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ABSTRACT

Using a dynamic flow method, the supercritical carbon dioxide (SC-CO,)
solubilities of two series of symmetrically substituted alkylenediphos-
phonic acids, bearing 2-ethylhexyl and 3-trimethylsilyl-1-propyl ester
groups, respectively, were determined as a function of the number of
methylene groups separating the two phosphorus atoms. An even—odd
effect, similar to that observed previously for the aggregation of these
compounds in nonpolar diluents, was observed, with compounds that
form more highly aggregated species in nonpolar diluents exhibiting
lower solubility in SC-CO,. Differences in the relative solubilities of
analogous members of these series prompted the study of the SC-CO,
solubilities of symmetrically substituted methylenediphosphonic acids
bearing seven- and eight-carbon ester groups of various degrees of
branching to determine the relative importance of steric and electronic
effects in determining SC-CO, solubilities. When molecular connectivity
indices were used to quantify the extent of branching in the ester groups, a
remarkable correlation between these molecular descriptors and SC-CO,
solubility was observed.

Key Words:  SC-CO,; Solubility; Diphosphonic acid; Seven- and eight-
carbon ester; Molecular connectivity.

INTRODUCTION

The use of so-called neoteric solvents constitutes a key element in recent
efforts to devise more environmentally benign (green) methods for chemical
synthesis, catalysis, and separations.!'~* Of this diverse group of solvents,
supercritical carbon dioxide (SC-CO,) has been the subject of particularly
intense interest. Carbon dioxide offers numerous benefits in the context of
green processing: it is nontoxic, nonflammable, and does not contribute to
either photochemical smog or to ozone destruction. Moreover, in its
supercritical state (i.e., above its readily accessible critical point of 31°C and
73.8 atm), its solvating power can be tuned over a wide range by relatively
small changes in temperature and pressure.”’

The use of SC-CO, as a medium for metal ion separations is by now well
established, and numerous reports describing the extraction of any of a number
of metal ions by various complexants from a wide range of matrices have
appeared.'®=® Recent work in this laboratory has concerned the possibility of
coupling the unique solvent properties of SC-CO, with the remarkable metal
ion complexing power of alkylenediphosphonic acids.""°~'¥ Diphosphonic
acids have been extensively studied as metal ion chelating agents''*~'*! and,
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upon appropriate substitution, have provided the basis for powerful metal ion
extractants''® " and a variety of novel ion-exchange'*?~%* and extraction
chromatographic'®®! materials. Previous work has demonstrated that these
compounds form extremely stable complexes with a variety of metal ions,
particularly lanthanides and actinides.!'®'*! Their use in SC-CO, could thus
provide a powerful tool for separating these ions from a variety of media.
Unfortunately, neither unsubstituted diphosphonic acids nor the alkyl-
substituted derivatives reported to date are sufficiently soluble in unmodified
SC-CO, to comprise practical metal ion extractants in this medium.%3"
Although the low solvent power of SC-CO, can be improved through the
addition of modifiers (such as methanol) or increasing the applied pressure,
these approaches are not always effective or desirable, as such measures
increase operating costs or render the method less environmentally friendly.
For this reason, much effort has been directed toward the development of
metal ion complexants incorporating “CO,-philic” substituents, such as
fluorine atoms or silicone polymer functionalities./**>*

Our recent work has focused on the synthesis and characterization of
alkylenediphosphonic acids possessing discrete, well-defined, silicon-contain-
ing functional groups (e.g., the 3-trimethylsilyl-1-propyl group)**=3¢! for
possible application in SC-CO,. (This moiety was initially chosen to
determine the feasibility of incorporating a silicon functionality into a
diphosphonic acid because the corresponding alcohol was commercially
available and could be used to esterify diphosphonic acids via a well-
characterized method."'*'33*) Such compounds were targeted because they
are expected to be considerably less expensive than their fluorinated analogs,
increasing the likelihood of eventual large-scale application. Also, since
current plans for the disposal of high-level radioactive waste include
vitrification into borosilicate glass (typically consisting of 30—50% SiO,),"”!
the incorporation of silicon functionalities into alkylenediphosphonic acids
could increase their compatibility with this waste form. Furthermore, while
significant effort has been devoted to the examination of the effect of
fluorination®~**' on the metal ion complexation /extraction behavior and the
SC-CO, solubility of various ligands, relatively little work has been reported
on the effect of adding silicon-based functionalities. Finally, unlike the
heterogeneous mixtures produced by derivatization of a molecule (e.g., a
complexing agent) with silicone polymers, alkylenediphosphonic acids
bearing structurally well-defined functionalities are suitable for the deter-
mination of structure—property relationships.

