RESEARCH OBJECTIVE: The origina funded project (1996) had as its major goal the design
and synthesis of polyammonium macrocyclic receptors for oxoanions of environmental
importance, particularly those found in high level waste tanks. Nitrate was a mgor ion of focus.
The project evolved over the last six years to target important and timely problems of critical
interest to the EMSP mission. Emphasis was shifted from polyammonium receptors to lipophilic
amide-based receptors more amenable for both separations and sensing applications in the last
renewal, and significant effort was directed toward selective recognition of sulfate because of its
detrimental role in the vitrification process. The last three years have been focused on the basic
chemical aspects of anion receptor design of functional pH independent systems, with the ultimate
goa of targeting the selective binding of sulfate, as well as design of separations strategies for
selective and efficient removal of targeted anions. Key findings during these years include: (1)
among the first synthetic sulfate-selective anionbinding agents;, (2) simple, structure-based
methods for modifying the intrinsic anion selectivity of a given class of anion receptors; and (3)
two new classes of macrocyclic ligands, mixed amide/quaternary amine, thioamide-based
macrocycles and cryptands.

Research Progress and Implications: As of June 2003, this project is at the end of a 2.5 year
funded renewal period. Areas probed during this past funding period include: I. Design, synthesis,
and physical and structural characterization of receptors; 1. Examination of the technique known
as ITIES, Interface Between Two Immiscible Electrolyte Solutions, as an analytical probe for
anion analysis; and Il. Investigation of anion and dual ion pair extraction using lipophilic amide
receptors for anion binding. Most of the information for area Il (ITIES) has been reported in
previous yearly reports, and this final year has focused on new and selective receptors for sulfate
and separations experiments. Outcomes from two areas will be described below and references
can be obtained from the numbered papers in the section on Information Access:

|. Design, synthesis, and physical and structural characterization of receptors. Due to space
limitations, only highlights of work will be summarized, and more detailed information can be
obtained from the references cited within this report.

Figure 1. Polyammonium macrocycles



Polyammonium Receptors. The first target hosts investigated included monocyclic, 1, and
bicyclic, 2, polyammonium systems. Many of these hosts are readily synthesized from Schiff base
condensations followed by borohydride reductions, and available with various spacer aromatic or
heterocyclic units (Figure 1).

The first maor result in our project was the isolation and characterization of a ditopic nitrate
complex with a polyammonium-based aza cryptand, |, with m-xylyl spacers.”>? Subsequent studies
indicated that dimensionality plays a major role on binding affinities in anion complexes. >3
While monocyclic systems may bind multiply valent anions with significant affinity, they do not
have even measurable affinities in some cases for monoanions. A number of crystal structures for
both cryptand and monocyclic systems also indicated inclusion complex formation for the former,
but more generally a layered cation receptor/anion structure for the latter.>> 71415

A mixed fluoride/water encapsulated complex was aso crystallographically characterized, 11.2

In addition to the solid state structure, *°F NMR studies (Figure 2) allowed an examination of the
solution structure with fluoride ion.  The °F NMR clearly showed only one sharp signal at
~—120 ppm at pH 10.5 (A) assigned as solvated fluoride. However, a new signal at —89 ppm arises
as protonation of the macrocycle begins, eventualy replacing the free fluoride signal (E, pH =
6.5). We attribute this signal to encapsulated fluoride.
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By expanding the aza cryptand cavity using a p-xylyl spacer, we isolated a ditopic fluoride
complex that resembles transition metal cascade complexes. In this structure, the two fluorides

" Inviews of crystal structures, only the central “complex” is shown, and additional anionswhich may be
required to satisfy the charge requirements are omitted.



play the role of the metal ion and are bridged by a “cascading” water molecule (11).2* It was
revealing that just a minor adjustment in cavity size resulted in a significant structural difference.
Furthermore, crystal structures of the chloride and bromide salts with the p-xylyl-spaced cryptand
show structures similar to that of the fluoride with the m-xylyl spacer, i.e., a single halide and
water inside the cavity

The structural characterization of an encapsulated chloride in a tiny octaazacryptand, previously
assumed to be capable of incorporating only fluoride inside the cavity, was also surprisingly
revealing.”® NMR studies as a function of pH indicated chloride binding to be pH controlled,
occurring only at pD 2.5 and lower. This is approximately when the sixth proton is added to the
small cryptand. This finding emphasizes the importance of careful examination of all contributing
aspects of anion coordination including pH.

