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Abstract
We are developing a
environment coupled

networked,
to one or

multi-user, virtual-reality-based collaborative
more petaFLOPs computers, enabling the

interactive simulation of I@ atom systems. The purpose of this work is to &plore
the requirements for this coupling. Through the design, development, and testing of
such systems, we hope to gain knowledge that will allow computational scientists to
discover and analyze their results more quickly and in a more intuitive manner.

1. Idroduction

As the complexity of material modeling simulations increases due to the availability
of larger and faster computers, so does the size of the output. For this reason, new
methods will be needed that enable the computational to examine, navigate, and
explore results in a rapid and intuitive manner.

To facilitate the analysis of simulation data, a variety of experts may be needed.
Hence, future visualization environments need to support collaborative interactions.
Through the coupling of simulation and visual analysis, scientists will have
unprecedented access to the capabilities of the next generation of computing
systems.

The capabilities mentioned will need to be integrated with scheduling and resource
management, discovery, and allocation systems. Thk integration will require the
combination of many diverse and often separate computer science disciplines. In
this paper we outline the key technologies needed, their current state, and our
proposed approach for integrating them. We also discuss our experimental
prototype system and the issues and problems we anticipate as we move forward.
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DISCLAIMER

This report was prepared as an account of work sponsored
by an agency of the United States Government. Neither the
United States Government nor any agency thereof, nor any
of their employees, make any warranty, express or implied,
or assumes any legal liability or responsibility for the
accuracy, completeness, or usefulness of any information,
apparatus, product, or process disclosed, or represents that
its use would not infringe privately owned rights. Reference
herein to any specific commercial product, process, or
service by trade name, trademark, manufacturer, or ~
otherwise does not necessarily constitute or imply its
endorsement, recommendation, or favoring by the United
States Government or any agency thereof. The views and
opinions of authors expressed herein do not necessarily
state or reflect those of the United States Government or
any agency thereof.

.—_. . . —... ._ -——— -...-.—_ .—



DISCLAIMER

~Portions of this document may be illegible
in electronic image products. Images are
produced from the best available original
document.



.

.

International Solvent Extraction Conference (ZSEC’99),Barcelona, Spain,
Ji?dy11-16,1999

-.
:

‘t. .
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ABSTRACT

The extraction of alkaline earth cations from weakly acidic solutions by three
dialkylphosphoric acids and various isomers of dicyclohexano-18-crown-6, both alone and
in combination in toluene solutions, has been examined to determine the effect of both the
crcyvn ether stereochemistry and the structure of the organophilic anion on the magnitude
of the synergistic effects. The synergistic effects have been found to diRer considerably
among the crown ether isomers and to vary with the extent of alkyl chain branching in the
diallgdphosphoric acid. Attempts to correlate the synergistic et%ectswith ligand strain
energies from molecular mechanics calculations are described.
(Ke~orak synergism, crown ether stereoisomers, dialky~ho~horic acids)

INTRODUCTION

In an effort to develop guidelines for the rational design of synergistic extraction
systems for metal ions using macrocyclic polyethers, we have examined the extraction of
Ca+2, Sr+2 and Ba+2 into toluene by various organophosphorus acids and crown ether
isomers, both alone and in combmation. Although synergistic effects involving mixtures of
crown ethers and organophosphorus acid anions are well known (l-7), few of the
previously described studies have taken a systematic approach to the elucidation of the
factors responsible for the observed synergism. By contrast, the present work employs
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structurally well-defined rnacrocycles and organophilic anions, thereby providing a means
of determining the influence of the crown ether stereochemistry and anion structwe on the
observed synergistic effects.

The series of dicyclohexano-18-crown-6 (DCH18C6) isomers shown in Figure 1
and the dialkylphosphoric acids of increasing steric bulk shown in Figure 2 were used. The
extraction data were then used to determine if a correlation exists between macrocyclic
ligandstrain energies (calculated by molecular mechanics) and the synergistic effects.
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Figure 1. DCH18C6 isomers used in this work
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Figure 2. Dialkylphosphotic acids used in this work

EXPERIMENTM

The preparation and puritlcation of the materials used in this work can be found in
reference 8. The distribution ratios, D, of 45C~ 85Srand 133Bawere determined at 23+1 ‘C
as reported in reference 9. For the pH dependencies of the metal distribution ratios, the
procedure described in reference 2 was followed. The details of the calculations of the
crown ether ligands reorganization energy, AU-9 are reported in reference 10.
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RESULTSAND DISCUSSION

Figure 3 shows the results of a continuous variation study of the distribution ratios
of Ca+2,S/2 and Ba+2as a fimction of the crown ether (CE) mole iiaction in HDOP-CE
mixtures at constant HN03 and metal ion concentrations. Similar results have been
obtained for the other dialkylphosphoric acids used in this study.
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Figure 3. Continuous variation plots for the HDOP-CE system. ~OP]+[CE] = 0.1 M in
tOhIen~ ~03] = 0.01 M, ~@03)2] = 0.001 M

These data illustrate a number of f~tures of the investigated systems. First, the
extraction of the metal cations by the CE alone is negligible, which allows us to define a
synergistic factor, SF, simply as the ratio of the D values in the presence and in the absence
of crown ether under each set of experimental conditions. Next, no significant synergism is
observed for Ca+2,probably due to the poor ability ofDCH18C6 to complex this cation
(7,1 1). In contrast, a strong synergistic effect is observed with Sr+2and Ba+2,both of which
are strongly complexed by 18-membered crown ethers (7,11). For these two cations, the
various stereoisomers of DCH18C6 yield remarkably dflerent SF values, in the order
A>B>~Cn (vi~e inza). Finally, the maximum D values generally occur at a CE mole
fraction of 0.2, indicating that the synergistic complexes of Sr+2and Ba+2 contain four
molecules of dkdkylphosphorc acid for each CE molecule.

