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Abstract—The cadmium oxopivalate complex CdPiv, - Cd,OPivg has been synthesized and its thermody-
namic characteristics have been studied using the Knudsen effusion technique with the mass spectral analysis
of the gas phase. It has been found that vaporization of this complex proceeds congruently and the saturated
vapor above it consists of molecules Cd,Piv,, Cd4Pivg, and Cd4OPive. The standard enthalpies of sublimation
of these molecules have been determined; the standard enthalpy of vaporization of complex CdPiv, -
Cd,OPiv4 and standard enthalpy of dissociation of the Cd,Pivg molecule according to the second and third laws of

the thermodynamics have been found to be A gHsos = 297.0 + 12.1 kJ/mol and A, Heg = 133.2 £ 16.8 kJ/mol,
respectively. It is shown that the oxopivalate cadmium complex can be used as a precursor in the MO CVD
method for the preparation of thin oxide films and coatings.
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INTRODUCTION

Recently, interest has grown in multicomponent
electrically conductive systems containing cadmium
oxide [1, 2], which in terms of electrical [3, 4], optical
[5—7], and catalytic [8] properties can compete with
the most popular transparent conductive oxide (TCO)
material ITO (indium tin oxide). To obtain functional
film materials based on the aforementioned multicom-
ponent oxide systems, one can use chemical vapor depo-
sition (CVD) [9], in which volatile complex compounds
of trimethylacetic acid are used as precursors [10].

In the study of cadmium pivalate with a polymer
structure, it was shown that its vaporization is accom-
panied by complete thermal decomposition forming
cadmium atoms, carbon dioxide, carbonyl, carboxyl,
and other gaseous products of ligand decomposition
and oxidation [11]. In order to exclude the polymer-
ization of the condensed phase and thereby increase
the volatility of the complex, was used a technique
which is related to saturation of the coordination
sphere of the complexing agent with an additional
ligand. It was demonstrated [12] that the cadmium
pivalate complex with additional o-phenanthroline
CdPiv, - Phen ligand is characterized by high volatility
and congruent vaporization process, and the gas phase
over it consists only of CdPiv, - Phen molecules. Sim-
ilar results were obtained when studying silver pivalate
with tributylphosphine [13]. It should be noted that
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the thermodynamic characteristics of these complexes
remained constant for several months, which is very
important for their practical use in CVD methods [14].
However, there is also a simpler way of transforming a
hardly volatile complex into a volatile compound. It
was shown earlier that pivalates of p- and d-transition
metals are easily hydrolyzed to form thermally stable
oxopivalates, which are characterized by high volatility
[15—18]. In this regard, the aim of this work is to syn-
thesize and study the thermodynamics of the pro-
cesses of vaporization of oxo complexes based on cad-
mium pivalate.

EXPERIMENTAL
Synthesis of Cadmium Oxocomplexes

Procedure I. A weighed portion of CdPiv, - 2H,0
(1 g) synthesized by the known method [19] was
placed in a quartz tube in a VUP-5 vacuum unit and
heated to 573 K at residual pressure p = 1.3 x 1073 Pa.
After 10 h of heating, ~0.31 g of a volatile white sub-
stance (I, sublimate) was condensed at the cold end of
the tube; the mass of the nonvolatile residue was 0.2 g,
which was determined by X-ray powder diffraction to
be cadmium oxide.

Molecular analysis of sublimate I was performed
on a Thermo Finnigan DSQ II serial quadrupole mass
spectrometer with a direct input system. Figure 1
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Fig. 1. Polytherm of sublimation of complex L.

shows the sublimation polytherm of the volatile syn-
thesis product constructed from the total ion current
of the gas phase mass spectrum. Its noticeable asym-
metry and analysis of the mass spectrum of the gas
phase (Table 1) allow us to conclude that the vaporiza-
tion of sublimate I can be described by the transition
of two substances into the gas phase with markedly dif-
ferent volatilities. According to mass spectral analysis,
the initial stage (A) of vaporization corresponds to the
sublimation of the substance mainly in the form of
Cd,OPiv4y molecules, while the second stage (B)
reflects the sublimation of the substance mainly in the
form of Cd,OPiv¢ and Cd,Piv, molecules.

