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ABSTRACT

The thermodynamics of the interaction between lanthanum(IIl) with 1-phenyl-3-methyl-
4-benzoylpyrazolone-5 (PMBP) have been investigated in 70% (v/v) aqueous dioxane medium
at 25 and 35+0.01°C, adopting the Bjerrum~Calvin pH-titration technique, as applied by
Van Uitert and Hass. The refinement of the results of formation constants has been
accomplished by the method of least squares after an algebraic transformation. The formation
of 1:1, 1:2 and 1:3 complexes has been observed, the order of stability being log K, > log
K, > log K. The changes in AG®, AH® and AS° for the complexation reactions have also
been evaluated. Factors affecting chelate stability are briefly discussed.

INTRODUCTION

Pyrazolones are prominent analytical reagents [1-5] and potent drugs
[6-8). The importance of these compounds is partly due to their ability to
form complexes with a host of metal ions under varied conditions of
temperature and acidity. Of these, 1-phenyl-3-methyl-4-benzoylpyrazolone
(PMBP) and its substituted analogues have proved to be most useful as
potential reagents for the solvent extraction of metals, especially actinide,
lanthanide and alkaline earth ions [9-23]. The versatility of PMBP is
comparable to the more popular chelating extractant, 2-thenoyltrifluoroace-
tone (TTA), but surpasses TTA in terms of its relatively much lower cost
[24), storage stability and ability to extract most metal ions efficiently from
solutions of lower pH [10,12,13]. These considerations led many workers to
investigate its coordination with a number of cations [25-27]. No attempt
appears to have been made concerning the composition, structure and
stability of lanthanum(III) complexes of PMBP in solution. Solid lanthanum
chelates have, however, been successfully isolated and characterised very
recently [28,29].
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The present paper systematically investigates the interaction of PMBP
with lanthanum(III) in 70% (v/v) dioxane—water mixtures at 25 and 35 +
0.01°C, following the Bjerrum—Calvin pH-titration technique as modified by
Van Uitert and Hass [30] and provides information concerning stoichiome-
try, stability and associated standard thermodynamic functions. Aqueous
dioxane is employed as the solvent medium because of the inadequate water
solubility of the reagent as well as its metal chelates. The usefulness of data
on metal-ligand stability constants in analytical chemistry arises from its
important application in predicting values of solution parameters ap-
propriate for analytical estimations. Also, a detailed knowledge of such
equilibrium constants and related standard thermodynamic parameters is
essential both in suggesting improvements in separation techniques and in
helping to understand the bonding and stereochemistry of complex species.

EXPERIMENTAL

All the chemicals used were of AR (B.D.H.) or GR (Merck) grade.
Dioxane was purified following the recommended procedure [31]. PMBP was
synthesised following Jensen’s method [32] and recrystallised from chloro-
form to obtain yellow crystals of the enol form (m.p., 92°C; found: C, 73.10;
H, 5.10%; calc. for C,;H,,N,0,: C, 73.35; H, 5.03%). Lanthanum(III)
perchlorate was prepared by the action of concentrated HCIO, with solid
La,0,. After crystallisation from aqueous acidic solution, the salt was
dissolved in 0.01 M HCIO, and the La** content determined volumetrically
with EDTA using xylenol orange as the indicator. An aqueous solution
(10%) of tetramethyl ammonium hydroxide (TMAH) titrant was standar-
dised against potassium hydrogen phthalate and diluted to 0.1 M; the
proportion of dioxane and water being 70 : 30.

All pH measurements were made with an Orion Research pH meter
(model 701A) which can be read to 0.001 pH units.

Titration procedure

A weighed quantity of PMBP, corresponding to a 0.01 M solution in a
final volume of 50 ml, was placed on a dry titration vessel to which was
added 35 ml of freshly distilled dioxane. Five ml of ~ 0.005 M metal salt
solution and 10 ml of 0.01 M HCIO, were then added to give a 70% (v/v)
final composition of dioxane—water in the mixture. Due allowance was made
for the contraction in volume on mixing the solvents [33,34].

