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Ab stract
From extraction experiments and γ-activity measurements, the extraction constant corresponding to the equilibrium
NH4

+(aq) + NaL+ (nb) ⇔ NH4L
+(nb) + Na+ (aq) taking place in the two-phase water–nitrobenzene system (L = beau-

vericin; aq = aqueous phase, nb = nitrobenzene phase) was evaluated as log Kex (NH4
+, NaL+) = 1.5 ± 0.1. Further, the

stability constant of the NH4L
+ complex in water-saturated nitrobenzene was calculated for a temperature of 25 °C as

log βnb (NH4L
+) = 4.6 ± 0.2. Finally, by using quantum mechanical DFT calculations, the most probable structure of the

NH4L
+ cationic complex species was derived. In this complex having C3 symmetry, the ammonium cation NH4

+ is bound
by three strong linear hydrogen bonds to the three corresponding oxygen atoms of the parent beauvericin ligand L. The
interaction energy of the resulting complex NH4L

+ was found to be –828.8 kJ/mol, confirming the formation of the con-
sidered complex NH4L

+.
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1. Introduction

Beauvericin (abbrev. L; see Scheme 1) is a cyclic
hexadepsipeptide with alterning methyl-phenylalanyl and
hydroxyl-iso-valeryl residues.1 For the first time, beau-
vericin was isolated from the fungus Beauveria bassiana.
It was further found that the antibiotic beauvericin was
produced by many other fungi (e. g., by some Fusarium
species) so that this compound, which belongs to the enni-
atin family, can occur very often in grain contaminated
with these fungi.2–4

The dicarbollylcobaltate anion (DCC–)5 and some of
its halogen derivatives are very useful reagents for the ex-
traction of various metal cations (especially Cs+, Sr2+,
Ba2+, Eu3+ and Am3+) from aqueous solutions into a polar
organic phase, both under laboratory conditions for purely
theoretical or analytical purposes,6–22 and on the techno-
logical scale for the separation of some high-activity iso-

topes in the reprocessing of spent nuclear fuel and acidic
radioactive waste.23,24

Recently, the complexation of the ammonium cation
with valinomycin has been investigated in methanolic

Scheme 1. Structural formula of beauvericin (abbrev. L).
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medium.25 On the other hand, in the current work, the sta-
bility constant of the beauvericin complex with NH4

+ (i. e.,
NH4L

+) was determined in the organic phase of the water-
nitrobenzene extraction system. Moreover, applying quan-
tum mechanical DFT calculations, the most probable struc-
ture of the NH4L

+cationic complex species was predicted. 

2. Experimental

Beauvericin (L; see Scheme 1) was purchased from
Aldrich. Cesium dicarbollylcobaltate (CsDCC) was syn-
thesized by means of the method published by Hawthorne
et. al.26 The other chemicals used (Lachema, Brno, Czech
Republic) were of reagent grade purity. A nitrobenzene
solution of hydrogen dicarbollylcobaltate (HDCC)5 was
prepared from CsDCC by the procedure described else-
where.27 The equilibration of the nitrobenzene solution of
HDCC with stoichiometric NaOH, which was dissolved
in an aqueous solution of NaCl (0.20 mol/L), yielded the
corresponding NaDCC solution in nitrobenzene. The ra-
dionuclide 22Na+ (DuPont, Belgium) was of standard ra-
diochemical purity.

The extraction experiments were carried out in 10
mL polypropylene test-tubes with polypropylene stop-
pers: 2 mL of an aqueous solution of NH4Cl (1 × 10–2 to 3
× 10–2 mol/L) and microamounts of 22Na+ were added to 2
mL of a nitrobenzene solution of L and NaDCC, whose
initial concentrations varied  also from 1 × 10–2 to 3 × 10–2

mol/L (in all experiments, the initial concentration of L in
nitrobenzene, CL

in,nb, was equal to the initial concentration
of NaDCC in this medium, Cin,nb

NaDCC). The test-tubes filled
with the solutions were shaken 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 γ-activities were measured by
means of a well-type NaI(Tl) scintillation detector con-
nected to a γ-analyzer NK 350 (Gamma, Budapest,
Hungary). 

The equilibrium distribution ratios of sodium, DNa,
were determined as the ratios of the measured radioactivi-
ties of 22Na+ in the nitrobenzene and aqueous samples.

