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Abstract Proton NMR was used to study the complexa-
tion reaction of Rb' ion with 18-crown-6 (18C6) in a
number of binary dimethylsulfoxide (DMSO)-nitroben-
zene (NB) mixtures at different temperatures. In all cases,
the exchange between free and complexed 18C6 was fast
on the NMR time scale and only a single population
average 'H signal was observed. The formation constants
of the resulting 1:1 complexes in different solvent mixtures
were determined by computer fitting of the chemical shift
mole ratio data. There is an inverse relationship between
the complex stability and the amount of DMSO in the
solvent mixtures. The enthalpy and entropy values for the
complexation reaction were evaluated from the tempera-
ture dependence of formation constants. In all solvent
mixtures studied, the resulting complex is enthalpy stabi-
lized but entropy destabilized. The AH® versus TAS® plot
of all thermodynamic data obtained shows a fairly good
linear correlation indicating the existence of enthalpy—
entropy compensation in the complexation reaction.
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Introduction
Crown ethers are compounds with multiple oxygen het-

eroatoms (three or more) incorporated in a monocyclic
carbon backbone. They were first synthesized by Pedersen
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[1, 2]. Their generic name originates from their molecular
shape, reminiscent of a royal crown. According to the
“‘hard—soft’’ acid-base theory and owing to the nature of
their binding sites and to the presence of a hydrophilic
cavity delineated by a lipophilic envelope, crown ethers
exhibit a strong affinity and high selectivity for ammonium,
alkali and alkaline earth metal ions [3-9]. Crown ethers
were the first synthetic ligands for which this pronounced
selectivity was identified [10]. Furthermore, because of
their selective complex formation with hard metal ions as
well as their negligible water solubility, crown ethers have
been extensively used as suitable ion-carriers in solvent—
solvent and solid phase extractions [11-14], ion-transport
[15-17], ion-selective and PVC membrane ion-selective
electrode studies [18-20], and the crown ether complexes
used as a nano-switch recently [21-23]. Crown ethers were
also extensively studied in parallel with natural ion-selec-
tive cyclic antibiotics such as valinomycin or enniatin for
which they serve as simple models, helping to explain the
transport of these biologically relevant cations and the
mechanism of neurotransmission [24—27]. Furthermore,
studies of the toxicity of crown ethers indicated that the
compounds are not genotoxic in mammalian cells despite
their cytotoxicity, but they have been shown to be highly
toxic in prokaryotes and eukaryotes [28].

Different physicochemical methods such as mass spec-
troscopy [29, 30], UV-Vis spectroscopy [31], electro-
chemistry [32] and calorimetry [33] and proton NMR [6, 7,
34-42] have been frequently used to study the thermody-
namics and kinetics of complexation of several crown
ethers in a large number of nonaqueous solvents and sol-
vent mixtures. In this work, we studied the stoichiometry
and thermodynamics of complexation of Rb* with 18C6 in
a number of binary dimethylsulfoxide (DMSO) nitroben-
zene (NB) mixtures, using the 'H NMR technique and
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found similar results with theoretical investigation on the
same reaction published recently [43].

Experimental

Reagent grade 18C6 (Aldrich) and rubidium nitrate (Fluka)
were of the highest purity available and used without fur-
ther purification except for vacuum drying. Reagent grade
deuterated dimethylsulfoxide (DMSO, Merck) and extra
pure nitrobenzene (NB, Merck) were used to prepare the
solvent mixtures by weight. "H NMR spectra were recor-
ded on a Bruker Avance (DPX) 200FT Spectrometer with
field strength of 4.7 Tesla (a frequency of 200.13 MHz)
equipped with a temperature controller. In all experiments,
TMS was used as an internal standard. The temperature of
the probe was adjusted to an accuracy of 0.1 °C using a
heating element .Throughout the entire temperature range
studied, it was found that 10-min thermostatting prior to
data collection was adequate for each sample to reach the
equilibrium temperature.

