1 414 = 13
3XonVY 54.6=%= 7.9 455 = 5.3 450 = 26
26.0x 94 12 =150 —13 =750
YonX 452= 68 448 = 5.1 45 = 2.7
39.8= 638 51 =140 290 =740
0.007 l1Xon?Y 44 =34 450 = 1.1 4448+ 0.96
38 =41 398 = 1.9 408 = 1.6
YonkX 17 =26 40 = 14 43.69x .99
73 =31 444 = 3.5 452 = 2.6
2XonY 44.6=*= 4.0 4531 0.97 44.73= 0.96
40.3=%= 2.6 395 = 16 405 = 1.5
YonX 356 4.2 47 = 1.0 4420+ 0.84
500= 4.4 415 = 20 427 = 13
3XonY 72 =19 469 = 4.0 455 = 40
0 =25 —29 =130 —330 =990
YonX 457+ 89 459 = 36 448 = 3.8
389+ 92 22 =100 38 =820
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— AHy; =20, —AH, =15

log K,=2 log K, =5 log X, =
log K;=3 log X, = log X, =11
21.1= 1.8 19.99= 0.35 20.00= 0.20
13.1= 14 14.94= 0.61 15.02= 0.35
13.8= 36 19.71= 0.31 19.75+=  0.25
223+= 38 16.14= 0.70 16.31+= (.85
20.1= 19 20.05= 0.34 20.07= 020
149 12 1490%= 0.52 1491 = 0.34
178= 1.6 19.88= 0.28 19.91= 0.19
174= 1.2 1547= 0.36 15.58+= 045
25.2= 3.7 206 = 14 204 = 14
74x= 4.1 -5 = 37. —~140 = 440
19.9= 3.5 204 = 13 202 = 14
153= 35 6 = 36 —34 = 400
8 = 37 19.5 = 1.1 19.70= 063
27 = 45 157 = 1.6 153 = 1.1
-5 =1 175 = 25 184 = 1.5
45 -+~ 18 247 = 92 224 = 6.1
19.1= 3.6 20.13= 0.78 20,05= 0.53
155+ 26 149 = 1.1 1489+ 0.95
9.6 4.5 19.06= 0.84 19.20= 0.56
258+ 46 185 = 22 184 = 1.7
48 = 19 213 = 5.1 226 = 3.7
—27 = 30 —60 =160 —110¢ =1100
182= 74 196 = 50 215 = 3.7
16.6x= 7.8 32 =140 —430 =1100
50 =160 26 = 26 19.43= 0.96
—22 =200 4 = 47 153 = 1.7
—14 = 14 15.1 = 5.0 169 = 2.1
56 = 18 34 = 22 290 = 9.0
21.1x= 35 19.76= 0.83 20.14=  0.72
143%= 25 154 = 1.5 145 = 1.2
0 = 12 182 = 1.1 185 = 1.0
33 = 13 208 = 32 212 = 34
71 = 29 216 = 4.1 236 = 44
—59 = 44 —100 =190 —1500 =1700
215 82 189 = 38 216 = 4.0
13.7= 90 45 =110 —420 =1200
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TABLE 4