Alkylenediphosphonic acids contain two sites that can be functionalized
to modify their solubility properties: the alkylene bridge separating the
phosphorus atoms (site a in Fig. 1) and the acidic POH groups (site b). In
principle, the presence of two sites for derivatization, the ability to adjust the
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Figure 1. Functionalization sites of alkylenediphosphonic acids.

bridge length, and the many structural variations possible in the appended
functional groups offer numerous opportunities to enhance the SC-CO,
solubility of diphosphonic acids. At the same time, however, this flexibility
poses a significant challenge, namely, the identification of those compounds
most likely to exhibit satisfactory solubility in SC-CO, from among the
multitude of possible candidates for synthesis. Obviously, the challenge of
relating SC-CO, solubility to molecular structure is not unique to
alkylenediphosphonic acids, and, in fact, considerable effort has been devoted
to the development of means by which to predict the SC-CO, solubility of a
variety of organic compounds. Among the approaches that have been
employed are the application of equations of state,'**~*? neural networks,**!
linear free energy relationships,**! and any of a variety of molecular
descriptors encoding the geometric, topological, or electronic properties of the
compounds of interest.!*> 47!

Our interests lie not in making predictions of SC-CO, solubility from
first principles, but rather once the solubility in SC-CO, of a particular
“parent” ligand (the general structure of which is dictated by the
coordination requirements and charge of the metal ion of interest) has been
established, in simply correlating changes in this solubility with various
structural modifications in the ligand framework. To this end, we have
examined the SC-CO, solubility properties of a series of alkylenedi-
phosphonic acids of varying bridge length, symmetrically-substituted at two
of the acidic hydrogens with either a 2-ethylhexyl or 3-trimethylsilyl-1-
propyl functionality (Fig. 2, with n=1-6 and R = 2-ethylhexyl or 3-
trimethylsilyl-1-propyl). Also, for a series of symmetrically disubstituted
methylenediphosphonic acids (Fig. 2, with n = 1), we have determined the
effect of the extent of branching of the ester groups on the aggregation and
SC-CO, solubility of these compounds and have demonstrated the utility of
molecular connectivity indices in quantifying the influence of branching on
solubility.

Copyright © Marcel Dekker, Inc. All rights reserved.
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Figure 2. Symmetrically diesterified alkylenediphosphonic acid.

EXPERIMENTAL
Materials

The silyl-substituted alkylenediphosphonic acids and their di(2-
ethylhexyl) analogs were synthesized via the dicyclohexylcarbodiimide-
facilitated esterification of one molar equivalent of the appropriate
alkylenediphosphonic acid with two molar equivalents of 3-trimethylsilyl-1-
propanol or 2-ethylhexanol in anhydrous tetrahydrofuran. The resultant
products were purified and characterized as previously described.** The
symmetrically-substituted methylenediphosphonic acids containing seven-
and eight-carbon ester groups were synthesized by the 1H-tetrazole-catalyzed
coupling of one equivalent of methylenebis(phosphonic dichloride) with two
equivalents of the appropriate alcohol as described previously.!'*!*! Note that
in this article, an abbreviated naming system (Fig. 3) is used to represent the
diphosphonic acid extractants. This system emphasizes (a) the number of
acidic protons (H, — 2); (b) the ester group (D = di); and (c) the number of
methylene groups bridging the two phosphorus atoms.

Solutions used in the vapor pressure osmometry experiments were
prepared by dissolving a known mass of the alkylenediphosphonic acid in
toluene (Fisher Scientific, Pittsburgh, PA) to achieve the desired molality. All
other reagents were ACS grade and used without further purification.

Measurements
Vapor Pressure Osmometry

Vapor pressure osmometry (VPO) measurements were performed on a
Jupiter Model 833 vapor-pressure osmometer (Jupiter Instrument Co., Jupiter,
FL) thermostated to 25.0°C + 0.1°C using a Neslab (Neslab Instruments, Inc.,
Newington, NH) constant-temperature bath using previously described
methods.*>2®" The instrument was calibrated using standard solutions of
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1 [MDP] methylenediphosphonic acid
2 [EDP] ethylenediphosphonic acid
3 [PrDP]  propylenediphosphonic acid
4 [BuDP] butylenediphosphonic acid
5 [PDP]  pentylenediphosphonic acid
6 [HDP]  hexylenediphosphonic acid

Figure 3. Naming system for alkylenediphosphonic acids.

sucrose octaacetate in toluene. A plot of measured voltage vs. monomeric
sucrose octaacetate molality (m) yielded a slope of 1788 mV/m for the
instrument calibration constant.

Supercritical Carbon Dioxide Solubility

The solubilities of the diphosphonic acids in SC-CO, were determined
using an Isco, Inc. (Lincoln, NE) SFX System 2130 equipped with two Model
260D syringe pumps and an SFX 220 extractor with a coaxially heated (60°C)
adjustable restrictor. The CO, syringe pump was cooled to 5°C by a water
jacket connected to a Neslab recirculating water bath. A known mass
(~400 mg) of extractant was placed in a 9-mL, high-temperature crystalline-
polymer sample cartridge with 2-pum frits containing glass beads (60—100
mesh, Fisher Scientific) to reduce the dead volume. The sample cartridge was
charged with CO,, and a 15-min static extraction step was carried out. While
the pressure and temperature were maintained at a predetermined value (e.g.,

Copyright © Marcel Dekker, Inc. All rights reserved.
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200-250bar and 60°C), the restrictor was opened to achieve a flow rate of
2.30 + 0.20 mL/min, and the eluent collected as a series of 3.00-mL aliquots
into preweighed, dried borosilicate glass sample vials containing hexane
(Fisher Scientific Co.). The hexane was removed under reduced pressure at
40°C on a rotary evaporator and the sample vials placed in a vacuum oven at
60°C for 18 hr. The vials were then allowed to cool to room temperature in a
desiccator, and the mass of recovered extractant determined gravimetrically.
The solubility was calculated as the number of moles of solute collected
divided by the number of moles of CO, required for transfer.

