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L ABSTRACT

The objective of our research program is to elucidate the chemical principles which are
responsible for the cation selectivity and permeability of liquid membranes containing
macrocyclic carriers. Several new macrocyclic carriers were synthesized during the last three
year period, including selenium-containing macrocycles, new crown-4 structures, and several
new Ccrown structures containing nitrogen based heterocycles as substituents in the principal
macrocyclic ring. The cation binding properties of these macrocycles were investigated by
potentiometric titration, calorimetric titration, solvent extraction, and NMR techniques. In
addition, hydrophobic macrocycles were incorporated into dual hollow fiber membrane systems
to investigate their membrane performance, especially in the proton-coupled transport mode.
It was found that the dual hollow fiber systen5 maintains the cation selectivity and permeability
of supported liquid membranes, while enhancing membrane stability. The diffusion limited
transport model was expanded to account for membrane solvent effects. Furthermore, Eu?*
transport was found to be similar to that of strontium and much higher than that of the

lanthanides, in supported liquid membrane systems.

II. RESEARCH RESULTS FOR PERIOD 1 DEC 1988 - 31 MAY 1991

[IA. SUMMARY OF ACTIVITY

The following table summarizes activities during the reporting period with respect to
publication of results, presentation of results, and personnel:

1. Number of refereed papers published 20

2. Number of refereed papers in press or submitted : 5

3. Number of oral presentations 34




4. Number of undergraduate students involved on project 8

5. Number of graduate students involved on project h)
6. Number of post-doctoral fellows involved on project 6
7. Number of faculty involved on project 4
II.B. LIGAND SYNTHESES

New proton-ionizable and other ligands prepared during the past three years are shown
in Figure 1. Selerium compounds 1 and 2 were synthesized in an effort to have ligands that
wesild transport silvver and lead at a faster rate than comparable sulfur-containing ligands.
Transport rates for silver and lead by 2 were not significantly higher and the synthesis was very
difficult so that no further work will be done with these selenium-containing compounds.
Compound 4 (prepared from 3) was prepared to complex and transport lithium ions. More work
will be done on these types of macrocycles. Compounds 5 - 9 have lipophilic groups which
enable them to be fully tested in liquid membranes. Compounds 9 and 10 have two proton-
ionizable groups and should be able to transport divalent cations without the need for counter
anions. Compound 11 is the first member of a new class of proton-ionizable ligands. Other

members of this series are being prepared, or are proposed in the accompanying proposal.

[1.C. MACROCYCLE CHARACTERIZATION

Several of the new macrocycles were characterized for their pK, values and cation
binding constants. As an example of the results obtained, a study was performed on the effect
of substitution of sulfur for oxygen in the macrocyclic ring, including proton-ionizable

macrocycles, on selectivity among heavy metal cations. Log K, AH, and AS values for the



Figure 1. New Macrocyclic Ligands
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interactions of Ag*, Hg?*, and Pb?* with several thiacrown ether ligands were determined in
aqueous solution by potentiometry and calorimetry. “C NMR spin-lattice relaxation times (T,)
and chemical shifts (8) were determined for pyridonothia-18-crown-6 (PT18C6) in the absence
and presence of Ag*, Hg?*, and Pb?*. A large enhancement of selectivity by PT18C6 for Ag*
over Hg?* and Pb?* was found. The interactions of thiacrown ether ligands with the metal ions
studied were found to be enthalpy-driven. The entropy changes were unfavorable in all cases.
The T, and & measurements for PT18C6 interaction with Ag* and Hg?* in conjunction with the
corresponding thermodynamic data provide a detailed microscopic picture of the macrocycle-
metal ion interactions. Both Ag* and Hg?* interact strongly with the sulfur portion of PT18C6,
but Ag* interacts much more strongiy than Hg?* with the pyridone portion of the ligand. The
influence of preorganization of the binding sites in the macrocycle on binding strength and
selectivity was examined. A successfu! reversal of the common selectivity order of Hg?* over
Ag* was accomplished by the insertion of a pyridone binding subunit in the thiacrown ether
ligand system. The full text of the paper describing this work is in press in the Journal of the

American Chemical Society and is appended as an example of work performed on this project.

