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Thermodynamic proton-ligand stability constants, TpK,. of tropolone have been de-
termined pH-metrically in 0~50 vol.% dioxane-water mixtures at 25 and 354 0.01°C apply-
ing an empirical pH correction for mixed aqueous media. Tropolone is a very weak acid with
a TpK, value between 6.9 and 8.8. TpK, values do not vary linearly with the reciprocal of
the dielectric constant of the medium, but a plot of TpK, vs. the mole fraction of dioxane is
linear at a given temperature. Values of AG® and AH® and AS® are also computed.
Temperature as well as medium effects are briefly discussed.

INTRODUCTION

Numerous analytical applications of tropolone (I) (2-hydroxy-2.4.6-
cyclohepta-trienone) and its ring-substituted derivatives have already been
reviewed by Singh and co-workers [1]. The versatility of tropolone is well
established in the colorimetric determination of Fe(Ill), Nb(V) and
germanium. Furthermore, its application has also been predicted in the
separations of thorium and uranium from the rare earths by solvent extrac-
tion of the tropolone complexes during the reprocessing of nuclear fuels.

(o] CH o] o

keto (I) enol (II)

Some outstanding applications of this reagent include the photometric
determinations of Ru(Ill) [2], Rh(III) [3], V(V) [4] and Cr(IIl) [5]. Besides,
tropolone also has numerous medicinal applications [6,7].

Tropolone is a weak monoprotic acid. The proximity of carbonyl and
hydroxyl group in this compound permits the formation of stable metal
chelates with a host of metal ions [8-15]. Relatively, little data has been
reported on the acid dissociation constant of tropolone. Most of the work to
date, however, relates to the evaluation of the stoichiometric constant valid
for some specific set of conditions [10,12-14]. No value of the thermody-
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namic equilibrium constant for its ionization exists, except in one instance
[16]. This led us to study in detail the proton dissociation reactions of this
ligand and to arrive at theoretically comparable thermodynamic data.

The thermodynamic acid dissociation constant, 7pK,, of tropolone in
aqueous solution and 20, 30, 40 and 50 vol.% dioxane—water mixtures at 25
and 35 £+ 0.01°C have been determined pH-metrically and the thermody-
namic functions (AG°, AH®, AS°) computed following the standard equa-
tions. Concentrations higher than 0.174 mole fraction of dioxane (»n,) were
avoided because of the possible association of solutes, which may be ex-
pected in solvents of low dielectric constant; also, activity coefficient correc-
tions would be considerably greater in such solutions. In addition, experi-
mental errors might be introduced in the TpK, measurements owing to the
higher pH-meter correction necessary in such instances.

TpK, values have been determined by the pH titration method using a
glass and saturated calomel electrode in cells with liquid junction potential.
The relationship of Van Uitert and Haas [17] was followed to evaluate the
hydrogen ion concentration from the values read on the pH meter ( B)

—log[H*] =B +log U3 +1log y . (1)

Values of the correction factor, log UJ, were obtained experimentally [18]
and those of mean activity coefficients ( y , ) were computed by interpolation
of the data given by Harned and Owen [19] assuming that the mean activity
coefficients are the same on both the molal and molar scales. The acid
dissociation of tropolone (HA) in an aqueous medium gives the hydrogen
ion (H™) and tropolonate (A™). The equilibrium constant is given by eqn.
(2) in such a medium.

TK,(aq) = ([H+] [A_]/[HA])(yH*yA‘/yHA) (2)
TpK,(aq) = —log[H"] +log([HA] /[AT]) + 2 log(1/y ) (3)

Assuming that y,, the mean activity coefficient of the non-ionized acid, is
unity, the final form of the equation for computing 7pK, in the
dioxane-water mixture is obtained by eqns. (1) and (3).

TpK,= B+ log U3 + log([HA] /[A7]) +log 1/y (4)

Tropolone (Alfa Chemicals, U.S.A.) was used as supplied. All chemicals
were of A.R. or G.R. grade (BDH or Merck) unless otherwise stated. An
aqueous solution (10%) of tetramethyl-ammonium hydroxide (TMAH) titrant
was standardised against potassium hydrogen phthalate and diluted to 0.1
M. the proportions of dioxane and water being the same as those used in
preparing the titre solutions. p-Dioxane was purified as recommended [20].

