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Abstract

The extraction equilibrium of the hydronium-
uranium(VI)—dicyclohexano-24-crown-8 complex
was carried out in the crown ether—12-dichloro-
ethane—HCl aqueous solution system at different
temperatures. The extraction complex has the overall
composition (L), *(H;0*-xH,0),-U0,Cl,2~ (L=
dicyclohexano-24-crown-8). The values of the ex-
traction equilibrium constants (K¢, ) increase steadily
with a decrease in temperature: 13.5 (298 K), 7.96
(301 K), 4.20 (303 K) and 2.07 (305 K). A plot of
log Koy against 1/T shows a straight line. The value
of the enthalpy change, AH®, was calculated from
the slope and equals —212 kJ mol™. The value of
the entropy change, AS°, was calculated from AH®
and K., and equals —690 J K™ mol™, whereas
AG°=-6.45 kJ mol™. Comparing these thermo-
dynamic parameters with those of the dicyclohexano-
18-crown-6 isomer A [1] (AS®=-—-314 J K mol?,
AH®=-101 kJ mol! and AG®=—-8.37 kJ mol™),
it can be seen that AH® and AS° are more negative
for the former than for the latter, and both are
enthalpy-stabilized complexes. The molecular struc-
ture of the complex has the feature that there are
two Hs0," ions in it, in contrast to the H;0* ions
in the dicyclohexano-18-crown-6 isomer A com-
plex [1]. Each of the HsO," ions is held in the
crown ether cavity by four hydrogen bonds. The
H;0," ion has a central bond. The uranium atom
forms UQ,Cl,2~ as a counterion away from the
crown ether. The formation of this complex is in
good agreement with more negative entropy change
and less negative free energy change, as mentioned
above.

Introduction

Dicyclohexano-24-crown-8 (L) is similar to di-
cyclohexano-18crown-6 in its ability to extract
tetra- and hexavalent uranium, neptunium and
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plutonium from mineral acid solutions [2—4]. The
extraction equilibrium and molecular structure of the
hydronium—uranium(VI)—dicyclohexano-18-crown-6
isomer A (Ia) complex have been studied [1]. The
structure analysis of the complex showed the distinct
result that in the extraction complex each of the
two H,0* cations is anchored in the crown ether
cavity by three hydrogen bonds and forms a sym-
metrical structure, and the uranium atom is sur-
rounded by two oxygen atoms and four ClI” ions
as a UO,Cl%™ anion. Accordingly, the process of
extraction of uranium(VI) from HCl aqueous solu-
tion with Ia has been clarified. The purpose of this
paper is to report the thermodynamic parameters
and molecular structure of the hydronium—ura-
nium(VI)—dicyclohexano-24-crown-8 extraction
complex in order to elucidate the effect of the
donor number as well as of the cavity size of the
crown ether on formation of the hydronium—crown
ether complex.

Experimental

Dicyclohexano-24-crown-8 was obtained from
the Shanghai Chemical Reagent Institute. Purity
was checked by IR and 'H NMR spectrometry (see
Figs, 1, 2). Other reagents were of AR grade.

Distribution measurements of the extraction
were performed as described previously [5]. The
crystalline extraction complex was prepared from
the organic phase by a non-polar solvent dilution
procedure at 25 °C.

The assay of the extraction complex was carried
out by the following procedures. The crystals of
the extraction complex were dissolved in 12-
dichloroethane for assays of UQ,%*, ClI” and the
crown ether. The uranium content was determined
by arcenazo spectrophotometry. The chloride ion
content was estimated using an jon-selective elec-
trode. The determination of the crown ether was
made by extraction-spectrophotometry of LKPj,
as described previously [5].
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Fig. 1. Infrared spectrum of dicyclohexano-24-crown-8.
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Fig. 2. IH NMR of dicyclohexano-24-crown-8.

UV—Vis spectra were recorded using a 7520-type
spectrophotometer. IR spectra of the complex and
the crown ether were recorded on an IFS-113V IR
spectrometer. 'H NMR spectra were run on an
MSL-300 NMR spectrometer.

The crystal structure was determined by the
X-ray diffraction method. All intensity data were
collected on an Enraf—Nonius CAD-4 diffractometer
using Mo Ka radiation. The position parameters
of uranium were solved by Patterson and direct
methods. All other non-hydrogen atoms were found
in a subsequent difference-Fourier synthesis. Crystal
data: (Cp4H4404),(Hs0,%),°UO;Cls® -CeHe; M=
1485.3, light yellow, monoclinic, space group P2,/n,
a=15.208(7), b=27082(2), c=16905(1) A, g=
95.38(2)°, Z = 4.
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Thermodynamic Quantities

The extraction equilibrium of uranium(VI) with
dicyclohexano-24-crown-8 from HCl aqueous solu-
tion can be written as

2L + 2H*(xH,0) + UO,* +4Cl™ =
L,+(H**xH;0),-U0,Cl*~

where the bar above the symbol designates the
organic phase. The extraction equilibrium constant
Kox was calculated from the equation:

