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Abstract—The thermodynamic characteristics of silver perfluorobenzoates CcFsCOOAg-0.5C4F;COOH and
CcFsCOOAg were studied by thermogravimetry, differential scanning calorimetry, and mass spectrometry. It

was found that vaporization of these compounds occurs incongruently to give metallic silver and
C¢FsCOOH, C\,F,,, CO,, and CgF4 molecules. Using the 2nd and 3rd laws of thermodynamics, the stan-

dard enthalpy of formation of silver perfluorobenzoate was found to be A; H 598(C6F5C00Ag, cr) =—1195.6
15.7 kJ/mol and the standard enthalpy of formation of the pentafluorobenzoic acid radical was estimated to

be A HSog 15(C6FsCOO", cr) = —878.6 % 25.0 kJ/mol.
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INTRODUCTION

Thermodynamic characteristics of compounds
(enthalpy, Gibbs energy of formation, enthalpy of sub-
limation, partial pressures, etc.) are necessary for the
development of methods of synthesis, use of func-
tional materials, and modeling of various chemical
engineering processes. For example, metallic, oxide,
and carbide thin films and coatings and nanocrystal-
line material with unique optical, electrical, and
mechanical properties are often produced using het-
erogeneous chemical processes [1, 2], which require
knowledge of thermodynamic characteristics of the
reactants and products. Coordination compounds of
metals with organic ligands are often used as reactants
in these reactions [3—6]; unfortunately, little is known
about thermodynamic characteristics of these com-
pounds. This is mainly due to experimental problems
arising in the studies of the compounds. Previously we
proposed a procedure for determination of the main
energy characteristic of substances, that is, standard
energy of formation of metal trimethylacetates (piva-
lates) based on DSC measurements of the enthalpy of
the heterogeneous reaction of a metal with silver piva-
late [7, 8]:

nAgPiv(cr) + M(cr) = MPiv, (cr) + nAg(cr). (1)

This method is characterized by relatively low Ag—
Piv bond energy [8, 9].
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The pivalate complex in this procedure can be
replaced by other silver carboxylates with thermally
stable anions and relatively low metal—ligand bond
energy. The search for such compounds is fairly attrac-
tive, as this markedly expands the scope of applicabil-
ity of this procedure.

Here we studied thermodynamic characteristics of
silver pentafluorobenzoate C;F;COOAg (AgPfb) by
the Knudsen effusion method with mass spectral anal-
ysis of the gas phase. Apart from the mass spectral
approach, the thermal behavior of AgPfb was investi-
gated by thermogravimetry (TG) and differential
scanning calorimetry (DSC).

EXPERIMENTAL

The following chemicals were used in the study:
EtOH (96%), Ag(NO;) (analytical grade, Reachim),
KOH (reagent grade, Reachim), C,F;COOH (99%,
P&MInvest).

Synthesis of silver pentafluorobenzoate. A weighed
portion of KOH (0.013 g, 2.358 mmol) was added to a
solution of C4F;COOH (0.050 g, 2.358 mmol) in
EtOH (15 mL), and the mixture was stirred for 15 min
at 75°C. AgNO; (0.038 g) was added, and the reaction
mixture was stirred at room temperature for 10 min
until a white precipitate of potassium nitrate formed.
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Fig. 1. Vaporization isotherms of (/) CgFsCOOAg:
0.5C4FsCOOH: C4FsCOO™ and (2) C;,F.

The precipitate was filtered off and the resulting solu-
tion was allowed to slowly evaporate at room tempera-
ture without access of light. After 5 days, a white pre-
cipitate formed, which was separated from the mother
liquor by decantation, washed with cold EtOH (T =
5°C), and dried in air.

For C¢FsCOOAg 0.5C4,Fs;COOH
Anal. caled., %: C, 29.65
Found, %: C, 29.81

H, 0.12
H, 0.19

IR (v,cm™1):2637 w, 1712w, 1649 w, 15505, 1525 s,
1489 s, 1415 m, 1370 s, 1289 m, 1144 w, 1106 m, 990 s,
932 m, 818 w, 758 s, 705 w, 620 w, 512 w, 439 w.

Elemental analysis was performed on an EuroEA
3000 CHNS-analyzer. The IR spectrum was mea-
sured on a Spectrum 65 Fourier Transform spectrom-
eter (Perkin Elmer) by the attenuated total reflectance
(ATR) method in the frequency range of 4000—
400 cm™!.

The change in the sample weight was measured on
a TG 209 F1 Iris thermobalance (NETZSCH) in the
temperature range of 35—400°C. The measurements
were carried out in alundum crucibles with an open
surface at a constant heating rate of 10 K/min under
argon (30 mL/min gas flow rate) with a protective
inert gas flow of 10 mL/min. The heat absorption and
release accompanying phase transitions and destruc-
tion processes were recorded on a DSC 204 F1 Phoe-
nix differential scanning calorimeter (NETZSCH) in
the temperature range of 20—300°C at a constant heat-
ing rate of 10 K/min under atmospheric pressure in a
dynamic argon atmosphere (40 mL/min gas flow rate)
with a protective inert gas flow of 70 mL/min. The
instrument was pre-calibrated in temperature and sen-
sitivity in the temperature range from —100 to 500°C
against phase transition parameters of high-purity Hg,
In, Sn, Zn, Bi, Pb, and CsCl standards (manufactured
by NETSZCH) and C;H;COOH (99.99%) at a heat-
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ing rate of 10 K/min according to the ASTM E967-08
(2014) and ASTM E968-02 (2014) procedures,
respectively.