Results and discussion

A series of binary DMSO-NB mixtures containing 18C6
(1.0 x 1072 M) in the presence of different amounts of
Rb* were prepared and allowed to reach equilibrium and
then 'H NMR spectra of the resulting solutions were
recorded at 30.0, 40.0, 50.0 and 60.0 (£0.1) °C. Because of
the large difference physico-chemical properties of NB and
DMSO such as Guttmann donor number (DN) and
dielectric constant, NB was applied as a second solvent in
order to reduce the solvent polarity and donor number. In
addition, nitrobenzene is an ideal cosolvent in NMR studies
with no interference in signal reading (its signal appears far
from the studied region).

At all mole ratios studied, only one population average
'"H signal was observed for 18C6, indicating a fast
exchange of the crown ether between the free and the
rubidium ion-complexed situation. Sample 'H NMR
spectra at various [Rb*1/[18C6] mole ratios in pure DMSO
at 30.0 °C show a unique signal, due to the -CH,—CH,—
groups of the ligand, are shown in Fig. 1.

The resulting chemical shift-mole ratio plots in pure
DMSO and three different solvent mixtures of 90%
DMSO + 10% NB, 80% DMSO + 20% NB and 60%
DMSO + 40% NB at various temperatures are shown in
Fig. 2.

As is obvious, upon an increase in the rubidium ion
concentration, the proton resonance of 18C6 gradually
shifts up-field until a [Rb™1/[18C6] mole ratio of about 1 is
reached, and tends to level off at higher mole ratios. This
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Fig. 1 Proton NMR spectra of 18C6 at various [Rb*]/[18C6] mole
ratios in pure DMSO at 30 °C. [Rb*]/[18C6] mole ratios are: (1) 0.00,
(2) 0.21, (3) 0.40, (4) 0.58, (5) 0.75, (6) 0.91, (7) 1.04, (8) 1.18, (9)
1.30, (10) 1.51, (11) 2.00, (12) 2.57, (13) 3.49

behavior is clearly indicative of the formation of a 1:1
complex in all solvent mixtures studied. Formation con-
stants of the resulting 1:1 complexes were calculated by a
fitting program KINFIT. It should be noted that changes in
the chemical shift is implying on the interaction between
ligand and metal, showing that its quantity is not important
while the trend of its variation is used to evaluate the
complex stability [44, 45]. An example of Computer fit is
shown in Fig. 3 and all the calculated K values are sum-
marized in Table 1. The great confidence interval of K¢ has
reported by KINFIT program result from the high degree of
confidence in KINFIT program.

As it is seen from Fig. 3, there is a satisfactory agree-
ment between the calculated and observed chemical shifts,
supporting the formation of a 1:1 complex in solution.

To have a better understanding of the thermodynamics
of the complexation reaction, it is useful to consider the
enthalpic and entropic contributions of the reaction. The
AH® and AS° values for the complexation reaction were
evaluated from the temperature dependence of K; by
applying a linear least-squares analysis according the van’t
Hoff equation (Eq. 1):

2.203 log K¢ = (AS°/R) — (AH°/RT). (1)
The van’t Hoff plots of log Ky of the resulting 1:1

complex in different solvent mixtures versus 1/T are shown
in Fig. 4 and all AH® and AS° values, evaluated in the usual
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724 manner from the slope and intercept of the resulting linear
plots, respectively, are also included in Table 1.
122 = x The stability constants of [Rb(18C6)]" complexes in
I ¥ solution could be interpreted as representing the overall
g 1201 o equilibrium constants of a series of reactions including [47]
G - (i) partial or complete desolvation of M ion, (ii) partial or
3 e ; complete desolvation of the crown ether, (iii) configura-
£ . tional change of the crown ether, (iv) formation of the M*—
S ™ < crown complex, and (v) solvation of the resulting charged
nal ® complex. As is evident, the solvent molecules are directly
involved in three of the five possible equilibria. Thus, it is
. ] expected that solvent properties such as dielectric constant,
0 0.5 1.0 15 2.0 25 3.0 3.5 solvating ability and potentiality for hydrogen bonding will
[RbI[18C6] affect the process of complexation considerably.

