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The quantum-chemical modeling of the synthesis process chemistry of CdS and CdSe in
aqueos solutions was carried out. For that reason, the CdS synthesis simulation was carried out
through the formation of Cd(Il) complex forms with the trisodium citrate and ammonium
hydroxide. At the CdSe synthesis, the sodium selenosulfate with and without trisodium citrate was
used. It was established that this process passes through several intermediate stages with the
transitional reactive complexes formation. On the basis of obtained data, the energy stages
diagrams are constructed and the comparison of CdS and CdSe synthesis processes with various
complexing agents has been carried out. The CdS and CdSe films were obtained by chemical
synthesis method from an aqueous solution of cadmium salt, complexing and chalcogenizing
agents. X-ray phase analysis confirmed the formation of desired compounds, which was predicted

by modeling.
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Introduction

The semi-empirical method of quantum
chemistry is one of the methods that can be used to
model possible ways of chemical reactions [1-3].
The main theory about metal chalcogenide films
formation from aqueous solution were described in
Refs. [4-6]. According to it, the main factors
affecting the course of the reaction, is: concentration
of initial reagents of the solution, the physical
parameters of the process (temperature, synthesis
duration, etc.); nature of complexing and chalcogenizing
agents that surround the metal ion and generate
chalcogen ions during the synthesis, respectively;
nature of the substrate surface on which the films are
formed.

According to Ref. [4], the formation of
transitional molecular reactive complexes (TMRC),
associates, cluster and colloidal forms were possible
during the synthesis process in the working solution.
It’s due to cooperation and fluctuation phenomena,
which occur between the liquid and solid phases
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(newly formed the reaction product and substrate) at
a short distance from the latter.

Some metals ions (M = Pb**, Cu*, Cd**, Hg*",
can form complexes with thiourea of [Me((NH,),CS).]**
type [4, 7]. From the reference data [4, 8], the value
of the stability constant of such cadmium complex is
smaller than with used in this work complexing
agents (trisodium citrate and ammonia hydroxide) in
order to deposit cadmium sulfide. So, initially it will
be complex formation with that used complexing
agents.

The information about comlpex formation or
stability constants of cadmium with sodium
selenosulfate (Na,SeSOs) is not found in literature
data. So it is logical to assume the Cd(OH),
formation, at least initially, after adding sodium
selenosulfate to the cadmium salt. That's because
Na,SeSO; — is the salt of weak acid. Another case
when some compexing agent is present in the
working solution like trisodium citrate. Then it will
be the complex formation with that agent.
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In continuation about TMRC, during cadmium
chalcogenides synthesis, there will be formation of
intermediate complexes of [L,-Cd--(NH,),CS] or
[Ln+-Cd--SeSO;] type, where cadmium is coordinated
on the one hand by ligands of the complexing agent
or hydroxide groups, and on the other by thiourea or
selenosulfate. The decomposition process of such
intermediate complexes, as a rule, involves the
formation of molecular forms, and then monomolecular
layers of cadmium chalcogenide. To reduce the
amount formation of by-products, it is necessary to
create conditions in which the supply of cadmium-
and chalcogen-containing agents will be the same.

Aim of the work

Implementation of quantum-chemical modeling
of the CdS and CdSe synthesis processes with the
use of PM6 or PM7 method in MOPAC 2016
software package on the basis of the hypothesis
about the possibility of formation of transient
reactive complexes, associates, clusters, structures of
colloidal nature, which are structural units during the
synthesis of cadmium chalcogenide films due to the
effects of co-operation and fluctuation in the
working solution. Comparison of the obtained results
of CdS and CdSe simulations with the investigated
properties of respective films. Feasibility and
efficiency evaluation of the synthesis in observed
systems.

Materials and research methods

Modeling and calculations of the system
energy change (AE) for the synthesis stages of
cadmium sulfide were carried out by the semi-
empirical PM7 method [9] and cadmium selenide —
by the PM6 method [10] with the use of
MOPAC 2016 software package [11] and the
Winmostar graphical interface [12].