3. Results and Discussion

With respect to the results of previous papers,5,28,29

the two–phase water–NH4Cl–nitrobenzene–sodium dicar-
bollylcobaltate (NaDCC) extraction system can be de-
scribed by the following equilibrium 

NH4
+ (aq) + Na+ (nb) ⇔ 

NH4
+ (nb) + Na+ (aq);     Kex (NH4

+, Na+)
(1)

with the c,orresponding exchange extraction constant Kex
(NH4

+, Na+); aq and nb denote the presence of the species

in the aqueous and nitrobenzene phases, respectively. For
the constant Kex (NH4

+, Na+) one can write5,28,29

log Kex(NH4
+, Na+) = log Ki

NH+
4
– log Ki

Na+ (2)

where Ki
NH+

4
and Ki

Na+are the individual extraction constants
for NH4

+ and Na+, respectively, in the water-nitrobenzene
system.28 Knowing the values log Ki

NH+
4

= –4.7 28 and log
Ki

Na+ = –6.0,28 the exchange extraction constant Kex (NH4
+,

Na+) was simply calculated from Eq. (2) as log Kex (NH4
+,

Na+) = 1.3.
Previous results30–33 indicated that the two–phase

water–NH4Cl–nitrobenzene–NaDCC–L (beauvericin) ex-
traction system (see Experimental), chosen for determina-
tion of the stability constant of the complex NH4L

+ in wa-
ter-saturated nitrobenzene, can be characterized by the
main chemical equilibrium 

NH4
+(aq) + NaL+ (nb) ⇔ NH4L

+ (nb) + 
Na+ (aq);      Kex (NH4

+, NaL+)
(3)

with the respective equilibrium extraction constant Kex
(NH4

+, NaL+):

(4)

It is necessary to emphasize that L is a considerably
hydrophobic ligand, practically present in the nitroben-
zene phase only, where this ligand forms – with NH4

+ and
Na+ – the relatively stable complexes NH4L

+ and NaL+.
Taking into account the conditions of electroneutral-

ity in the organic and aqueous phases of the system under
study, the mass balances of NH4

+ and Na+ cations at equal
volumes of the nitrobenzene and aqueous phases, as well
as the measured equilibrium distribution ratio of sodium,
DNa = [NaL+]nb / [Na+]aq, combined with Eq. (4), we get
the final expression for Kex(NH4

+, NaL+) in the form

(5)

where Cin,aq
NH4Cl is the initial concentration of NH4Cl in aque-

ous phase and Cin,nb
NaDCC denotes the initial concentration of

NaDCC in the organic phase of the system under consid-
eration.

In this study, from the extraction experiments and γ-
activity measurements (see Experimental) by means of
Eq. (5), the following value of the constant Kex (NH4

+,
NaL+) was determined as log Kex (NH4

+, NaL+) = 1.5 ± 0.1. 
Furthermore, with regard to previous papers,30–33 for

the extraction constants Kex (NH4
+, Na+) and Kex (NH4

+,
NaL+) defined above, as well as for the stability constants
of the complexes NH4L

+ and NaL+ in nitrobenzene satu-
rated with water, denoted by βnb (NH4L

+) and βnb (NaL+),
respectively, one can formulate 
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log βnb (NH4L
+) = log βnb (NaL+) + 

log Kex (NH4
+,NaL+) – log Kex (NH4

+,Na+)
(6)

Using the constants log Kex(NH4
+,Na+) and log

Kex(NH4
+,NaL+) given above, the value log βnb (NaL+) =

4.4 ± 0.1,34 and applying Eq. (6), we obtain the stability
constant of the NH4L

+ complex in water-saturated ni-
trobenzene at 25 °C as log βnb (NH4L

+) = 4.6 ± 0.2. This
means that the stability constants of the cationic complex
species NH4L

+ and NaL+ in the mentioned nitrobenzene
medium are comparable. In this context it should be noted
that the stability constant of the complex NH4L

+, where L
is valinomycin, in nitrobenzene saturated with water is
log βnb(NH4L

+) = 8.4 ± 0.1.35 Thus, in this medium, the
stability of the NH4L

+ complex (L = valinomycin) is sub-
stantially higher than that of the species NH4L

+ (L = beau-
vericin) under study.