These early studies, using polyammonium macrocycles as receptors for inorganic ions, led to
expanded explorations of receptors more readily amenable to applications during this funding
period.

Amide/Thioamide-based Receptors. Drawbacks to ammoniunmt-based receptors are water solubility
(hampering their use as ion selective electrodes or in separations) and pH sensitivity. Thus neutral
receptors fashioned after the polyammonium systems were targeted. Initial studies involved
acyclic tripodal amide-based receptors, 3 (Figure 3).”° These systems were found to show some
unusua structures, including one with R = (CH.)sCHs, which showed a lipid bilayer structure.”
The tripods were used in both the ITIES® and separations® studies (vide infra).
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Figure 3. Tripodal and monocyclic amide- and thioamide-based anion receptors.

New mixed amine/amide macrocyclic-based receptors were also synthesized%171® 419 and 5;
their quaternized versions, 4Q and 5Q;!’ and thioamide analogs, 4S and 5S (Figure 3).1° Smaller
macrocycles, 6 and 7, have been isolated from 1:1 condensation reactions. The inclusion of amines
in these systems lends chemical versatility. To illustrate, 4 and 5 show high affinity for protonated
anions such as HSO, and H,PO4’, over others. We attribute this finding to a complex interplay of
the acid/base properties of both the anion and the macrocyclic amine. For example, crystals
isolated from reacting HSO, with 4 indicated SO4> (not HSO,) sandwiched between two
molecules of 4. We also observe even greater binding for aimost all anions by changing the m-
xylyl spacer to pyridine.



In the sulfate sandwich structure with 4 each of the sulfate

;* % Fod oxygen atoms is held by two hydrogen bonds from the amide
ol r" X g hydrogens (V). This multiple hydrogen bond network is
IR probably responsible for the high affinity seen for this
e b“;_'fé; Te%y complex with sulfate (log K = 4.50 in CDCk).X° The two
i Tt S macrocycles are rotated by 90° in order to accommodate the

S, symmetry of the sulfate.

Thioamide macroycles 4S and 5S'° have been recently

v synthesized and characterized in our group. To our
knowledge thioamide macrocycles have not been previously
reported, and thus represent totally new additions to the
macrocyclic arena. Preliminary binding studies (Table 1)
have been obtained as well as crystallographic data for the
free base of 4S (V). 4S is exceedingly selective for HPO,
and studies are currently underway to probe this finding.
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A promising aspect of the new thioamide macrocycles is their potential for binding transition metal
ions. A complex of palladium(I1) with 4S has been isolated and crystallographically characterized
(V). The structure reveals a ditopic cyclometallated complex, with the palladium ions each
coordinated to two thioamide sulfurs and a carbon of the m-xylyl spacer. The fourth coordination
site is occupied by a chloride ion. These macrocycles could thus have potential as transition metal
ligands in a variety of areas including, but not limited to, catalysis, biomedical applications and
new materials.

Anocther degree of complementarity, quaternization, gave 4Q and 5Q (Figure 3).}" The new
positively charged receptors showed significantly enhanced binding for anions (in most cases one
or more orders of magnitude greater) (Figure 4). (Some anions are not shown because of
complications in determination of binding, or because binding has not been determined.) In both
neutral and quaternized systems, we found that the pyridine analogs showed higher affinity than



their m-xylyl corollaries in most cases (HSO4™ the exception). We now attribute this effect to a
preorgani zation influence provided by the pyridine nitrogen.
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Figure4 Bar graphillustrating binding (log K) differences between neutral and quaternized receptors.