The synthesis of CdS films was carried out
from a working solution prepared by mixing aqueous
solutions of cadmium chloride (CdCl,), complexing
agent, thiourea ((NH,),CS) and, if necessary, the pH
regulator. Solutions of trisodium citrate (NazCgHs07)
or ammonium hydroxide (NH;OH) were used as
complexing agents. The exact synthesis parameters
of CdS films are given in Refs. [13, 14].

The synthesis of CdSe films was carried out
from a working solution prepared by mixing aqueous
solutions of cadmium chloride (CdCl,), sodium
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selenosulfate (Na,SeSO;3) and trisodium citrate
(Nas;CeHs07) or without it. The exact synthesis
parameters of CdSe films are given in Refs. [15, 16].

The X-ray diffraction patterns of deposited
CdS and CdSe films samples were performed with
the use of DRON-3.0 diffractometer (Cu Ko™ radiation).
The primary treatment of films diffractogram for the
identification of phases was carried out by using
PowderCell program [17].

Results and discussion

The results of quantum chemical modeling
of the CdS and CdSe films synthesis chemistry in
aqueous solutions with various complexing agents by
semi-empirical methods are presented in Table. The
geometry of starting cadmium complexes are
illustrated on Fig. 3-5.

Quantum-chemical modeling of CdS synthesis
chemistry with Na;C¢Hs0- [13].

Initially, when mixing solutions of cadmium
salt and trisodium citrate, a soluble [Cd(C¢Hs0,)]”
complex is formed (Fig. 1), where citrate ion plays
the role of a ligand.

As can be seen from the conducted quantum-
chemical modeling (Table, no. 1, stages 1-2, 2-3) that
after adding thiourea and a small amount of pH regulator
to the solution, the [(NH,),CSCd(OH)x(CeHsO)]*
TMRC is formed in the early stages of deposition. In
this TMRC the Cd atom is coordinated with the S
atom of thiourea (Fig. 3). This process is accompanied
by reduction of the system energy (AE), that is, the
process is energetically efficient.

At the next stages 3-5, transition states
occur when the hydrogen atoms of (NH,),CS
rearrange with two hydroxyl groups. As a result,
two water molecules are detached from the
[(NH,),CS-Cd(OH),(CsHs07)]>” TMRC with the
appearance of a new [(N,H,CS:-Cd(CeHs07)]*
TMRC. The result of these stages is slight changes in
total energy of the system.

At the last stages 5-6, which is the most
energy consuming, the newly formed intermediate
complex decomposed with the formation of cadmium
sulfide, citrate ion and cyanamide.

During deposition process, the citrate ion
(CeHsO-,*) does not change its structure and
performs only a ligand role.

Quantum-chemical modeling of CdS synthesis
chemistry with NH,OH.
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Cadmium can form with NH,OH complexing tetraammonia [Cd(NH;),J*" and cadmium hexaammonia
agent the water-soluble complexes of cadmium [Cd(NH5)]*".