The results obtained allow us to conclude that the
process of vaporization of CdPiv, - 2H,0O in vacuum in
the temperature range of 298—550 K is accompanied

Table 1. Mass spectrum®* of the gas phase of compound I
(T=508 K, Upgni,=70V, Lipni, = 1.5 mA)

Relative intensity, %
m/z Ton
stage A stage B
114 |Cd* 3.3 8.9
215 |[CdPiv]* 1.1 36
327 |[Cd,(Piv)]" - 1.8
556 | [Cd;O(Piv),]* 3 3
529 |[Cd,(Piv);]* 1.3 32
657 |[Cd;O(Piv);]" 12 9.1
843 | [Cd;(Piv)s]* — 2.5
813 |[Cd,O(Piv)4-57]" 42 30
972 |[Cd4O(Piv)s]™ 100 100
1042 | [Cd,O(Piv)¢]*-30 10 10

* Hereinafter, the mass spectra are given taking into account the
isotopic composition of cadmium.
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by dehydration, partial hydrolysis, and transition of
molecules Cd,Piv, and Cd,OPivg into the gas phase:

CdPiv, - 2H,0,,, = CdOy, + 2HPiv,, + H,0, (2)

The data of mass-spectral analysis correlate with
the data of the CHN analysis of the volatile product
(sublimate I) of high-temperature hydrolysis per-
formed at the Centre of Collective Use of the Kurna-
kov Institute, Russian Academy of Sciences, on an
Eurovector 300 CHN analyzer, which correspond to a
mixture of two complexes, Cd,OPiv, and CdPiv,.

For Cd,C4)H;,04; anal. calcd. (%): C, 33.59; H,
5.04.

For CdC,,H 40, anal. calcd. (%): C, 38.17; H,
5.73.

Found (%): C, 34.06; H, 6.24.

Procedure I1. Metallic cadmium (KD1-99.3 wt %)
was dissolved in hydrochloric acid (Sigma Tech, spe-
cial purity grade, Russian State Standard). An alkali
solution obtained by dissolving a weighed portion of
KOH (analytical grade) in double-distilled water was
slowly added to the solution obtained with stirring
until the precipitation ceased. Precipitated cad-
mium(II) hydroxide of a white color was washed with
double-distilled water by centrifugation. Then a por-
tion of pivalic acid (Aldrich) in the form of an aqueous
suspension was mixed with the precipitate of cadmium
hydroxide. The resulting viscous white substance was
filtered off and washed on a Biichner funnel with
bidistilled water. The dried sample was sublimated on
a VUP-5 vacuum unit at residual pressure p = 1.3 X
1073 Pa and T = 420—500 K. The product purified by
sublimation was identified similarly as in the first case.
The type of evaporation polytherm (Fig. 2) reflects the
sublimation of an individual compound, and the mass
spectrum corresponds to vaporization of a substance

3
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Fig. 2. Polytherm of sublimation of complex II.

in the form of two molecules, namely Cd,OPiv, and
Cd,Piv,. The results of the CHN analysis correlate
with the mass spectral analysis data. Thus, the second
method apparently leads to the synthesis of individual
compound II.

RESULTS AND DISCUSSION

The thermodynamic characteristics of product II
were studied using the Knudsen effusion method with
mass spectral analysis of the gas phase on an MS 1301
instrument designed for thermodynamic studies. A
standard molybdenum effusion cell with a ratio of the
evaporation area to effusion area being 2600 was used
in the experiments. The temperature was measured
with a Pt—Pt/Rh thermocouple and kept constant
with an accuracy of =2 deg.

The intensities of the main ions recorded in the
mass spectrum of saturated vapor in the temperature
range 470—530 K are given in Table 2.

Analysis of experimental data shown in Table 2 and
our study of the dependence of the mass spectrum on
the energy of ionizing electrons made it possible to
conclude that mainly molecules Cd,O(Piv)s and
Cd,(Piv), are present in the saturated vapor over cad-
mium compound II. Knowing the individual mass
spectrum of the Cd,O(Piv), molecule (Table 1) made
it possible to find the mass spectrum of the Cd,(Piv),
molecule by simple subtraction and determine the sat-
urated vapor mass spectrum over compound II (Table 3).
The relatively small range of mass numbers of the
MS-1301 device did not allow us to assign unambigu-

ously Cd,Piv: and [Cd;Piv; + OH]" ion currents to a
specific kind of molecules based only on mass spectral
data. Therefore, to determine the composition of the
gas phase, we used the literature data [20] on mass
spectral studies of pivalate complexes of divalent
d-transition metals. This approach allowed us to con-
clude that the molecular precursors of these ions are
the Cd,(Piv)g molecules.
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To determine the nature of the vaporization of the
complex and calculate the absolute values of the par-
tial pressures, experiments were performed on the
complete isothermal sublimation of a weighed portion
of compound II. The results of one of several experi-
ments are shown in Fig. 3.

