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ABSTRACT 

The thcrmomctric bchaviour of three thiocthcr acids [(mcthylthio)acctic. thiodiacctic and 3.3’- 
thiodipropanoic] is studied in order to establish the hcst conditions for their enthalpimctric titrations with 
NaOH and calculate the corresponding cnthalpies of neutralization. From the value of PA’, and of the 
neutralization cnthalpies. the thermodynamic parameters of dissociation. .IG”. .I Ii” and A.‘?, at 25“C. of 

the three suhstanccs ore tstimatcd. 

INTRODUCTION 

There are several different organic reagents of chemico-analytical importance 
“m..X+*:“:-r. n+rrmr Af Lh;.rn1nn+ ,.-..lf..c ip, L”IILcI‘ILlll~ cl&.“1113 “L “LVcILc;I‘L J”llUL ..A:#-k tkn nmnOll;tlr nf cnnrA;n”t;r\n .&,i:b, WLLLbLL &LIC LayQb.LJ “L LNJVIULIILILL”,, 

metallic ions comes into play [I]. Although less studied than the chelate formation 
with the intervention of atoms of carbon and nitrogen. carbon and oxygen, or 
carbon, nitrogen and oxygen, the formation of complexes by acids with bivalent 
sulfur-containing functional groups also turns out to be of practical importance (e.g. 
dithizone, dithioxamide, etc.). The comparative study of all of this type of compound 
shows that the most important reagents containing sulfur also contain nitrogen in 
their molecules in an appropriate position for chelation. Some reagents which only 

contain sulfur as a coordinating atom (xantogenates, dithiol, etc.) are also important. 
On the other hand, the reagents that contain sulfur and oxygen as active atoms in 
the coordination are iess weii-known or appiied, aithough some mercapto acids have 

found analytical application. 
In the course of a research program designated to fill some of the gaps in this 

field, several different potentiometric and spectrophotometric studies have been 
made on several carboxylic acids which contain the thioether function and on the 
formation of metal complexes by these compounds, from which the weak bonding 

behaviour of these substances is deduced 121. 
In the present paper the thermometric study of some of them j(methylthio)acetic, 
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thiodiacetic and 3.3’-thiodipropanoic acids] is initiated from an analytical point of 
view and in order to estimate their thermodynamic dissociation parameters, AGO. 
AHO and A~’ 

EXPERIMENTAL 

A thermometric titrator was built according to the design of Lumbiarres et al. [3]. 
consisting of an automatic 2.5 ml Radiometer ABU 12 burette, a temperature 
measuring bridge with thermistor. an adiabatic titration cell. an electric calibration 
system and a Yokogawa 4701 register with an imput impedance of 5 M!Z 

To measure temperature. a miniature thermistor of the thermometer type. with a 
nominal value of 10 kQ at 25°C. has been selected. Its experimental calibration 
indicates that it follows this equation: InR,(kQ) = - 10.3993 + 3792.4/T(K) (f= 
0.9999). From the values determined during this calibration. a temperature-measuring 
bridge, with a sensitivity of 20 mV K- ‘, has been buiit. The temperature scale of the 
enthalpigrams is modified by varying the attenuation of the register, and its 
maximum sensitivity is 2.5 X 10-30C cm-‘. 

The behaviour of the apparatus has been determined by the titration of 80.0 ml of 
several NaOH solutions of increasing their concentration with HCI 0.9933 N. The 
mean error of these titrations is of the order of 0.1 w /o, acceptable for this technique. 

Heat capacity of the cell 

The titration cell proposed by Christensen et al. has been used [4]. 
In all the titrations 80.0 ml of the sample have been used and the heat capacity of 

the system has been determined under the same experimental conditions, by 
introducing a known quantity of heat by means of the electric calibration system or 
through a chemical reaction of well-known enthalpy (the neutralization of NaOH 
with HCI, A.= -55.814 kJ mole-’ at 25°C [S]). The two methods have given 
concordant results, whose mean value is 0.3736 kJ OC- ‘. 