Fig. 3 Computer fit of the chemical shift mole ratio data for
complexation Rb* with 18C6 at 30 °C in 90% DMSO and 10% NB
(x) Experimental point, (—) theoretical point

Table 1 shows that the thermodynamic data of the
[Rb(18C6)]" complex vary significantly with the solvent
properties. It is well known that the solvating ability of the
solvent, as expressed by the Guttmann donor number (DN)

Table 1 Formation constants and thermodynamic parameters for complexation Rb* with 18C6 in binary DMSO-NB mixtures

Solvents Log K AH AS AGg3;g
(kJ mol™h) @ mol~'k7h (kJ mol™h)
30 °C 40 °C 50 °C 60 °C
100% DMSO 3.34 £ 0.05 [46] 3.06 £ 0.04 2.79 + 0.03 2.54 + 0.03 —51.6 £ 0.6 —106 + 1 ~17.8 £ 0.8
90% DMSO 3.38 £ 0.07 3.12 + 0.06 2.85 + 0.05 2.60 + 0.04 —50.4 + 0.7 —101 £2 —18.1 + 0.9
80% DMSO 3.44 £ 0.07 3.18 + 0.07 2.94 4+ 0.04 2.67 + 0.04 —492 + 1.4 —96 + 4 —18.6 £ 2.1
60% DMSO 3.53 £ 0.07 3.28 + 0.05 3.05 £+ 0.05 2.78 + 0.06 —478 £ 1.7 —90 £ 5 —194 £ 25
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Fig. 4 van’t Hoff plots for Rb*—18C6 system in (1) DMSO, (2) 90%
DMSO, (3) 80% DMSO, and (4) 60% DMSO

[48] plays an important role in different complexation
reactions DMSO as a solvent of high solvating ability
(DN = 29.8) can compete with the crown ether for the
metal ions much more than nitrobenzene, as a low donicity
solvent (DN = 4.4). Thus, it is not surprising that addition
of nitrobenzene to dimethylsulfoxide will increase the
stability of the Rb*—crown ether complexes. In addition,
the lower dielectric constant of NB (34.8) in comparison
with that of DMSO (46.7) would also cause the electro-
static contribution to the bond formation to increase with
increasing fraction of NB in the solvent mixture [6]. These
phenomena illustrate the stability trend of the [Rb(18C6)]™
complex, as expressed by log Ky in Table 1.

Recently, the molecular structures of the uncomplexed
18C6 and the resulting 1:1 complex with Rb* ion were
investigated with theoretical method [43]. It is shown
that 18C6 has different symmetries in different solvents
[49-53]. Monte Carlo and molecular dynamics simulations
demonstrated that 18C6 prefers the prolate C; configuration
in non-polar solvents; this is the configuration that was also
observed in crystals [54, 55]. However, in a polar solvent,
18C6 prefers to have the D3d symmetry [49-53]. The
structural differences between these two conformers are
shown in Fig. 5.

Fig. 5 The Dsd (a) and C; (b) configurations of 18-crown-6
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In the alkali metal series however, the complexes have
different symmetries. All alkali metals prefer Csv config-
uration because the guest cations do not remain at the
centre and are displaced from the plane of the ring. While
the Rb™ ion is efficiently large to bind in the centre of the
18C6 host ring and produces D3d symmetry. It’s obvious
that this configuration preference is independent from
solvent polarity [43].

In this study, both free 18C6 and Rb[18C6]" have the
Dsd symmetry in polar solvents [43, 49-53]. In non polar
solvents 18C6 configuration with C; symmetry must have
an significant ligand shape variation to convert complexed
18C6 configuration with D3d symmetry. These phenomena
can illustrate AH® variation with change in polarity of
solvents in this study successfully.

It is interesting to note that in all solvent mixtures, the
resulting [Rb(18C6)]" complex is enthalpy stabilized but
entropy destabilized. The observed decrease in entropy of
the system in the course of complexation reaction is mainly
due to the configurational change of the macrocyclic ligand
from a rather flexible configuration in the free state to a
rigid one in the complexed form [56, 57].

