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Abstract—Complexation in a KF-SbF;—H,0 system is studied in a range of molar ratios of fluorides KF : SbF; =
(0.1-2) : 1 by calorimetric titration. The equilibrium formation constants of complexes KSb,F;, KSbF,, and
K,SbF; (5.8 x 103 + 800, 3.3 x 10* + 500, and 1.9 x 10° + 950, respectively) and the changes in enthalpy (-31.75 +

0.74, -28.15 £ 0.44, and —25.5 + 0.64 J mol ™, respectively) and entropy (4 +7,-8 £5,and -35+9J mol™ K,
respectively) are determined. The thermodynamic stability of the antimony(III) fluoride complexes is found to

increase on going from KSb,F; to K,SbFs.

INTRODUCTION

In this work, we continued the systematic study of
the physicochemical properties of the antimony(III) flu-
oride complexes [1-4]. Complexation in a KF-SbF3—
H,0 system was studied by calorimetric titration. The
equilibrium constants (K,) and the changes in enthalpy
(AH) and entropy (AS) of formation of KSb,F;, KSbF,,
and K,SbF5 complexes were determined.

EXPERIMENTAL

Potassium and trivalent antimony fluorides (reagent
grade) served as the starting substances. Complexation
in the KF-SbF;-H,0 system was studied by calorimet-
ric titration at 298.15 K in an interval of KF to SbF;
molar ratios of (0.1-2) : 1. A solution of KF with con-
centration 1.3—1.45 mol/l was placed in a dosing vessel,
and a solution of SbF; with concentration 0.003-
0.008 mol/l was poured into a calorimetric cell. Solid
substances isolated by crystallization from a solution
with a specified molar ratio of the starting compo-
nents KF : SbF; (0.6 : 1, 1.1 : 1, and 1.9 : 1) were
identified after calorimetric titration by thermogravi-
metric analysis.

Calorimetric titration was carried out on a differen-
tial automated calorimeter designed for measuring low
thermal effects of endo- and exothermic processes. The
method is described in detail in [5]. All experimental
data were compiled and processed on a computer. First,
from experimental titration curves we determined sin-
gle thermal effects, which corresponded to a response
of the system to the introduction of particular doses, as
a product of the surface area of the corresponding peak
by a cell constant o.. The obtained single thermal effects
were corrected taking into account the results of a

“blank” experiment in each titration step. The “blank”
experiment (titration of a pure solvent with a solution of
a titrant) made it possible to take into account thermal
effects caused by the introduction of the titrant and
dilution of a solution with the titrant.

The thermodynamic characteristics of the processes
under study were calculated using a KALORY com-
puter program [6, 7]. The program is based on a graph-
ical method for the determination of numerical values
of K. and AH. For these values, the calculated function

(0™ almost coincides with the experimental curve

(Q."") (Q, is the amount of heat evolved upon the addi-

tion of the nth dose of the titrant) due to varying the
equilibrium constant and the enthalpy change and
reducing to minimum the sum of quadratic deviations

SO — fodCd ). The coincidence of the experimental

and calculated curves and the presence of inflection
points corresponding to the composition of a solution
with the molar ratio KF : SbF; =1 : 1 (see below) indi-
cates that the model (formation of the KSbF, complex)

was chosen correctly. If the Q5" function unsatisfac-

exp

torily describes the experimental plot Q, and the

inflection point corresponded to the other composition
of fluorides (1 : 2 or 2 : 1) in a solution, the thermody-
namic characteristics of formation of complexes of the
respective composition were calculated.

To exclude possible local minima in the X(Q;" —

0°*“*)? function, we plotted and analyzed the profile of
this function for each system under study. For all sys-
tems studied, the £(Q™® — 0™’ )? function has only
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Table 1. Molar ratios of potassium and antimony(III) fluorides in an aqueous solution, the compositions of crystalline antimo-
ny(III) fluorides formed upon crystallization from an aqueous solution, and the temperatures of phase transitions and melting

Mol . Temperature, °C
o E_lr rato Composition of the main Structure of complex,
KF : SbF, compound in solid phase [1]* references 1 h References
in water p p polymorphious melting
transformation
(0.01-0.03) : 1 | Sb3O,F5 [9]
(0.03-0.04) : 1 | KSb,F5 (Sbs0,F5, KSb,F;) [10]
(0.05-0.65) : 1 | KSb,F; (Sb30,Fs, KSb,F5, [11] Absent 270 [16]
K,SbsFy )
(0.55-0.68) : 1 | K,SbsF; (KSb,F;, [12] 160-165 2]
K;Sb,F;5, KSbF,) 180-185
(0.69-0.78) : 1 | K5SbyF,5 (KSb,F;, 180-185 [2]
K,Sb;F,,, KSbF,)
(0.65-1.4) : 1 |KSbF, (KSb,F;, K,SbsF, [13] -83 [16-21]
K;3Sb,Fis, K,SbFs) 167-177 315
(1.5-5): 1 | K,SbF5 (KSbF,) [14, 15] 555 575 [16]

* Compounds that can crystallize as an admixture at boundary molar ratios of the components are given in parentheses.

one minimum, which is confirmed by the shape of the
profile of the corresponding function (the profile was
obtained by varying only one of the desired parame-
ters). In this case, the dispersion minimum character-
izes the best agreement between the calculated and
experimental single thermal effects. The presence of
one minimum indicates its global character and con-
firms reliability of thermodynamic characteristics
determined by the program.