Enthalpies for diprotic acids at different A H and log K values

log K= 2 7.5 =38 21.8 =30 515 =4.1 162 =3.1
log K, = 3 8.4 =27 22,1 =19 52.5 =238 7.9 =23
log K,= 4 8.1 =13 21.82=0.82 523 =10 16.1 =1.1
log K;= 5 7.9 =2.1 22 =13 51.4 =1.5 7.7+1.5
log K. = 6 7.980.96 22.07=0.93 52.1220.97 15.77=0.88
log Ky = 7 8.1 =13 219 =14 51.9 =1.6 83 =1.2
log K,= 8 82 =12 22.01+=0.83 51.9 =1.2 15.96=0.75
log Ky= 9 7.6 =20 220 =14 523 =20 8.0 =1.1
log K, =10 7.77+=0.89 223 =11 522 =11 16.21=0.68
log K, =11 82 =17 21.5 =2.1 516 =0 7.7 =12
log K.= 4 3.6 =25 225 =20 512 =31 16.1 =2.6
log K,= 4 7.3 =32 214 =27 528 =4.0 79 =33
log K.= 4 82 =17 221 =22 525 =19 16.1 =25
log K, = 4.25 7.9 =23 218 =30 515 =25 7.8 =35
log K= 4 7.91=x0.95 22.29=+=075 52.13=0.72 1579=0.72
log K;= 6 8.2 =13 21.7 =10 519 =10 812095
log Ky = 4 8 46==0 63 22.07%075 52.05=0 80 16 08=0.69
log K;= 8 77 =10 21.82+=0.94 5185=+=0.99 8.0 %=1.1
log K,= 4 8.09==0.77 2183=0.70 51.98=084 16.2 =1.1
log K, =11 77 1.1 22.1 =10 52 =1.1 7.6 =1.7
log Ky = 4 8.10==0.81 21.78=077 5190=0.96 16 33=0.77
log K, =13 5.5 =6.0 22.6 =6.1 528 *x65 5.5 =45

precision for AH,, except when

the second protonation constant of the

acid-base system is too small.
Triprotic acids

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
o, = 0.010 and different values of o1 are shown. Only the treatment based
upon the regressions of X on Y and Z, and of Y on X and Z according to
planes ! and 2 are indicated, since the regression of Z on X and Y by these
planes and all the fittings by means of planes3 and 4 lead to much worse
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- AH_y‘) -_—1% - bH.}y.;=4% - bH.y‘j= % - b“lv_j 23%
36.6 =3.7 56.1 =34 24.6 =3.7 56.5 =3.8
276 =24 479 =26 7.6 =23 37.8 =26
35.74==0.80 559 =1.1 240 +1.2 564 =1.1
28.3 =1.3 48.3 =1.5 8.0 =1.8 374 =16
36.2 =10 55.98=0.77 24.1 =1.2 56.02=0.90
277 =14 479 =1.1 74 =17 381 =14
36.0 =1.1 56.0 *=1.1 23.72=0.72 562 =1.0
28.1 =15 48.1 =18 82 =13 37.7 =14
36.09=0.90 55.94=0.93 23.97=0.70 559 =13
279 +1.6 479 =15 80 *=1.3 384 =24
362 =35 565 =28 242 =34 567 =26
278 *44 414 +34 78 =45 170 =111
350 =18 565 =24 23.7 2.8 $7.1 =27
280 =23 472 *=3.1 g3 =31 366 =33
36.02+=0.82 56.21x0Q0.76 242 =12 56.13x0.73
28.1 =12 47.6 =1.1 78 =16 378 =10
36.13=0.88 3560 =11 23.84=0.96 56.01=0.84
27.5 =12 48.0 =17 8.4 =14 38.01 =12
35.95=*+0.75 5$5.90=+0.74 34.34=079 560 =1.1
28.1 =1.0 48.0 =1.1 7.45=0.96 38.1 =15
35.84=0.67 56.18=0.83 24.15=0.87 56.5 =1.0
29.7 +=6.6 47.1 =57 74 =60 346 =73

results than the former ones and are usually unacceptable.

The best values hzve been obtained making use of the regression of X on
Y and Z by plane2. The validity of this fitting has been tested for diverse
triprotic systems; in Table 6 the values of the enthalpies assuming ¢, = 0.010
amd o, =YW are wdicated.

The first fact brought out is that usually the results are somewhat worse
fce the uipradc acids dian far he dipratic acids. {€ may alsa He abgerved
that for the values cf the protonation constants the more extreme or the
closer they are, the more deficient the fitting.