A fairly good linear correlation between AH® and AS°
values was seen in Fig. 6 that indicates the existence of an
enthalpy—entropy compensation in the complexation reac-
tion between Rb™ ion and 18C6 in the solvent systems
studied. The existence of such a compensating effect
between AH® and AS° values, which has been frequently
reported for a variety of metal-ligand systems [7, 56, 58—
61], would cause the overall change in Gibbs energy of the
complex to be smaller than might be expected from the
change in both AH® and AS° independently.
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Fig. 6 Enthalpy—entropy compensation in complexation reaction of
Rb* with 18C6 in different DMSO-NB mixtures: (1) 100% DMSO,
(2) 90% DMSO, (3) 80% DMSO, (4) 60% DMSO



J Incl Phenom Macrocycl Chem (2010) 66:365-370

369

References

10.

11.

12.

13.

14.

15.

16.

17.

18.

. Pedersen, C.J.: Cyclic polyethers and their complexes with metal

salts. J. Am. Chem. Soc. 89, 2495-2496 (1967)

. Pedersen, C.J.: Cyclic polyethers and their complexes with metal

salts. J. Am. Chem. Soc. 89, 7017-7036 (1967)

. Izatt, R.M., Bradshaw, J.S., Nielsen, S.A., Lamb, J.D., Chris-

tensen, J.J., Sen, D.: Thermodynamic and kinetic data for cation-
macrocycle interaction. Chem. Rev. 85, 271-339 (1985)

. Izatt, R M., Pawlak, K., Bradshaw, J.S., Bruening, R.L.: Ther-

modynamic and kinetic data for macrocycle interaction with
cations and anions. Chem. Rev. 91, 1721-2085 (1991)

. Izatt, R.M., Pawlak, K., Bradshaw, J.S., Bruening, R.L.: Thermo-

dynamic and kinetic data for macrocycle interaction with cations,
anions, and neutral molecules. Chem. Rev. 95, 2529-2586 (1995)

. Shamsipur, M., Irandoust, M., Alizadeh, K., Lippolis, V.: Proton

NMR study of the stoichiometry, stability and thermodynamics of
complexation of Ag' ion with octathia-24-crown-8 in binary
dimethylsulfoxide—nitrobenzene mixtures. J. Incl. Phenom. Mac-
rocycl. Chem. 59, 203-209 (2007)

. Shamsipur, M., Madrakian, T.: Competitive lithium-7 NMR study

of the complexation of some alkaline earth and transition metal ions
with 18-crown-6 in acetonitrile and its 50:50 mixtures with nitro-
benzene and nitroethane. Polyhedron 19, 1681-1685 (2000)

. Armentrout, P.B.: Cation—ether complexes in the gas phase:

thermodynamic insight into molecular recognition. Int. J. Mass
Spectrom. 193, 227-240 (1999)

. Ziemer, S.P., Niederhauser, T.L., Woolley, E.M.: Thermodynam-

ics of complexation of aqueous 18-crown-6 with rubidium and
cesium ions: apparent molar volumes and apparent molar heat
capacities of aqueous (18-crown-6 + rubidium chloride) and
(18-crown-6 + cesium chloride) at temperatures (278.15 to
393.15) K, at molalities (0.02 to 0.33) rnol.kgfl, and at the pressure
0.35 MPa. J. Chem. Thermodyn. 38, 323-336 (2006)

Ghasemi, J., Saaidpour, S.: QSPR modeling of stability constants of
diverse 15-crown-5 ethers complexes using best multiple linear
regression. J. Incl. Phenom. Macrocycl. Chem. 60, 339-351 (2008)
Lee, M., Oh, S.Y., Pathak, T.S., Paeng, I.R., Cho, B.Y., Paeng,
K.J.: Selective solid-phase extraction of catecholamines by the
chemically modified polymeric adsorbents with crown ether.
J. Chromatogr. 1160, 340-344 (2007)

Costero, A.M., Sanchis, J., Peransi, S., Gil, S., Sanz, V.: Bis
(crown ethers) derived from biphenyl: extraction and electro-
chemical properties. Tetrahedron 60, 4683-4691 (2004)