I1.D. MEMBRANE TRANSPORT STUDIES

Studies conceming the separation of metal cations in aqueous solution using proton- ’
ionizable macrocycles were carried out in the Dual Hollow Fiber Membrane System described
in the proposal and illustrated in Figure 2. The system involves a double extraction, with
membrane solvent flowing thru the fibers of both modules and the source and receiving water

phases flowing through the shell side of one of the two modules. The advantages of this system,
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such as easy access to all phases, rapid transport rates, and the potential for continuous
operation, are maintained with the proton-ionizable macrocycles, thus permitting proton driven
transport. Transport is diffusion limited in the organic phase boundary layer near and in the
fibers. Hence, the selectivity of the extraction system is maintained and is comparable to the
hollow-fiber supported membrane configuration.

The dual hollow fiber system was investigated to determine the effect of aqueous solution
flow rate and membrane solvent stirring rate on Na* and K* transport using dicyclohexano-18-
crown-6 as the carrier. The results demonstrated that transport increases with increasing stirring
speed, but remains constant with increased aqueous flow rate through the fibers within the range

of four to twelve ml/min. The membrane solvents hexane, toluene, octane, 1-octanol, 4-methyl-

_ 2-pentanone, octanal, and 2-octanone were tested for their ability to preserve membrane integrity

in the presence of aqueous solutions of low pH, and to maximize transport. Of these solvents,
2-octanone was found to be most effective in minimizing acid diffusion across the membrane,
while giving the highest facilitated K* transport rate. Quantitative transport using 18-crown-6
was observed for K* over Na* (all solvents studied) and Ba’>* and Sr** over Ca’* (only octanol
was studied). A description of the dual hollow fiber membrane system and some representative
results are described in an article which is in press in Separation Science and Technology.

In work to model membrane transport in general, the diffusion-limited transport model
for neutral macrocycle-mediated cation transport in membranes was used to quantify the
membrane solvent effects on the fundamental parameters in the model and to evaluate their
relative importance. The fundamental parameters involved are the extraction equilibrium

constant, macrocycle partition coefficient, and diffusion coefficient. Experimental measurements



"~ and bredictive correlation calculations were made to quantify these fundamental parameters.
Membrane stability was also quantified by examining relative solvent solubilities and solvent
compatibility with various membrane types. It was found, in general, that membrane stability
must be balanced against rapid transport in choosing a membrane solvent. Retention of the
macrocycle in the membrane and diffusion coefficients are greatest with small carbon chain
solvents containing few chlorine atoms. On the other hand, high boiling points and low water
solubility are obtained with long carbon chain solvents containing increasing numbers of chlorine
atoms. Extraction equilibrium constants also decrease with increasing carbon chain lengths and
increasing numbers of chlorine atoms, but the decrease is not uvniform like the changes in the
other parameters. Little effect of solvent type on membrane selectivity was observed. The
transport model and quantification of these fundamental parameters permit accurate predictions
in the choice of solvent in designing stable membrane;s with optimal transport properties.
Selective transport of Ag* over virtually all other cations from neutral source phases and
of K* over other soluble cations from basic source phases using a triazolo-18-crown-6 carrier
was demonstrated. Selective K* transport from less basic source phases was demonstrated using
the more acidic thiopyridono-18-crown-6 ligand. However, this ligand is difficult to maintain
in the organic phase. Design of the separation systems requires a knowledge of extraction
equilibrium constants and partition coeffivients.  These data were determined in order to

understand these membrane systems. This work is currently being prepared for publication.