Prior to use, the sample cartridges were dried in vacuo at 60°C for 18 hr,
then weighed to allow the determination of mass balance. In all cases, a
satisfactory mass balance (4+5%) was obtained. Duplicate experiments
showed that the reproducibility was generally within 5%, unless experimental
conditions (e.g., dead volume, flow rate, or equilibration time) varied
dramatically. Care was therefore taken to keep these conditions uniform over
the entire series of experiments.

The validity of the method for making SC-CO, solubility measurements
was confirmed by the determination of the solubility of several solid compounds
(i.e., stearyl alcohol, stearic acid, and biphenyl) for which literature values!*®4%!
are available. The results of these test determinations, summarized in Table 1,
generally reproduced the literature data to within 10% of the reported value.

RESULTS AND DISCUSSION
Silyl- and 2-Ethylhexyl-Substituted Compounds
Solubility data obtained from dynamic transfer experiments for sym-
metrically-disubstituted 2-ethylhexyl and 3-trimethylsilyl-1-propylalkylenedi-

phosphonic acids at 60°C and 250bar (Fig. 4) suggest that the SC-CO,
solubility of these ligands at a given temperature and pressure is determined by

Table 1. The SC-CO, solubilities of selected solids.

Conditions
Reported Experimental
Compound °C bar solubility® solubility® Reference
Biphenyl 35.8 201.7 143 x 1072 1.5 %1072 48
Stearyl alcohol ~ 35.0 2180 828 x 107 8.6 x 10°* 49
Stearic acid 35.0 208.0 121 x 107 1.1x10* 49

*Mole fraction solute.

Copyright © Marcel Dekker, Inc. All rights reserved.
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Figure 4. Percent recovery of 3-(trimethylsilyl)-1-propyl- and 2-ethylhexyl-
substituted alkylenediphosphonic acids from glass beads at 250 bar, 60°C.
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several factors, most notably, the length of the alkylene chain bridging the
phosphorus atoms. Specifically, those ligands with an odd number of bridging
methylene groups, which have been shown to be dimeric in nonpolar diluents
(e.g., toluene), are significantly more soluble in SC-CO, under a given set of
conditions than those with an even number of bridging methylene groups, which
tend to form more highly aggregated species in these diluents.”*®! Although no
data are yet available on the aggregation of these compounds in SC-CO,, prior
reports comparing the self-association of various carboxylic acids in toluene and
SC-CO, suggest that the diphosphonic acids may be somewhat less aggregated
in SC-CO, than in a conventional nonpolar solvent.*®! It should be noted,
however, that the aggregation constants for these ligands in such solvents (e.g.,
toluene), which range from ca. 10° to more than 1012, are such that even a
significant decrease in their magnitude in SC-CO, vs. toluene will nonetheless
correspond to essentially complete aggregation. The lower solubility observed
for the most highly aggregated compounds is not entirely unexpected, given the
reported greater solubility of the monomeric form of carboxylic acids relative to
the corresponding dimers in SC-CO,.>"!

The results presented in Fig. 4 also demonstrate that among the compounds
with an odd number of bridging methylene groups, the SC-CO, solubility
decreases as the length of the bridge increases. Thus, H,DTMSP[MDP] is
significantly more soluble in SC-CO, than either H,DTMSP[PrDP] or
H,DTMSP[PDP]. Given that all of these ligands are primarily dimeric in
toluene (and are expected to remain so in SC-CO,), a factor other than
aggregation clearly plays a role in determining this difference in solubility.
Increases in solute molecular weight are known to lead to decreases in SC-CO,
solubility.[5 1 Thus, the lower solubility observed for H,DTMSP[PrDP] and
H,DTMSP[PDP] is certainly due, at least in part, to their higher (by 28 and
56 g/mol, respectively) molecular weights vs. H,DTMSP[MDP]. Previous
reports”!! for n-alkanes and primary alcohols suggest that a given increase in
solute molecular weight will be accompanied by a similar decrease in SC-CO,
solubility, with each additional methylene group leading to a decline of roughly
a third. That the decrease in SC-CO, solubility for the two diphosphonic acids
exceeds this value suggests that some other, as yet unidentified, factor also
influences the solubility in this case.