Crystal structures of the small macrocycles, 6 (VI1), 7 (VI11) and 7S (not shown) along with the
structures of the quaternized receptors 4Q (X) and 5Q (X1)*" support a preorganization concept for
pyridine, compared with the “nonpreorganized” m-xylyl spacers. The outcome of this
preorganization, which could account for the increased affinities of the pyridine analogs, is the
anion equivalent of the chelate effect. Asin transition metal chemistry, the chelate effect in anion
chemistry consists of multiple hydrogen bond interactions between the receptor (ligand) and the
anion. In the structure of the chloride complex with 4Q (1X), only a single hydrogen bond is
observed from a given amide hydrogen to the halide. In the iodide complex of the pyridine-
containing 5Q, the shape of the macrocycle is altered by the presence of the pyridines, with amide
hydrogens pointed in the direction of the pyridines as in the small macrocycles. This directionality
results in ideally oriented (i.e., preorganized) hydrogens for hydrogen bonding in a chelate fashion
with the iodide (X).
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The preorganization influence of the pyridine spacer

Y N b = 2 was used to facilitate synthesis of the amide-based
ol N b Batra- cryptand, 8.8 Thisis, to our knowledge, the first
(0 N/\]/Q oy i v amide-based cryptand. The crystal structure of
KGNH AN ' "'P ‘o S what was presumed to be the free base of the
[ j Wyt o macrocycle surprisingly showed a positively
NH HN G a1 charged cryptand, with a protonated bridgehead
N /KO s s i amine (XI) and chloride in the cavity. Subsequent
| B investigation revealed that 8 readily “sponges up”
7 ; contaminating HCI in chlorinated solvents such as

8 Xl CHCl.

1. Analytical Applications. Interface Between Two Immiscible Electrolyte Solutions
(ITIES). These studies were completed early in the program and are reported in reference 9
under Information Access, aswell asin earlier yearly reports.

[11. Extraction Studies In the past three years, efforts have focused on a systematic survey of
sulfate extraction behavior in the context of the 11 approaches outlined in Table 2 The results
confirmed generally that the use of anion receptors weakens, and in some cases even overcomes,
Hofmeister bias and will be reported.?°

Table2. Eleven approachesto liquid-liquid extraction.

Case Name Description
#1 No host A polar solvent (e.g., 1-octanol) is used to solvate both cation and
anion.
#2 Cation host A cation host (e.g., crown ether) binds the cation. Anion remains
primarily solvated.
#3 Anion host An anion host binds the anion. Cation remains primarily solvated.
#4 Dual hosts Cation host and anion host are used in synergistic combination.
#5 lon-pair host A single host binds both the cation and anion.
#6 Cation exchange A lipophilic weak organic acid is employed to effect cation
exchange. No hosts are used.
#7 Synergistic cation A cation host is used in synergistic combination with alipophilic
exchange weak organic acid.
#8 Ditopic cation exchange A weakly acidic functionality isincorporated into the cation host.
#9 Anion exchange A salt of alipophilic cation is employed to effect anion exchange.
No hosts are used.
#10 Synergistic anion An anion host is used in synergistic combination with an anion
exchange exchanger.
#11 Ditopic anion exchange  An anion-exchange functionality is incorporated into the anion host

Experimental techniques employed radiometric counting methods for the determination of cation
and anion distribution on equilibrating organic and aqueous phases at 25 °C. Tracers included
gamma isotopes >’Na and *'Cs, as we have often used previously, and methods were worked out
for employing 3°S0O,*~ tracer for a direct measurement of sulfate distribution. Following the cation
is useful for surveys of many anions, as it gives an indirect measure of the co-anion distribution by



a single methodology, whereas following sulfate is needed for anion exchange. The sulfate
distribution ratio Dgos Was measured by beta liquid scintillation counting.