Procedure 

Three independent samples of each of the three thioether acids [at concentrations 
sufficiently high (see Table 1) that the calculated titration error would not be 
influenced by an excessive dilution of the sample] were titrated at 20°C with NaOH 
0.9020 N. 
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TABLE I 

Titration errors of thioethercarboxylic acids 

Expt. (Methylthio)acetic Thiodiacetic 3.3’-Thiodipropanoic 

Concn. (M) E W) Concn.(M) E'W) Concn. (M) E”(Q) 

1 1.0277x10-* 0.12 5.1948x10-3 0.7 6.0115x10-~ 0.30 

2 1.0585XlO-* 0.07 5.1945x 10-J 0.5 6.1167X10-~ 0.48 

3 8.2l68X1O-3 0.73 6.9369X1O-3 0.4 6.8252XlO-3 0.12 

E- -- 0.31 g= 0.53 E= 0.30 

J Neutralization of one proton. 
b Neutralization of two protons. 

RESULTS AND DISCUSSION 

Titration errors 

The errors in the thermometric titrations of these compounds (Table 1) are 
acceptable and in accordance with those to be expected according to the low pK, 
values of the three thioether acids. These values explain the well-defined shape of the 
enthalpigrams, both in the case of (methylthio)acetic acid (pK, = 3.55) as well as of 
thiodiacetic (pK,, = 3.14 and pK, = 4.01) and 3,3’-thiodipropanoic (pK,, = 3.87 
anri nK _ = A F;Ql m-idc in which the trvn Aiccrknhla mrntnnr -VP c~~~nlt~~nn~ncl~r -au y-ma2 “_V, e.rr..u, -1. _.*._.a . ..sw LIIV Y.U.L.VInLI”I” yrvs,vrncJ _I._. ~...SY.L~..~“U~~J 

neutralized with a well-defined end point. 

I 

I 0.05 ‘C 

. 

1.0 05 ml 

Fig. 1 Calculation of the neutralisation enthalpy of (methylthio)acetic acid with NaOH. C, =8.2168X 
iQ_?M; Cb =0_~,2oi( iO-‘M. 
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TABLE 2 

%utraiization enthdpy of (meth~jthju~~~tic acid. Overaff heat crrpacity method. 

Experiment PT 

( w 
II AHN 
(mmoles) (kJ mole -‘) 

i 0.1294 0.X180 - 59.83 
2 0.1362 0.8426 - 60.38 
3 0.1063 0.6540 -40.7 1 

33x= -60.3 1 *O&4 

:\‘eurralizarion enrhalpies of the rhioerher acids 

In the determination of the neutralization enthalpies of thioether acids, two 
different situations have to be taken into consideration: that of a monoprotic acid, 
and that of a diprotit acid with similar dissociation constants. In both cases the 
calculatiens were done by two different methods. which we have designated as the 
overall heat capacity method and as the point-by-point heat capacity method. 

OoeraN Itear capacit#v nterltod.This method derives from the classic calorimetric 
method and consists of measuring the overall temperature variation (determined 
from the e~thalpigram according to Fig. 1) produced during the titration of II moles 
of the compounds, supposing their reaction to be completed, and of applying the 
equation AN = -Q/n = -c AT/n. 

In lhe case of very weak acids or bases. this condition of completed reaction is 
reached only if a sufficient excess of the titrant is added, which requires a graphic 

extrapolation, with the subsequent loss of accuracy and precision. 
The results obtained by applying this nlethod to c&date the neutraiization 

enthalpy of ~methylthio~acetic acid are set out in Table 2. 

Point-by-poittt /teat capacity ntethod.This method allows us to make use of all the 
points of the experimental enthalpigram for the calculation of AHH,. For each point 
of the titration curve which is considered, defined by its coordinates Avi and ATi, it 
is necessary to know the fraction of compound actually neutralized, which is 
determined from the value of the acid dissociation constant or from the’ proton 
concentration in the solution. 