Modeled stages of CdS and CdSe films synthesis and energy stages diagrams

No. | Film Corzgéiqng Energy stages diagrams Modeled stages
Stages 1—2:
-2800 [Cd(CsHs07)]” + 20H™ —
! CdS (Na,CHOA)| | | [(OH),++Cd(CsHs0)I" ;
2900 . Stages 2—3:
23000 / [(OH),+~Cd(CeHs07)I* + (NH2)2C53—>
) — [(NH,),CS--Cd (OH),(CsHs07)]™;
1 Cds Na3C6H5O7 g—3100 Stages 35 57
200 [(NH,);,CS--Cd (OH)o(CsHsO)]* —
| S, — [(NaH,CS-Cd(CsHs07)* + 2H,0;
-3300 Stages 5—6:
Y ugenumber 0| [(NaHACS-CA(CeHsO] —
CdS| + CH,N, + CgHs0,.
-150 : —
-200 | CdS (NH,OH) |- Stages 1—2:
o [Cd+(NHz).J?* — CA(OH), + NHs:
£ 250 Stages 2—3:
=2 Cd(OH), + (NH,),CS —
400
2| C88 | NROH g — [(NH,),CS~-Cd(OH)];
-500 Stages 3—6:
-550 [(NH,),CS--Cd(OH),] — CdS] + CH,N, +
-600 + 2H,0.
1 2 3 4 5 6
Stage number
-3800 ; ‘ ‘ Stages 1—2:
-3900 [ cds (Na,CeHs0)H | [Cd(CgHs07)]” + 20H™ —
-4000 [(OH),+Cd(CeHs0)]* ;
5 -4100 Stages 2—3:
5 -4200 [(OH)z~Cd(CHs0)]* + SeS05> —
+-4300 L S — 3-.
3 CdSe NazCgHs04 UDJ — [SO3S€Cd(OH)2(CeH507)] )
~4400 Stages 3—5:
o [SOsSe-Cd(OH)(CeHs07)]* —
4700 ' — [Se--Cd(CeHs07)]* + SO,” + H,0;
1 2 3 4 5 6 Stages 5—6:
Stage number [Se--Cd(CsHs07)]> — CdSe| + CgHsO7*.
1100 : : : Stages 1—»_2:
-1200 [ cdSe (NaSesoy)| | Cd +20H™ — Cd(OH),;
-1300 Stages 2—3:
= -1400 Cd(OH), + SeS05> —
g -1500 . [(OH),Cd--SeSO4]*;
4 | CdSe | Na,SeSO3 L.Dj-1600 Stages 3—5:
-1700 [(OH),Cd:--SeSO3]* — [OH---Cd--Se] +
-1800 HSO4_
-1900 Stages 5—6:
2000 1 2 3 4 5 6 [OH--Cd--Se] + HSO,~ — CdSe| + SO,*
Stage number + H,0.
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Fig. 1. The modeled [Cd(C¢H50-)]™ complex

Since, according to reference data [8], the
value of stability constant for the four-coordinated
cadmium complex with ammonia (pK*™ = 6.56) is
two orders higher than six-coordinated (pK*™ = 4.56), so
the [Cd(NH5),]** complex form (Fig. 2) will be present
in the working solution.

It can be seen from the modeling (Table,
no. 3, stages 1-2) that CdS deposition is preceded by
the stage of nucleation of the cadmium hydroxide
(Cd(OH),) phase. That’s because with increasing
system energy, the complex [Cd(NH,).]** decomposes
to Cd(OH), and the ammonia as volatile compound
evaporates from the working solution. This reduces
the NH,4OH concentration during the process of CdS
synthesis. As a consequence, the pH value decreases,
which promotes the formation of cadmium hydroxide.
In the subsequent stages, thiourea is combined with
the newly formed Cd(OH), (stages2-3). This
produces the [(NH,),CS:-Cd(OH),] TMRC (Fig. 4).

After that, during the further heating (stages 3-6),
the intermediate complex undergoes to rearrangement of
hydrogen atoms with detaching of water molecules
and destruction into cyanamide molecules and
insoluble cadmium sulfide. Going to the last stage
leads to a decrease in the total energy of the system,
however, in the process of passing through the stages
3-6 there are local minimum and maximum of AE
energy change.

Quantum-chemical modeling of CdSe synthesis
chemistry with Na;CeHs0-.

Similarly to the synthesis of CdS from a
NasCgHsO; solution, in the case of CdSe formation
from citrate system, a cadmium citrate [Cd(CsHsO7)]
complex will form. Its geometry are illustrated on
Fig. 1. As can be seen from the performed modeling
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Fig. 2. The modeled [Cd(NH3)4]?* complex

(Table 1, no. 3, stages 1-2) the beginning of process
will be also analogous to the corresponding case of
CdS synthesis, where [(OH),-Cd(CsHs0-)]* TMRC
is formed.

