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Abstract⎯Nanosized cadmium sulfide particles (quantum dots; QDs) were synthesized in ethylacetate and
(poly)methylmethacrylate by the reaction between cadmium trif luoroacetate and H2S formed by the hydro-
lysis of thioacetamide (TAA). The stability of colloid solutions was provided by thioacetamide complexes on
the surface of CdS particles. The Cd(II) : TAA ratios and the constants of the reaction between cadmium tri-
f luoroacetate and thioacetamide in the (CF3COO)2Cd · nH2O–ТАА–Р system, where TAA was thioacet-
amide and P was ethylacetate or (poly)methylmethacrylate, were determined by spectrometric methods. The
size of CdS particles and the rate of their formation were estimated. The data on the effect of synthesis con-
ditions on the spectral luminescent properties of CdS in a (poly)methylmethacrylate matrix were presented.
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INTRODUCTION

The synthesis of new materials is one of the most
important directions in the development of science
and technics. The composites containing nanosized
particles (quantum dots (QDs)) of metals and their
compounds find wide application in optics, electron-
ics, and light engineering [1–7]. They exhibit unordi-
nary optical, electrical, and magnetic properties. The
luminescence of quantum dots is associated with the
quantum effects appearing due to a small size of these
particles and their defectness. The recombination of
charges occurs at the levels of structural and admix-
ture defects, which can be purposefully formed in the
volume of crystals and on their surface [6, 8, 9]. Stable
luminescent characteristics are also demonstrated by
“core/shell” semiconductor structures or more com-
plicated composites. They are synthesized as a combi-
nation of semiconductors [10, 11]. The doping of
semiconductor crystals with metal ions has a positive
effect on their optical characteristics and provides the
production of composites with predictable spectral
properties [5, 12–19].

The combination of the unique properties of semi-
conductors with the manufacturability of optical poly-
mers also attracts attention to their composites [20–
24]. The introduction of quantum dots into polymers
imparts then with the ability to luminesce in the visible
and IR regions of their electromagnetic spectrum.
When performing the synthesis of quantum dots, it is
necessary to solve the problems associated with the

retention of their stability and the reproducibility of
optical characteristics. The introduction of quantum
dots into polymeric matrices is one of the solutions,
which provides the possibility to fix the spatial posi-
tion of quantum dots and form a required morphology
of composites [24–26]. Another problem is associated
with a heterogeneous character of composites. Their
optical transparency also depends on the size of parti-
cles. One of the methods for the production of trans-
parent composites is the synthesis of quantum dots
immediately in the medium of a monomer with the
further solidification of formed colloid solutions by
means of its polymerization to a vitreous state [27, 28].
The applied sources of sulfide ions are hydrogen sul-
fide and sodium sulfide [27, 29] alongside with
organic sulfur-containing compounds, including
thioacetamide [28, 30]. An advantage in the applica-
tion of hydrogen sulfide consists in the absence of
byproducts and complexes on the surface of colloid
particles and in the volume of composites [27, 29]. In
this case, the stability of colloid solutions is generally
provided by the “charge” factor. However, such a
method for the synthesis of metal sulfides is not envi-
ronmentally safe due to the application of the toxic
gaseous reagent. It is difficult to control the concen-
tration of H2S and remove its excess amount. It is
more technologically simple to use thioacetamide
(TAA), which provides the possibility to apply the
method of appearing reagents and perform the synthe-
sis of metal sulfides under milder conditions [28].
However, when thioacetamide is not completely
144
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decomposed, the composite may contain the com-
plexes and by products formed in the process of its
hydrolysis. They also have an effect on the spectral
luminescent properties [12, 18].

The reaction between TAA and sulfide-forming
cations in aqueous solutions is rather profoundly stud-
ied [31, 32]. TAA forms salts with acids and complexes
with metal salts. The composition of its complexes
(1 : 1 or 1 : 2) is determined by the coordination capa-
bilities of reagents and the reaction medium. TAA is
slowly hydrolyzed in aqueous solutions. Its hydrolysis
is intensified in acidic and alkaline solutions. It may
occur in two stages [32]. Ammonium acetate and
hydrogen sulfide are formed as a result of hydrolysis.

In contrast to aqueous solution, there are no litera-
ture data on the reaction between TAA and metal salts
in low-polar organic solvents, including methylmeth-
acrylate (MMA) and ethylacetate (EA), which is close
to MMA by its polarity, but is not subjected to polym-
erization under heating. The data on the effect of syn-
thesis conditions on the composition and spectral
luminescent properties of composites are also scanty.