The titration vessel with its contents was then thermostated at 25 or
35 + 0.01°C. The glass and calomel electrodes were placed in the titre and
titrated by adding small aliquots of TMAH and noting the pH meter
reading. Titrations were repeated until two sets of values differing by only
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+0.01 pH units were attained. A ratio of 10:1 of the ligand to metal ion
concentration was invariably maintained in order to satisfy the highest
possible coordination number of the metal ion under investigation. For
determining the thermodynamic acid dissociation constant of PMBP, "pK,,
essentially the same procedure was followed without the addition of metal
ion solution [35].

CALCULATIONS

Values of the stepwise formation constants K,, K, and K, for the
La®* -PMBP system were evaluated by least-squares analysis (rejecting the
most divergent data especially for the low values of the # function) as given
by Albert and Serjeant [36]. Procedural details of the calculations are the
same as those published elsewhere [37]. Other computational methods, viz.
interpolation at half »n values (Bjerrum’s half integral method) as well as
point-wise calculation [38], employing the following general equation, were
also utilized for log B, calculations.

log K, =pL +log[n—(n—1)/(n—7)]

Compared to these methods, the constants are best evaluated by the least-
squares methods, which makes use of all the experimental data incidental to
the plot of n/(n — 1)[L"] against (2 —n)[L™]/(n — 1) to obtain the inter-
cept, B, given by the equation

n 2—-n)|L™

_ __(@-n)L7] 8- B,

(7—-1)[L7] (r-1)

Details regarding the calculations of standard thermodynamic functions

(AG®, AH® AS®) and other relevant information have already been pub-
lished [27].

RESULTS AND DISCUSSION

Figure 1 depicts the metal-ligand formation curves obtained by plotting
pL vs. n data and does not indicate flattening at the integral values of n. In
all La—PMBP titrations, the 7 values steadily increased with pH from < 0.2
to 1.5 £ 2.5 before precipitation occurred indicating that 1:3 metal-ligand
chelates represented the highest degree of complexation achieved. Values of
overall thermodynamic formation constants, "log B,, "log B, and "log 8,,
evaluated by the various methods are in good agreement (Table 1) and
follow the sequence: log K, >log K, >log K,;. Compared to graphical
methods, these computational methods provide greater statistical accuracy
and yield true thermodynamic constants at all points. Although the values



210

obtained by the least-squares method would be more acceptable, it may be
seen that interpolation at half integral values are also quite representative of
the stability constants. The "log B, values are positive and increase on
increasing temperature. This shows that higher temperatures favour the
formation of complexes. Results of the 7pK, determination of PMBP have
been published elsewhere [35). Since activity coefficient corrections have
been applied, the Tlog B, values reported here are thermodynamic constants
which are reproducible to +0.05 log units. Variation in the initial concentra-
tion of La*>* and PMBP yielded results with a variation of +0.10 log units.
There was no evidence of metal ion hydrolysis, polynuclear species or
protonated complexes.

As normally encountered, the average stability constants, "log K,,, are
consistently lower than the "pK, values of PMBP. Separation factors, ”log
(K,/K,) and Tlog (K,/K;), are always found to be positive. The former is
well within the expected range which implies little or no steric hindrance to
the addition of a second chelate group whereas higher values of Tlog
(K,/K,) evidently suggest the presence of an unusual opposition to the
formation of a 1:3 chelate. In the case of chelating agents having bulky
substituents near the donor atoms, such steric hindrance causes K, /K, or
K,/K, to be abnormally high. This has been demonstrated for N-substituted
ethylenediamine complexes of Ni* [39].
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—o— 25°¢C

3
o
—
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Fig. 1. Formation curves of lanthanum(lII) complexes of PMBP.
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The formation constants thus evaluated for La’*-PMBP complexes in
aqueous dioxane medium permit us to approximate the stability of the
lanthanum(IIT) chelate in water under the same conditions, following the
relationship

log Bl - log Bl (W) = pKa - pKa (W)
proposed by Irving and Rossotti [40] for ML type complexes. Here the

TABLE 1

Thermodynamic stepwise formation constants of La>* ~PMBP complexes ?