The titration procedure for determining the ionization constants was
essentially the same as outlined by Albert and Serjeant [21]. Generally, 0.01
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M tropolone was titrated without the addition of inert salt. Measurements of
pH were made on an Orion Research pH meter which can be read to 0.001
pH units. The instrument was standardised against phthalate and borax
buffers before and after each titration.

In a thermostated (25 or 35 + 0.01°C) titration vessel, accommodating a
glass electrode, a limb of saturated KCl bridge and a microburette of 5.0 ml
capacity, 0.5 mM of tropolone in the appropriate dioxane—water composi-
tion was taken and the contents stirred magnetically. The initial volume of
the titre solution was 47.5 ml in all cases to allow for the change in the total
volume of solution on the addition of titrant [22]. For practical purposes, the
error caused by volume correction is almost negligible (less than 0.01 pH
unit for the inner five readings of a set of pH titrations) with a maximum
error of 0.018 pH units [23]. About 10 min after the settings, the titration
was started by adding 0.5-ml aliquots of 0.1 M TMAH and noting the
highest stable pH value. Titrations, carried out in duplicate, were reproduci-
ble to within +0.01 pH units.

VOLUME % DIOXANE
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Fig. 1. Variation of TpK, with the dielectric constant (D) of the medium.
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Fig. 2. Variation of TpK, with n, (mole fraction of dioxane).

RESULTS

The TpK, value of tropolone in aqueous solution and different
aqueous—dioxane media at 25 and 35°C are summarised in Table 1. Our
TpK, value in pure aqueous medium (6.95 + 0.03 at 25°C) is in good
agreement with that of James and Speakman [16] who reported a value of
7.00 + 0.04 at 20°C. These constants invariably increase with increasing
temperature in all the above cases. The average TpK, value usually falls
within a range of +0.02, but not beyond +0.03 in any instance. The
titration of perchloric acid in the presence or absence of this ligand proved
that its protonation is negligible. The effect of dilution, studied with slightly
varying concentrations of this ligand, was found to be almost negligible as
the TpK, values do not differ markedly. TpK, was plotted against 1/D
(Fig. 1) and mole fraction of dioxane (n,) (Fig. 2). Empirical relations
derived therefrom are given in Table 2. Such relationships between TpK,
and n, were also obtained by subjecting the data to a least-squares analysis

TABLE 2

Empirical relationship between TpK, and n, of dioxane for tropolone (TpK,=mn,+C) ?

Graph at 25°C Least-squares at 25°C Graph at 35°C Least-squares at 35°C
m C m C r b m C m C r b

950 690 937 690 102 928 973 710 980 7.05 1.00 9.72

a

r and b refer to the correlation coefficient and regression coefficient (actual slope),
respectively.
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TABLE 3
Free energy, enthalpy and entropy changes for the ionization of tropolone
Function ? Solvent medium, vol.% dioxane

0 20 30 40 50
AG®, 25°C 9.49 10.01 10.43 10.93 11.71
AGY, 35°C 10.00 10.60 11.01 11.62 12.39
—AH®=10.52
— AS?%, 25°C 67.10 68.85 70.25 71.93 74.55
— AS°, 35°C 66.58 68.53 69.86 71.84 74.33

3 AGY and AH? in kcal mol™%, AS® in cal mol™! K™%,

(Table 2). Table 3 records the thermodynamic functions (AG°, AH® and
AS?) associated with the proton-ligand dissociation reactions computed by
the temperature variation method.

DISCUSSION

The non-benzenoid aromatic molecule, tropolone, is stabilized by reso-
nance and tautomerism, so that the ketonic group (I) is masked, and the
behaviour is that of the enol form (II). IR studies of the OH groups in the
enol form of this compound show that the strength of the hydrogen bond is
considerably weaker, which has been explained to be due to five atoms in the
tropolone chelate ring [10,24]. Electronic interaction between the carbonyl
and enol groups in tropolone is facilitated by the planarity of the ring. It is
therefore expected that this reagent might show reactions similar to diketo-
nes. On the basis of the present study, it is seen that HTTA is a stronger acid
than tropolone by about one TpK, unit in different media.

