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Abstract 
In this study, we proposed a new approach to assessing the processes of complexation in aqueous solutions using the 
example of the interaction of lead chloride with thiourea. The goal of this study was the investigation of processes of 
complexation in “PbCl2-N2H4CS” aqueous solutions and determination of the regions of dominance of thiourea coordination 
compounds, which are precursors during the deposition of lead sulphide films.
Based on the diagrams and cross section lines of equal fractions constructed in three-dimensional space, the regions of 
dominance of all complex forms existing in the studied solution were found. Such a graphic image is the most informative, 
since it allows selection of the concentration ranges of the predominance of certain coordination compounds, especially 
thiourea complexes, which are precursors during the deposition of lead sulphide films. It was shown that an increase in 
the concentration of N2H4CS led to an increase in the total fraction of thiourea complexes: for a twofold excess of N2H4CS 
its fraction was 0.25, for a threefold excess it was 0.35, for a fourfold excess it was 0.5, for a fivefold excess it was 0.7.
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1. Introduction
Traditionally, high-temperature synthesis 

methods and vacuum technologies, which require 
complex and expensive equipment are used for 
obtaining photosensitive PbS layers for the near 
and mid-IR spectral regions. This determines 
the high commercial cost of thin-film detectors 
based on them. Therefore, the development 
of new cheap technologies for obtaining such 
photosensitive layers based on lead sulphide with 
unique properties [1–3] is an important task.

One such method is the method of aerosol 
spraying of solutions of thiourea coordination 
compounds (TCC) on a heated substrate [4], based 
on the thermal destruction of these complexes [5].

In the study [6], all ionic equilibria existing 
in an aqueous solution of lead chloride and 
thiourea (TC) were provided, and the equilibrium 
concentrations of [Pb2+], [TC] and [Cl–] for the 
given initial C

Pb2+  and CTM were calculated based 
on them. Further, these data were used for the 
determination of the equilibrium concentrations 
of complex ions. Using the data obtained, 
the fractions of these complex forms were 
found and distribution diagrams were plotted 
(about 100 variants of such diagrams were 
plotted). The process of plotting diagrams is very 
laborious and inconvenient for comparing and 

analysing complexation processes in different 
concentration ranges. For obtaining a more 
clearly picture, we proposed the construction 
of three-dimensional distribution diagrams and 
cross section lines of equal fractions for specific 
complex forms. The goal of this study was the 
investigation of processes of complexation 
in a “PbCl2-N2H4CS” aqueous solutions and 
determination of the regions of dominance of 
TCC, which are precursors during the deposition 
of lead sulphide films.

2. Modelling
The construction of sections of  the 

concentration dependences of the fractions of 
complex forms present in the solution was carried 
out using the COMSOL Multiphysics application 
package by the Newton–Raphson method [7]. 
Thus, diagrams for all 15 complex forms existing 
in the “PbCl2-N2H4CS” aqueous solution were 
plotted. The use of initial (analytical), rather 
than equilibrium concentrations allowed realistic 
assess of the complexation process.

The concentration regions of existence of 
these complex forms were found by analysis 
of the diagrams obtained for all coordination 
compounds in three-dimensional space and the 
cross-sections plotted on their basis (Table 1). 

Table 1. Fractions of complex forms prevailing in a certain concentration range in the PbCl2-N2H4CS 
system

Complex form Maximum fraction of 
complexes in solution

Intervals of existence for the maximum fractions of 
complexes, M/l

СТМ CPb
2+

Pb(H O)2 n
2+ 1.00 1·10–5–2·10–2 1·10–5–2·10–3

PbTM2+ 0.08 2·10–2–4·10–2 1·10–5–3·10–3

PbTM2
2+ 0.025 3·10–2–5·10–2 1·10–5–4·10–3

PbTM3
2+ 0.06 4·10–2–8·10–2 1·10–5–8·10–3

PbTM4
2+ 1.00 8·10–2–1 1·10–5–2·10–1

PbCl+ 0.6 1·10–5–8·10–2 2·10–2–3·10–1

PbCl2 0.6 1·10–5–1 5·10–1–1
PbCl3

- 0.13 7·10–1–1 8·10–1–1
PbCl4

2- 0.01 9·10–1–1 6·10–1–7·10–1

PbTMCl+ 0.07 6·10–2–3·10–1 2·10–2–2·10–1

PbTMCl2 0.08 7·10–1–1 4·10–1–1

PbTMCl3
- 0.04 9·10–1–1 6·10–1–1

PbTM2Cl+ 0.04 2·10–1–4·10–1 8·10–2–2·10–1

PbTM3Cl+ 0.3 7·10–1–1 2·10–1–4·10–1

PbTM2Cl2 0.1 9·10–1–1 4·10–1–7·10–1
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As can be seen from these results, in “PbCl2-
N2H4CS” aqueous solution following complexes 
were dominant: Pb(H O)2 n