Figure 4 shows the pH dependencies of the metal distribution ratios at constant
ionic strength and temperature measured with 0.1 M HDOP either alone or in the presence
of 0.025 M CE (various isomers), that is, under conditions corresponding to the maxima in
the continuous variation plots in Figure 3. Similar dat~ not shown here, were obtained for
HDEHP and HD(DiBM)P. The data in Figure 4 confirm both the lack of synergism for
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Ca+2and the order of effectiveness of the various isomers of DCH18C6 in enhancing Sr+2
and 13a+2extraction by HDOP (vide supra). The same order was verified with the other two
dialkylphosphoric acids with one exceptio~ the HD(DiBM)P- Sr+2syste~ in which isomer
B was slightly more effective than isomer A.
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Figure 4. pH dependencies with 0.1 M HDOP alone or with 0.025 M DCH18C6 in toluen~

~(N03)2] = 0.001 M

In all cases, the slope value of the pH dependencies is +2, indicating that when the
cations are extracted by HDOP, HDEHP or HD~iBMIP, either alone or in combination
with the various isomers of DCH18C6, two ~ ions are liberated during extraction.

The extractant dependencies of the D values were also measured and slope analysis
of the logarithmic plots of D vs. extractant concentration obtained at a constant aqueous
phase PH (between 2 to 3) and at very low organic phase loading was performed. Whh the
dialkylphosphoric acids alone, slopes of the dependencies were 2.5 for Ca+2and 3.0 for Sr+2
and Ba+2, although some deviation from these vrdues was observed with HD(Di13M)P.
Overall, our results agree with previous literature tiorrnation concerning extraction of
alkaline earth cations by dialkylphosphoric acids (12).

Extractant dependencies were also determined for synergistic systems (not shown
for the sake of brevity). In all cases, the slope of the logarithmic plots of D vs. the
dialkylphosphoric acid concentration (at constant DCH18C6 concentration) was +2. When
the DCH18C6 concentration was varied, keeping the dirdlglphosphoric acid concentration
constant, slope values of +1 were obtained. In several cases, however, slopes less than
unitywere observed at the highest CE concentrations, in agreement with previous studies
(2). Using these results, together with the dmeric state of aggregation of
organophosphorus acids in toluene (13) and the absence of interaction betwen the two
extractants in the organic phase (confirmed by vapor pressure osmome~ and inbred
spectroscopy measurements (14)), the equilibria describing the extraction of alkaline earth
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cations by mixtures of diallgdphosphoric acids and DCH18C6 can be written as follows,
where HA and B represent the two extraotants in the organic phase

ti2 + (2+n/2)(HA)2 = M(HA2)@IA + 2~ K%
in the absence of crown ether, with n = 1 for Ca+2and n =2 for Sr+2and Ba+2.For Sr+2and
Ba+2in the presence of DCH18C6, this becomes:

~2 + 2(HA)2 + B u MB(HAz)z + 2~ h,
: The synergistic constant K,, defined as the I&#& ratio (13), corresponds to the:
organic phase reaction that leads to the formation of the final Sr+2and Ba+2complexes

M(HA2)2”ZIW + B e MB(HA2)2 + 2HA KS
1..

The & values listed in Table 1 have been used to quantitatively describe the
synergism in the investigated systems. Because of the low reagent concentrations in both
phases, these values oan be considered to be nearly thermodynamic constants.

Table 1: Values of the synergistic equilibrium constants, K,

DCH18C6 HDOP HDEHP HD(DiBM)P
isomer Sr Ba Sr Ba Sr Ba

A (1.07+0.09)
X102

B (3.17+0.31)
XIO’

E (9.43MM4)
Xlo”

c (3.36+0.18)
Xlo”

D (2.60+0.23)
Xlo”

(5.32+0.64)
X103

(1.27+0.17)
X103

(4.09+0.49)
X102

(3.58&0.94)
X1O1

(1.58+0.32)
X1O1

(1.96+0.24)
X103

(3.49+0.52)
X102

(8.08+1.00)
X1O1

(1.03+0.13)
X1O1

(5.26+0.69) (4.19+0.57)
X103 X102

(1.84+0.20) (5.48+0.55)
X103 X102

(3.62+0.40) (6.54+0.95)
X102 X1O1

(1.45+0.29)
X1O1

—

(7.25+1.45)
X103

(8.01+1.44)
X102

(1.95+0.33)
X102

Figure 5 shows the relationship between the log K, (Table 1) and the ligand
reorganization energy (AUw~ calculated through molecular mechanics for the metal
complexes of the various stereoisomers of DCH18C6. These reorganization energies
represent the degree to which complex formation between a crown ether and a given metal
ion induces steric strain in the crown ether. Ligands highly organized for binding exhibit
small AU- values, down to the limiting value of AU-= Ofor Iigands that are perfkctly
organized for binding. Extrapolation to AUH,~ = O of the linear correlation between the
logarithm of the biiding constant and AU~% allows an estimation of the binding constant
for ligands with an optimum configuration.

The resuIts shown in Figure 5, which represent the first report of a correlation
between synergistic constants and ligand strain energies, seem to indicate that the ptiary
factor determining the magnitude of the observed synergistic effeas is the reorganization
energy of the various DCH18C6 isomers. It also appears that the steric hindrance due to
the branching of the W@ groups of the dialkylphosphoric aqids also plays a role, although
a more limited one.
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Figure 5. Relationship between log&values and DCH18C6 isomers reorganization energy
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