Medium effects

Considering the acid dissociation of tropolone involving a net increase of
ions
HA + H,O=H;0"+ A~
a decrease in the dielectric constant of the reaction medium should increase
TpK,, as borne out by Table 1. This prediction has been amply confirmed
for other diketones on the basis of previous studies [25-28].

Medium effects and transfer energies for ions have sometimes been
considered to consist of a neutral part and an electrostatic term [29-31].

AG® = AGS,, + AGH
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If the electrostatic part is expressed by Born’s formula [32]

Ne’(1 1
868 =35+ )
where r* and r~ denote the radii of the solvated ions and D the dielectric
constant of the medium [33,34], it follows that
Ne*(1 1

2D ( o )
Further, as AG® = 2.303RTpK,, the equation simplifies as

AGS. N Ne? 1 1
2.303RT  4.606RTD ( rt )
Conventionally, pK, is plotted against 1/D, assuming AG..,, to be indepen-
dent of the solvent. Both types of relationship, viz. linear for water-rich
media (D > 30) [35,36]) and non-linear [37], have been reported. When TpK,
values of tropolone are plotted against 1/D, it is seen that the plots possess a
distinct curvature (Fig. 1). This shows that non-electrostatic factors exert a
considerable influence on the acid dissociation of such organic compounds.
As Harned and Owen [38] observed, when the plots are extended over a wide
range of dielectric constants such as represented by going from water to 82%
dioxane—water, the linearity fails. Such a relationship is improved by taking
into account the variation of the concentration of water in the solution [39].
Here, (HOH) is introduced into the ionization expression for a weak acid in
order to get a better pK,~1/D plot. Curvature still occurs at high concentra-
tions of organic solvent.

Lahiri et al. [40] reported a linearity in the plot pK, vs.1/D only up to 60
wt% ethanol, beyond which deviation occurred. Deviation at a higher per-
centage of organic solvents was attributed to the fact that at such per-
centages, the H* values from pH meter reading may be inaccurate due to (i)
high liquid junction potential and (ii) low sensitivity of the glass electrode.
Contrary to this, deviations were more recently encountered [39] at relatively
low concentrations of #-butanol as compared to methanal-water, and
ethanol-water mixtures.

A consideration of the direct participation of the solvent in the acid
ionization should lead to a better understanding of the compositions of
solvent as well as of ion solvates [41]. For example, such a participation is
quite evident from essentially straight-line plots of pK, vs. n, in several
cases [42].

For tropolone, the change in TpK, with n, is particularly high. When its
TpK, values are plotted against n,, linear relationships are obtained (Fig.
2). The experimental values of TpK, given here indicate a maximum
deviation from linearity of the order of 0.05 or about 0.5% in TpK,. These

plots gave slopes equivalent to about 10 which is as expected for diketones
[26-28].

AG° = AG?,, +

pK,=

r
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The accuracy of fit was judged by calculating the correlation coefficient,
r, defined by

r=3(x-%)y-7)/[2(x-x)’(y-3)]""

where X and y are the mean values of x(7TpK,) and y(n,), respectively. The
summations are extended to all available pairs (x, y). Linear proportionality
is readily indicated between the two variables when the value of  is 1.0 [43].
The “regression coefficient” or actual slope (b) of the lines, is given by

b=S2(x—%)(y~7)/E(x - x)’

Since the value of r is nearly +1.0 at 25 and 35°C for tropolone (Table
2), quite a high probability of a linear relationship between TpK, and n, is
implied. A similar behaviour is found for several other acids, such as
benzoic, acetic, propionic and formic acids [42] and a number of S-diketones
in aqueous dioxane {25,26]. Likewise, linear proportionality is also obtained
for some other mixed aqueous solvents, e.g., acetic, propionic, butyric and
benzoic acids in methanol-water mixtures [44] and dimedone in
ethanol-water [45].

It is of interest to compare the accuracy of the experimentally determined
values of TpK, of tropolone in aqueous media with the extrapoiated vaiues
at zero dioxane concentration (#n, = 0). The data given in Table 1 show that
there is excellent agreement between the two sets of values, proving the
validity of the extrapolation method for evaluating TpK, values of sparingly
soluble organic ligands in aqueous media.