In the case of a monoprotic acid. taking into consideration the matter, charge and 
heat balances as well as the expression of the dissociation constant, the general 

equation 

1 1 -=--_- AH 
c, vcz 

h K, c A7& h 
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is deduced which corresponds to that of a straight line in which 

x = C, v,z 
i c AT. V,h 

x+_&~~~ c = clna1.r+;c.o1 e#-..-.rmm+re+:A.. ,P .l.a +:rF#.m.-l. P = .-,....l.*r:-ml ~~~~~~+~~+:~.. -c 
a ca‘ua., LlbQL ~“IIbbIICI(I~‘“II “1 Ll.6 CICI4U”, L’b CliuuJ L1bal b”LLLGIILL all”‘, “1 

the titrant; c = heat capacity of the cell and its contents: AT = temperature varia- 
tion after having added (Vr - VO) ml of the titrant; Vr = total volume of the 
solution contained in the cell at all times during the titration: V, = initial volume of 
the solution to be titrated. 

The straight line equation can be adjusted from the experimental data by 
applying the Gauss-Newton method and thus the value K, is obtained from the 
intercept and that of AH from the slope. 

The only difficulty in calculating the values Xi and q lies in finding the values of 
the proton concentration h. This may be easily found, e.g. by doing a potentiometrid 
titration in parallel with the thermometric titration. Nevertheless. it is possible to 
calculate it by solving the Brdnsted equation for a monoprotic acid 

h3+ K +‘b(‘T-K) 
il 

VT 

c,(v,-vv,)-cc,v,K _-K 

VT 
a 

which may be solved by applying the Newton-Raphson iterative method, as has 
been done in the present paper. 

In Table3. the results obtained by titrating a sample of (methylthio)acetic acid 
are shown. The values of h have been calculated taking a value of pK, = 3.50 [ 131. 

In applying the equations derived at each point on the titration curve, the effect 
produced by dilution has been taken into accotint, not only in connection with the 
analytical concentrations C, and C, of the titrand and of the titrant. but also in 
connection with the value of the heat capacity of the system. 

TABLE 3 

Determination of the neutralization enthalpy of (methylthio)acctic acid 

Experiment 2: C, = I .0532 X 10 -‘: Ch =0.9092: V, =80 ml: pK, =X50: heat cap.=0.3736 kJ “C - ‘. 

YT AT W ‘I x 1’ 
(lit) PC) 

8.02142X IO -’ 0.03000 
8.02856 X IO -’ 0.04000 
8.03570X 10 -t 0.05000 

8.04284X 10 -2 0.06 I25 

8.04998 x 10 -z 0.07125 

8.05712X IO-’ 0.08250 

8.06430X IO -2 0.09250 

8.07140X IO --2 0.10250 

8.07854X 10 --2 0.11125 

8.08570X 10 -= 0.12250 

7.3422 X IO -’ 

5.5872 X 13 -’ 

4.2628X IO -’ 

3.2483 X 10 -’ 

2.4566 X IO -’ 

1.8268X lo-’ 

I.3141 x 10 -4 

8.9681 X 1O’-5 

5.4604x10-5 

2.48~1X10-5 

I.021 I x IO’ 

1.0055x 10’ 

1.0534x 10’ 

1.1270x 102 

1.2805X 10’ 

1.1858X IO’ 

1.8405X IO’ 

2.4317x 10’ 

3.6765 X IO’ 

7.3325 X IO2 

1.3610X IO’ 

1.7898X IO” 

2.3459x 105 

3.0785 x 103 

4.0707x IO3 

5.4742X 10’ 

7.6096 X I OJ 

I.1151 x IO4 

1.8314X IOJ 

4.0255X IO4 

b= -3912.5_‘493.8; nz=60.46-C 1.70: ~0.9996: AH= -60.46-‘ 1.70 kJ mole-‘: pK, =3.59. 



