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ABSTRACT

The thermometric behaviour of threc thiocether acids [(methylthio)acetic. thiodiacetic and 3.3'-
thiodipropanoic] is studied in order to establish the best conditions for their enthalpimetric titrations with
NaOH and calculate the corresponding enthalpies of neutralization. From the value of pK, and of the
neutralization enthalpies, the thermodynamic parameters of dissociation, AG°. A /7° and A $°, at 25°C, of
the three substances are <stimated. '

INTRODUCTION

There are several different organic reagents of chemico-analytical importance

+ af k 1 1f
containing atoms of bivalent sulfur in which the capacity of coordination with

metallic ions comes into play [1]. 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 well-known or applied, 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 [2].

In the present paper the thermometric study of some of them [(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, AG®°,
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EXPERIMENTAL

Calorimetric equipment

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.

To measure temperature. a miniature thermistor of the thermometer type, with a
nominal value of 10 k& at 25°C, has been selected. Its experimental calibration
indicates that it follows this equation: InR(k2) = —10.3993 + 3792.4/T(K) (r=
0.9999). From the values determined during this calibration, a temperature-measuring
bridge, with a sensitivity of 20 mV K ™!, has been built. The temperature scale of the
enthalpigrams is modified by varying the attenuation of the register, and its
maximum sensitivity is 2.5 X 10 73°C 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%, 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 heai by means of the electric calibration system or
through a chemical reaction of well-known enthalpy (the neutralization of NaOH
with HCI, AH = —55.814 kJ mole™! at 25°C [5]). The two methods have given
concordant results, whose mean value is 0.3736 kJ °C~1.

Procedure

Three independent samples of each of the three thioether acids [at concentrations
sufficiently high (see Table1l) 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.



TABLE |

Titration errors of thicethercarboxylic acids

Expt. (Methyithio)acetic Thiodiacetic 3.3'-Thiodipropanoic

Concn. (M) E3Z) Conen. (M) EY%) Concn. (M) E™%)
1 1.0277x 102 0.12 5.1948x10 73 0.7 6.0115x 1073 0.30
2 1.0585<10 "2 0.07 5.1945%10 3 0.5 6.1167x 103 0.48
3 8.2168x 10 ~3 0.73 6.9369¢10 "3 0.4 6.8252>10 3 0.12

E= 0.31 E= 0.53 E= 0.30

@ Neutralization of one proton.
® Neutralization of two protons.

RESULTS AND DISCUSSION

Titration errors

The errors in the thermometric titrations of these compounds (Tablel) 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
and pK_, = 4.68) acids, in which the two dissociable protons are simultaneously

neutralized with a well-defined end point.

0.05 °C

— T T =T = T ¥ v

10 05 ml
Fig. | Calculation of the neutralisation enthalpy of (methylthio)acetic amd with NaOH, C, =8.2168X%

P Y onnn ~3xr

10 7°M; C, =0.9020X 107" M.
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TABLE2

Neutralization enthalpy of (methylihio)acetic acid. Qverall heat capacity method.

Experiment AT a AHy
(°C) (mmoles) (kJ mole 1)
i 0.1294 0.8180 —59.83
2 0.1362 0.8426 —60.38
3 Q0.1063 0.6540 —60.71

Af = —60.31=0.44

Neutralization enthalpies of the thioether 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 diprotic acid with similar dissociation constants. In both cases the
calculaticns 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.

Overall heat capacity method. This method derives from the classic calorimetric
method and consists of measuring the overall temperature variation (determined
from the enthalpigram according to Fig. 1) produced during the titration of n moles
of the compounds, supposing their reaction to be completed, and of applying the
equation AH = —Q/n= —c AT /n.

In she 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 method to calculate the neutralization
enthalpy of (methylthio)acetic acid are set out in Table 2.