Several experiments were conducted in which sodium sulfate extraction into 1-octanol was
measured (Case #1). 1-Octanal is reasonably good at solvating both cations and anions, as it is
both a good electron-pair donor and hydrogenbond donor. Even so, extraction still tends to be
weak, as alcohols solvate ions more weakly than water, judging by tabulated values of the standard
Gibbs energy of partitioning (DG,°). Using an agueous phase consisting of 1 M NaOH, 0.1 mM
N&a,SO., and tracer, afeeble Dgos of 2° 10°° was obtained. Asit is known that anion partitioning,
particularly that of small anions, is influenced mostly by the hydrogenbond donor ability of the
solvent, it was postulated that addition of hydrogenbond donors more acidic than 1-octanol to the
1-octanol solvent would enhance extraction. This modification may be thought of as a primitive
Case #3 with a monofunctional anion receptor or perhaps just Case #1 with enhanced solvation.
The simple monofunctional hydroxy compounds tested are given below:

CF3
OCH,CF ,CF ,H
7~ OH OH
o OH Cry
9
10 11

Compound 9 is the diluent modifier used in the CSSX process for CsSNOs extraction by a
calixcrown and is thought to function by solvation of the anion based on solvatochromic data.®®
On adding 9, 10, or 11 at 0.2 M to 1-octanol, Dsos values were obtained as follows: 1.9° 104, 1.3
10%, and 3.4 °~ 10® respectively. Although these are still very low distribution ratios,
considerable extraction enhancement was observed. Sodium distribution was measured in paralléel
by gamma counting of *’Natracer. The hydroxy proton of 9 is not significantly exchangeable with
sodium under the experimental conditions used, and thus, the enhancement of extraction is
interpreted as being due to enhanced solvation of sulfate by hydrogen bonding. Similar behavior
has been observed in nitrobenzene, where the enhancement itself is anti-Hofmeister, though too
weak to reverse the net Hofmeister effect. On the other hand, the hydroxy protons of 10 and 11 are
sufficiently acidic that an appreciable fraction of each compound is converted to its sodium salt,
70% in the case of 10 and 98% in the case of 11. The enhanced sulfate extraction observed for
these two compounds must therefore involve some other mechanism involving ionic interactions.
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In accordance with expectations, Case #3 was confirmed to be weak. Addition of the anion
receptor 4 (MMEAM), to 1-octanol weakly enhances sodium sulfate extraction from an agueous
solution containing 1 M NaOH, 0.1 mM N&SO,, and tracer. On adding 10 mM 4 to 1-octanal,
Dsos increases from 2~ 10°to 3° 10°. Thisis a feeble extraction, but the anion receptor does
appear to have a noticeable effect. In other experiments, it was also demonstrated that 12
(DSMEAM) used aone (again Case #3, no cation receptor present) effects cesium salt extraction
into nitrobenzene. Cesium salts are weakly extractable by nitrobenzene alone without any receptor
at al, and it is therefore possible to detect the enhancement of the cesium salt extraction when an
anion receptor is added. Receptor 12 at 3 mM in NB was used to extract cesium salts to which was
added 1 mM NaOH and *’Cs tracer. Distribution ratios of cesium salts of univalent anions were
low but measurable; extraction of salts of divalent anions were too low for reliable determination.
As an example, the distribution ratio for cessum nitrate was 0.0058 with 12 vs 0.0019 without.
Evidence for Case #3 has been generally elusive in the literature, but limited data have been
reported. Apparently, the anion receptor must be exceptionally strong to overcome the unfavorable
cation partitioning. In other work we found that fluorinated calix[4] and calix[5]pyrroles have the
requisite strength and can effect the moderate extraction of cesium salts into nitrobenzene without
a cation receptor and with a decidedly non-Hofmeister order.