The results of the experiment show that the vapor-
ization of complex I1 is characterized by the constancy
of the intensities of all ion currents (the partial pres-
sure values of molecules) up to the complete burnout
of the sample. This fact and the absence of a non-vol-
atile residue in the effusion cell after completion of the
experiment indicate the congruent nature of the
vaporization of the complex in the form of Cd,OPivy,
Cd,(Piv),, and Cd,(Piv)g molecules.

The congruent character of vaporization of cad-
mium complex IT and the knowledge of the mass spec-
tra of the molecules present in the saturated vapor
made it possible to write the Hertz—Knudsen equation

Table 2. Mass spectrum of the gas phase of compound II
(T=508 K, Uigpi, =70V, Ligni, = 1.5 mA)

1, %

m/z Ion

MC-1301 DSQII
114 |Cd* 17 5
215 |[CdPiv]* 19 8
327 |[Cd,Piv]* 15 5
428 |[Cd,Piv,]* 3 1
529 |[Cd,Piv;]" 53 19
657 |[CdsPiv;+ OH]" 11 11
815 |[Cd,O(Piv),-57]" - 28
843 |[Cd;Pivs]* 2 9
871 |[Cd,O(Piv),]* 23 18
972 |[Cd4O(Piv)s]* 100 100
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Table 3. Individual mass spectra of gas-phase molecules over compound I1

Cd, O(Piv)e Cd,Piv, Cdy(Piv)g (assessment)

ion 1, % ion I, % ion 1, %

cd* 8 cd* 16 cd* 10
[Cd,O(Piv),]* 1 [CdPiv]* 37 [CdPiv]* 10
[Cd,O(Piv)s]* 100 [Cd,Piv]* 6 [Cd;Piv, + 18]" 15
[Cd,O(Piv)¢]* 10 [Cd,Piv,]* 23 [Cd;Pivs]* 20
[Cd,Pivs]* 100 [Cd,Piv,]* 100

Table 4. Absolute values of partial pressures of saturated vapor components over complex I1, Pa

Sublimation conditions Cd, O(Piv)e Cd,(Piv), Cd,4Pivg Total pressure
Effusion cell 6.04 x 1072 2.53 x 1072 3.35x 107 8.58 x 1072
Closed volume 3.90 x 102 3.90 x 102 2.05%x 1074 7.8 x 1072

for the complex composition of the gas phase and cal-
culate the absolute values of the partial pressures of
saturated vapor components:

Ocd,piv,

k 12
qu = Set 1B [MCdszI cd,piv, T

Cd,Pivy Cd,Pivg

112 OcCd,Piv, 1,12
X MCdZPiVsICd4PiV8 + MCd P1v61Cd4OP1v6 (4)
Cd,OPivg

b =k/c, 1T,

1200 1400

800 1000

600
T, min

Fig. 3. Isotherms of complete sublimation of a welghed
sample of complex I (7T= 508 K): (1) [Cd4OPlV5] S (2)
[Cd2P1V3] and (3) [Cd3P1v5] Intensity of[Cd3P1v5] is
increased by five times.
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where S, is the effective effusion area, M, is the molar
mass of the ith component of the gas phase, /; is the
total ion current of the ith component of the gas phase,
t is the sublimation time of the complex sample, B =
(T/2mR)'/?, qy, is the sample of compound II, Gi is the
total ionization cross section of the ith component of
the gas phase, and k is the sensitivity coefficient of the
device.

The total ionization cross sections were calculated
according to the additivity rule [21] based on the data
reported [22]. The partial pressure values found by this
procedure at 7= 508 K are given in Table 4. The values
of the partial pressures of the components of the gas
phase corresponding to the minimum of total pres-
sure, which are set in a closed volume in the absence
of vapor effusion, are also given in Table 1.

The congruent character of vaporization of com-
plex II and the absolute values of the partial pressures
make it possible to calculate the composition of this
complex, which should be equal to the composition of
the molecular flow leaving the effusion cell. If we con-
sider this complex in the framework of the two-com-
ponent system CdPiv,—Cd,O(Piv),, then the ratio

( 2pCd2Piv4 + 4pCd4Piv8 ]
\/ Mg piy, \/ My piy,
Pcd,oPiv,
M, Cd,OPivg

(%)

SEE

corresponds to the composition of the molecular
stream and, therefore, to the composition of congru-
ently sublimated compound II. The calculation per-
formed showed that the ratio n/m = 1.1. Taking into
account the accuracy of the experimental data, the
composition of the complex can be expressed by the