Du(l + zﬁ,-[cr]‘)

i=1

=P

where square brackets represent the molar concen-
tration, D, is the distribution ratio of uranium,
and f; is the formation constant of UO,Cl, (37 *,
The equilibrium concentration of the crown ether
in the organic phase [L] was calculated as men-
tioned in ref. 5. In order to obtain the accurate
concentration of the crown ether in each phase, the
distribution ratios Dy (Dy = [L]/[L]) of dicyclo-
hexano-24-crown-8 between 1,2-dichloroethane and
3.78 N HCl aqueous solution were determined at
different temperatures. The values of Dy, were found
to be

t(°C) 250 280 302 319 350
Dy, 453 560 643 698 817
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Fig. 3. Distribution ratio of uranium vs. concentration of L
in the organic phase.
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TABLE 1. Extraction of UO,Cl; with Dicyclohexano-24-crown-8 in 1,2-Dichloroethane at 25 °C*

CLP (e {014 [u]® Dy Kex

x10% (M) X102 (M) x103 (M) X103 (M)

0.503 0.434 0.298 1.66 0.18 13.3

1.05 0.875 0.798 1.16 0.69 13.2

1.57 1.31 1.22 0.737 1.65 13.9

2.07 1.74 1.44 0.512 2.82 13.6
Average: 13.5

8HC1=3.78 N. PCj; original concentration of the crown ether in the organic phase. ©[L]: equilibrium concentration of the
crown ether in the organic phase. d[U]: concentration of uranium in the organic phase. ©[U]: concentration of uranium in

the aqueous phase.

As an example we present in Table I a set of
measurements of extraction distribution. Other sets
of experiments of extraction equilibrium were also
carried out at different temperatures. To avoid
overcrowding, a summary of all distribution data
is given in Fig. 3. The values of the extraction equi-
librium constants (Kex) increase steadily with a
decrease in temperature. A plot of log K., against
1/T shows a straight line (Fig. 4). The value of
the enthalpy change, AH°, was calculated from the
slope and equals —212 kJ mol™. The value of the
entropy change, AS°, was calculated from AH° and
K.x and equals —690 J K™ mol™, whereas AG®=
—6.45 kJ mol™. Comparing these thermodynamic
parameters with those of the dicyclohexano-18-
crown-6 isomer A (AS°=-314 J K1 mol™, AH®=
—101 kJ mol™, and AG®=—8.37 kJ mol™), it can
be seen that AH® and AS® are more negative for the
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Fig. 4. Plot of log Kex vs. 1/7:1 (L), 2 ().

former than for the latter and both are enthalpy-
stabilized complexes (AH <0 and dominant, TAS <
0).

Characteristics and Structure of the Crystalline
Extraction Complex

The crystals of the extraction complex are light
yellow and melt at 98.7-102.3 °C. The complex
has the overall composition (L),-(H30*-xH,0),-
UO,Cl2~, which was confirmed by direct assay as
follows: (wfw%) dicyclohexano-24-crown-8 calc.
65.57, found 65.76; U0, calc. 19.23, found 18.89;
Cl calc. 9.96, found 10.20 and H* calc. 0.142, found
0.140.

The 'NMR signals of the protons within the
crown ether cavity and the H*-xH,O protons in the
complex dissolved in CDCl; appear at 3.175 and
9.234 ppm respectively. The ratio of the integrated
peak is 5.64 (theoretical value=5.60 for the 1:1
complex of H30*-H;O with the crown ether). In
addition, the cyclohexyl proton resonance appears
at 1.299-1.852 ppm (see Fig. 5).

The projection of the complex structure is shown
in Fig. 6. The complex structure consists of two
Hs0,* complex cations and a complex anion
UO,Cl42". In the complex anion, the uranyl ion is
surrounded by four chloride ions to form a dis-
torted tetragonal bipyramid, about 7.7 A away
from the complex cation LHgO,*. This is almost
the same as we found in the complex of (Ia),-
(H;0");-U0,Ci2~ [1]. But the complex cation
(ie. protonated crown ether) shows some distinct
features for different crown ethers. In Ia—H;0",
the H30" ion is anchored in the crown ether cavity
by three stronger hydrogen bonds which have dis-
tances of 2.648, 2.618 and 2.685 A. In the complex
cation of the structure reported here we found
the presence of the HsO," ion, which the 'H NMR
spectrum mentioned above also revealed, as well
as the structure difference between the two H;O,*
cation complexes owing to the existence of isomers
A and B in dicyclohexano-24-crown-8. In isomer A
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Fig. 5. IH NMR spectrum of the hydronium—uranium(VI)—
dicyclohexano-24-crown-8 extraction complex.

Fig. 6. Projection of L-H502+)2-U02Cl4 ~ complex struc-
ture. L = dicyclohexano-24-crown-8.
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(Fig. 6, right part) the H;0," ion has a central bond
0(3):-H--0(4) with a length of 2.377 A. The re-
maining four hydrogen atoms on the Hs0,* form
weaker hydrogen bonds (O(3)---0(8,10) with dis-
tances of 2.879 and 2.846 A, and O(4)---0(12,14)
with distances of 2.910 and 2.845 A). In isomer B
(Fig. 6, left part) each of the two oxygen atoms in
the H;0,* jon has two disorder positions, which
is similar to that shown in the bis(hydroniumdichlo-
ropicrate)-1,4,7,10,13,16-hexaoxacyclooctadecane
complex [6].

The formation of the HsO,* ion, the steric defor-
mation of dicyclohexano-24-crown-8 in complexation
with H;0,*, and the weaker bond between H;O,*
and the ligand, all taken together, can provide a
rationalization for the more negative entropy change
and less negative free energy change displayed by
the extraction process of the title complex, as men-
tioned above.
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