It is also evident from Fig. 4 that the nature of the ester groups present has
a significant effect on the solubility of the diphosphonic acid. Specifically,
TMSP-substituted extractants are generally more soluble than the analogous
EH-substituted extractants. To determine if the greater solubility of the TMSP
compounds arises from the presence of the silicon atom in the TMSP group or
from differences in branching between the TMSP and EH groups (variations
in branching having been shown previously to lead to significant differences in
the SC-CO, solubility of isomeric alkanes and alcohols[su), the SC-CO,
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solubilities of methylenediphosphonic acids esterified with a number of C;
and Cg groups with various degrees of branching were determined.

C5- and Cg-Esterified Methylenediphosphonic Acids:
Aggregation Properties

Since the aggregation of alkylenediphosphonic acids likely has
considerable influence on their SC-CO, solubility, the degree of aggregation
in toluene of members in the series of methylenediphosphonic acids
containing seven- or eight-carbon ester groups (Fig. 3) was first determined.
The results of these experiments (Table 2) show that, as anticipated, the ester
group has no effect on the aggregation of methylenediphosphonic acids, with
all of the compounds existing as dimeric aggregates.

C7- and Cg-Esterified Methylenediphosphonic
Acids: Supercritical Carbon Dioxide Solubility

The results of measurements of the SC-CO, solubility at 60°C and

200 bar of the series of methylenediphosphonic acids containing seven- or
eight-carbon ester groups are shown in Figs. 5 and 6. It is readily apparent from

Table 2. Aggregation of methylenediphosphonates with C; and Cg ester groups.

Analytical Apparent Aggregation
Compound concentration® concentration® number®
H,DO[MDP] 0.05335 0.02665 2.00
H,DEH[MDP] 0.05043 0.02537 1.99
H,DPrP[MDP] 0.05237 0.02650 1.98
H,DTMP[MDP] 0.04947 0.02508 1.97
H,DcHE[MDP] 0.05421 0.02681 2.02
H,DHp[MDP] 0.07060 0.03561 1.98
H,DMH[MDP] 0.05884 0.02833 2.08
H,DTMSP[MDP] 0.05035 0.02561 1.97
H,DiPrBu[MDP] 0.06828 0.03377 2.02
H,DcHM[MDP] 0.05963 0.02940 2.03

"Moles solute/kg toluene determined from a known mass of solute dissolved in a
known mass of toluene.

"Moles solute/kg toluene determined experimentally using vapor pressure
osmometry, 1333

“Analytical concentration/apparent concentration (= 0.07).
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these results that the extent of branching of the ester group has a pronounced
effect on the SC-CO, solubility of these compounds, with the straight-chain
and cyclic esters exhibiting far poorer solubility than the highly branched
esters. It was anticipated that an increase in ester group branching would be
accompanied by greater solubility, given prior reports of the influence of
branching on solubility of hydrocarbons and alcohols!! in SC-CO,, although
the magnitude of the effect (most evident from Fig. 7) is somewhat surprising.

Figure 7 summarizes the results of efforts to correlate the solubility of the
C5 and Cg esters of methylenediphosphonic acid with a topological molecular
descriptor, the molecular connectivity. This descriptor can be calculated at
a number of different levels to take into account various properties of a
molecule,”*>3! and it has been successfully employed in the development of
structure—function relationships to predict such properties as boiling
points,™* gas chromatographic retention times,"? and toxicity.” For a
given ester group, the molecular connectivity index of order n, "y, is
calculated by assigning to each nonhydrogen atom in the group a number (o;)
equal to the number of other nonhydrogen atoms to which it is bound, then

100 TMSP
././.—.
o/
80 ]
./ , iPBu

?é 60 o / i
()
3 | / / |
8 ®
p =
2 404 / / / |
v
1 | 4 / J
204 / v -
° / MH
) v = Hp )
/ e oo
0+ —F—0—¥ "4 Ao A A A —4A cHM
T T T T T T
0 100 200 300 400 500

moles COZ/initial moles solute

Figure 5. Percent recovery of C;-methylenediphosphonates from glass beads at
200 bar, 60°C.
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Figure 6. Percent recovery of Cg-methylenediphosphonates from glass beads at
200 bar, 60°C.

solving the following equations for each possible combination of connected
atoms of size n + 1:

O = Z (o)™
'x= Z (07 - o) °
X=)Y (oi-0;- )"

For example, ®y is calculated from the sum of the individual o values raised to
the —0.5 power, while 'y is calculated from the sum of the products of the o
values of all combinations of two adjacent atoms. Results of these calculations
are given in Table 3.
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Figure 7. Supercritical carbon dioxide solubility vs. '

acids with seven and eight-carbon ester groups.

x for methylenediphosphonic

To obtain the best fit of the data using the fewest molecular connectivity
indices, numerous combinations of the indices were investigated. Although
the fit of the data generally improved as more indices were used, a satisfactory
fit was obtained when the base-ten logarithms of the extractant solubilities
were plotted vs. a simple linear combination (***'y) of 'y and %y, as per the
following equation:

total |,

x=a-'x+b-’x

Through the use of the iterative solving feature of Corel Quattro Pro (v.8.0,
Corel Corporation, Ottawa, Ontario, Canada), the coefficients (i.e., a and b)
were optimized (to a = 1.00 and b = 0.23) to provide the best straight-line
correlation for a plot of the negative base-ten logarithm of the extractant
solubility vs. “'y. Figure 7 shows the results obtained when the coefficients
were optimized using the data for the Cg-esterified methylenediphosphonates.