Point-py-point heat capacity method.This method allows us to make use of all the
points of the experimental enthalpigram for the calculation of A Hy. For each point
of the titration curve which is considered, defined by its coordinates AV, and AT, 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
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is deduced which corresponds to that of a straight line in which

1. __GWwW
Y=g X"_cAT.VTh

where C =
where C, = ;

the titrant; ¢ = heat capacity of the cell and its contents; A7, = temperature varia-
tion after having added (V¢ — V) ml of the titrant; V1 = 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 difficuity in calculating the values X, and Y, lies in finding the values of
the proton concentration 4. This may be easily found, e.g. by doing a potentiometric
titration in parallel with the thermometric titration. Nevertheless, it is possible to

calculate it by solving the Bransted equation for a monoprotic acid

Cb(VT — Vo) hz + Cb(VT — V;) — CnV;
VT VT

h3+(Ka+ K,—K,|h—K,K,=0
which may be solved by applying the Newton—Raphson iterative method. as has
been done in the present paper.

In Table 3, the results obtained by titrating a sample of (methylthio)acetic acid
are shown. The values of 4 have been caiculated taking a value of pK, = 3.50 [13].

In applying the equations derived at each point on the titration curve, the effect
produced by dilution has been taken into account, 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)acetic acid
Experiment 2: C, =1.0532X 10 ~2; C}, =0.9092: ¥, =80 mi: pK, =3.50: heat cap.=0.3736 kJ °C ~".

Vo AT [H*] X Y

(liv °O

8.02142% 103 0.03000 7.3422% 1074 1.0211x10° 1.3610x 10°
8.02856 <102 0.04000 5.5872x 19~ 1.0055% 102 1.7898 % 10?
2.03570x 102 0.05000 42628% 10~ 1.0534< 103 2.3459x% 107
8.04284% 102 0.06125 3.2483x 10 4 1.1270% 102 3.0785 % 107
8.04998 < 10 ~2 0.07125 2.4566 10 % 1.2805% 102 4.0707x10°
8.05712%x 102 0.08250 1.8268 X 10 ~¢ 1.1858x 102 5.4742%10?
8.06430% 102 0.09250 1.3141 <104 1.8405x 102 7.6096 % 10°
8.07140x 102 0.10250 8.9681 103 2.4317x103 1.1151x10°
8.07854x 10 2 0.11125 5.4604 %10 ~5 3.6765x102 1.8314% 104
8.08570x 10 ~2 0.12250 248411073 7.3325% 102 4.0255% 10%

h=—3912.5=493.8; m=60.46=1.70; r=0.9994: A H=—60.46=1.70 kJ mole ~ " pK,=3.59.



TABLE4

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

Expt. Straight line r AHy pK.
(kJ mole ™)
! ¥Y=—399174+60.29X 0.9995 —60.29 3.40
2 Y=-39125+6046X 0.9994 —60.46 3.59
3 Y= —4360.4+60.84 X 0.9958 —60.84 3.64
AH,=—6053=028 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
Table 3

avivc .

Table 4 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 / or of the value of
pK, of the substance under study. On the other hand, the former method can in
some c¢ases be used for the simultaneous determination of the values of AH and pX,,.
Thus, this method constitutes a variant of the entropic titrations suggested by
Christensen et al. [7.8].

TABLES

Neutralization enthalpies of thicetherdicarboxylic acids. Overall heat capacity method.

Experiment Acid A Hp (kJ mole ™ 1)
I Thiodiacetic —118.66
2 Thiodiacetic —119.12
3 Thiodiacetic —117.82
AH;=—118.53=0.66
l 3,3'-Thiodipropanoic —117.65
2 3.3'-Thiodipropanoic —116.73
3 3,3’-Thiodipropanoic —116.40

AH+=~—116.932=0.65




Thiodiacetic and 3,3'-thiodipropanoic acids

Qverall 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 capacity 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(h* + K,h+ K,K
T ( . 1 1 2)=AH,+AHT—I-(-—2—
ViC,K A h

which can be put in the form of the equation of a straight line if we take
—cVy AT,(h?* + K\h+ K, K,)
. I/()ZC‘AI('IIT

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

X, =K, /h Y, =

TABLE 6

Determination of the neutralization enthalpy of 3.3'-thiodipropanoic acid
Experiment 3: C, =6.723% 10 ~3 M: ¢, =0.9092 M: ¥, =80 mi; pK,=3.87: pK, =4.68.