2+ , PbTM4
2+ , PbCl+, 

PbCl2 and PbTM3Cl+. Their fractions (a) were 
more than 0.3. Out of the homoligand TCC, the 
most stable is the complex ion PbTM4

2+. Out of 
the thiourea complexes, in addition to those 
indicated above PbTM2+, PbTM3

2+ , PbTMCl+, 
PbTMCl2 and PbTM2Cl2 forms were relatively 
stable. The fraction of their presence in the 
solution exceeded 0.05. The maximum fraction 
of homoligand TCC increased in the following 
order: PbTM2

2+  < PbTM3
2+  < PbTM2+ < PbTM4

2+, for 
mixed ligands: PbTMCl PbTM Cl23

- +£  < PbTM2Cl2
 <  

PbTM3Cl+. As an illustration, diagrams and their 
cross sections for four TCC are shown (Figs. 1–4).

According to the study [8], the solubility of 
PbCl2 at 25 °C is 4 10–2 M/l. Therefore, considering 
the cross-section lines of equal fractions in 
Fig. 1 (b) – 4 (b), it can be noted that in the initial 
solution the fraction of complexes [PbTM2Cl2] 
is very small (Fig. 4b), while complex forms 
PbTM4

2+, PbTMCl+  and PbTM3Cl+ actually exist. 
The dependence of the fraction of formed TCC 
on the concentration of thiourea at a constant 
concentration of lead chloride (2·10–2 M/l) is 
shown in Table 2. The calculation was carried out 
based on the constructed distribution diagrams.

Data provided in Table 2 demonstrate that the 
total fraction of thiourea complexes, which are the 
supplier of lead sulphide, for a twofold excess of 
N2H4CS is 0.25, for three times excess it was 0.35, 

а                                                                                                        b
Fig. 1. Three-dimensional distribution diagrams (a) and cross section lines of equal fractions (b) for the PbTM4

2+ 
complex

а                                                                                                        b
Fig. 2. Three-dimensional distribution diagrams (a) and cross section lines of equal fractions (b) for the  PbTMCl+ 
complex
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for four times excess it was 0.5, for five times excess 
it was 0.7. In the complexation process, thiourea, 
which is an ambidentate ligand, is coordinated 
through a sulphur atom. As a result of the thermal 
destruction of TCC, lead sulphide is the main solid-
phase product. Thus, the process of obtaining PbS 
proceeds through the stage of the formation of the 

thiourea complex. X-ray phase analysis indicated 
the precipitation of lead sulphide with a cubic 
structure [9]. It should be noted that the fraction of 
aqua and chloride complexes (0.6) was quite high 
(Table 1); therefore, the concentration intervals 
СТМ = 1·10–5–1·10–1 and CPbCl · ·

2
110 5105 2= -- -  M/l 

are unsuitable for the deposition of PbS films.

а                                                                                                        б
Fig. 3. Three-dimensional distribution diagrams (a) and cross section lines of equal fractions (b) for the PbT-
M3Cl+ complex

а                                                                                                        б
Fig. 4. Three-dimensional distribution diagrams (a) and cross section lines of equal fractions (b) for the PbT-
M2Cl2 complex

Table 2. Formation of thiourea complexes depending on the concentration of thiourea

СТМ

Fractions of complexes Total fraction 
of TM 

complexesPbTM4
2+ PbTM3

2+ PbTM2
2+ PbTM2+ PbTMCl+ PbTM2Cl+ PbTM3Cl+

0.02 0.12 0.0001 0.003 0.03 0.04 0.007 0.001 0.2
0.04 0.14 0.01 0.007 0.04 0.04 0.01 0.001 0.25
0.06 0.17 0.02 0.01 0.04 0.045 0.02 0.04 0.35
0.08 0.33 0.03 0.01 0.02 0.05 0.02 0.05 0.51
0.1 0.5 0.04 0.01 0.03 0.04 0.02 0.07 0.71
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3. Conclusions
Based on diagrams and cross section 

lines of equal fractions for “PbCl2–N2H4CS” 
aqueous solutions the areas of dominance of 
various complex forms formed in the process of 
complexation were determined. It was shown 
that the following complex forms dominate in 
the solution: Pb(H O)2 n

2+, PbTM4
2+, PbCl+, PbCl2 and 

PbTM3Cl+. The maximum fraction of homoligand 
TCC increases in the series PbTM2

2+  < PbTM3
2+  < 

PbTM2+ < PbTM4
2+, for the mixed ligand PbTMCl3

-  ≤ 
PbTM2Cl+ < PbTM2Cl2 < PbTM3Cl+. These thiourea 
coordination compounds are precursors for the 
deposition of lead sulphide films, and with an 
increase in the concentration of N2H4CS in the 
initial solution, their fraction increases sharply.
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