As can be seen, the data for the Cg compounds are highly correlated
(R = — 0.977) to *°*“y. Interestingly, the same coefficients yield a straight-line
relationship (R = — 0.990) between the solubility and ““'y for the C,-
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esterified methylenediphosphonates, suggesting that the relative SC-CO,
solubility of methylenediphosphonates bearing different alkyl ester groups can
be predicted through the calculation of molecular connectivity indices.

It is important to note (Fig. 7) that H,DTMSP[MDP] is roughly an order
of magnitude more soluble in SC-CO, than would be expected from its
molecular connectivity index alone. Thus, the greater solubilizing effect of the
TMSP group vs. the EH group arises not merely from the introduction of
greater branching into the extractant but also from the presence of the silicon
atoms. That a silicon-containing functionality should increase the solubility of
the extractant in SC-CO, is not surprising given previous reports of “CO,-
philic” silicon-based polymers and amphiphiles.®®>”) The magnitude of
the effect observed was unanticipated, however, given that each TMSP
group contains only a single silicon atom. Interestingly, the observed
solubility (ca. 0.054 M at 60°C and 200 bar) of H,DTMSP[MDP], while not as
great as that of tri-n-butyl phosphate (1.2M under the same conditions of
temperature and pressure),”® is comparable to that of diisodecylphosphoric
acid (0.041 M)*®! and octyl(phenyl)(N,N-diisobutylcarbamoyl)-methylphos-
phine oxide (0.089 M),”™ two organophosphorus extractants regarded as
having sufficient SC-CO, solubility to render them applicable in the
supercritical fluid extraction (SFE) of metal ions.””™

CONCLUSIONS

The results presented here, in addition to elucidating the factors governing
the solubility of alkylenediphosphonic acids in SC-CO,, represent the first
demonstration of the utility of simple branching indices in the design of
carbon dioxide-soluble metal ion extractants. In addition, the results provide
the first indication that metal ion extractants having SC-CO, solubility
adequate for application in SFE can be prepared by incorporation into the
extractant of simple, structurally well-defined, silicon-bearing substituents.
Work addressing the opportunities for improved CO,-based systems for metal
ion separations suggested by these results is currently underway in this
laboratory.

ACKNOWLEDGMENTS

This work was performed under the auspices of the Office of Basic
Energy Sciences, Division of Chemical Sciences (SC-CO, studies) and the
Environmental Management Sciences Program of the Offices of Science and
Environmental Management (extractant syntheses), US Department of Energy,

Copyright © Marcel Dekker, Inc. All rights reserved.

MARCEL DEKKER, INcC. ﬂ
270 Madison Avenue, New York, New York 10016 5



10: 10 25 January 2011

Downl oaded At:

776

ORDER | _=*_[Il REPRINTS

McAlister et al.

under grant number DE-FG(07-98ER14928 (LUC) and W-31-109-ENG-38
(ANL). The authors thank Loyola University Chicago for Dissertation
Fellowship support (JAD and DCS) and the Department of Education for
support through a GAANN Fellowship (DRM and PRZ). The authors also
thank Dr. Joan Brennecke (Department of Chemical Engineering, University
of Notre Dame) for helpful advice and discussions.

10.

11.

12.

13.

REFERENCES

. Welton, T. Room-temperature ionic liquids. Solvents for synthesis and

catalysis. Chem. Rev. 1999, 99, 2071-2083.
Holbrey, J.D.; Seddon, K.R. Ionic liquids. Clean Prod. Process 1999, 1,
223-236.

. Earle, M.J.; Seddon, K.R. Ionic liquids. Green solvents for the future.

Pure Appl. Chem. 2000, 72, 1391-1398.

Brennecke, J.F.; Maginn, E.J. lonic liquids: innovative fluids for chemical
processing. AIChE J. 2001, 47, 2384-2389.

Jessop, P.G.; Leitner, W. Supercritical fluids as media for chemical
reactions. In Chemical Synthesis Using Supercritical Fluids; Jessop, P.G.,
Leitner, W., Eds.; Wiley-VCH: New York, 1999; 9-13.

Laintz, K.E.; Wai, C.M.; Yonker, C.R.; Smith, R.D. Extraction of metal
ions from liquid and solid materials by supercritical carbon dioxide. Anal.
Chem. 1992, 64, 2875-2878.

. Lin, Y.; Brauer, R.D.; Laintz, K.E.; Wai, C.M. Supercritical fluid

extraction of lanthanides and actinides from solid materials with a
fluorinated B-diketone. Anal. Chem. 1993, 65, 2549-2551.

Wai, C.M.; Kulyako, Y.; Yak, H.-K.; Chen, X.; Lee, S.-J. Selective
extraction of strontium with supercritical fluid carbon dioxide. Chem.
Commun. 1999, 2533-2534.