Kijak, A.M., James, A.: Self-assembled monolayers of crown
ethers for solid phase extraction in flow-injection analysis. Anal.
Chim. Acta 489, 13-19 (2003)

Yun, L.: High extraction efficiency solid-phase microextraction
fibers coated with open crown ether stationary phase using sol—
gel technique. Anal. Chim. Acta 486, 63-72 (2003)

Gherrou, A., Kerdjoudj, H.: Specific membrane transport of silver
and copper as Ag(CN)%‘ and Cu(CN)3~ ions through a supported
liquid membrane using K" -crown ether as a carrier. Desalination
151, 87-94 (2002)

Chauhan, B.S., Boudjouk, P.: New neutral carrier-type ion sen-
sors. Crown ether derivatives of poly(methylhydrosiloxane).
Tetrahedron Lett. 40, 4123-4126 (1999)

Aghaie, H., Giahi, M., Monajjemi, M., Arvand, M., Nafissi, G.H.,
Aghaie, M.: Tin (II)-selective membrane potentiometric sensor
using a crown ether as neutral carrier. Sens. Actuators 107, 756—
761 (2005)

Mahajan, R.K., Kumar, M., Sharma, V.: Cesium ion selective
electrode based on calyx [4] crown ether-ester. Talanta 58, 445—
450 (2002)

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Su, C.C., Chang, M.C,, Liu, L.K.: New AgJr and Pb>* selective
electrodes with lariat crown ethers as ionophores. Anal. Chim.
Acta 432, 261-267 (2001)

Gupta, V.K., Pal, M.K., Singh, A.K.: Comparative study of Ag(l)
selective poly(vinyl chloride) membrane sensors based on newly
developed Schiff-base lariat ethers derived from 4, 13-diaza-18-
crown-6. Anal. Chim. Acta 631, 161-169 (2009)

Gromov, S., Alfimov, M.: Supramolecular organic photochem-
istry of crown ether styryl dyes (review). Russ. Chem. Bull. 46,
641-665 (1997)

Takeshita, M., Soong, C., Irie, M.: Alkali metal ion effect on the
photochromism of 1,2-bis(2,4-dimethylthien-3-yl)-perfluorocycl-
opentene having benzo-15-crown-5 moieties. Tetrahedron Lett.
39, 77177720 (1998)

Kawai, S.: Photochromic bis(monoaza-crown ether)s. Alkali-
metal cation complexing properties of novel diarylethenes.
Tetrahedron Lett. 39, 4445-4448 (1998)

Lamb, J.D., Izatt, RM., Christensen, J.J., Eatough, D.J.: In:
Melson, G.A. (ed.) Coordination Chemistry of Macrocyclic
Compounds, Chap. 3. Plenum, New York (1979)

Popov, A.L, Lehn, J.M.: In: Melson, G.A. (ed.) Coordination
Chemistry of Macrocyclic Compounds, Chap. 1. Plenum, New
York (1979)

Lifson, S., Felder, C.E., Shanzer, A., Libman, J.: Synthesis of
macrocycles. In: Izatt, R.M., Christensen, J.J. (eds.) The Design
of Selective Complexing Agents, Chap. 4, pp. 241-307. Wiley-
Interscience, New York (1987)

Dietrich, B., Viout, P., Lehn, J.M.: Aspects de la Chimie des
Compose’s Macrocycliques. Inter Editions, Paris (1991)

Arenaz, P., Bitticks, I., Pannell, K., Garcia, S.: Genotoxic
potential of crown ethers in mammalian cells: induction of sister-
chromatid exchanges. Mutat. Res. 280, 109-115 (1992)

Liou, C.C., Brodbelt, J.S.: Determination of orders of relative alkali
metal ion affinities of crown ethers and acyclic analogs by the kinetic
method. J. Am. Soc. Mass Spectrom. 3, 543-548 (1992)

Sherman, C.L., Brodbelt, J.S.: Electrospray ionization mass
spectrometric detection of self-assembly of a crown ether com-
plex directed by p-stacking interactions. J. Am. Soc. Mass
Spectrom. 16, 1162-1171 (2005)