TABLE 4 

Neutralization enthalpy of (methslthio)acetic acid. Point-by-point heat capacity method 

Expt. Straight line r AHN PK, 
(k3 mole-‘) 

I 
2 

3 

)rz_7poa~ 7+/;niay 
a>z,-1 ““.&T,l 

)‘= -3912.5+60.46X 

)r= -4360.4+60.84X 

n QOQZ -a-l IQ 7 nn 
“.I,,.# ““._I d.“” 

0.9994 - 60.46 3.59 

0.9958 -60.84 3.64 
AH,=-60.53"0.28 pK,= 3.61=0.03 

The application of several statistical criteria [4] has enabled us to calculate the 
value of the precision attained knowing the slope and the intercept to be accurate to 
within 95% of the confidence level. These values are also indicated at the bottom of 
Tghl+ 2 * UV._ d. 

Table4 sets out the results of the application of the point-by-point heat capacity 
method to the experimental data obtained by titrating three independent samples of 
(methylthio)acetic acid. 

From the comparison of the results expressed in Tables 2 and 4, it can be deduced 
that both methods lead to appreciably coincident results. It must be pointed out that 
if, in fact. the point-by-point heat capacity method offers a precision slightly more 
favorable than the overall heat capacity method, the latter method is much simpler 
and more direct to apply. as it does not require the knowledge of h or of the value of 
pK, of the substance under study. On the other hand, the former method can in 
^--^ ^^^__ L, ..-_ _-I CP., +La c:-..lr-,rs~..n ~..*‘-,..m:~n~;~... .-.F al.- ..,l..,., AC A u __A -v 3UIIlG Wl3G3 UG V3CU IV1 llic JIIIIUlLrlllCUU3 UCLCI1llillaLlUll U1 L11S VaIUcS U1 aa7 allu pAn. 

Thus, this method constitutes a variant of the entropic titrations suggested by 
Christensen et al. 17.81. 

TABLE 5 

Neutralization enthalpies of thioetherdicarboxylic acids. Overall heat capacity method. 

Experiment 

i 
2 
3 

I 
2 

3 

Acid AH, (kJ mole-‘) 

Thiodiacetic 
. .n *r - I16.00 

Thiodiacetic -119.12 
Thiodiacctic - 127.82 

AH,=-111.53*0.66 

3,3’-Thiodipropanoic -117.65 
3.3’-Thiodipropanoic - 116.73 

3.3’-Thiodipropanoic - 116.40 

AHT=-116.93-~0.65 
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Thiodiacetic and 3,3’-thiodipropanoic acids 

Ouerafl heat capacity method.As in the case of (methylthio)acetic acid, the overall 
neutralization enthalpy is determined from the overall temperature variation of the 
system, AH, = AH, + AH,, but it is not possible to determine separately the 
reaction enthalpies corresponding to the neutralization of each of the implicated 
protons. In Table5, the results obtained for the thioetherdicarboxylic acids are 
given. 

Point-by-point heat capacizy method.In the case of a diprotic acid the balances of 
matter, charge and heat (taking separately into consideration the reaction enthalpies. 
AH, and AH*, corresponding to the neutralization of each of the implicated 
protons) together with the expressions of the successive dissociation constants. lead 
to the general relationship 

cV,AT(h2 +K,h+KJG) =AH +AH K, 
V&K, h 

I G- 

which can be put in the form of the equation of a straight line if we take 

Xi=K2/h;y= 
-cV, Ar,( h2 + K,h + K,K,) 

.JG2WGh 

This straight line is adjusted to the experimental points by means of the Gauss- 

TABLE 6 

Determination of the neutralization enthalpy of 3.3’-thiodipropanoic acid 

Experiment 3: C, ~6.723 X 10 -3 M: C,, zO.9092 M: V. ~80 ml: pK, =3.87: pK2 ~4.68. 