The objective of this work was to study the reaction
between cadmium trif luoroacetate and thioacetamide
in ethylacetate and methylmethacrylate with the
resulting formation of optically transparent polyacry-
late PMMA/CdS composites and the effect of synthesis
conditions on the luminescence of cadmium sulfide
quantum dots in a (poly)methylmethacrylate (PMMA)
medium.

EXPERIMENTAL
Cadmium trif luoroacetate was synthesized by the

reaction between cadmium oxide (chemically pure
grade) and trif luoroacetic acid (chemically pure
grade) in an aqueous medium. The salt was separated
in a crystalline form via the slow evaporation of an
acidified solution on a water bath with further drying
in air. TAA was recrystallized before application. The
compounds were identified by IR spectroscopy.

Nanosized CdS particles (quantum dots) were syn-
thesized in EA and MMA by the reaction between
cadmium trif luoroacetate and H2S formed in the solu-
tion via the hydrolysis of TAA under the action of crys-
tallization water molecules. The synthesis was per-
formed at a temperature of 70–90°C for 20 min. The
formation of quantum dots was indicated by the
appearance of yellow-green color typical for CdS and
the opalescence of solutions.

The PMMA/CdS composites in a vitreous state
were synthesized via the block radical polymerization
of methylmethacrylate as in [28]. To initiate polymer-
ization, benzoyl peroxide was introduced into the col-
loid solutions in the amount of 0.1% of the MMA
mass. The solutions were heated at a temperature of
60–70°C to a viscous state. The viscous solutions were
used to fill glass cells, and their heating was continued
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until the transition of composites into a vitreous state.
The polymerization time was up to 24 h. The compos-
ites represented yellow-green transparent “glasses”.
Their color was identical to the color of solutions.

The study the reactions in the (CF3COO)2Cd ·
nH2O–TAA–P systems, where TAA is thioacetamide,
and P is ethylacetate or (poly)methylmethacrylate,
cadmium trif luoroacetate and thioacetamide solu-
tions with component concentrations of 0.0200 and
0.100 mol/L, respectively, were prepared. They were
diluted to prepare series of solutions with a constant cad-
mium trifluoroacetate concentration of 0.00200 mol/L,
a variable TAA concentration, and a molar Cd : TAA
ratio from 1 : 0.2 to 1 : 40. The absorbance of solutions
was measured immediately after their preparation, and
its change with time was monitored.

The IR spectra of the reagents were recorded on an
Infralum FT 801 spectrometer in the region of 4000–
500 cm–1. Electron absorption spectra (EASs) of solu-
tions were taken on a Specord UV-VIS spectropho-
tometer in the region of 200–800 nm with respect to
the solvent. The absorbance was measured on an SF-46
spectrophotometer with respect to the solvent. The
photometric scale was calibrated as described in [33].
Electron photos were taken on a Philips CM12 trans-
mission electron microscope (TEM) (Netherlands).
Colloid solutions were deposited onto copper grids
with an amorphous carbon coating, dried, and studied
at different magnification. Luminescence excitation
and luminescence spectra were recorded on an SM
2203 spectrofluorimeter. A DKsSh 150-1M high-
pressure xenon arc lamp was used as a radiation
source. Exciting lamp light was incident perpendicu-
larly to the surface of a sample. Stationary lumines-
cence was detected at an angle of 45°.

RESULTS AND DISCUSSION

The electron micrographs of the substances sepa-
rated from the colloid solutions before the introduc-
tion of a polymerization initiator, where some aggre-
gated spherical formation can be observed, are shown
in Figs. 1a and 1b. Their size attains several tens of
nanometers. The structures are covered with a layer of
reagents and reaction products. The luminescence of these
colloid solutions is completely extinguished (Fig. 2).
A very low intensity of luminescence is explained by
the incompletion of the crystal formation process, a
low CdS concentration after this stage of synthesis,
and the effect of the compounds located on the surface
of particles.

The UV spectra of cadmium trif luoroacetate con-
tain an absorption band with a maximum at 260 nm. It
is assigned to the n → σ* electron transition of the car-
bonyl group of trif luoroacetate ions. Cadmium trif lu-
oroacetate solutions are transparent in the spectral region
of >270 nm. The spectrum of a TAA solution contains an
l. 64  No. 1  2019
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Fig. 1. TEM micrographs of the products formed by the reaction between cadmium trif luoroacetate and TAA in EA: (a), (b) frag-
ments of QDs aggregates formed with time at different Cd : TAA molar ratios with a surface layer of complex compounds, (c), (d)
non-aggregated forms of products.