Agnihotri, P., Suresh, E., Ganguly, B., Paul, P., Ghosh, P.K.: Study of
the competitive binding of mixed alkali and alkaline earth metal ions
with dibenzo-30-crown-10. Polyhedron 24, 1023-1032 (2005)
Zhan, D., Yuan, Y., Xiao, Y., Wua, B., Shao, Y.: Alkali metal
ions transfer across a water/1,2-dichloroethane interface facili-
tated by a novel monoaza-B15CS5 derivative. Electrochim. Acta
47, 4477-4483 (2002)

Buschmann, H.J., Schollmeyer, E.: A test reaction from macro-
cyclic chemistry for calorimetric titrations. Thermochim. Acta
333, 49-53 (1999)

Alizadeh, N., Shamsipur, M.: Nuclear magnetic resonance study of
the ligand interchange of 18-crown-6 complexes with La®", Ca®*,
Pb>* and Ba>" ions in 70% methanol solution. J. Chem. Soc. Far-
aday Trans. 92, 4391-4394 (1996)

Alizadeh, N., Shamsipur, M.: Nuclear magnetic resonance study
of the ligand interchange of Ba’>"-18-crown-6 complex in
methanol solution. J. Solut. Chem. 25, 1029-1039 (1996)
Fakhari, A.R., Shamsipur, M.: An NMR study of the stoichi-
ometry and stability of lithium ion complexes with 12-crown-
4,15-crown-5 and 18-crown-6 in binary acetonitrile-nitrobenzene
mixtures. J. Incl. Phenom. 26, 243-251 (1996)

Shamsipur, M., Alizadeh, N.: NMR study of the ligand inter-
change of hexacyclen and hexamethylhexacyclen complexes with
TI ion in 70% methanol solution. J. Chin. Chem. Soc. 45, 241—
247 (1998)

@ Springer



370

J Incl Phenom Macrocycl Chem (2010) 66:365-370

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

Fakhari, A.R., Shamsipur, M.: Proton NMR study of the ligand
interchange of the Ba>™-18-crown-6 complex in binary acetoni-
trile-water mixtures. J. Incl. Phenom. 32, 405414 (1998)
Shamsipur, M., Talebpour, Z., Alizadeh, N.: NMR study of the
stoichiometry, stability and ligand interchange of silver ion-
hexathia-18-crown-6 complex in binary dimethylsulfoxide-acet-
onitrile and dimethylsulfoxide-methanol solvent mixtures at
300 K. J. Solut. Chem. 32, 227-238 (2003)

Talebpour, Z., Alizadeh, N., Bijanzadeh, H.R., Shamsipur, M.:
Cadmium-113 NMR and theoretical studies of complexation of
15-crowns-5 and benzo-15-crown-5 in acetonitrile and its binary
mixtures with water and nitromethane. J. Incl. Phenom. 49, 101—
106 (2004)

Alizadeh, N., Bordbar, M., Shamsipur, M.: Proton NMR inves-
tigation of the stoichiometry, stability and exchange kinetics of
TI* complexes with hexacyclen and hexamethylhexacyclen in
dimethylformamide solutions. Observation of a three site
exchange process. Bull. Chem. Soc. Jpn. 78, 1763-1772 (2005)
Bordbar, M., Shamsipur, M., Alizadeh, N.: 1H NMR studies of
homo and mixed ligand complexes of TI* ion with several
polyazamacrocycles. Bioorg. Med. Chem. 13, 2253-2262 (2005)
Gajewski, M., Tuszynski, J., Mori, H., Miyoshi, E., Klobukowski,
M.: DFT studies of the electronic structure and geometry of 18-
crown-6, hexaaza[18]annulene, and their complexes with cations
of the heavier alkali and alkaline earth metals. Inorg. Chim. Acta
361, 21662171 (2008)

Nicely, V.A., Dye, J.L.: A general purpose curve fitting program
for class and research use. J. Chem. Educ. 48, 443447 (1971)
Cahen, Y.M., Dye, J.L., Popov, A.L: Lithium-7 nuclear magnetic
resonance study of lithium cryptates in various solvents. J. Phys.
Chem. 79, 1289-1291 (1975)