Powell, C.J.; Beckman, E.J. Design of ligands for the extraction of PtClg_
into liquid CO,. Ind. Eng. Chem. Res. 2001, 40, 2897-2903.

Dzielawa, J.A. Loyola University Chicago: Chicago, 2001; Ph.D.
Dissertation.

McAlister, D.R. Loyola University Chicago: Chicago, 2002; Ph.D.
Dissertation.

Stepinski, D.C.; Herlinger, A.W. A facile and high yield synthesis of
symmetric dialkyl-substituted methylenebisphosphonic acids. Synth.
Commun. 2002, 32, 2683-2690.

Stepinski, D.C.; Nelson, D.W.; Zalupski, P.R.; Herlinger, A.W. Facile
high yielding synthesis of symmetric esters of methylenebisphosphonic
acid. Tetrahedron 2001, 57, 8637-8645.

Copyright © Marcel Dekker, Inc. All rights reserved.

MARCEL DEKKER, INcC. ﬂ
270 Madison Avenue, New York, New York 10016 5



10: 10 25 January 2011

Downl oaded At:

ORDER | _=*_[Il REPRINTS

Design of SC-CO,-Soluble Metal Ion Extractants 777

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Gatrone, R.C.; Horwitz, E.P.; Rickert, P.G.; Nash, K.L. The synthesis and
decomposition of novel organophosphorus complexants. Sep. Sci.
Technol. 1990, 25, 1607-1627.

Nash, K.L.; Rickert, P.G. Thermally unstable complexants: stability of
lanthanide/actinide complexes, thermal instability of the ligands, and
applications in actinide separations. Sep. Sci. Technol. 1993, 28, 25-41.
Nash, K.L. f~Element complexation by diphosphonate ligands. J. Alloys
Compd. 1997, 249, 33-40.

Fugate, G.A.; Nash, K.L.; Sullivan, J.C. Kinetic study of the reactions of
Np(V) and U(VI) with diphosphonic acids in acetate buffer solutions.
Radiochim. Acta 1997, 79, 161-166.

Nash, K.L. Thermodynamics of formation of complexes between
thorium(IV) and substituted methane diphosphonic acids in acidic
solutions. Radiochim. Acta 1991, 54, 171-179.

Chiarizia, R.; Horwitz, E.P.; Rickert, P.G.; Herlinger, A.W. Metal
extraction by alkyl-substituted diphosphonic acids. Part 1. P,P’-Di(2-
ethylhexyl) methanediphosphonic acid. Solvent Extr. Ion Exch. 1996, /4,
773-792.

Chiarizia, R.; Herlinger, A.W.; Horwitz, E.P. Metal extraction by alkyl-
substituted diphosphonic acids. Part 3. P,P’-di(2-ethylhexyl) ethanediphos-
phonic acid solvent extraction study. Solvent Extr. Ion Exch. 1997, 15,
417-431.

Chiarizia, R.; Herlinger, A.W.; Chang, Y.D.; Ferraro, J.R.; Rickert, P.G.;
Horwitz, E.P. Metal extraction by alkyl-substituted diphosphonic acids.
Part 4. P,P’-Di(2-ethylhexyl) butanediphosphonic acid. Solvent Extr. Ion
Exch. 1998, 16, 505-526.

Horwitz, E.P.; Chiarizia, R.; Diamond, H.; Gatrone, R.C.; Alex-
andratos, S.D.; Trochimczuk, A.W.; Crick, D.W. Uptake of metal ions
by a new chelating ion-exchange resin. Part 1: acid dependencies of
actinide ions. Solvent Extr. Ion Exch. 1993, /7, 943-966.
Alexandratos, S.D.; Trochimczuk, A.W.; Crick, D.W.; Horwitz, E.P.;
Gatrone, R.C.; Chiarizia, R. Synthesis and ion-complexing properties of a
novel polymer-supported reagent with diphosphonate ligands. Macro-
molecules 1996, 29, 1021-1026.

Chiarizia, R.; D’Arcy, K.A.; Horwitz, E.P.; Alexandratos, S.D.;
Trochimczuk, A.W. Uptake of metal ions by a new chelating ion
exchange resin. Part 8: simultaneous uptake of cationic and anionic
species. Solvent Extr. Ion Exch. 1996, /4, 519-542.

Chiarizia, R.; Horwitz, E.P.; D’Arcy, K.A.; Alexandratos, S.D;
Trochimczuk, A.W. Uptake of actinides and other ions by diphosil, a
new silica-based chelating ion exchange resin. Spec. Publ. -R. Soc. Chem.
1996, 182, 321-328.

Copyright © Marcel Dekker, Inc. All rights reserved.

MARCEL DEKKER, INcC. ﬂ
270 Madison Avenue, New York, New York 10016 5



10: 10 25 January 2011

Downl oaded At:

778

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

ORDER | _=*_[Il REPRINTS

McAlister et al.

