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Abstract—The complexation process between Y3+ cation and kryptofix 22DD was studied in ethyl acetate–
dimethylformamide (EtOAc–DMF), ethyl acetate–methanol (EtOAc–MeOH), ethyl acetate–nitrometh-
ane (EtOAc–NM) and ethyl acetate–dimethylsulfoxide (EtOAc–DMSO) binary mixtures at different tem-
peratures by using conductometric method. The conductance data show that in most cases, the stoichiometry
of the complex formed between the macrocyclic ligand and the Y3+ cation is 1 : 1 [ML]. But in some systems
such as, in the case of EtOAc–DMSO (90 mol % DMSO) binary solvent solution, in addition to formation
of a 1 : 1 (ML) complex, a 1 : 2 (ML2) complex is formed in solution, which shows that the stoichoimetry of
complexes may be changed by the nature of the medium. The stability order of (kryptofix 22DD · Y)3+com-
plex in the studied binary solvent solutions at 25°C was found to be: EtOAc–MeOH > EtOAc–DMF >
EtOAc–DMSO and in the case of pure non-aqueous solvents at 25°C it was: EtOAc > MeOH > DMF ∼
NM. A density functional theory (DFT) study of the interaction of yttrium(III) cation with kryptofix 22DD
in the liquid phase for the pure organic solvents was performed. The results are in reasonably good agreement
with the experimental data. A non-linear behavior was observed for changes of log Kf of
(kryptofix 22DD · Y)3+ complex versus the composition of the binary mixed solvents, which was explained in
terms of solvent–solvent interactions and also the preferential solvation of the species involved in the com-
plexation reaction.
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INTRODUCTION

Cryptands are macrobicyclic ligands which are
derived from crown ethers. These compounds are
known with trade name kryptofix. They are acyclic or
polycyclic molecules which contain three or more
binding sites held together by covalent bonds [1].
These molecules are analogues of crown ethers but
they are more selective and complex the guest cations
more strongly than crown ethers. The three dimen-
sional interior cavity of a cryptand provides a binding
site–or nook–for guest ions. Cryptands form com-
plexes with many hard cations including , lanth-
anoids, alkali metals, and alkaline earth metals. In
contrast to crown ethers, cryptands bind the guest ions
using both nitrogen and oxygen donors. The three-
dimensional encapsulation mode confers some size-
selectivity, enabling discrimination among alkali
metal cations (e.g., Na+ vs. K+). A numerous articles
about the complex formation between metal cations

and crown ethers and cryptands have been published
since 1967 [2–5].

Cryptands are more expensive and difficult to pre-
pare, but they offer much better selectivity and
strength of binding [6] than the other complexants for
alkali metal cations, such as crown ethers. Some kryp-
tofixes are used to produce 18F-labeled pharmaceuti-
cals [7–10]. They can also be used as phase transfer
catalysts by transferring ions from one phase to
another [11], enables the synthesis of the alkalides and
electrides, extraction of gold from aqueous solutions
by carrier-mediated process using kryptofix 22DD
[12], permeation liquid membrane metal ion transport
[13], electrochemical analysis of mercury using a
kryptofix carbon-paste electrode [14].

Yttrium was discovered by Johan Gadolin, while
analyzing the composition of the mineral now known
as gadolinite ((Ce, La, Nd, Y)2FeBe2Si2O10) in 1789.
Today, yttrium is primarily obtained through an ion
exchange process from monazite sand ((Ce, La, Th,
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Scheme 1. Structure of kryptofix 22DD.
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Nd, Y)PO4), a material rich in rare earth elements.
Although metallic yttrium is not widely used, several
of its compounds are yttrium oxide (Y2O3) and yttrium
orthovanadate (YVO4) are both combined with euro-
pium to produce the red phosphor used in CRTs. Gar-
nets made from yttrium and iron (Y3Fe5O12) are used
as microwave filters in microwave communications
equipment. Garnets made from yttrium and alumi-
num (Y3Al5O12) are used in jewelry as simulated dia-
mond.

The thermodynamics of formation of some ionic
complexes of macrocyclic ligands in various pure sol-
vents, has been investigated by several researchers [15,
16], but the data in mixed non-aqueous solutions
especially for complexation of kryptofixes with rare
soil elements are scarce. In this paper, we report the
results of a conductance study of the thermodynamics
of Y3+ cation complexation with kryptofix 22DD
(Scheme 1) in EtOAc–DMF, EtOAc–MeOH,
EtOAc–NM, and EtOAc–DMSO binary solvent
solutions at different temperatures.