Constant Method of In 70% (v/v) aqueous [, water
computation ° dioxane _
25°C 35°C
25°C 35°C
TpK, L 6.78 7.09 3.46 3.65
Tlog 8, L 6.84 7.18 3.52 374
B 6.83 7.10
P 7.03 7.23
Tlog 8, L 12.10 12.74 5.46 5.86
B 11.97 12.66
P 12.19 12.65
Tlog B, L 14.82 15.03
B NC NC
P 14.53 15.85
(Tlog K,,) ¢ L 4.94 5.01
Tlog(K,/K,)® L 1.58 1.62
Tlog(K, /K3)© L 2.54 3.27

2 [La** ]= 0.00065 M; [PMBP] = 0.01 M; [N(CH;),OH]=0.1 M.

b 1. values obtained by the least-squares method; maximum scatter in log K, or log K, is
+0.05, while it is +0.08 for log K,; B, values calculated from Bjerrum’s half integral
method; P, values calculated by point-wise computation. The values of "log B, are the
average of at least 10 titration points.

Values of "log K, Tlog (K, /K,) and Tlog (K, /K ;) have been computed from formation
constants obtained by least-squares analysis.

NC, not calculable since 1 < 2.5.

TABLE 2

Thermodynamic functions of La®* —~PMBP complexes in 70% (v/v) aqueous dioxane

Formation AG? (kcal mol™1) AH® . AS°(cal K" mol™1)
tant -

constan 25°C 35°C (kcal mol™ ") 25°C 35°C

Tlog B, -9.33 —-10.13 14.30 79.24 79.27

Tlog 8, —16.51 -17.97 26.92 145.64 145.65

Tlog B, —20.22 -21.20 8.83 97.42 97.44

? Thermodynamic functions computed from formation constants obtained by least-squares
analysis. The error in AG® or AH? lies in the range 0.2-0.5 kcal mol ™! and that for AS® is
0.5 cal K™! mol ™1,
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symbol (W) represents the corresponding values of 8, and K, in water.

Although the above relationship is valid for 1:1 complexes, approxima-
tions for 1/2 log B,(W) were also tried using the experimentally obtained log
B, values. Values of log B,(W) and log B,(W) thus calculated are also given
in Table 1. The validity of the above relationship has been tested in a recent
publication [41] wherein it has been observed that a good approximation on
the basis of the above equation could be achieved only for 8, but which was
not so accurate for B,. Therefore, the extrapolated B8,(W) values given in
Table 1 are somewhat uncertain while 8,(W) values have not been computed
at all.

Thermodynamic functions

Thermodynamic functions, viz. AG®, AH® and AS°, associated with
La’*-PMBP complexation reactions are summarised in Table 2. The
lanthanum(III) chelate of PMBP is formed spontaneously as evidenced by
the negative values of the free energies of formation (AG®). The positive
values of ligational enthalpy changes (AH®) ensure that the reaction is
endothermic. The relatively small A H values compared with large values of
AS° indicate entropy as the principal driving force for the formation of
metal complexes in aqueous dioxane media. An increase in randomness in
the system will increase the stability of complex because entropy is a solvent
property. As suggested by Poi and Nancollas [42], AG® values for 1:1
chelates are more negative than the corresponding 1:2 or 1:3 chelates
indicating that mono complexes are energetically more favoured over bis or
tris complexes.

ACKNOWLEDGEMENT

The authors wish to thank Dr. P.R. Natarajan, Head, Radiochemistry
Division for his keen interest in this work.

REFERENCES

1 R.H. Wiley and P. Wiley, Pyrazolones, Pyrazolidones and Derivatives, Wiley, New York,
1984.

2 Yu.A. Zolotov, O.M. Petrukhin and L.G. Gavrilova, J. Inorg. Nucl. Chem., 32 (1970)
1679.

3 Z. Holzbecher, L. Divis, M. Kral, L. Sucha and P. Vlacil, Handbook of Organic Reagents
in Inorganic Analysis, Ellis Horwood, Chichester, 1976, pp. 454, 613, 667.