No.1 2020
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Table 5. Enthalpies of transition of Cd,(Piv),, Cd4O(Piv)g,
and Cd4(Piv)g molecules from condensed phase to gas

phase (T'=470—530 K), kJ/mol

Cdy(Piv), | Cd4O(Piv)g Cd4(Piv)g
Cdy(Piv); | CdO(Piv); | Cds(Piv); | Cd;O(Piv);
207.2+£8.6 | 195.8+8.1 | 277.7+13.1 | 249.7+3.3
203.7+5.1 | 189.2£4.3 | 266.9£3.8 |269.6+4.2
196.4+4.0 | 198.7£2.8 | 269.1 £3.1 | 275.5+5.0
202.7+4.3 | 180.9+5.8 | 241.3+£73 | 263.8£5.1
189.0£5.5 | 190.1 £3.5 | 268.3+4.8 | 244.7+4.7
205.1+4.3 | 2122483 | 2541+6.6 | 270.6+2.5
200.1£5.6 |2057+54 | 263.6+68 |264.2+3.7
199.4+3.2 | 2120+ 4.1 | 272.2£4.9 | 243.0£3.6
1973+ 1.4 | 191.6+2.1 | 272.4+2.6 | 25534103
206.2+4.1 | 211.4+73 | 281.2+5.3 | 250.2+9.7
194.9+8.7 | 198.3+2.8 | 243.0+9.9 | 242.447.2
207.6 £ 6.2 | 186.6 £ 11.0 - -
2028 +8.7 | 191.5+2.0 - -
1952 +5.2 - - -
196.8 + 6.1 - - -
189.7 £ 2.4 - - -
Average
199.5+7.3 | 1972119 | 264.5+ 13.1 | 254.1 £ 13.3

formula CdPiv, - Cd,O(Piv)e, and its vaporization can
be expressed by the reaction:

loglT
2.5

2.0

CdPiv, - Cd,0(Piv)
= 0.5Cd, (Piv)

4(2)

6(s)
+Cd,O(Piv)

(6)

6(g) °

1.90

1.95

2.00

2.05

2.10

2.15
1000/7, K

Fig. 4. Temperature dependence of [Cd2P1V3]Jr ion current

intensity.
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When studying the temperature dependences of the

[[+Cd2(Piv)3]’ I[+Cd40(Piv)4]’ I|+Cd3(Piv)5p and I[-Ed4(Piv)4+18j 0on
current intensities (partial pressure of molecules) in
the temperature range 470—530 K using the Clausius—
Clapeyron and van’t Hoff equations, the standard
enthalpies of the transition of Cd,(Piv),, Cd,O(Piv)g,
and Cd,(Piv)s molecules from the condensed phase of
complex II to the gas phase were calculated (Table 5).
Figure 4 shows the results of one of the experiments for
the [Cd,Piv;]" ion as an example.

Given the low temperatures of the experiment, it was
assumed that the obtained values correspond to a tem-
perature of 298.15 K; the given errors represent the mean
square error of a single measurement. It should be noted
that the equality of the vaporization enthalpies of mole-
cules Cd,(Piv), and Cd,O(Piv), is another direct evi-
dence of congruent sublimation of complex IT [23].

Using the found thermodynamic characteristics of
vaporization of Cd,(Piv),, Cd,O(Piv)4, and Cd,(Piv)q
molecules, the standard enthalpy of reaction (6) for
congruent sublimation of compound CdPiv,

Cd,O(Piv), ASH;% = 297.0 = 12.1 kJ/mol and the
standard enthalpy of the dissociation reaction of the
Cd,(Piv)g tetrameric molecule were calculated:

8(2) 4(®)°

o (7)
ApHys = 139.7 +16.8kJ/mol.

The last thermodynamic characteristic was calcu-
lated according to the third law of thermodynamics. In
the calculation, the entropy change in the dissociation
reaction was taken equal to 146.4 J/(mol K); the equi-
librium constant at 7= 508 K was found from the par-
tial pressures given in Table 4. The dissociation
enthalpy calculated in this way was found to be 126.6 +
14.3 kJ/mol. The coincidence of values of this ther-
modynamic characteristic obtained by two indepen-
dent methods indicates the correctness of the satu-
rated vapor composition found by us over congruently
sublimated complex II.

Based on the experimental data, the equation of the
dependence of the total pressure (Pa) of saturated
vapor over the CdPiv, - Cd,O(Piv), complex in a
closed volume on temperature can be represented as
follows:

logp = — (10400 £ 500)/7 +19.33 £ 0.16,

®)
470 <T <530 K.

CONCLUSIONS

The thermodynamic characteristics of vaporiza-
tion of cadmium complex CdPiv, - Cd,O(Piv)4 found
here allow us to recommend this compound as a pre-
cursor in the CVD method for the preparation of oxide
films or coatings. This is due to its high volatility, the
relatively simple composition of saturated vapor, the
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congruent character of vaporization, the constancy of
thermodynamic properties over a long storage period,
and the simplicity of synthesis.
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