The aim of the present work is to study the influ-
ence of the nature and composition of the binary
mixed non-aqueous solvent systems in stoichiometry
stability and thermodynamics of complexation pro-
cesses between yttrium(III) cation and the macrocy-
clic ligand, kryptofix 22DD.
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EXPERIMENTAL
4,13-Didecyl-1,7,10,16-tetraoxa-4,13-diazacycloocta-

decane (kryptofix 22DD) (Merck) and Y(NO3)3 ·
6H2O (Merck) were used without further purification.
The solvents: ethyl acetate, dimethylformamide,
methanol, nitromethane and dimethylsulfoxide all
from Merck were used with highest purity (>99%).

The experimental procedure to obtain the forma-
tion constant of (kryptofix 22DD · Y)3+complex was as
follows: 20 mL solution of metal salt (1.0 × 10–4 M)
was placed in a titration cell and the conductance of
the solution was measured, then the kryptofix concen-
tration was increased by adding kryptofix solution in
the same solvent (2.0 × 10–3 M) to the titration cell,
using a pre-calibrated micropipette and the conduc-
tance of the resulted solution was measured after each
step at the desired temperature. The conductance
measurements were performed on a digital Jenway
conductivity meter (Model 4510), in water bath ther-
mostatted at a constant temperature maintained
within ±0.01 K. The electrolytic conductance was
measured using a cell consisting of two platinum elec-
trodes to which an alternating potential was applied.
The cell constant was 0.98 cm–1.

Calculations of Complex Formation Constants
The reaction for a 1 : 1 complex formation can be

expressed by equation:

(1)
and the corresponding equilibrium constant, Kf, is
given by equation:

(2)

where [MLn+], [M n+], [L], and f represent the equilib-
rium molar concentration of complex, cation, ligand
and the activity coefficient of the species indicated,
respectively. In this paper, L = kryptofix 22DD and
Mn+ = Y3+. Under the highly dilute experimental con-
ditions which we used in this study, the activity coeffi-
cient of the uncharged ligand, fL, can be reasonably
assumed as unity. The use of Debye–Huckel limiting
law leads to the conclusion that,  ~ , therefore,
the activity coefficients in Eq. (2) could be concealed.
The complex formation constant in terms of the molar
conductance can be expressed as [17, 18]:

(3)

where

(4)

ΛM is the molar conductance of the metal nitrate
before addition of the ligand, Λobs the molar conduc-
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Fig. 1. Molar conductance–mole ratio plots for (krypto-
fix 22DD · Y)3+ complex in EtOAc–DMSO (50 mol %
DMSO) at different temperatures:  25,  35,  45,

55°C.
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Fig. 2. Molar conductance–mole ratio plots for (krypto-
fix 22DD · Y)3+complex in EtOAc–DMSO (90 mol %
DMSO) binary solution at different temperatures:  25,

35,  45,  55°C.
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tance of solution during titration and ΛML the molar
conductance of the complexed ion; CL is the analytical
concentration of the ligand added and CM is the ana-
lytical concentration of the metal nitrate.

RESULTS AND DISCUSSION

The changes of molar conductivity (Λm) versus the
ligand to the cation molar ratio, ([L]t/[M]t), for com-
plexation of kryptofix 22DD with Y3+ cation were
measured in pure EtOAc, DMF, MeOH, NM, and
DMSO and also in EtOAc–DMF, EtOAc–MeOH,
EtOAc–NM, and EtOAc–DMSO binary systems at
different temperatures. [L]t is the total concentration
of the ligand and [M]t is the total concentration of the
metal cation. Two typical series of molar conductance
values as a function of [L]t/[M]t in EtOAc–DMSO
(50 mol % DMSO) and EtOAc–DMSO (90 mol %
DMSO) binary mixtures are shown in Figs. 1 and 2,
respectively. The stability constant of (kryptofix
22DD · Y)3+ complex at each temperature was
obtained from changes of the molar conductance as a
function of [kryptofix 22DD]/[Y3+], and it was evalu-
ated by computer fitting of Eqs. (3) and (4) to a GEN-
PLOT computer program [19]. The details of calcula-
tion of the stability constants of complexes by conduc-
tometric method have been described in [20]. The
values of stability constant (logKf) for
(kryptofix 22DD · Y)3+ complex in various solvent sys-
RUSSIAN JOURNAL O
tems are listed in Table 1. The calculated binding ener-
gies (ΔE) for formation of the complex in pure organic
solvents at 25°C are given in Table 2. The change of
logKf versus the solvent composition for
(kryptofix 22DD · Y)3+ complex in EtOAc–MeOH
binary system at different temperatures is shown in
Fig. 3.