Other diprotic and triprotic acids have been studied, assuming other
vares oF e standarnd dsviaticns, and & of dnant dead o e sanne conclu-

sions.
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2.7 =28
203 = 72

213 = 18

379 = 4.1

40.1 = 10

340 £ 55

*12

=15
416 = 1.0
384 = 1.2

50
19

46.1 = 3.3
243 = 37

Yon Xand Z

*8.2

6.3
260 = 15

22 =59

249 =

1.2
26

425 = 1.2

19.7 = 18

177 = 15

210 +

28

374 =
344 =

2Xon Yand Z

173 = 27

336 = 14

244 = 15

227 £ 13

406 = 1.3

41.14= 0.89
417 = 22

302 +

238 = 23
13.6 = 24

32

284 =

410 = 21

Yon Xand Z

10.1 = 3.1

309 = 22
395 = 3.0

22

*10

2

248 = 23

42,1 = 18
373 %

0.007

19.2 = 40
19.6 = 42

17.7 =

48
-15

39

3.1
343 = 80

40.8 =

43

1XonYarlZ

*25
173 = 7.8

10

321 =

351 = 38
37.8 = 30

54
15

5.8

*26

61

H

Yon Xand Z

*+28
255 = 22
20.7 = 25

-15
16.8 =

*24

*13

253 = 17
20.7 =

413 = 15

425 = 16

35
30
2.1

6.2

20
24

L

389 =

374 = 33

2Xon Yand Z

160 =~
206 =

331 =

346 = 24

»

20 =

39.4

398 = 1.6

29.6 = 3.1

359 =

34
28.3 = 35

43.7 =

460 % 42

Yon Xand Z

79 = 28

1.7 = 6.1

26.1 = 42

319
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TABLE 6
Enthalpies for triprotic acids at different A H and log K values

—AHg =50 —AH =34 —OHg=12  —AHy =30
log K;= 2 51.7=5.9 327 = 63 23,155 375 =56
log K, = 3 49.0=53 353 = 5.1 13.2+4.1 342 *=4.5
log K;,= 4 50.6=3.9 332 = 28 13.6x24 299 *=33
log K;= 3 49220 33 = 24 20.8+=2.6 38.7 =23
log K, = 4 51.2%=29 338 = 36 14.3+=4.5 329 =35
log Ky= 5 49.5x2.2 33.7 = 2.7 13.5x3.7 31.0 =3.1
log K;= 5 493=12 36 = 10 19.6 1.2 384 =13
log K,= 6 51.3=23 33.1 = 24 16.8=2.1 332 =27
log K= 7 49.0x28 345 = 24 11.4+20 30.9=%=228
log K;= 6 499=1.3 348 = 1.3 20.5=1.3 38.0 =13
log K, = 7 50.0=2.8 323 = 26 149+29 340 =25
log K,= 8 49922 350 = 21 12925 289 =23
log K;=10 50.2=1.6 342 = 1.3 194=x1.1 385 =14
log XK, =11 404=+35 332 = 38 17.3=x29 32.8 =36
log K, =12 513=4.5 350 = 55 10.0=4.9 317 =52
log Ky = 6.25 513%=4.3 347 = 42 21.4=38 392 %29
log K;= 6 47.6=9.0 33 =10 12979 29.9 =6.5
log K, = 5.75 51.0x5.5 344 = 75 14.0+49 33,7 =48
log K;= 3 49.6=1.0 338 = 12 20.5=1.6 37.9 =12
log K, = 6 50.6=1.2 41 = 16 153220 340 =12
log K;= 9 49.8=1.3 340 = 1.8 124=1.5 30.1 =1.5
log K;= 4 50.3=1.8 334 = 14 194=19 384 =15
log K,= 5 49.8*+24 349 = 2.0 16.5*=2.6 33.0 =26
log K= 9 50.0=18 336 = 14 11.7=1.6 309 =22
log K, = 4 50.2%13 3437+ 074 198=12 38.380.75
log K, = 8 49.9+22 332 = 12 162=2.7 332 =1.3
log K= 9 49.7x20 346 = 1.5 12.1=3.1 306 =15
EXPERIMENTAL