(b)200 nm 200 nm

200 nm 200 nm(c) (d)

(a)
absorption band with a maximum at 270 nm due to the
n → σ* electron transition of the С=S group.

The spectra of (CF3COO)2Cd · nH2O–TAA–EA
solutions contain a complex absorption band com-
posed of at least to two components at wavelengths of
>200 nm (Fig. 3). The short-wave component with a
maximum at 270 nm is assigned to TAA, which is not
incorporated into the composition of complexes. The
long-wave component is assigned to the absorption of
complex compounds. This absorption band displaces
towards longer waves with an increase in the Cd : TAA
molar ratio (Fig. 3, curves 1–8).

The absorbance in the region of the long-wave
maximum of the absorption band (310 nm) is trans-
formed in different ways with time for the solutions
containing cadmium trif luoroacetate and thioacet-
amide at low and high molar ratios (Cd : ТАА): it
RUSSIAN JOURNAL O
decreases for the former and grows for the latter.
A decrease in the absorbance can be explained by the
destruction of complexes as a result of TAA hydrolysis.
The process is accompanied by the formation of H2S.
Its reaction with cadmium trif luoroacetate initiates
the formation of nuclei for the future crystals of cad-
mium sulfide. The yield of hydrogen sulfide grows
with an increase in the TAA concentration (Cd : TAA
molar ratio). The concentration of formed CdS grows.
This leads to an increase in the absorbance of solu-
tions. CdS crystals are gradually formed. The forma-
tion of crystals is confirmed by the opalescence of
solutions. It appears with time after the preparation of
solutions. For example, the opalescence of the solu-
tion with a molar ratio Cd : TAA = 1 : 4 can be observe
beginning from the 30th minute. The spectrum con-
tains a broad band with a maximum at 350 nm (Fig. 3,
F INORGANIC CHEMISTRY  Vol. 64  No. 1  2019
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Fig. 2. Luminescence spectra of (1) the colloid solution
obtained from the (CF3COO)2Cd · nH2O–TAA–EA sys-
tem under heating and (2) the products separated from this
solution.
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Fig. 3. Absorption spectra measured for the (CF3COO)2Cd ·
nH2O–TAA–EA solutions with СCd(II) = 0.00200 mol/L
and a molar ratio Cd(II) : TAA of (1) 1 : 0.2, (2) 1 : 0.4, (3)
1 : 0.6, (4) 1 : 0.8, (5) 1 : 1.0, (6) 1 : 1.5, (7) 1 : 2, (8) 1 : 3,
and (9) 1 : 5 at l = 1.00 cm with respect to EA.
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curve 9) due to the absorption of CdS crystals. The
intensity of this band almost linearly grows with an
increase in the molar ratio Cd : TAA to 1 : 40 (А350 =

0.10 + 0.035N, r = 0.990, where N is the TAA molar
fraction at a constant cadmium trif luoroacetate con-
centration equal to 0.00200 mol/L, and r is the linear-
ity coefficient). A broad range of linear dependence is
explained by a low rate of the formation of CdS quan-
tum dots and the need to introduce TAA in great
excess to shift the reaction equilibrium towards the
formation of products.

The bandgap width of CdS particles was deter-
mined from the position of the point of intersection
between the line tangent to the descending branch of
the absorption band with a maximum at 350 nm (Fig. 3,
curve 9) and the abscissa (430 nm), the their size was
calculated by the method [34] as

where h is the Planck constant,

  
are the effective masses of electrons and holes in CdS,

me is the electron rest mass, and  is the difference

between the bandgap energies ( ) of a nanoparticle and

a massive CdS crystal (2.4 eV). It is equal to 2.2 nm. With
allowances made for methodic distinctions (molar
ratios of components, temperature regime and time of
synthesis), the obtained result does not contradict
with the data [12, 18, 35] for colloid CdS particles in
EA, MMA, and PMMA. CdS particles grow in size
under heating during the preparation of colloid solu-
tions and further heating during the synthesis of poly-
meric composites. This is due to the continued
decomposition of complexes, the further formation of
H2S, and the growth of CdS crystals. This is con-

firmed by the changes in the electron micrographs
(Figs. 1c and 1d). The size of particles attains 5–7 nm.
The obtained results agree with the data [12, 35, 36].

