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The complex formation between lead(Il) ions and chloride and bromide ions in melts of Ca(NOs ),
-4H,0 - aCH;CONH, has been studied at different temperatures between 30 and 70 °C. The
formation constants of the complexes PbX* and PbX, (X = Cl, Br) were determined from emf
measurements by means of Ag/AgX electrodes. The dependence of the formation constants for
PbCI* on the solvent melt composition has been analysed. The thermodynamic parameters AH?,
and AS}, for PbX* complex formation have been estimated. The parameters are compared with the
literature data for the same process in dilute aqueous solutions and in some hydrated and anhydrous

salt melts.
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1. Introduction

In earlier studies on the ionic association in highly
concentrated electrolyte solutions, mainly concen-
trated aqueous solutions of inorganic salts or molten
inorganic salt hydrates (the so-called hydrous melts)
have been used as reaction media. More recently, at-
tention has been paid to low-temperature salt melts
with an organic solvent, dimethyl sulphoxide for ex-
ample [1], instead of water, and to eutectics of in-
organic salts with organic compounds, such as ac-
etamide. Some eutectics of acetamide with inorganic
salt hydrates melt well below room temperature. The
low freezing point allows the use of the apparatus
and technique commonly used for aqueous solutions.
A comprehensive review of the chemistry of molten
acetamide and acetamide complexes was given by
Kerridge in 1988 [2].

Although formation of metal halide complexes in
molten acetamide was known [2], only a few papers
on the formation constants of the complexes have
been published. So far, the formation constants for
cobalt(Il) chloride complexes in molten acetamide
[3] and in the mixture of acetamide with calcium ni-
trate tetrahydrate [4] and for cadmium(II) chloride

and bromide in the mixture of acetamide and cal-
cium nitrate tetrahydrate [5] have been determined.
The complex formation equilibria in molten hydrated
salts and highly concentrated aqueous solutions have
attracted much more attention. Lead(II) halide com-
plex formation has been investigated in aqueous melts
of Ca(NOy), [6, 7], NH;NO; [8] and in mixed sol-
vents Ca(NO;), - NH;NO; - H,0 [9].

In previous work [5] the complex formation con-
stants of cadmium(II) chloride and bromide com-
plexes in the melt of 0.8 CH;CONH, — 0.2 Ca(NO,),
-4 H,0 (here the numbers 0.8 and 0.2 are mole frac-
tions) have been determined and the standard thermo-
dynamic functions for the stepwise complex forma-
tion have been estimated. The present paper extends
our research to lead(II) chloride and bromide com-
plex formation in the same solvent and to melts with
a wider range of the salt-to-acetamide mole ratio in
Ca(NOs), - 4H,0 - aCH,CONH, for two reasons: to
provide additional data on metal complex formation
in mixed solvents consisting of an organic compound
and an inorganic salt hydrate, and to analyse the de-
pendence of the complex formation constants on the
composition of the solvent. Moreover, it might be
interesting to compare the previous data for lead(Il)
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halide complexes in hydrated salt melts and in dilute
aqueous solutions with the present data on a mixed
solvent.

2. Experimental

The solvent was prepared by melting together ap-
propriate amounts of reagent grade calcium nitrate
tetrahydrate (Merck) and acetamide (Merck) at about
70 °C in stoppered glass vessels. Once melted, the sol-
vent remained liquid at room temperature. Stock so-
lutions of calcium chloride, calcium bromide (Merck)
and lead(II) nitrate in the solvent melt were prepared
from reagent grade CaCl, - 6 H,O (Kemika, Zagreb),
CaBr, - zH,0 (Merck), and Pb(NO;), (Merck), re-
spectively.

The complex formation constants of PbX* and
PbX, have been determined from electromotive force
(emf) measurements of the concentration cell (1)
where Ag/AgX is the silver-silver(I) halide electrode
and X is chloride or bromide. The emf was measured
after successive addition of a Pb(NO3), stock solution
to the test melt containing a known concentration of
calcium chloride or calcium bromide, equal in both
half-cells:

Ca(NO3)2 . 4H20- Ca(NO3)2 ’ 4H20-
Ag/AgX|aCH;CONH, aCH;CONH,  |AgX/Ag
CaX;, Pb(NO3), |CaX>
(1

The temperature was adjusted to +0.1 °C, and sta-
ble emf values (+0.05 mV) were obtained within
15 minutes. In preliminary experiments the valid-
ity of the Nernst equation for chloride and bromide
concentration cells was tested. The theoretical Nernst
slope was obtained within £1%. This indicates that
the halide salts in the solvent melt behave ideally in
the concentration range tested and justify the neglect
of the liquid junction potential. The total concentra-
tions were 1-1073 < ¢y / mol kg~! < 81073 and
0.7-107* < ¢p, / mol kg~! < 4-1073.