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

Diprotic 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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_I:I‘I'l‘N3 =56 -I:l‘l"l"'N3 =42 —A‘:'JLN3 =48 '—'A‘l"lLN 3 =46 —A'J'T,'N 3 =44
_A‘c" 2 =52 —A‘A"‘!}qz :34" —A& "i!“rqz = 3'4‘ _—A‘lc 2 =2 - ‘r-“NZ =46
—“.’-‘I"‘N‘ =4F —A""i"Nl =z ""3""1!'1,” =26 -*A'H'N, =24 —ﬁn"fm =24
570=x=5610 403 x=b3 493 =563 4313506 B3Y=x=47
SE=rF PR =55 Fof =53 20282 FBF25SF
48.8x3.2 254 =35 21.2 =30 21.6x24 24.8%+=2.8
N.F=2.9 L8 =28 Lt =2 SRP=NR LR P22
o RSP R MR =20 W2 =223 225220 AR E2272
48.9+3.2 255 =2.0 204 =26 19.8%+23 23.6=x=20
55.7=2.2 2.5 =24 #7.6 =202 =22 #4.2:52.2
527222 4N =27 MR =21 250=27 9424
47.6=1.6 259 =2.1 19.6 =1.6 19.4=2.5 24.7=x=2.7
s66=1.1 020 =14 486 =15 409=13 439=13
50.7=23 34.1 =3.2 328 =3.2 22.3=3.0 40.0x=2.6
48922 259 =29 20.8 =29 20.8=25 23921
56.1=14 420 =14 481 =14 405=16 445=14
51.8+238 34.1 *37 34.1 =36 22347 388%3.7
48.2=3.4 257 =52 19.0 =57 22772 25753
56.0%3.5 420 =24 49.7 =32 42334 43.7=%=3.0
52.0=%=80 339 =56 299 =6.8 19.0=7.6 395+67
47958 260 =39 227 =438 23.0=%55 250=5.1
56.3%1.2 416 =10 486 =18 39713 44112
51.8+1.5 346 =12 332 %232 246=+1.5 40.0=x=1.3
48.2+1.7 259 =1.2 205 =16 19413 24.1x1.2
56.4+14 426 =10 48.2 =1.6 39.9=1.2 44.0=1.8
51.0=1.8 334 =24 33.8 =26 242+1.7 39.9=x2.1
49014 26.1 =17 1.7 =20 19.9+=1.7 245+14
56.2=x1.1 41.92+0.23 47.68+0.77 40.4+=1.3 441+1.2
51.9=2.8 33.7 =15 347 =14 23.0=2.6 39.9==2.1
47.7+28 266 =1.7 19.7 =1.5 20.7%x2.2 23.8=1.9

thiodiglycolic acicls, taking the data cited by Borrull {1]. The mean values of
the enthalpies 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.€0 and log K,=10.41 at 25°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
‘Enthalpies of neutralization of real diprotic systems

Substance —AH\, ~-AHy, Ref.
Malemnimidedioxime 21.76 23.77 5

21.89 22,84 This work
Thiodipropionic acid 52.66 68.42 1

55.40 60.26 This work
Thiodiglycohic acid 51.14 69.98 1

55.82 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 25°C and extrapolated to zero ionic strength).

Triprotic acids

The enthalpies of neutralization of the citric acid have been determined,
taking the data from the enthalpogram given by Barthel [6] and using the
protonation constants at zero ionic strength indicated by Davies and Hoyle
[10]. In Table 8, the values obtained applying the regression of X on Y and
Z, and of Y on X and Z according to the equations of planes1 and 2 are

TABLE 8
Enthalpies of neutralization of citric acid

Fitting —AHy, —AH,, —AH,, References
1 Xon Yand Z 49.86 55.28 57.14 This work
YonXand Z 49.17 57.87 53.49
2 XonYand Z 50.42 53.81 59.01
YonXand Z 50.15 54.49 58.28
50.79 52.89 59.08 6
5172 53.45 59.25 11

51.30 52.68 57.74 12
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shown. It may be observed that the results from the fitting of X on Y and Z
by plane2 agree better with the values cited in the literature, which are also
indicated in Table 8. The other ways of fitting the data lead to much more
defieras Ui 25 valRs.
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