4 O. Navratil, Chem. Listy, 68 (1974) 470.

5 S.M. Hasany and 1. Hanif, J. Radioanal. Chem., 45 (1978) 115; 47 (1978) 47.

6 H.G. Garg and C. Prakash, J. Med. Chem., 14 (1971) 175.



10
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

213

H.G. Garg and C. Prakash, J. Pharm. Sci., 60 (1971) 323.

N.B. Das and A.S. Mitra, Indian J. Chem., 16B (1978) 638.

B.F. Myasoedov and N.P. Molochnikova, Radiochem. Radioanal. Lett., 18 (1974) 33.
G.N. Rao and J.S. Thakur, J. Sci. Ind. Res., 34 (1975) 110.

A. Roy and K. Nag, Bull. Chem. Soc. Jpn., 51 (1978) 1525.

A. Roy and K. Nag, J. Inorg. Nucl. Chem., 40 (1978) 331.

S. Umetani, M. Matsui, J. Toei and T. Shigematsu, Anal. Chim. Acta, 113 (1980) 315.
M.Y. Mirza and F.I. Nwabue, Radiochim. Acta, 27 (1980) 47.

0. Navratil and J. Smola, Collect. Czech. Chem. Commun., 46 (1981) 1901.

O. Tochiyama and H. Freiser, Anal. Chim. Acta, 131 (1981) 233.

M.Y. Mirza and F.I. Nwabue, Talanta, 28 (1981) 49.

Y. Akama, T. Nakai and F. Kawamura, Analyst (London), 106 (1981) 250.

S. Umetani, K. Sasayama and M. Matsui, Anal. Chim. Acta, 134 (1982) 327.

Yu. P. Novikov, S.A. Ivanova and B.F. Myasoedov, Radiochem. Radioanal. Lett., 52
(1982) 155.

J.N. Mathur and P.K. Khopkar, Sep. Sci. Technol., 17 (1982) 985.

E.C. Okafor, Talanta, 29 (1982) 275. ’

Y. Fu.,, T. Jaun and Y. Lu, J. Radioanal. Chem., 76 (1983) 275.

Yu. A. Zolotov, Extraction of Chelate Compounds, Ann. Arbor Science Publishers, Ann
Arbor, MI, 1970, p. 227 (Engl. translation).

W. Bacher and C. Keller, J. Inorg. Nucl. Chem., 35 (1973) 2945.

O. Navratil and P. Linhart, Collect. Czech. Chem. Commun., 45 (1980) 1221.

J.P. Shukla, A.K. Sabnis and M.S. Subramanian, Thermochim. Acta, 55 (1982) 307.

E.C. Okafor, J. Inorg. Nucl. Chem., 42 (1980) 1155.

V. Giri and P. Indrasenan, Polyhedron, 2 (1983) 573.

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

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

B.S. Jensen, Acta Chem. Scand., 13 (1959) 1668.

H. Irving and H.S. Rossotti, J. Chem. Soc., (1954) 2910.

H. Irving and U.S. Mahnot, J. Inorg. Nucl. Chem., 30 (1968) 1215.

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

A. Albert and E.P. Serjeant, Ionization Constants of Acids and Bases, Methuen, London,
1962, p. 165.

J.P. Shukla, V.K. Manchanda and M.S. Subramanian, J. Electroanal. Chem., 50 (1974)
253.

H. Irving and H.S. Rossotti, J. Chem. Soc., (1953) 3397; (1954) 2904.

F. Basolo and R.K. Murman, J. Am. Chem. Soc., 74 (1952) 5243; 76 (1954) 211.

H. Irving and H.S. Rossotti, Acta Chem. Scand., 10 (1956) 72.

J. Horak, Z. Finta and Cs. Varhelyi, J. Inorg. Nucl. Chem., 43 (1981) 111.

T. Poi and G.H. Nancollas, Inorg. Chem., 11 (1972) 2414.