Thermodynamic functions for acid dissociation

TpK, values have been determined with a precision of +0.02 to +0.03
and, hence, the error in AG® is estimated to be between +0.03 and + 0.04
kcal mol . The procedure followed here to evaluate AH? is subject to some
error because the enthalpy change is small and TpK, values were not
obtained at several temperatures [46]. However, the negative value of AH°
found in dioxane—water solutions for tropolone indicates that its ionization
is accompanied by the liberation of heat and the process is exothermic.
Further, the change in AH? with a change in medium is relatively small and
within experimental error. Thus, the slopes of the straight lines in the plots
of TpK, vs. n, (Fig. 2) are the same at both the temperatures (Table 2), and
the two lines are parallel.

It is, therefore, justifiable to assume that AH? is independent of solvent
media over the range investigated. On this basis, a fresh value of AH® was
calculated. Numerically, this is equal to 42.06 times the difference in the
intercepts of the parallel lines on the TpK, axis (Fig. 2) and this value is
given in Table 3.
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Values of AS® at different percentages of dioxane are found to be
practically the same, thereby showing that it is independent of solvent
composition. This is in agreement with our earlier observation [27], wherein
the large negative entropy value has been explained as arising due to the
ionization of the ligand since the sum total of the number of “bound” water
molecules is more than that originally accompanying the undissociated
reagent. The experimentally evaluated A H® and AS°® values for the dissocia-
tion of tropolone in aqueous dioxane media show that a large decrease in the
ionization constant is chiefly due to a much larger negative value of the
entropy of ionization. These facts are thus in accordance with the assump-
tion that the decrease in the ionization constant in dioxane-water mixtures
is mainly due to a statistical effect. For any definite explanation, extensive
data for mixed solvents would be needed.

It is interesting to note in this connection that AG® becomes increasingly
positive with increasing dioxane content for the ionization process, which
could not be necessarily correlated with the change in water structure, i.e.,
the structure of water is enhanced due to the addition of dioxane or due to
the increase in the basicity of the solvents, but the results could be explained
in terms of ionic solvations and a consequent change in entropy and
enthalpy values. This indicates that the dielectric constant is not the major

factor affecting ionization, the main factor being solute—solvent interactions
[47,48).

ACKNOWLEDGEMENTS

The authors wish to express their sincere thanks to Dr. P.R. Natarajan,
Head, Radiochemistry Division and to Shri S. Somasundaram, Head, Radia-
tion Hazards Control Section, Health Physics Division for their keen interest
in this work.

REFERENCES

1 Y. Dutt, R.P. Singh and M. Katyal, Talanta, 16 (1969) 1369.

2 G.H. Rizvi, B.P. Gupta and R.P. Singh, Anal. Chim. Acta, 54 (1971) 295.

3 G.H. Rizvi, B.P. Gupta and R.P. Singh, Mikrochim. Acta, (1972) 459.

4 G.H. Rizvi and R.P. Singh, Talanta, 19 (1972) 1198.

5 G.H. Rizvi, Mikrochim. Acta, (1983) 21.

6 T. Korzybski, Z. Kowszyk-Gindifen and W. Kuriloweiz, Antibiotics, Pergamon, Oxford,

1967, p. 1469.

G.P. White, A. Jacobs, R.W. Grady and A. Cerami, Blood, 48 (1976) 923.

B.E. Bryant, W.C. Fernelius and B.E. Douglas, J. Am. Chem. Soc., 75 (1953) 3784.
B.E. Bryant and W.C. Fernelius, J. Am. Chem. Soc., 76 (1954) 1696.

D. Dyrssen, Acta. Chem. Scand., 9 (1955) 1567.

O O o



280

11
12
13
14

15
16
17
18
19

20

21

22

23
24
25

26

27
28
29

30
31
32
33
34
35
36
37
38

39
40
41
42
43
44

45
46

47
48

B.P. Gupta, Y. Dutt and R.P. Singh, J. Inorg. Nucl. Chem., 29 (1967) 1806.

D.L. Campbell and T. Moeller, J. Inorg. Nucl. Chem., 31 (1969) 1077.