3. Results and Discussion

The complex formation between Pb** and the
halide ion,

mPh* # o X == Bb, X 2, Q)
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may be characterized by a set of overall formation
constants:

[P X2

3)

Since junction potentials are negligible in dilute solu-
tions, the change in emf of the cell upon addition of
Pb(NO3), can be given by the equation

FAE o SC—
exp (=) =1+ > 3 PEIXT ()
where AFE is the emf of the concentration cell, F' the
Faraday constant, and m and n are the stoichiometric
coefficients of (2). A preliminary test of (4) showed
that exp(FAE/RT) was a linear function of [Pb**]
and [X~]. Hence, M =1 and N = 2, indicating that
only the complexes PbX* and PbX, were formed in
measurable amounts in the investigated range of con-
centration. The formation constants have been calcu-
lated by the use of two different methods. The first
one was the method of Braunstein et al. [10]. The
basic equation for the present case is

[exp(—FAE/RT) — 1]/ c(Pb) ®)
=61+ QB — BIX ] +....

Briefly, this method is based on the extrapolation of
the function exp(—FAFE/RT) — 1 to zero metal ion
and ligand concentration according to the equations

olim _ [9exp(~FAE/RT)~11/2c(Pb) = B (6)

. 2
oolim [0 exp(~FAE/RT) — 1]/3c(Pb)ac(X)

=2(B12 — Bh)- )

In the above equations ¢(Pb) and ¢(X) are the stoi-
chiometric lead(II) and halide ion concentrations, re-
spectively. This method is simple and ensures that 3,
and 3, are true thermodynamic constants since they
refer to infinite dilution of Pb** and X~. The sec-
ond method of calculation was a simple curve fitting.
The experimental data were fitted according to (5),
employing a least-squares program yielding the best
fitting parameters 3, and 3 ,.
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Table 1. Overall formation constants in melts Ca(NOs), -4
H:O'CLCH3CONH2.

T/K a 7 M

m /102 8110 BM/107 B,/107

Chloride complexes:

303 4.0023.6+1.3 18.1£1.05.0+£0.3 2.7£1.0 1.6+0.6 1.2+0.4
323 4.0025.0+1.1 19.4£0.95.3+£0.2 5.1+1.4 3.1+0.8 2.3£0.6
333 4.0025.7+£1.2 20.14£0.9 5.4+0.2 4.8+1.4 2.9+0.92.1+£0.6
3.0023.4£1.517.6+1.14.5£0.3 3.5£2.0 2.0£1.1 1.3+0.7
2.0021.9+1.8 159+1.33.7+0.3 3.3£2.2 1.7+1.1 1.0+0.6
343 4.0026.4+£1.820.7£1.45.6£0.4 4.4+0.9 2.7+0.6 2.0£0.4

Bromide complexes:

303 4.00 37.4+0.6 28.6+£0.5 7.9+£0.1 5.2+1.1 3.1£0.6 2.3+£0.5
313 4.0037.3+£1.228.7£0.9 7.9+£0.2 6.1£1.7 3.6£1.02.7£0.8
3234.0041.6+:1.932.3£1.588+0.4 6.4+3.4 3.8+2.029+1.5
333 4.0042.5+1.033.1£0.8 9.0+£0.2 6.6+2.6 5.1+2.1 3.0£1.1
343 4.0044.3+£1.535.1£1.29.4£0.3 10.0+£2.5 6.1£1.54.4£1.1

a: mole of CH; CONH, per mole of Ca(NO, )%- 4H,0; 87, : molal
scale (kg mol=1)™; BM._ - molarity scale (dm® mol=!)"; B%,,,: ion
fraction scale. The error limits define a 95% confidence interval.

The results obtained with the two methods agreed
very well, the difference being well within the ex-
perimental uncertainty. The mean values of the con-
stants are given in Table 1. The equilibrium con-
stants presented in Table 1 were calculated using
1 mol kg~ ! as a standard state, but they are expressed
also in molarities (mol dm~3) and in ion fraction.
The relation between the activity models in dilute
solutions comes out to be M= g™ /d™*"~! and

x = B" /(My/Q2 + a))", where M , 3™ and

 » are the formation constants expressed in molar-
ity, molality and ion fraction, respectively, d is the
density of the melt and M|, is the molar mass of
the melt Ca(NO;), - 4H,0 - aCH;CONH,. The den-
sities of the melt were determined picnometrically
at different temperatures, the variation of the den-
sity with the solute concentration being negligible.
The dependence of the melt density on temperature
and melt composition in the temperature range 30 -
70 °C and the composition range 0.5 - 0.9 mole frac-
tion of acetamide can be rationalised according to the
equation

d/gem™ =2.020 - 1.06- 1073 - ¢ ®)
+{3.00-107*- ¢ —0.882) - z,

where ¢ is the temperature in °C and x mole frac-
tion of acetamide. The molar and ion fraction scale
are employed in order to compare the formation con-
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Fig. 1. The dependence of 3, on the composition of molten
Ca(NO3), -4 H,0 - aCH;CONH, at 333 K. The value for
pure Ca(NOs),-4 H,O (a = 0) is from [6].

stants and the thermodynamic parameters of associa-
tion with the literature data for the association in pure
water as solvent and in anhydrous melts.