Chiarizia, R.; Horwitz, E.P.; D’Arcy, K.A.; Alexandratos, S.D.;
Trochimczuk, A.W. Uptake of metal ions by a new chelating ion
exchange resin. Part 9: silica grafted diphosphonic acid. Solvent Extr. Ion
Exch. 1996, /4, 1077-1100.

Chiarizia, R.; Horwitz, E.P.; Alexandratos, S.D.; Gula, M.J. Diphonix®
resin: a review of its properties and applications. Sep. Sci. Technol. 1997,
32, 1-35.

Chiarizia, R.; Horwitz, E.P.; Beauvais, R.A.; Alexandratos, S.D.
Diphonix-Cs: a novel combined cesium and strontium selective ion
exchange resin. Solvent Extr. Ion Exch. 1998, 76, 875-898.

Horwitz, E.P.; Chiarizia, R.; Dietz, M.L. Dipex: a new extraction
chromatographic material for the separation and preconcentration of
actinides from aqueous solution. React. Funct. Polym. 1997, 33, 25-36.
Phelps, C.L.; Smart, N.G.; Wai, C.M. Past, present and possible future
applications of supercritical fluid technology. J. Chem. Ed. 1996, 73,
1163-1168.

Herlinger, A.W.; McAlister, D.R.; Chiarizia, R.; Dietz, M.L. Aggrega-
tion, metal ion extraction and solubility properties of silyl-substituted
alkylenediphosphonic acids. Sep. Sci and Tech. 2003, 38 (12,13),
2741-2762.

Lagalante, A.F.; Hansen, B.N.; Bruno, T.J. Solubilities of copper(Il) and
chromium(IIl) B-diketonates in supercritical carbon dioxide. Inorg.
Chem. 1995, 34, 5781-5785.

Ashraf-Khorassani, M.; Combs, M.T.; Taylor, L.T. Solubility of metal
chelates and their extraction from an aqueous environment via
supercritical carbon dioxide. Talanta 1997, 44, 755-763.

Griffith, J.A.; Barrans, R.E.; McAlister, D.R.; Dietz, M.L.;
Herlinger, A.W. Synthesis and characterization of di[3-(trimethylsilyl)-
1-propylene] alkylenediphosphonic acids. Synth. Commun. 2000, 30,
2121-2132.

McAlister, D.R.; Dietz, M.L.; Chiarizia, R.; Herlinger, A.W. Metal ion
extraction by silyl-substituted diphosphonic acids. Part 1. P,P’-Di[3-
(trimethylsilyl)-1-propylene] methylene- and ethylene-diphosphonic
acids. Sep. Sci. Tech. 2001, 36, 3541-3562.

McAlister, D.R.; Dietz, M.L.; Chiarizia, R.; Zalupski, P.R.;
Herlinger, A.W. Metal ion extraction by silyl-substituted diphosphonic
acids. Part 2. effect of alkylene bridge length on aggregation and metal ion
extraction behavior. Sep. Sci. Tech. 2002, 37, 2289-2315.

Luo, S.; Sheng, J.; Tang, B. A comparison of HLW-glass and PWR-borate
waste glass. J. Nucl. Mater. 2001, 298, 180—183.

Johnson, K.P.; Peck, D.G.; Kim, S. Modeling supercritical mixtures: how
predictive is it? Ind. Eng. Chem. Res. 1989, 28, 1115-1125.

Copyright © Marcel Dekker, Inc. All rights reserved.

MARCEL DEKKER, INcC. ﬂ
270 Madison Avenue, New York, New York 10016 5



10: 10 25 January 2011

Downl oaded At:

ORDER | _=*_[Il REPRINTS

Design of SC-CO,-Soluble Metal Ion Extractants 779

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Kosal, E.; Holder, G.D. Solubility of anthracene and phenanthrene
mixtures in supercritical carbon dioxide. J. Chem. Eng. Data 1987, 32,
148-150.

Peng, D.-Y.; Robinson, D.B. A new two-constant equation of state. Ind.
Eng. Chem. Fundam. 1976, 15, 59-64.

Sako, S.; Ohgaki, K.; Katayama, T. Solubilities of naphthalene and indole
in supercritical fluids. J. Supercrit. Fluids 1988, 7, 1-6.

Johnston, K.P.; Ziger, D.H.; Eckert, C.A. Solubilities of hydrocarbon
solids in supercritical fluids. The augmented van der Waals treatment.
Ind. Eng. Chem. Fundam. 1982, 27, 191-197.

Battersby, P.; Dean, J.R.; Tomlinson, W.R.; Hitchen, S.M.; Myers, P.
Predicting solubility in supercritical fluid extraction using a neural
network. Analyst 1994, 7119, 925-928.

Saunders, R.A.; Platts, J.A. Linear free energy relationship analysis of the
solubility of solids in supercritical CO,. J. Phys. Org. Chem. 2001, /4,
612-617.

Politzer, P.; Murray, J.S.; Lane, P.; Brinck, T. Relationships between
solute molecular properties and solubility in supercritical CO,. J. Phys.
Chem. 1993, 97, 729-732.