VT AT W'l X -Y 
(lit) (“C) 

8.02856 x 10 - 2 

8.03570X 10 -2 

8.04284X 10 -’ 

8.04998X IO -= 

8.05710X 1O-2 

8.07140X IO-’ 

8.07854X IO -’ 

8.08568 X 10 - 2 

8.09280X 1O-2 

8.099% X 10 -2 

8.10710X 10 -2 

8.1142OX1O-2 

0.039375 1.7673X1O-4 0.118219 66.6541 

0.050000 1.2971 x IO -4 0.161072 74.05 16 

0.059375 9.7210X IO -5 0.214927 80.2568 

0.069375 7.3770x 10 -5 0.283217 88.7426 

0.080000 5.6355 X 10 -5 0.370732 100.0974 

O.lOOOOO 3.2614X IO -’ 0.64062 I 131.9235 

0.109375 2.4411x10-5 0.855886 156.2691 

0.119375 1.7838X 1O-5 1.171286 193.0569 

0.129370 1.2521 x IO -5 1.668576 25 I .0298 

0.140000 8.1402X 10 -6 2.566654 357.1264 

0.150000 4.5247 X 10 -6 4.6 I 7501 596.6906 

0.160000 1.5192x 10 -’ 13.752286 1664.2564 

b=-55.73*0.88; m=-117.03-~0.20; r=-0.99Q997; AH,=-55.73 kJ mole-‘: AH,=-61.30 kJ 
mn1e-8; A_&= .-._._ - ! ! ?_Ol kJ mnle - 1, -.._-w 
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TABLE 7 

Neutralization enthalpics of the thioetherdicarboxylic acids. Point-by-point heat capacity method 

Acid Expt. Straight line r AH, AH? 

Thiodiacelic 1 Y= -50.58- 117.74 x -0.99999 

2 ~=_53.~_ i i7.jj ~ _ ____- 
-u.YYYYI 

3 )'=-Sl.M-118.70 X - 0.9997 

- 117.99rnO.62 

3.3’-Thiodipropzmoic I 
2 

3 

Y= -53.P9- I16.57 A’ - 0.9999 

I*= --53.12- 115.56 X - 0.99998 

Y= -55.73- 117.03 x - 0.99999 

- 116.37r0.75 

- 50.5S 
.-” Ia 

- 33.04 

-5l.M 

- 50.02 c I .54 

- 53.199 

- X22 

- 55.74 

- 54.6 I -c 0.98 

-67.16 
*_ “_ 

- D>.SY 

- 66.86 

-665.97= 1.81 

- 62.63 

-61.34 

-61.30 

-661.76cO.76 

The values of /I which are necessary to calculate Xi and q may be obtained by 

applying the Newton-Raphson method to the equation 

h4 i- 
C,(VT - v,) ( f K, 1 ( Ii” + 

c~( vi - V,)--c,v, 
v 

K, -kK,K, -K, 
T VT 

-+ 
c,( I’T - vo) - zc.v, 

VT 
K,K, -K,K, h-K,K,K, =0 

In Table 6. the data which correspond to a titration of 3,3’-thiodipropanoic acid 

with NaOH 0.9092 N are given together with the results obtained by means of the 

Gauss-Newton method. from which PLi, and AH, are obtained. 

The resuIts obtained by titrating three independent samples of each of the 

thioetherdicarboxylic acids are given in Table 7. 

Esrimorion of the dissociation pnrameters AG”. AH” and ASo of the thioethercurbo- 

_ylic ncids 

The ionization enthaipies. AN,, of the three thioether acids have been calculated 

from the expression 

af4; =AH, - AH, 

where the values of AH, are those determined at 20°C in this paper and the value of 

AH, (= -56.44 kJ mole-‘) has been determined experimentally by means of the 

titration of a strong acid with a strong base under the same experimental conditions. 

To transform the values obtained for AHi at 20°C to those corresponding to 25°C 

which are given in Table 8, we have employed an averaged molar heat capacity of 

ACP = -0.130 2 0.017 kJ K - ’ mole - ’ obtained from several papers concerning 

carboxylic acids (9- 121. 
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The values of dG” at 25°C have been calculated from the known dissociation 
constants 12,131 by means of the expression 

AG” = -RRTlnK. 

From the values of AG” and AHO, those of AS0 have been estimated from 

,, co _ (AH0 - AGo) 
-u = 

T 

In Table 8, the results obtained in the calculation of the values of AGO, AHo and 
AS’ are given, together with their precision. 
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