As is seen from Fig. 1, addition of kryptofix 22DD
to a solution of yttrium(III) cation in EtOAc–DMSO
(50 mol % DMSO) binary solvent solution at different
temperatures, results a gradual increase in molar con-
ductivity with an increase in the ligand concentration.
This behavior indicates that the (kryptofix 22DD ·
Y)3+ complex is more mobile than free solvated Y3+

cation. Similar behavior was observed in most solvent
systems. The slope of the corresponding molar con-
ductivity versus [kryptofix 22DD]/[Y3+] mole ratio
plots changes at the point where the ligand to cation
mole ratio is about one, which is an evidence for for-
mation of a relatively stable 1 : 1 [M : L] complex
between kryptofix 22DD and Y3+ cation in these non-
aqueous solvents. In order to make more clear the 1 : 1
[M : L] complexation model, the fitting and experi-
mental curves for (kryptofix 22DD · Y)3+ complex in
EtOAc–DMSO (50 mol % DMSO) at 25°C are
shown in Fig. 4. As is evident in this figure, there is a
good agreement between the fitting and experimental
data.
F PHYSICAL CHEMISTRY A  Vol. 93  No. 11  2019
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Table 1. logKf values of (kryptofix 22DD · Y)3+ complex in various solvent systems at different temperatures (SD is stan-
dard deviation)

c The data cannot be fitted to equations.

[EtOAc], mol %
logKf ± SD

15°C 25°C 35°C 45°C

EtOAc–MeOH
100 4.79 ± 0.50 4.54 ± 0.40 4.18 ± 0.30 4.13 ± 0.40

75 3.22 ± 0.10 3.67 ± 0.02 4.12 ± 0.09 3.86 ± 0.06
50 3.12 ± 0.05 3.34 ± 0.08 3.10 ± 0.05 3.17 ± 0.05
25 2.97 ± 0.03 3.11 ± 0.06 2.96 ± 0.07 3.25 ± 0.06

0 3.34 ± 0.03 3.65 ± 0.02 3.63 ± 0.02 3.30 ± 0.05
EtOAc–DMF

75 3.01 ± 0.04 2.79 ± 0.06 3.24 ± 0.04 2.80 ± 0.10
50 3.07 ± 0.07 2.77 ± 0.20 3.25 ± 0.05 3.25 ± 0.05
25 2.97 ± 0.03 3.30 ± 0.05 3.60 ± 0.05 2.81 ± 0.08

0 2.69 ± 0.10 2.74 ± 0.20 2.69 ± 0.10 2.77 ± 0.09
EtOAc–NM

25 c c c c
0 2.55 ± 0.20 2.70 ± 0.10 2.56 ± 0.20 2.59 ± 0.20

25°C 35°C 45°C 55°C

EtOAc–DMSO
75 3.55 ± 0.02 3.28 ± 0.05 3.25 ± 0.04 3.46 ± 0.06
50 3.69 ± 0.05 3.51 ± 0.07 3.52 ± 0.06 3.53 ± 0.04
25 c c 2.71 ± 0.10 c
10 c c c c

Table 2. The calculated binding energies (ΔE) by DFT method in pure organic solvents for (kryptofix 22DD · Y)3+ complex
at 25°C

Solvent –EL, Hartree – , Hartree – , Hartree –ΔE, Hartree –ΔE, kJ/mol

EtOAc 1669.2499271 37.46749094 1706.933638 0.21621960 567.675
MeOH 1669.2546638 37.64411987 1707.019901 0.12111747 317.989
NM 1669.2548006 37.64840927 1707.022263 0.11905327 312.569
DMF 1669.2548203 37.64903459 1707.022607 0.11875170 311.777

+
M
nE +

[ML]
nE
As is clear from Fig. 2, addition of the ligand to Y3+

cation in EtOAc–DMSO (90 mol % DMSO) mixed
solvent solution at different temperatures, causes the
molar conductivity to initially decreases until the mole
ratio reaches to about one, and then increacses.It
seems that addition of the ligand to yttrium(III) cation
solution results in formation of a [ML] complex which
is less mobile than free solvated Y3+ cation, but further
addition of the ligand to the solution results in forma-
tion of a [ML2] complex with a sandwich structure
which is less mobile than [ML] complex and, there-
fore, the molar conductivity increases. We may suggest
the following mechanism for complexation processes
RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY A  Vo
between the yttrium(III) cation and kryptofix 22DD
in this solvent system at all temperatures:

