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Abstract

From extraction experiments and y-activity measurements, the extraction constant corresponding to the equilibrium
TI*(aq) + 1-Na*(nb) & 1-T1*(nb) + Na*(aq) taking place in the two—phase water—nitrobenzene system (1 = dibenzo-18-
crown-6; aq = aqueous phase, nb = nitrobenzene phase) was evaluated as log K, (T1*, 1-Na*) = 2.1. Further, the stability
constant of the complex 1-T1* in nitrobenzene saturated with water was calculated for a temperature of 25 °C: log B,
(1-TT*) = 6.6. Finally, by using quantum mechanical DFT calculations, the most probable structure of the resulting com-

plex 1-TI" was solved.

Keywords: Thallium cation, dibenzo-18-crown-6, complexation, extraction and stability constants, water-nitrobenzene

system, DFT, complex structure

1. Introduction

The dicarbollylcobaltate anion' and some of its ha-
logen derivatives are very useful reagents for the extrac-
tion of various metal cations (especially Cs*, Sr**, Ba*,
Eu** and Am*") from aqueous solutions into a polar orga-
nic phase, both under laboratory conditions for purely
theoretical or analytical purposes,”™ and on the technolo-
gical scale for the separation of some high-activity isoto-
pes in the reprocessing of spent nuclear fuel and acidic ra-
dioactive waste.***

In 1967, Pedersen published his first papers
dealing with cyclic polyether compounds with oxyethy-
lene groups —CH,—CH,—O-, that are called crowns ow-
ing to their structure. These electroneutral compounds
form relatively stable complexes in nonaqueous sol-
vents, especially with alkali and alkaline-earth metal ca-
tions, the cations being placed in the ligand cavities.
The ratio of the size of the crown ligand cavity to the
ion radius of the central cation is a decisive or at least an
important factor in the stability of the complex com-
pounds formed.?® It is the complexing properties of the
crowns that are due to the rapid development of the che-

26,27

mistry of these cyclic polyethers that we have witnessed
in recent decades. At this point it should be noted that
several reviews have covered many aspects of their che-
mistry. 23!

In the current work, the stability constant of the
cationic complex species 1-T1*, where 1 denotes diben-
z0-18-crown-6 (see Scheme 1), in nitrobenzene satura-
ted with water was determined. Moreover, applying
quantum mechanical DFT calculations, the most pro-
bable structure of the mentioned complex species was
predicted.

Scheme 1. Structural formula of dibenzo-18-crown-6 (abbrev. 1).

Makrlik et al.: Experimental and Theoretical Study on the Complexation

199



200

Acta Chim. Slov. 2012, 59, 199-202

2. Experimental

Dibenzo-18-crown-6 (abbrev. 1; see Scheme 1) was
purchased from Fluka. Cesium dicarbollylcobaltate
(CsDCC) was synthesized by means of the method publis-
hed by Hawthorne et al.** The other chemicals used (Lac-
hema, Brno, Czech Republic) were of reagent grade pu-
rity. A nitrobenzene solution of hydrogen dicarbollylco-
baltate (HDCC)' was prepared from CsDCC by the proce-
dure described elsewhere.* The equilibration of the nitro-
benzene solution of HDCC with stoichiometric NaOH,
which was dissolved in an aqueous solution of NaCl (0.2
mol/L), yielded the corresponding NaDCC solution in ni-
trobenzene. The radionuclide **Na* (DuPont, Belgium)
was of standard radiochemical purity.

The extraction experiments were carried out in 10
mL glass test-tubes with polyethylene stoppers: 2 mL of
an aqueous solution of TINO, of a concentration in the
range from 1 x 107 to 1 x 102 mol/L and microamounts
of *Na* were added to 2 mL of a nitrobenzene solution of
1 and NaDCC, whose initial concentrations also varied
from 1 x 107 to 1 x 1072 mol/L (in all experiments, the
initial concentration of 1 in nitrobenzene, C}“’“b, was equal
to the initial concentration of NaDCC in this medium,
CK‘I;H;’CC). The test-tubes filled with the solutions were sha-
ken for 2 h at 25 + 1 °C, using a laboratory shaker. Then
the phases were separated by centrifugation. Afterwards,
1 mL samples were taken from each phase and their y-ac-
tivities were measured using a well-type Nal(T1) scintilla-
tion detector connected to a y-analyzer NK 350 (Gamma,
Budapest, Hungary).

The equilibrium distribution ratios of sodium, D,
were determined as the ratios of the measured radioactivi-
ties of 2Na* in the nitrobenzene and aqueous samples.