The samples were prepared in the following way:
1—-2-mg powdered samples weighed to an accuracy of
0.02 mg were placed into aluminum crucibles with
canted and punctured lids.

The process of vaporization was studied on an MS
1301 mass spectrometer meant for thermodynamic
measurements in the temperature range of 370—461 K.
Standard molybdenum Knudsen effusion cells with an
evaporation to effusion area ratio 2600 were used. The
temperature was measured by a Pt-Pt/Rh thermocou-
ple and maintained constant to an accuracy of £2°C.

RESULTS AND DISCUSSION

The intensities of the major ions detected in the
mass spectrum of the saturated vapor at different ion-
izing voltages are given in Table 1. Analysis of the
experimental data given in Table 1 and known pub-
lished data [10—13] indicate that the gas phase above
the studied compound mainly consists of molecules of
pentafluorobenzoic acid (C4FsCOOH), perfluorobi-
phenyl (C,,F,,), carbon dioxide (CO,), and a minor
amount of perfluorotriphenyl (CsF,,).

In order to determine the character of vaporization
and calculate the partial pressures, experiment on
complete evaporation of a known weight of silver pen-
tafluorobenzoate was carried out at two constant tem-
peratures. The results of this experiment are shown in
Fig. 1.

The initial constant ion current intensities
I rcoons Icgrcoo at T= 375 K down to their almost

complete vanishing correspond to vaporization of
pentafluorobenzoic acid C4F;COOH molecules. The

subsequent constant ion current intensities /¢ r, , Ic,r,
at 7= 425 K up to the complete burning-out of the
sample reflect vaporization of the C,F;, molecules.
After completion of the experiment, a non-volatile
residue identified as silver metal was left in the effusion
chamber. The observed picture provides two import-
ant conclusions: the compound being tested is the sol-
vate C4FsCOOAg nCgFsCOOH, which is vaporized in
two stages. The first vaporization stage at 7= 375 K is
related to transition of pentafluorobenzoic acid mole-
cules to the gas phase to give individual silver pentaflu-
orobenzoate. In the second stage, taking place at
425 K, this compound thermally decomposes to give
crystalline silver, while perfluorobiphenyl C,F,, and
carbon dioxide CO, molecules pass to the gas phase.
The complete sublimation experiment was used to
find the weight of silver in the solvate and to determine
the solvate composition, which was found to be
CcFsCOOAg-0.5C4,FsCOOH (2:1). Thus, the process
of vaporization of this compound can be described by
the following reactions:

No.2 2022



86

MALKEROVA et al.

Table 1. Mass spectrum of the gas phase of silver pentafluorobenzoate

Relative intensity
Ion T, K
70V 14V 13.5V

C¢FsCOOH" 0.95 Not measured 1.0 370
C¢FsCOO* 1.0
CeFs 0.60
C¢CO* 0.13
*CO} ~0.5(40) (1.5)
C,LE} 1.0 1.0 1.0 430
CeFf 0.65 1.0
C,Fy 0.15
CFy 0.15
C,Fs 0.14
CpF/ 0.08
C¢FsCOOH" 0.015
C¢C5 0.13
CsFly 0.025
*CO; ~0.3(35) 0.3(5)

* The intensity of the target signal against the overall signal.

C,F;,COOAg0.5CsF,COOH (cr)

(2
= C,F;COOAg(cr) + 0.5C(F;COOH (g),

C4F;COOAg(cr) = Ag(cr) + 0.5C\,F, (g) + CO,. (3)

Similar results were obtained in a thermogravimet-
ric study of the silver complex (Fig. 2). In the tempera-
ture range of 35—120°C, the sample lost 24.3% of the
starting weight, while in the range of 120—240°C, the
loss was 38.6% (Fig. 2). The weight loss in the first
stage is associated with the removal of 0.5C¢F;COOH
(the calculated weight loss is 24.9%). Thus, the molar
mass of the starting compound is 425 * 4 g/mol,
which corresponds to its chemical formula
CcFsCOOAg0.5C,F;COOH. Then C¢F;COOAg
decomposes to form AgF as the solid residue (the cal-
culated weight of the solid residue is 29.9%) and the
polycondensation product (C¢F5_ ,),, with CO, and
C,F,, being removed

CsF;COOAg(cr)

4
5 AgF(cr) + (CeFs.), (cr) +0.5C,,Fy (g) + CO,. P

Decomposition products formed under atmo-
spheric pressure differ from the products formed in
vacuum in the mass spectral experiment. This is not
surprising, since mass spectral studies, unlike DSC
and TG measurements, are performed under equilib-
rium conditions.