A different behavior was observed in EtOAc–NM
(50 mol % NM) binary solvent solution. As is evident
in Fig. 5, addition of kryptofix 22DD to a solution of
yttrium(III) cation in this solvent system, results in
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Fig. 3. Changes of the stability constant (logKf) of (krypto-
fix 22DD · Y)3+ complex with the composition of EtOAc–
DMF binary system at different temperatures:  15,  25,

 35,  45°C.
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Fig. 4. The fitting and experimental curves for (krypto-
fix 22DD · Y)3+ complex at 25°C in EtOAc–DMSO
(50 mol % DMSO). 
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formation of a [ML] complex which is slightly less sol-
vated than free solvated Y3+ cation by the solvent mol-
ecules, but further addition of the ligand to the solu-
tion results in formation a [ML2] complex which is
much less solvated than the [ML] complex and, there-
fore, the molar conductivity increases sharply. Similar
behavior was observed in EtOAc–NM (75 mol %
NM) binary mixture. It seems that the solvation num-
bers for the metal cation, and the resulting complexes
changes with the composition and the nature of the
binary mixed solvent solutions. The results obtained in
this investigation show that the stoichiometry of the
kryptofix–metal cation complexes may be changed by
the nature and composition of the solvent systems.

As is obvious from Table 1, the stability constant of
(kryptofix 22DD · Y)3+ complex in pure non-aqueous
solvents at 25°C decreases in the order: EtOAc >
MeOH > DMF ∼ NM. Solvent properties are consid-
ered as the major factors influencing the formation
constants of crown ether-cation complexes. The rea-
son is that the solvent and crown ether molecules
compete in binding to the metal cation. When the
donor properties of the solvent are low, the cation is
poorly solvated and can easily be complexed by the
crown ether molecule. The solvation of the crown
ether also influences the formation constant of crown-
cation complex in solution. Although the donor ability
of NM (DN = 2.7) is lower than EtOAc (DN = 17.1),
MeOH (DN = 20.0), and DMF (DN = 26.6), but the
stability of the complex in NM is lower than the other
non-aqueous solvents. The behavior observed in this
RUSSIAN JOURNAL O
solvent system is probably due to the interactions
between kryptofix 22DD and the nitromethane mole-
cules which involve the hydrogen bonding between the
CH3 protons of the nitromethane molecules and the
oxygen atoms of the kryptofix 22DD. Similar interac-
tions have been observed in crown ether complexation
with some metal cations in acetonitrile solutions [21,
22]. Since the donor ability of DMF is higher than
EtOAc and MeOH, therefore, the formation constant
of (kryptofix 22DD · Y)3+ is lower in DMF than the
other two organic solvents. In addition, the higher
dielectric constant of DMF (ε = 36.1) compared with
EtOAc (ε = 6) and MeOH (ε = 32.6) could also lead
to a decrease in the electrostatic interactions between
the ligand and the metal cation.

As is seen from Fig. 3, the change of the stability
constant (logKf) of (kryptofix 22DD · Y)3+ complex
with the composition of EtOAc–DMF binary system
is not linear. A non-linear behavior was also observed
in all other binary mixed solvent solutions. This
behavior may be related to changes occurring in the
structure of the solvent mixtures and, therefore,
changing in the solvation properties of the ligand, cat-
ion and even the resulting complex in these solvent
mixtures. Some structural changes probably occur in
the structure of the solvents when they are mixed with
one another. These structural changes may result in
changing the interactions of those solvents with the
solutes. In addition, the preferential solvation of the
cation, anion and the ligand and the characteristics of
its changes with the composition of the mixed solvents
and temperature may be effective in this complexation
process.

In order to obtain information about the confor-
mational change of kryptofix 22DD upon complex-
ation with the yttrium(III) cation, the molecular
F PHYSICAL CHEMISTRY A  Vol. 93  No. 11  2019
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Fig. 5. Molar conductance–mole ratio plots for (krypto-
fix 22DD · Y)3+ complex in EtOAc–NM (50 mol % NM)
at different temperatures:  15,  25,  35,  45°C.
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structures of the uncomplexed ligand and its [ML]
complex were computed by quantum calculations. All
calculations were carried out with the GAUSSIAN 09
software package [23], applying the modern density
functional theory (DFT) method.