The results in Table 1 show that the bromide com-
plexes are more stable than the corresponding chlo-
ride complexes, as it was expected. The formation
constants, except in one case for 3,, increase with
temperature, as do some literature data for dilute aque-
ous solutions [11].

Little information on metal ion complex formation
in molten acetamide and in mixtures of acetamide
with inorganic salts has been reported. Thus, no data
forlead(II) halide complex formation in the acetamide
- calcium nitrate tetrahydrate system are available, but
in dilute aqueous solutions and in aqueous salt melts
numerous data on lead(II) halide complex formation
have been reported.

The formation constants reported here are of the
same order of magnitude as the corresponding con-
stants in water [12]. For example, in aqueous so-
lutions at 25 °C values of 8} for PbCl* forma-
tion between 13 dm*mol~! and 17 dm*mol~!, and
for PbBr* between 18 dm*mol~! and 50 dm*mol~!
have been reported, as compared to 18.1 dm*mol~!
and 28.6 dm’mol~!, respectively, in Ca(NO;), -4
CH,CONH, at 30 °C.
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Fig. 2. Temperature variation of AGY, for the PbCI* and PbBr* complex formation. The standard state is unity ion fraction.

In order to analyse the dependence of the complex
formation constants on the melt composition in the
Ca(NO;), - 4H,0 - aCH;CONH, mixed solvent, we
determined the formation constants for lead(II) chlo-
ride formation in the melts with a = 2, 3 and 4. As
seen from Table 1, the formation constants decrease
with decreasing a, i. e. with increasing calcium nitrate
contentin the melt. This behaviour is thought to be the
result of the competition by calcium cations for halide
anions, leading to calcium halide complex formation.
Increase of calcium ion concentration decreases the
number of available sites in the co-ordination sphere
of the chloride ions which results in a decrease of the
lead(II) chloride formation constants.

The values of 37, for PbCl* formation vs. a, to-
gether with the value for pure calcium nitrate tetrahy-
drate are plotted in Fig. 1, from which it can be seen
that 37, is a good linear function of a in the range
0 < a <4. The dependence of 37, on a can be ratio-
nalised according to the equation

Y, =223.4+78.14a. ©

Using the constants in Table 1, the standard ther-
modynamic functions for the stepwise complex for-
mation for the melt Ca(NO,), -4 H,0 - 4 CH;CONH,
can be calculated. The standard enthalpy and entropy

Table 2. Standard enthalpy and entropy values for the PbX*
formation in Ca(NOj;),-4H,0-4CH;CONH, in the temper-
ature range 303 - 353 K.

Process AH) /K mol=!  AS? /I mol~! K~
Pb2* 4+ Cl— = PbCl* 2.5+0.2 59.94+0.6
Pb2* + Br~ = PbBr* 4.0+0.5 68.5+1.5

The errors quoted are standard deviations obtained from linear
regression.

changes AH?, and AS?, have been estimated from the
temperature variation of AG%, = —RT In 3,;. From
Fig. 2 it is seen that AGY, is a good linear function
of temperature. Thus, AHY, and AS?, have been es-
timated by linear regression analysis as temperature
independent constants in the temperature range stud-
ied. The thermodynamic data for PbX, formation are
omitted, because the corresponding AG? values are
too uncertain for a meaningful evaluation. The re-
sults are summarised in Table 2. The thermodynamic
parameters in Table 2 have been calculated from
the stepwise formation constants on the ion fraction
scale.

It is interesting to compare the standard enthalpies
and entropies for the formation of PbX* in different
solvents. In Table 3 selected values of AH? and AS® in
dilute aqueous solution and in nitrate melts are com-
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Table 3. Standard enthalpy and entropy values for the PbX"
formation in different solvents®.

Solvent T/°C  Lig- AHY /K ASi’l/J Ref.
and  mol~! mol~'K~!

H,0, ionic 25 Cl 183 116

strength =0 Br 12.0 92.6 [13]

Ca(NO,),"4H,0- 30-70 CI 25 599  this

4 CH,CONH, Br 40 685  work

Ca(NO,),4H,0 60-80 ClI 52 290  [6]
Br -58 360

KNO,'NaNO,  240-300 Cl  -79 263  [14]
Br 46 352

4 The standard state refers to unity ion (or mole) fraction.

pared with our values in the mixed solvent Ca(NO;),
-4 H,0-4 CH;CONH,.
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