The dependences characterizing the absorbance
change with time in the region of the CdS QD absorp-
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tion maximum (350 nm) were plotted for solutions
with different Cd : TAA molar ratios. One of the
dependences А350 = f(τ) is shown in Fig. 4 as an exam-

ple. The formation rate of CdS particles (w, min–1) was
estimated by the method of graphic differentiation
[37] in the plot region corresponding to the accumula-
tion of products with a gradual increase in the reaction
rate (Fig. 4, region 2). This was accomplished by drawing
tangent lines and estimating their slope angle (Fig. 4).
The dependence w = f(τ) is shown in Fig. 5. For the
solutions containing the compounds at molar ratios
Cd : TAA < 1 : 4, The induction period (region 1)
increases. It may attain several days. The induction
period disappears for the solutions containing the
compounds at molar ratios Cd : TAA > 1 : 5. The reac-
tion rate grows immediately after the preparation of
solutions.

The absorbance of the solutions containing the
reagents at molar ratios Cd : TAA = 1 : 0.2–1 : 10 was
measured at a wavelength in the region of the absorp-
tion band maximum of complexes (310 nm). The mea-
surements were performed immediately after the
preparation of solutions. Measurement results were
processed by the Asmus and Benesi–Hildebrand
spectrophotometric methods [38].

According to the Asmus method, we plotted the

dependences  = f(1/m), where VCd(II) is the vol-

ume of a cadmium trif luoroacetate solution, n is the
integer number corresponding to the complexing
agent : ligand (Cd : TAA) molar ratio for the depen-
dence with the greatest linearity coefficient (n = 1, 2,
3, 4), m = A310/l, where А310 is the absorbance at a

wavelength of 310 nm, and l id the thickness of an ana-
lytical cell, cm. The equations and linearity coeffi-
cients of the dependences for different n are listed in
Table 1. The results argues for the formation of com-
plexes with a molar ration Cd : TAA = 1 : 1 in the solu-
tions.

( )Cd II1
nV
l. 64  No. 1  2019



148 ISAEVA et al.

Fig. 4. А350 = f(τ) plotted for the (CF3COO)2Cd · nH2O–
TAA–EA solution with СCd(II) = 0.00200 mol/L and a molar
ratio Cd : ТАА = 1 : 4 at l = 1.00 cm with respect to EA. 
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Fig. 5. w = f(τ) for the (CF3COO)2Cd · nH2O–TAA–EA
solution with СCd(II) = 0.00200 mol/L and a molar ratio
Cd : TAA = 1 : 4. 
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The data required to plot the Benesi–Hildebrand

dependences , where СCd(II) is the

cadmium trif luoroacetate molar concentration, СТАА

is the thioacetanide molar concentration, n = 1 and 2
is Cd : TAA molar ratio, А310 is the solution absorbance

at λ = 310 nm, and l is the thickness of an analytical
cell, cm, alongside with the equations of these depen-
dences, the linearity coefficients, and the cadmium
trif luoroacetate–TAA reaction constant calculated
from the equation with the greatest linearity coeffi-
cient are given in Table 2. Based on the linearity of
these dependences at n = 1 and their nonlinearity at
n = 2, the formation of complexes with a molar ratio
Cd : TAA = 1 : 1 was confirmed. A low value of the
cadmium trif luoroacetate–TAA reaction constant
may point to both the outer-sphere interaction of
compounds and a complicated character of the pro-
cess accompanied by the energy expenditures on the
removal of water molecules from the coordination
sphere of cadmium trif luoroacetate upon their substi-
tution by thioacetamide.

As shown by the performed studies, the time,
during which the colloid solutions remains stable at
molar ratios Cd : TAA < 1 : 4, is sufficient for their
thermal solidification via the polymerization of meth-
ylmethacrylate in a block. The compositions with a
ratio Cd : TAA = 1 : 1 and 1 : 2 were selected for the
synthesis of polymeric composites. When such solu-
tions are heated to 70–90°C, the transition into a col-

Cd(II)

310 ТАА

1
n

C l
f

A C
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⎝ ⎠
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Table 1. Equations and linearity coefficients for the