Calculations in the liquid phase were performed at
the B3LYP level of DFT theory using the LanL2dz
basis set. The structure of the free ligand was opti-
RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY A  Vo

Fig. 6. (Color online) Optimized 
mized using the LanL2dz basis set at the B3LYP level
of theory. The optimized structure of the ligand was
then used to find out the initial structure of [ML]
complex. Finally, the structure of the resulting 1 : 1
complex was optimized using the LanL2dz basis set at
the B3LYP level of theory. All calculations were car-
ried out for the liquid phase in the EtOAc, MeOH,
NM, and DMF pure solvents environment. The opti-
mized structures of kryptofix 22DD and
(kryptofix 22DD · Y)3+complex in EtOAc organic sol-
vent are presented in Figs. 6 and 7, respectively. The
optimized structure in the other solvents is similar to
EtOAc solvent system.

As is evident in Fig. 6, the ligand forms a more or
less planar structure, but in the case of optimized
structure of the (kryptofix 22DD · Y)3+ complex
(Fig. 7), the yttrium(III) ion is well incorporated
inside the twisted macrocyclic ligand and coordinated
to six donating atoms of the ligand, four oxygen atoms
and two nitrogens. It is interesting to note that when
the metal ion is added to the ligand, the ligand is
twisted and completely deformed from its planar
shape. Moreover, the orientation of two carbon chains
attached to the ring is changed compared to the free
ligand.

In order to study the effect of solvent upon com-
plexation, we compared the order of stability of
(kryptofix 22DD · Y)3+ complex in the different sol-
vents which were obtained based on binding energies
with its stability in the liquid phase obtained experi-
mentally. The calculations of binding energy are per-
formed based the following equation:

(5)
where ΔE is the pair wise interaction energy between
the host molecule (L) and guest (Mn+) estimated as
the difference between the energy of the complex
[ML]n+ and the energies of isolated partners. The data
are summarized in the Table 2. As shown in this table,
the order of the stability of (kryptofix 22DD · Y)3+

+ +Δ = +ML] M[ L– ( ),n nE E E E
l. 93  No. 11  2019
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Fig. 7. (Color online) Optimized structure of (kryptofix 22DD · Y)3+.
complex based on binding energy formed between
kryptofix 22DD and the Y3+ cation in liquid phase in
different organic solvents is: EtOAc > MeOH > NM ∼
DMF and as can be seen form the experimental
results, the order of stability of the complex formed
between kryptofix 22DD and the Y3+ cation in differ-
ent pure non-aqueous solvents at the 25°C was found
to be EtOAc > MeOH > DMF ∼ NM. Therefore, the
theoretical results are in a reasonably good agreement
with the experimental data. The calculated values of
the liquid phase binding energies in the different sol-
vents indicate that kryptofix 22DD binds the Y3+ cat-
ion in pure EtOAc most strongly than DMF, NM,
MeOH organic solvents.

CONCLUSION

The results obtained for complexation of Y3+ cation
with kryptofix 22DD in (EtOAc–DMF), (EtOAc–
MeOH), (EtOAc–NM), and (EtOAc–DMSO)
binary solvent solutions, show that in most cases, the
stoichiometry of complex formed between the Y3+ and
the ligand is 1 : 1 [ML], but in some of the binary sol-
vent systems, in addition of formation a 1 : 1 [ML]
complex, a 1 : 2 [ML2] complex is formed in solution.
The results obtained in this study, reveal that the stoi-
chiometry of metal ion-macrocyclic ligand complexes
may change with the composition of the binary mixed
solvents. The results show that the electron donor abil-
ity and the dielectric constant of the solvents play an
important role in complexation process. The stability
order of (kryptofix 22DD · Y)3+ complex in binary sol-
vent solutions at 25°C was found to be: EtOAc–
MeOH > EtOAc–DMF > EtOAc–DMSO and in the
case of pure non-aqueous solvents at 25°C it was:
EtOAc > MeOH > DMF ∼ NM. In order to obtain
information about the conformational change of
kryptofix 22DD upon complexation with the
RUSSIAN JOURNAL O
yttrium(III) cation, the molecular structures of the
uncomplexed ligand and its [ML] complex were com-
puted with quantum calculations. The theoretical data
are in good agreement with the experimental results.
The order of the stability of (kryptofix 22DD · Y)3+

complex based on binding energy formed between
kryptofix 22DD and the Y3+ cation in liquid phase for
different organic solvents is: EtOAc > MeOH > NM ∼
DMF which is consistent with the experimental
results.
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