Politzer, P.; Lane, P.; Murray, J.S.; Brinck, T. Investigations of the
relationships between solute molecule surface electrostatic potentials and
solubilities in supercritical fluids. J. Phys. Chem. 1992, 96, 7938—-7943.
Engelhardt, H.L.; Jurs, P.C. Prediction of supercritical carbon dioxide
solubility of organic compounds from molecular structure. J. Chem. Inf.
Comput. Sci. 1997, 37, 478—484.

McHugh, M.; Paulaitis, M.E. Solid solubilities of naphthalene and
biphenyl in supercritical carbon dioxide. J. Chem. Eng. Data 1980, 25,
326-329.

Iwai, Y.; Koga, Y.; Maruyama, H.; Arai, Y. Solubilities of stearic acid,
stearyl alcohol and arachidyl alcohol in supercritical carbon dioxide at
35°C. J. Chem. Eng. Data 1993, 38, 506—-508.

Yamamoto, M.; Iwai, Y.; Nakajama, T.; Arai, Y. Fourier transform
infrared study on hydrogen bonding species of carboxylic acids in
supercritical carbon dioxide with ethanol. J. Phys. Chem. A 1999, 103,
3525-3529.

Dandge, D.K.; Heller, J.P.; Wilson, K.V. Structure solubility correlations:
organic compounds and dense carbon dioxide binary systems. Ind. Eng.
Chem. Prod. Res. Dev. 1985, 24, 162—166.

Kupchik, E.J. Structure-gas chromatographic retention time models of
tetra-n-alkylsilanes and tetra-n-alkylgermanes using topological indices.
J. Chromatog. 1993, 630, 223-230.

Copyright © Marcel Dekker, Inc. All rights reserved.

MARCEL DEKKER, INcC. ﬂ
270 Madison Avenue, New York, New York 10016 5



10: 10 25 January 2011

Downl oaded At:

780

53.

54.

55.

56.

57.

58.

ORDER | _=*_[Il REPRINTS

McAlister et al.

Kier, L.B.; Hall, L.H. Molecular Connectivity in Structure-Activity
Analysis; John Wiley and Sons, Ltd.: New York, 1986.

White, C.M. Prediction of the boiling point, heat of vaporization and
vapor pressure at various temperatures for polycyclic aromatic
hydrocarbons. J. Chem. Eng. Data 1986, 3/, 198—-293.

Hong, H.; Shuokui, H.; Xiaorong, W.; Liansheng, W. Prediction of
partition coefficients and toxicity for phenylthio, phenylsulfinyl and
phenylsulfonyl acetates. Envir. Sci. Technol. 1995, 29, 3044—-3048.
Fink, R.; Hancu, D.; Valentine, R.; Beckman, E.J. Toward the
development of “CO,-philic” hydrocarbons. 1. Use of side-chain
functionalization to lower the miscibility pressure of polydimethylsi-
loxanes in CO,. J. Phys. Chem. B 1999, 103, 6441-6444.

Fink, R.; Beckman, E.J. Phase behavior of siloxane-based amphiphiles in
supercritical carbon dioxide. J. Supercrit. Fluid. 2000, /8, 101-110.
Meguro, Y.; Iso, S.; Sasaki, T.; Yoshida, Z. Solubility of organopho-
sphorus metal extractants in supercritical carbon dioxide. Anal. Chem.
1998, 70, 774-779.

Received June 2003
Revised September 2003

Copyright © Marcel Dekker, Inc. All rights reserved.

MARCEL DEKKER, INcC. ﬂ
270 Madison Avenue, New York, New York 10016 5



Downl oaded At: 10:10 25 January 2011

Request Permission or Order Reprints Instantly!

Interested in copying and sharing this article? In most cases, U.S. Copyright
Law requires that you get permission from the article’s rightsholder before
using copyrighted content.

All information and materials found in this article, including but not limited
to text, trademarks, patents, logos, graphics and images (the "Materials"), are
the copyrighted works and other forms of intellectual property of Marcel
Dekker, Inc., or its licensors. All rights not expressly granted are reserved.

Get permission to lawfully reproduce and distribute the Materials or order
reprints quickly and painlessly. Simply click on the "Request Permission/
Order Reprints" link below and follow the instructions. Visit the

U.S. Copyright Office for information on Fair Use limitations of U.S.

copyright law. Please refer to The Association of American Publishers’
(AAP) website for guidelines on Fair Use in the Classroom.

The Materials are for your personal use only and cannot be reformatted,
reposted, resold or distributed by electronic means or otherwise without
permission from Marcel Dekker, Inc. Marcel Dekker, Inc. grants you the
limited right to display the Materials only on your personal computer or
personal wireless device, and to copy and download single copies of such
Materials provided that any copyright, trademark or other notice appearing
on such Materials is also retained by, displayed, copied or downloaded as
part of the Materials and is not removed or obscured, and provided you do
not edit, modify, alter or enhance the Materials. Please refer to our Website

User Agreement for more details.

Request Permission/Order Reprints

Reprints of this article can also be ordered at

http://www.dekker.com/servlet/product/DOI/101081SS120028445