( ) = f(1/m) plots at n = 1, 2, 3, and 4 (integer num-

ber from the Asmus equation)

n Equation and coefficient

1 у = –1.09 + 1.03х, 0.995
2 у = –17.9 + 9.52х, 0.934

3 у = –185 + 89.7х, 0.882

4 у = –1843 + 872х, 0.855

( )Cd II1
nV
loid state is completed for 20 min. The polymerization
of a composite with a volume of less than 10 mL to a
vitreous state takes several hours. The optical trans-
parency of vitreous composites in the spectral region
of >500 nm attains 92% (5 mm). The polymeric com-
posites luminesce in the visible and near-IR spectral
regions (Fig. 6, spectra 1–3). The luminescence of
these composites is associated with the surface defect-
ness of CdS crystals. This is evidenced by a long-wave
position of the spectral band. The appearance of lumi-
nescence is explained by the formation of accepting
energy levels in the bandgap of CdS crystals. The
intensity of luminescence from the polymeric com-
posites is much higher than for the colloid solutions.
Luminescence is excited by near-UV radiation (Fig. 6,
spectra 1' and 2'). An appreciable width of the bands is
explained by an inhomogeneous character of lumines-
cence centers and a dispersed nature of formed parti-
cles. An increase in the amount of complexes on the
surface of particles leads to the bathochromic shift of
the luminescence band. The opposite shift of this band
is observed upon an increase in the time of polymer-
ization and “annealing” of polymeric samples. This is
due to the decomposition of complexes and the con-
tinued formation of CdS under heating during the
polymerization and “annealing” of polymeric samples.
An increase in the TAA concentration (Cd : TAA = 1 : 1
and 1 : 2) leads to a growth in the luminescence inten-
sity. This is explained by an increase in the H2S yield

and, correspondingly, in the concentration of CdS
crystals.

CONCLUSIONS

Colloidal solutions of cadmium sulfate quantum
dots in ethylacetate and (poly)methylmethacrylate
have been prepared. The Cd : TAA ratios in the com-
plexes and the constants of the reaction between cad-
mium trif luoroacetate and TAA in solution have been
determined spectrophotometrically. Some hypotheses
about the character of the CdS particle formation pro-
cess and the effect produced by the reagent ratio and
the temperature on this process have been made.
F INORGANIC CHEMISTRY  Vol. 64  No. 1  2019
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Table 2. Data for the construction of  (n = 1 or 2) plots for the (CF3COO)2Cd · nH2O–TAA–EA sys-

tem at ССd(II) = 2.00 × 10–3 mol/L = const, an absorbance measured with respect to EA, λ = 310 nm, l = 1.00 cm, T = 293 K,

Sr = 0.03, Р = 0.95, and n = 3

* The parameters are given for the region of values highlighted by corresponding types.

TAA : Cd(II) molar 

ratio, ССd(II) = 2.00 × 

10–3 mol/L = const 

(TAA/1)

Thioacetamide 

concentration, 

cTAA, mol/L

 

L/mol

 

(L/mol)2

Absorbance, А310

(mol cm)/L

0.2 4.00 × 10–4 25.0 6.25 0.095 210
0.4 8.00 × 10–4 12.5 1.56 0.160 125
0.6 12.0 × 10–4 8.35 0.69 0.250 80.0
0.8 16.0 × 10–4 6.25 0.39 0.290 69.0
1.0 20.0 × 10–4 5.00 0.25 0.30 66.7
1.5 30.0 × 10–4 3.34 0.11 0.35 57.2
2 40.0 × 10–4 2.25 0.062 0.44 45.4
3 60.0 × 10–4 1.66 0.028 0.54 37.0

4 80.0 × 10–4 1.25 0.016 0.62 32.2

4.5 90.0 × 10–4 1.10 0.012 0.70 28.6

5 100 × 10–4 1.00 0.010 0.72 27.8

6 120 × 10–4 0.84 0.0070 0.80 25.0

8 160 × 10–4 0.62 0.0040 0.95 21.0

10 200 × 10–4 0.50 0.0025 1.2 16.7

Equation for  linearity coefficient, 

reaction constant

n = 1 у = 21.9 + 7.69х, 0.994;

K = 2.85 × 102

*у = 28.2 + 7.27х, 0.996; K = 3.88 × 
102

n = 2 у = 40.4 + 29.3х, 0.934
*у = 60.0 + 25.0х, 0.974
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PMMA/CdS composites have been synthesized, and
their spectral luminescent properties studied. It has
been shown that luminescence excitation is associated
with the interband electron transitions in CdS crystals,
and luminescence is associated with the defects on
RUSSIAN JOURNAL OF INORGANIC CHEMISTRY  Vo

Fig. 6. (1)–(3) Luminescence spectra (λex = 370 nm) and
(1'), (2') luminescence excitation spectra (λlm = 620 and
660 nm, respectively) for the PMMA/CdS composite.
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their surface. The position of the luminescence band
in the spectrum depends on the complexation on the
surface of particles, the time taken for the polymeriza-
tion and “annealing” of polymeric composites, and
the thioacetamide concentration.
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