Vr AT [H*] X -y

(it) °C)

£.02856 <10 ~2 0.039375 1.7673% 10 ~4 0.118219 66.6541
8.03570< 102 0.050000 1.2971% 104 0.161072 74.0516
8.04284%x10 ™2 0.059375 9.7210% 10~ 0.214927 80.2568
8.04998 % 10 2 0.069375 7.3770%10 "5 0.283217 88.7426
8.05710x 102 0.080000 5.6355% 103 0.370732 100.0974
8.07140x 102 0.100000 3.2614X 103 0.640621 131.9235
8.07854% 102 0.109375 24411105 0.855886 156.2691
8.08568X 102 0.119375 1.7838 103 1.171286 193.0569
8.09280¢ 10 2 0.129370 1.2521x10 3 1.668576 251.0298
£.09996¢ 10~ 0.140000 8.14023¢ 10 ~¢ 2.566654 357.1264
8.10710% 102 0.150000 4.5247% 106 4.617501 596.6906
8.11420X10°2 0.160000 1.5192% 10 ¢ 13.752286 1664.2564

b=—55.73=0.88; m=—117.03=0.20; r=—0.999997; AH,=—5573 ki mole™': AH,=—61.30 kJ
mole ™! AHT=—117.03 kI mole 1, -



TABLE?7

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

Acid Expt.  Straight line r AH, AH,
Thiodiacetic 1 Y=-350.58—117.74 X —0.99999 —-350.58 —67.16
2 Y=—-5364—117.33 X —0.95557 —33.64 —63.85
3 Y=—51.84—118.70 X —0.9997 —351.84 —66.86
—117.99=0.62 —50.02=1.54 —65.97=1.1.81
3.3-Thiodipropanoic 1| ¥Y=—53.89—-11652 X —0.9999 —53.89 —62.63
2 ¥F=—5422—-11556 X —0.99998 —34.22 —61.34
3 ¥Y=—5573—-117.03 X —0.99999 —55.74 —61.30
—116.37=0.75 —354.61=0.98 —61.76 =0.76

Newton method and th
A H, from the slope.
The values of h which are necessary to calculate X; and ¥, may be obtained by

applyving the Newton-Raphson method to the equation

4+(Ch<VT—V0> (cbw— Vo) =

h
Vi 7

+K,)h3+ aOK,-é-K,Kz—Kw h?

( Co(Ve — 1) —2G 1,
"

KK, —1<,1<w)h—1<,1<21<w =0
VT =

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 A /| and 4 A, are obtained.

The results obtained by titrating three independent samples of each of the
thioetherdicarboxylic acids are given in Table 7.

Estimation of the dissociation parameters AG°, AH® and AS® of the thioethercarbo-
xylic acids

The ionization enthalpies, A H,, of the three thioether acids have been calculated
from the expression

AH, =AHy — AH,,

where the values of A Hy; 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 AH,; at 20°C to those corresponding to 25°C
which are given in Table 8, we have employed an averaged molar heat capacity of
AC, = —0.130=0.017 kJ K~! mole™' obtained from several papers concerning
carboxylic acids [9-12]. ‘
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The values of AG® at 25°C have been calculated from the known dissociation
constants [2,13] by means of the expression

AG° = —RTInK.
From the values of AG° and A H®, those of AS® have been estimated from
(AH® — AG®)
T

In Table 8, the results obtained in the calculation of the values of AG°, AH®° and
AS° are given, together with their precision.

Age

]
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