The quantum mechanical calculations were carried
out at the density functional level of theory (DFT, B3LYP
functional) using the Gaussian 03 suite of programs.36 The
6-31G(d) basis set was used and the optimizations were
unconstrained. In order to increase the numerical accuracy
and to reduce oscillations during the molecular geometry
optimization, two-electron integrals and their derivatives

were calculated by using the pruned (99,590) integration
grid, having 99 radial shells and 590 angular points per
shell, which was requested by means of the Gaussian 03
keywords “Int = UltraFine”.

Although a possible influence of a polar solvent on
the detailed structures of L and NH4L

+ complex species
could be imagined, our quantum mechanical calculations
in similar cases, performed in an analogous way, showed
very good agreement of experiment with theory.37–44

In the model calculations, we optimized the molecu-
lar geometries of the parent beauvericin ligand L and its
complex species with NH4

+. The optimized structure of the
free ligand L with C3 symmetry is illustrated in Figure 1. 

In Figure 2, the structure obtained by the full DFT
optimization of the NH4L

+ complex having also C3 sym-
metry is depicted, together with the lengths of the corre-
sponding hydrogen bonds (in Å ; 1Å = 0.1 nm). As fol-
lows from this figure, the complexation with the NH4

+

cation changes the overall shape of the parent ligand L on-
ly slightly. In the resulting NH4L

+ cationic complex
species, which is most energetically favoured, the “cen-
tral” cation NH4

+ is bound by three strong linear hydrogen
bonds to the corresponding carbonyl oxygen atoms (1.72,
1.72 and 1.72 Å) of the parent beauvericin ligand L. 

Figure 1. Two projections of the DFT optimized structure of free
beauvericin ligand L [B3LYP/6–31G(d)].

Figure 2. Two projections of the DFT optimized structure of the
NH4L

+ complex [B3LYP/6-31G(d)]. Hydrogen bond lengths of NH+
4

to the three corresponding carbonyl oxygens of L are 1.72, 1.72 and
1.72 Å.
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Finally, the interaction energy, E(int), of the NH4L
+

complex [calculated as the difference between the pure
electronic energies of the complex NH4L

+ and isolated L
and NH4

+ species: E(int) = E(NH4L
+) – E(L) – E(NH4

+)]
was found to be –828.8 kJ/mol, which confirms the for-
mation of the cationic complex NH4L

+. 

4. Conclusions

In summary, we have demonstrated that a comple-
mentary experimental and theoretical approach can pro-
vide important information on the beauvericin ligand L
complexation with the ammonium cation. From the exper-
imental investigation of the resulting complex NH4L

+ in
the two–phase water–nitrobenzene extraction system, the
strength of the considered NH4L

+ cationic complex
species in nitrobenzene saturated with water was charac-
terized quantitatively by the stability constant, log βnb
(NH4L

+) = 4.6 ± 0.2 (for a temperature of 25 °C). By us-
ing the theoretical quantum mechanical DFT calculations,
the structural details of the NH4L

+ complex, such as posi-
tion of the NH4

+ cation with regard to the parent beau-
vericin ligand L as well as the significant interatomic dis-
tances within the complex species under study, were ob-
tained.
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7. E. Makrlík, P. Vaňura, P. Selucký, J. Solution Chem. 2010,
39, 692–700.
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Povzetek
Z ra zi ska va mi ek strak ci je in me ri tva mi γ-aktiv no sti smo do lo~ili kon stan to ek strak ci je za rav no te`je NH+

4(aq) + Na L+

(nb) ⇔ NH4L
+(nb) + Na+ (aq) v dvo faz nem si ste mu vo da-ni tro ben zen (L = be au ve ri cin; aq = vod na, nb = ni tro ben zen),

ki zna{a Kex (NH+
4, Na L+) = 1.5 ± 0.1. Na da lje smo v vo di, na si~eni z ni tro ben ze nom, pri 25 °C do lo~ili kon stan to sta -

bil no sti kom plek sa NH4L
+, log βnb (NH4L

+) = 4.6 ± 0.2. Z upo ra bo kvant no me han skih DFT ra~unov smo pred vi de li
naj bolj ver jet no struk tu ro NH4L

+ ka tion ske ga kom plek sa.