Chantooni Jr., M.K., Roland, G., Kolthoff, .M.: Transfer activity
coefficients of crown ethers and their complexes with univalent
metal ions between pairs of polar organic solvents. J. Solut.
Chem. 17, 175-189 (1988)

Lamb, J.D., Izatt, R.M., Christensen, J.J.: In: Izatt, R.M., Chris-
tensen, J.J. (eds.) Progress in Macrocyclic Chemistry, Chap. 3,
vol. 2. Wiley, New York (1981)

Gutmann, V.: Coordination Chemistry in Nonaqueous Solvents.
Springer, Vienna (1968)

Baerends, E., Ellis, D., Ros, P.: Self-consistent molecular Hartree-
Fock-Slater calculations I. The computational procedure. Chem.
Phys. 2, 41-51 (1973)

@ Springer

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Baerends, E., Ros, P.: Self-consistent molecular Hartree—Fock—
Slater calculations II. The effect of exchange scaling in some
small molecules. Chem. Phys. 2, 52-59 (1973)

Baerends, E., Ros, P.: Self-consistent molecular Hartree-Fock-
Slater calculations: III. The influence of non-spherical contribu-
tions to the electron density and potentials. Chem. Phys. 8, 412—
418 (1975)

Boerrigter, P., Velde, G., Baerends, E.: Three-dimensional
numerical integration for electronic structure calculations. Int. J.
Quantum Chem. 33, 87-113 (1988)

Velde, G., Baerends, E.: Numerical integration for polyatomic
systems. J. Comput. Phys. 99, 84-98 (1992)

Dunitz, J.D., Dobler, M., Seiler, P., Phizackerley, R.P.: Crystal
structure analyses of 1,4,7,10,13,16-hexaoxacyclooctadecane and
its complexes with alkali thiocyanates. Acta Crystallogr. 30,
2733-2738 (1974)

Maverick, E., Seiler, P., Schweizer, W.B., Dunitz, J.D.:
1,4,7,10,13,16-Hexaoxacyclooctadecane: crystal structure at 100 K.
Acta Crystallogr. 36, 615-620 (1980)

Shamsipur, M., Pouretedal, H.R.: Conductance study of com-
plexation of lead ions with several 18-membered crown ethers in
binary acetonitrile-dimethylsulfoxide mixtures between 25 and
55 °C. J. Solut. Chem. 28, 1187-1205 (1999)

Shamsipur, M., Popov, A.L.: Multinuclear NMR study of dibenzo-
30-crown-10 complexes with sodium, potassium, and cesium ions
in nonaqueous solvents. J. Am. Chem. Soc. 101, 4051-4055 (1979)
Ghasemi, J., Shamsipur, M.: Conductance study of some transi-
tion and heavy metal complexes with 1,10-diaza-18-crown-6 in
binary acetonitrile-dimethylsulfoxide mixtures. J. Solut. Chem.
25, 485-504 (1996)

Inoue, Y., Takushi, T., Liu, Y., Tong, L.-H., Lin, D.S.
Thermodynamics of molecular recognition by cyclodextrins.
1. Calorimetric titration of inclusion complexation of naphtha-
lenesulfonates with alpha-cyclodextrin, beta-cyclodextrin, and
gamma-cyclodextrin—enthalpy entropy compensation. J. Am.
Chem. Soc. 115, 475-481 (1993)

Visser, H.C., Reinhoudt, D.N., de Jong, F.: Carrier-mediated
transport through liquid membranes. Chem. Soc. Rev. 23, 75-81
(1994)

Grunwald, E., Steel, C.: Solvent reorganization and thermody-
namic enthalpy-entropy compensation. J. Am. Chem. Soc. 117,
5687-5692 (1995)



	Proton NMR study of the stoichiometry, stability  and thermodynamics of complexation of Rb+ ion with 18-crown-6 in binary dimethylsulfoxide--nitrobenzene mixtures
	Abstract
	Introduction
	Experimental
	Results and discussion
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