Macrocycle-mediated transport of Eu’* and Eu?* from an aqueous solution through a

modified thin-sheet-supported liquid membrane was studied and compared with that of Sr?*,



Gd’i*, and Nd**. Transport of Eu’* was found to be more effective than that of trivalent
lanthanide cations using bis (1-hydroxylheptyl) DC18C6 as the membrane carrier. The flux of
Eu?* was similar to that of S2* while those of Eu**, Gd**, and Nd** were almost identical and
much less than that of Sr?*. A paper reporting these results has been published in the ngr_ng
of Membrane Science.
A review of crystal structures of Li*-macrocycle complexes has been published in
hemical Reviews. In addition, crystal structures of complexes formed between Li* and several
novel macrocyclic ligands have been determined and papers describing the work is in
preparation. A primary objective of this part of the program is to identify the papameters which
govern Li* coordination in order to be able to design and prepare macrocyclés with superior Li*

complexing ability.
III. COMPLIANCE WITH AGREEMENT REQUIREMENT

The research effort is proceeding in compliance with the objectives and procedures set

forth in the original proposal.

IV. INTERACTION WITH OTHER DOE CONTRACTORS

During the contact period we have exchanged information and insights with several other
DOE contractors such as B. Moyer at Oak Ridge National Laboratory, C. Babcock at Bend
Research, R. Bartsch at Texas Tech U.,S. Alexandratos at U. of Tennessee, and P. Horwitz at

Argonne National Laboratory.



V.  EDUCATIONAL BENEFITS

The concept of applying membrane technology and macrocycles of novel design to
making inorganic separations is being developed in this work. The success of the project
requires involvement from many disciplines—-inorganic chemistry, coordination chemistry,
membrane science, organic chemistry, physical chemistry, macrocycle chemistry and chemical
engineering. This project has stimulated the intellectual involvement of professors, post-doctoral
students, graduate students, and undergraduate students participating in the project from widely
separated fields. A sizeable number of individuals have contributed to the research effort, as

indicated in Section II.A.



' VI. PUBLICATION AND PRESENTATION OF RESULTS

VI.A. Papers Published 1988 - 1991

The following publications reporting results obtained under this contract were published
during the last three year funding period. Those published in the last year are marked with a

*_ Copies of the latter papers are included in the appendix for DOE internal use. Copies of the
other papers were submitted previously.
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Cation Transport”, J. Membrz. Sci., 37, 13-26 (1988).

2. R.M. Izatt, J.D. Lamb, and R.L Bruening, "Comparison of Bulk, Emulsion, Thin Sheet
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Cation Separations,” Sep. Sci. and Tech., 23, 1645-1658 (1988).
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Sulfonamide Groups as Ionophores,” J. Incl. Phenom., 6, 593-597 (1988).

4. R.M. Izatt, G.C. LindH, J.S. Bradshaw, C.W. McDaniel, and R.L. Bruening, "Proton-
Ionizable Crown Compounds: Transport of Alkali and Alkaline Earth Cations Using

Proton-Ionizable Triazolo Macrocycles," Sep. Sci. and Tech., 23(12&13), 1813-1823
(1988).

S. J.S. Bradshaw, J.M. Guynn, S.G. Wood, K.E. Krakowiak, R.M. Izatt, C.W. McDaniel,
B.E. Wilson, N.K. Dalley, and G.C. LindH, "Proton-Ionizable Crown Compounds. 16.
Synthesis, Structural Features and Cation Transport Studies of Crown Ethers Containing
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6. R.M. Izatt, G.C. LindH, R.L. Bruening, P. Huszthy, C.W. McDaniel, J.S. Bradshaw,
and J.J. Christensen, "Separation of Silver from Other Metal Cations Using Pyridone and
Triazole Macrocycles in Liquid Membrane Systems", Anal. Chem., 60, 1694-1699
(1988).

7. R.M. Izatt, R.L. Bruening, M.L. Bruening, G.C. LindH, and J.J. Christensen,
"Modeling Diffusion-Limited, Neutral-Macrocycle-Mediated Cation Transport in
Supported Liquid Membranes,” Anal. Chem., 61, 1140-1148 (1989).

8. R.M. Izatt, D.K. Roper, R.L. Bruening, and J.D. Lamb, "Macrocycle-Mediated Cation
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in press.
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