3. Results and Discussion

Previous results®**" indicated that the two—phase
water-TINO,—nitrobenzene-1 (dibenzo-18-crown-6)—
NaDCC extraction system (see Experimental), chosen for
determination of the stability constant of the complex
1-TI* in water-saturated nitrobenzene, can be characteri-
zed by the main chemical equilibrium

TI'(ag) + I'Na’(nb) & 1.TI*(nb) + Na*(aq); (1)
K_, (TI, 1-Na*)

with the respective equilibrium extraction constant K
(TI*, 1-Na*):
= [l 2 T1+ ]nh[l\la+ }:u[

Kex (TI', 1-Na") - "
[TI ]aq[l ‘Na ]nh

2)

It is necessary to emphasize that 1 is a considerably
hydrophobic ligand, practically present in the nitrobenze-

ne phase only, where it forms — with TI* and Na* — the
very stable complexes 1-T1* and 1-Na*. Taking into ac-
count the conditions of electroneutrality in the organic
and aqueous phases of the system under study, the mass
balances of the univalent cations studied at equal volumes
of the nitrobenzene and aqueous phases, as well as the
measured distribution ratio of sodium, D, = [1-Na+]nb/
[Na*]aq, combined with Eq.(2), we obtain the final expres-
sion for K, (TI¥, 1-Na®) in the form

o . 1 Cripee
K. (TI"; 1:Na*) = o =)
Dy, (1+Dy,) Crid, — Crance
where CJi% s the initial concentration of TINO, in the

in,nb C
aqueous phase and Cg 5 denotes the initial concentra-

tion of NaDCC in the organic phase of the system under
consideration.

In this study, from the extraction experiments and
Y-activity measurements (see Experimental) by means of
Eq. (3), the following value of the constant K_ (TI,
1-Na*) was determined as log K_ (TI*, 1-Na*) = 2.1.

Furthermore, with respect to previous results,*** for
the exchange extraction constant K__ (TI*, Na*) correspon-
ding to the equilibrium T1*(aq) + Na*(nb) & TI*(nb) +
Na'*(aq) and for the extraction constant K, (T1*, 1-Na") defi-
ned above, as well as for the stability constants of the com-
plexes 1-Na* and 1-TI" in nitrobenzene saturated with water,
denoted by B, (1:Na") and 3, (1-TI%), respectively, one gets

log B,,(1-TI") = log B, (1 - Na*) + @)
log K, (T1",1:-Na*) — log K_ (T1*, Na")

Using the value log K, (TI*, Na¥) = 2.6 inferred
from References 34 and 35, the constant log K_, (T1%,
1-Na*) given above, log f3,,(1'Na*) = 7.1,”° and applying
Eq. (4), we gain the stability constant of the 1-T1* complex
in nitrobenzene saturated with water as log 3, (1-TI") =
6.6. Besides, Table 1 summarizes the stability constants of
the cationic complexes 1:-M*, where M* = Li*, Na*, K*,
Rb*, Cs*, TI*, in water-saturated nitrobenzene at 25 °C.
Thus, from the data reviewed in this table it follows that
the stability of the considered complexes 1-M™ in the men-
tioned nitrobenzene medium increases in the series of Li*
<Cs*<Rb*< TI*< K*<Na*.

Table 1. Stability constants of the 1-M* complexes (1 = dibenzo-
18-crown-6; M* = Li*, Na*, K*, Rb*, Cs*, TI*) in nitrobenzene satu-
rated with water at 25 °C.

M* Li* Na* K* Rb* Cst TI'
log B, (I'MH“ 45 7.1 69 58 49 6.6°

“Ref.36. °This work.

The quantum mechanical calculations were carried
out at the density functional level of theory (DFT,
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Figure 1. Two projections of the DFT optimized structure of free
ligand 1 (B3LYP/LanL2DZ)

B3LYP/LanL2DZ) using the Gaussian 03 suite of pro-
grams.*! The structural optimizations of 1 and its complex
with TI* were fully unconstrained. Although a possible inf-
luence of a polar solvent on the detailed structures of 1 and
1-TI* could be imagined, our quantum mechanical calcula-
tions in similar cases, carried out in an analogous way, sho-
wed very good agreement of experiment with theory.***

In the model calculations, we optimized the molecular
geometries of the parent crown ligand 1 and its complex
with TI*. The optimized structure of the free ligand 1 with C,
symmetry is illustrated in Figure 1. In Figure 2, the structure
obtained by the full DFT optimization of the 1-T1* complex
having also C, symmetry is depicted, together with the
lengths of the corresponding bonds (in A; 1 A =0.1 nm). In
the 1-TI* cationic complex species, which is most energeti-
cally favoured, the “central” cation TI" is bound by six bond
inteactions to four (Ar-O-CH,) ethereal oxygens (2.91,2.91,
2.91 and 2.91 A) and two (CH,-O-CH,) ethereal oxygen
atoms (2.92 and 2.92 A) of the parent crown ligand 1.

Finally, the interaction energy, E(int), of the 1-TI*
complex [calculated as the difference between the pure
electronic energies of the complex 1-T1* and isolated 1 and
TI* species: E(int) = E(1-T1*) — E(1) — E(T1")] was found
to be —334.2 kJ/mol, which confirms the formation of the
considered cationic complex 1-T1".
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Za ravnoteZje Tl*(aq) + 1-Na*(nb) & 1-T1*(nb) + Na*(aq) v dvofaznem sistemu voda-nitrobenzen (1 = dibenzo-18-
crown-6; aq = vodna phase, nb = nitrobenzen) smo s pomocjo podatkov za ekstrakcijo in meritev y~aktivnosti doloc¢ili
konstanto ravnoteZja, log K_, (TI*, 1-Na*) = 2.1. Ocenili smo tudi konstanto stabilnosti kompleksa 1-T1* v nitrobenzenu,

nasi¢enem z vodo pri 25 °C, log 8, (1-TI*) = 6.6. S pomocjo kvantno mehanskih izratunov smo dolo¢ili najbolj verjet-

no strukturo 1-T1* kompleksa.
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