Next, there will be the difference in further
process be due to the other nature of the chalcogenizing
reagent, namely the sodium selenosulfate. Thus, at
stages 2-3, the new [SO;SeCd(OH),(CsHs07)]*
TMRC appears. During the stages 3-5, the group
(-S03) interacts with the OH™ groups to form the
SO,* ion and water. At the end of the process
(stages 5-6) the final product is formed — cadmium
selenide and citrate ion. The last stages occurs only if
energy is provided to the system. Other stages occur
either with the release of energy or with the
provision of a small amount of it to the system.

Quantum-chemical modeling of CdS synthesis
chemistry with Na,SeSOs.

In the case of mixing of a cadmium salt
solution only with sodium selenosulfate solution, the
Cd(OH), is formed at the beginning of deposition
(Table, no. 4, stages 1-2). As mentioned earlier,
that’s because under normal conditions a solution of
sodium selenosulfate as a salt of a weak acid has an
alkaline medium.

At stages 2-3, the newly formed Cd(OH),
approaches the selenosulfate ion and forming the
[(OH),Cd--SeSOs]* TMRC (Fig. 6).

Next, the —-SO; group of the intermediate
complex rotates in the direction of one of the OH"
groups, interacts with it to form the [OH---Cd--Se]”
TMRC and detach of HSO, ion (stages 3-4).
Finally, at the last stages 5-6, the [OH---Cd---Se]”
decomposes with the formation of final product —
CdSe.
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TMRC

H

Fig. 4. The modeled [(NH,),CS"*Cd(OH),]* TMRC

Fig. 5. The modeled [SO5Se--Cd(OH),(CsHs0-)]*
TMRC

During all stages, the total energy of the
system AE decreases, only stage 4 requires a small
supply of energy. This indicates that in this system
there should be a significant reaction rate of the
CdSe formation. So, it is necessary to create
conditions for the most efficient conversion of
reagents. This will be in order to deposit the resulting
product in the film form on the substrate surface as
much as possible. Also, at the same time, to not
precipitate much of CdSe in the volume of working
solution.

To verify the results of quantum-chemical
modeling of CdS and CdSe obtaining, the CdS and
CdSe films were synthesized experimentally under
modeled conditions. Their X-ray phase analysis was
performed (Figs. 7, 8). It has been established that
CdS coatings contained two phases — CdS of cubic
(sphalerite-type) modification and hexagonal
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Fig. 6. The modeled [SO3Se --Cd(OH),]* TMRC

(wurtzite-type) modification. The CdSe coatings contain
the corresponding phase of cubic (sphalerite-type)
modification olny. The formation of corresponding
was predicted by quantum-chemical modeling.
According to the studies described in [13, 14],
it was established that at Na;CgHsO; and NH,OH
usage during CdS films synthesis, the surface of
obtained coatings were solid, smooth and have a
mirror hue. The deposition duration of the case of
ammonia hydroxide use is shorter than at the use
of trisodium citrate, probably due to ammonia
evaporation as volatile compound from the working
solution. This promotes the Cd(OH), nucleation for
its further tranforming into the TMRC. As result, the
passage of the first three stages probably goes easier.
The CdSe films synthesis with the use of
Na,SeSO; without NazCgHsO5 is less long than with
it [15, 16]. The obtaining coating were solid, smooth
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and have a mirror hue. However, the trisodium
citrate usage leads to getting greater CdSe films
thickness. But deposited in that case coatings is less
adhesive to the glass substrates than when
NasCgHsO- is not in use. This can be solved by
adding sulfur-containing chalcogenizer to obtain of
cadmium sulfide-selenide (CdS,Se;) films of
substitutional solid solution [18].

¢ - CdS-cub. (theoretical)
| - CdS-hex. (theoretical)

Intensity
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40 50
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Fig. 7. The XRD patterns of CdS films, obtained with the
use of NazCsHs07 (1); NH4OH (2) and the theoretical
diffraction patterns of CdS

‘E - CdSe-cub. (theoretical)‘
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30 40 50
2q, degrees

20

Fig. 8. The XRD pattern of CdSe films, obtained with the
use of NazCgHs0O; and Na,SeSO; (1); only Na,SeSO; (2)
and the theoretical diffraction pattern of CdSe

Conclusions

On the basis of the performed work, the
following summation were made:

The main factors that influencing on the metal
sulfides films formation during their chemical synthesis
from aqueous solution were described.