TG, %
100 |

I Weight change: —24.26%
80 -

60 Weight change:

—38.57%
40 + i
20 +

50 100 150 200 250 300 350 400
Temperature, °C

Fig. 2. Results of TG study of the thermolysis of silver per-
fluorobenzoate solvate. The scanning rate was 10 K/min;
atmospheric pressure and a dynamic argon atmosphere
were used.
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Fig. 3. Results of a DSC study of thermolysis of silver per-
fluorobenzoate solvate. The scanning rate was 10 K/min;
atmospheric pressure and a dynamic argon atmosphere
were used.

The DSC curve (Fig. 3) shows an endotherm asso-
ciated with the removal of adsorbed C,F;COOH or
water in the temperature range of 20—65°C; this is fol-
lowed by incongruent melting of CyF;COOAg:
0.5C4xFsCOOH (the melting heat is 11 = 2 kJ/mol and
the melting point is 102 & 1°C) and delayed (relative to
the open surface in the thermobalance measurements)
evaporation of C4F;COOH through a small hole in the
lid. This process overlaps with the incongruent melt-
ing of AgC¢FsCOO at 130°C; it can be stated that the
heats absorbed during these processes are fairly similar
in magnitude (approximately 15 + 3 kJ/mol for each of
the processes). Above 150°C, decomposition of
CcFs;COOAg takes place with absorption of approxi-
mately 20 *+ 4 kJ/mol.

In each stage of the mass spectral experiment, the
effusion chamber was calibrated against the thermo-
dynamic characteristics of lithium pivalate with the
goal to calculate the absolute values of the partial pres-
sures of components during the vaporization of the sil-
ver pentafluorobenzoate solvate [14] (Table 2).

The enthalpies of reactions (2) and (3) were deter-
mined using the 2nd law of thermodynamics by inves-
tigating the temperature dependences of the equilib-
rium constants of reactions (2) and (3), £ (2) =

Plcoons k (3) = Peo, PC, (Fig. 4). In view of the
invariable ratio Pco, /PCIZFIO = 2, the temperature

dependence of the expression k£ (3) = PéiFw was stud-
ied. The standard enthalpies of reactions (2) and (3)
were calculated from the isobaric equation of the
chemical reaction by the least squares method in the
temperature ranges of 375—405 and 410—445 K,
respectively. The average standard enthalpies of reac-
tions (2) and (3) obtained for three independent
experiments were A H, (2) = 82.6 + 12.6 kJ/mol,
A.H; (3) = 154.2 + 19.6 kJ/mol. The enthalpy of reac-
tion (3) was also calculated using the 3rd law of ther-
modynamics. The calculation made use of the abso-
lute partial pressures of CO, and C,F,, molecules at
T= 425 K (Table 2) and the entropy change in reac-
tion (3) equal to the entropy change in the silver nitrate
decomposition at 7= 298 K: AS; = 244.4 J/(mol K)
[15]. The standard enthalpy of reaction (3) calculated

in this way was ArH; (3) = 180.1 = 12.3 kJ/mol. Anal-

ysis of the results obtained using the 2nd and 3rd laws
of thermodynamics makes it possible to recommend

the value A, H, (3) = 167.2 + 23.1 kJ/mol and to take
T=298.15 K (in view of low temperatures of measure-
ments). Using the enthalpies of reaction (3) obtained
in this way, together with the standard enthalpies of

formation of carbon dioxide A; H. ;98 (CO,,g)=-393.5%
0.04 kJ/mol [15] and  perfluorodiphenyl

ArHyg(CpF g, g8) = —1264.2 £ 5.2 kJ/mol [16],
we calulated the standard enthalpy of formation
of crystalline silver pentafluorobenzoate by the Hess’s
law to be Afogg(C6F5COOAg, cr) = —1192.8 =
23.6 kJ/mol. This value and analysis of the known
published data on the enthalpy of formation of radicals
from several carboxylic acids were used to estimate the
standard enthalpy of formation of the pentafluoroben-
zoic acid radicals: A; [{209&1 5(C6F5COO', cr) =—878.6 £
25.0 kJ/mol and the enthalpy of the heterogeneous

reaction A, Hog 15 (4) = 314 + 34.4 kJ /mol

C4F;COOAg(cr) = C,FCOO (g) + Ag(er).  (5)
Owing to high enthalpy of this reaction and the
thermal instability of the C,FsCOO" radical, silver

pentafluorobenzoate can be used in heterogeneous
reactions as a carboxylating agent in the synthesis of

Table 2. Partial pressures (Pa) of components of the saturated vapor pressure of C(FsCOOAg-0.5C,F;COOH

Conditions
Condensed phase of sublimation Fercoon ek, feo, LK
Pa

C¢FsCO0Ag0.5C(FsCOOH | Knudsen 8.8 x 10~ 378

Knudsen. 9.4 x 1072 6.8 x 1072
CcFsCOOAg 425

Closed volume 9.5 % 1072 4.8 x 1072
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Fig. 4. Temperature dependence of the equilibrium con-
stant of reaction (3).

salts at relatively low temperatures and with a high
bond enthalpy: A, H ., (C¢FsCOO—M) > 340 kJ /mol.
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