The thermogravimetric study of precipitates
obtained from solutions of antimony(IIl) and potassium
fluorides was carried out on a 1000D derivatograph
(MOM, Hungary) in a temperature interval of 20—
500°C in air flow. A weighed sample (50-80 mg) was
placed in a platinum crucible. The sensitivity of a gal-
vanometer for recording a DTG signal was 1 mV, and
those for DTA and thermobalance were 250 uV and
100 mg/250 mm of scale, respectively; heating rate was
1.25 K/min. The accuracies of measuring the tempera-
tures of a sample and intraphase polymorphous confor-
mation transitions in the studied temperature interval
were checked by the characteristic temperatures of ref-
erence substances according to [8].

RESULTS AND DISCUSSION

The formation of the hydrolysis product of anti-
mony trifluoride Sb;O,Fs and six fluoride complexes
KSb,F,;, KSb,F;, K,SbsF;;, K;Sb,F;5, KSbF,, and
K,SbF;s (Table 1) in the synthesis of antimony(III) fluo-
ride complexes with the potassium cation in an aqueous
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solution in an interval of molar ratios KF : SbF;
(0.01-5) : 1 was reliably established by the preparative
chemical method [1, 2, 9-21]. Compounds with the
same compositions were obtained by the solidphase
synthesis [22]. The crystal structures were determined
for all compounds, except for K;Sb,F;5 (unfortunately,
we could not obtain a crystal appropriate for X-ray dif-
fraction analysis). Similar structures of complexes with

Cs* and NHZ cations are known [23]. The thermal

properties of the antimony(III) fluoride complexes with
the K* cation were studied in several works (Table 1).

The calorimetric titration of an aqueous solution of
SbF; with a solution of potassium fluoride in water
allowed us to establish that three inflection points cor-
responding to ratios of 0.65 : 1, 1.1 : 1,and 1.9 : 1 are
observed in the calorimetric titration curves in the inter-
val of molar ratios KF : SbF; = (0.1-2) : 1. When KF is
introduced into a solution of SbF;, complexes of differ-
ent compositions are formed (Table 1), and the thermal
effects detected include, undoubtedly, all changes that
occur in solution. After the calorimetric experiment
was finished, solid phases were isolated from solutions
in the inflection points and examined by thermogravi-
metric analysis in order to refine the composition of the
complexation products.

The DTA curve of the sample obtained from a solu-
tion with the molar ratio KF : SbF; = 0.6 : 1 contains
one peak at 265°C. Since this peak does not correspond
to a weight loss and no changes are observed in the TG
and DTG curves, we concluded that it corresponds to
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Table 2. Characteristics of the formation of potassium fluo-
roantimonates(III) in water at 298.15 K

pco‘ifgé K, AH, J mol™ |AS, J mol” K!
KSb,F, [5.8x10°+£800 |-31.75+0.74 4+7
KSbF, [3.3x104+500 |-28.15+0.44| -85
K,SbFs [1.9x 1064950 | —25.5+0.64| -35+9

melting of the substance. A comparison of the obtained
experimental and published data (Table 1) and the
absence of other peaks in the DTA curve indicate that
only one complex KSb,F; is detected in this system
within the sensitivity limit of the thermogravimetric
method. All the aforesaid makes it possible to assign
the thermal effects detected in the calorimetric experi-
ment to the formation of compound KSb,F,. Based on
the experimental curves obtained by calorimetric titra-
tion, we calculated the thermodynamic characteristics
of KSb,F; formation according to [5—7] (Table 2).

The procedure of studying the KF—SbF;—H,0 sys-
tems with achievable molar ratios of fluorides of 1.1 : 1
and 1.9 : 1 is similar: after calorimetric experiment, the
solution was evaporated in a vacuum until a crystalline
precipitate formed. The solid product was filtered off
and identified by thermogravimetry on the basis of the
data in Table 1. The formation of the KSbF, and K,SbFs
complexes was established, and the thermodynamic
characteristics of their complexation were calculated
(Table 2).

Thus, according to the data obtained in this work,
the formation of three complexes KSb,F;, KSbF,, and
K,SbF;s in an aqueous solution of a KF—SbF;—H,0 sys-
tem was established for the range of molar ratios of flu-
orides KF : SbF; = (0.1-2) : 1. These complexes are
likely to be thermodynamically most stable in solution
of a whole group of the known potassium fluoroanti-
monate(IIT) complexes. The highest stability constant
belongs to K,SbFs. This indicates that potassium pen-
tafluoroantimonate(Ill) (for which the minimum K,
value was determined) has the highest stability in an
aqueous solution of the three complexes. The transition
from KSb,F; to K,SbF; is accompanied by a decrease
in the thermal exothermic effect, while the character of
entropy change indicates an increase in the ordering in
the KF-SbF;—H,0 system with an increase in the molar
ratio of the components. The absence of inflection
points in the region of K,SbsF,; and K;Sb,F,5 forma-
tion for the calorimetric titration of fluoride solutions
(Table 1) is associated, most probably, with very nar-
row area of their existence and a low thermodynamic
stability of these compounds under conditions studied.
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