M. Hirai and Y. Oka, Bull. Chem. Soc. Jpn., 43 (1970) 778.

L. Magon, A. Bismondo, G. Bandoli and R. Portanova, J. Inorg. Nucl. Chem., 35 (1973)
1995.

L.G. Cilindro and C. Keller, Radiochim. Acta., 21 (1974) 29.

J.C. James and J.C. Speakman, Trans. Faraday Soc., 48 (1952) 474.

L.G. Van Uitert and C.G. Haas, J. Am. Chem. Soc., 75 (1953) 451.

J.P. Shukla and S.G. Tandon, J. Electroanal. Chem., 35 (1972) 423.

H.S. Harned and B.B. Owen, The Physical Chemistry of Electrolytic Solutions, 3rd edn.,
Reinhold, New York, 1967, pp. 716-718.

A. Weissberger and E.S. Proskauer, Organic Solvents, Vol. 7, Interscience, New York,
1955, p. 139.

A. Albert and E.P. Serjeant, Ionization Constants of Acids and Bases, Methuen, London,
1962, p. 28.

A. Albert and E.P. Serjeant, Ionization Constants of Acids and Bases, Methuen, London,
1962, pp. 98-99.

J.P. Shukla and S.G. Tandon, J. Inorg. Nucl. Chem., 33 (1971) 1681.

D. Dyrssen, Sven. Kem. Tidskr., 68 (1956) 212.

L.G. Van Uitert, C.G. Haas, W.C. Fernelius and B.E. Douglas, J. Am. Chem. Soc., 75
(1953) 455.

J.P. Shukla, V.K. Manchanda and M.S. Subramanian, J. Electroanal. Chem., 40 (1977)
431.

J.P. Shukla and M.S. Subramanian, Thermochim. Acta, 35 (1980) 293.

J.P. Shukla, A K. Sabnis and M.S. Subramanian, Thermochim. Acta, 49 (1981) 361.

R.G. Bates and R.A. Robinson, in B.E. Conway and R.G. Barradas (Eds.), Chemical
Physics of Ionic Solutions, Wiley, New York, 1966, Chap. 2.

M. Alfenar and C.L. Deligny, Recl. Trav. Chim. Pays-Bas, 86 (1967) 929.

O. Popovych, Crit. Rev. Anal. Chem.,, 1 (1970) 73.

M.Z. Born, Z. Phys., 1 (1920) 45.

M. Mandel, Bull. Soc. Chim. Belg., 64 (1955) 44.

M. Mandel and A. Jenard, Bull. Soc. Chim. Belg., 67 (1958) 575.

R.G. Bates, in B. Pesce (Ed.), Electrolytes, Pergamon, London, 1962, p. 196.

T. Shedlovsky, in B. Pesce (Ed.), Electrolytes, Pergamon, London, 1962, p. 146.

E.J. King, Acid-Base Equilibria, Pergamon, Oxford, 1965, p. 256.

H.S. Harned and B.B. Owen, The Physical Chemistry of Electrolyte Solutions, 3rd edn.,
Reinhold, New York, 1967, p. 682.

M. Yasuda, Bull. Chem. Soc. Jpn., 32 (1959) 429.

S.C. Lahiri, G. Biswas and S. Aditya, Thermochim. Acta, 9 (1974) 365.

D.J. Glover, J. Am. Chem. Soc., 87 (1965) 5279.

H.S. Harned and B.B. Owen, The Physical Chemistry of Electrolyte Solutions, 3rd edn.,
Reinhold, New York, 1967, p. 756.

W.L. Gore, Statistical Methods for Chemical Experimentation, Interscience, New York,
1952, Chap. VI, p. 127.

R.A. Robinson and R.H. Stokes, Electrolytic Solutions, Butterworths, London, 1955,
Table 7, p. 541.

R.G. Bates and G. Schwarzenbach, Helv. Chim. Acta, 38 (1955) 699.

J. Lewis and R.G. Wilkins, Modern Coordination Chemistry, Interscience, New York,
1960, p. 18.

A.J. Parker, Q. Rev. Chem. Soc., 16 (1962) 163.

S.K. Pal and S.C. Lahiri, Z. Phys. Chem., 246 (1971) 81.