For the first time a quantum-chemical mo-
deling of synthesis chemistry of CdS films with the

31

use of NasCeHsO; or NH,OH complexing agents
and CdSe films with the use of Na,SeSO; with
NazCgsHs07 or only Na,SeSO; was carried out on the
basis of the proposed hypothesis. It was established
that synthesis process passes through several
intermediate stages with the transitional reactive
complexes formation. On the basis of obtained data,
the energy stages diagrams were constructed.

From the performed simulations and calculations
for the two cases of cadmium sulfide formation, the
Nas;CgsHsO; complexing agent behaves energetically
more profitably than the NH,OH during the CdS
synthesis in the aggregate of all stages of synthesis
reactions. In the case of cadmium selenide
formation, the synthesis with the use of Na,SeSO,
only without NasCe¢HsO; is energetically more
profitable.

The synthesis of CdS and CdSe films was
performed under modeled conditions. The X-ray
phase analysis confirmed the CdS and CdSe
compounds formation using the corresponding
reagents mentioned above.

The comparison of the features chemical
synthesis and obtained CdS and CdSe films in the
studied systems is carried out. The obtained results
can be useful for planning the synthesis of cadmium
sulfide and cadmium selenide films from aqueous
solution and with the necessary properties for their
further use in electronics.
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M. A. Co3ancobkuii, I1. . lanosaa, B. €. Craguik, P. P. Lymininosuy, O. I1. Kypuio
HanionansHuii yHiBepcuteT “JIbBiBChbKa MOJITEXHIKA”,
kadenpa Gpi3nyHOT, aHATITUUHOT Ta 3aranbHOi XiMil

KBAHTOBO-XIMIYHE MOJIEJTIOBAHHSI IPOLIECIB CUHTE3Y
IUIIBOK KAJIMI CYJIb®IY TA KAJMIN CEJEHIAY Y
BOJHUX PO3UHMHAX

3aificHeHO KBaHTOBO-XiMiuHe MoJe/I0BaHHsA XiMizmy mpouecy cuHtedy CdS Tta CdSe y Boanux
po3uuHnax. 3moaeaboBaHo cuHTe3 CdS i3 yrBopeHHsamM npomixkuux kommiekcuux ¢popm Cd(l1) i3 TpunaTpii
HUTPATOM Ta aMOHiii rigpoxcuaom. Ins cunresy CdSe Bukopucrano HaTpio ceineHocyabdar i3 TpuHATpiii
nuTpaToM i 6e3 Hboro. BeraHoBieHo, W0 Leil mMpouec MPOXoAMTHL 4epe3 JdeKiJbKa MPOMIXKHUX cTafii i3
YTBOPEHHSIM NepeXifHUX peakuiiHo3AaTHUX KoMILIekciB. Ha ocHOBI oTpuMaHuX JaHMX MOOY/10BAaHO eHepre-
THYHi Jaiarpamu cragiii Ta 3ailicHeHo mnopiBHsiHHs mnpoueciB cuuredy CdS i CdSe i3 pizuumu
KOMILIEKCOYTBOPIOBAJILHUMH peareHTaMu. MeToioM XiMiuHOro cuHTe3y orpumano miiBku CdS ta CdSe 3
BOJHOI0 PO3YHHY COJIi KaJAMil0, KOMILIEKCOYTBOPIOIOYOT0 Ta XaJIbKOreHi3ylouoro peareHTiB. PeHTreHo-
(¢azoBuM aHaNi30M MiATBEPAKEHO YTBOPEHHS HJILOBUX CHOJIYK, IO 0YJIO MepeAdayeHo MOIeTI0OBAHHSM.

Kuouosi cioBa: kaaMmiii cyabdia; kagMmiil ceseHia; TOHKI MUIiBKH; KBAHTOBO-XiMiuHe MO/JeJIIOBAHHS;

HaniBeMnipM4Hi MeTOIM; HAMIBIPOBIAHUKH.
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