Dual-host extraction systems (Case #4)
exhibited reasonably strong salt extraction with
a synergistic effect being observed. Extraction
experiments were conducted with 4 and 12 as
anion receptors in synergistic combination with
the cesum-selective calixcrown, calyx[4]arene-
bis(t-octylbenzo)crown-6  (BOBCalixC6) in  calix[4]arene-bis( tert-octylbenzo-crown-6)
nitrobenzene (NB). In general, 4 was found to "BOBCalixCé"

be somewhat weaker in enhancing cesium salt (As complexed with Cs ion)

extraction than 12, but the observed behavior

was otherwise similar. In dual-host systems, the expected synergism is ideally ascribable to a new
reaction in which the cation receptor B binds the cation M and the anion receptor R binds the
anion X%, resulting in extraction of the MgX salt in excess over that which would be extracted by
B and R each acting independently. If the diluent is sufficiently polar that no ion-pairing occursin
the solvent phase, the new reaction may be expressed ideally in the following manner:

gM™ (ag) + X% (ag) + gbB (org) + rR(org) == gMBy" (org) + RX% (org) (1)



The polar diluent NB was chosen so as to minimize any effect of ion-pairing interactions. The
cation receptor BOBCalixC6 was chosen for convenience as a strong cesium extractant with
simple well-characterized extraction reactions that for univalent anions conforms to:

Cs'(ag) + X (ag) + B (org) == CsB" (org) + X~ (org) @)

In many cases, including the present case, the anion receptor has negligible ability to extract CsX
sdts by itself. When this is true, on addition of an anion receptor to the cation receptor
BOBCaixC6, an enhancement of extraction may be interpreted in terms of anion binding
according to the new reaction given in eg. 1. If the behavior is ideal, only 1:1 anion:receptor
complexes form, and B and R do not form hydrogen-bonded aggregates B,R;, then one can in
principle deduce the anion binding constant from the enhancement. Extraction surveys were
performed with various concentrations of 4 or 12 added to 10 mM BOBCadixC6 in NB. The
aqueous phases consisted of single 1:1 or 2:1 Cs;X (g = 1 or 2) salts to which was added 1 mM
NaOH and *Cs tracer. The cesium distribution ratio was determined radiometrically. Results for
12 areillustrated in Figure5.
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Figure 5. Synergistic extraction of cesium salts into nitrobenzene by dual hosts 13 and BOBCalixC6. The cesium
distribution ratio is shown on the left Y-axis, and the enhancement ratio Dcg(13 + BOBCalixC6)/ Dcs(BOBCalixC6
alone) is shown on theright Y-axis.

In general, it was found that 12 enhances C,X extraction by BOBCalixC6, and the enhancement
increases with increasing anion hydration, decreasing anion radius for a given charge, increasing
charge, and increasing aniortreceptor concentration. Among the univalent anions, the
enhancement is strictly anti-Hofmeister. That is, anion binding increases as the anions become
smaller or more hydrated. This effect is typical, as the smaller the anion is, the stronger is the
hydrogen bond with a given hydrogen-bond donor. Among all the anions, enhancement of sulfate
extraction was one of the strongest (11-fold for 12, 4-fold for 4). At 3 mM, 12 exhibited a higher



enhancement (16-fold), which was the highest seen for any of the anions at that receptor
concentration. It is not clear whether the selectivity for sulfate is due to special complementarity
(e.g., sandwich formation) or simply to the higher charge density on sulfate. We should keep in
mind that we have been discussing enhancement, whereas the small anions are difficult to extract
in absolute terms, owing to their large hydration energies. Note the low salt distribution ratios Dcs
for small anions and the decreasing trend with increasing size from left to right in Figure 5. The
anti-Hofmeister enhancement that we observe is therefore not of sufficient magnitude to offset the
dominant Hofmeister effect of eq. 2. The net extraction observed thus follows Hofmeister
behavior. Relevant to the problem of sulfate remova from nitrate waste, cesium nitrate is overal
two orders of magnitude more strongly extracted than cesium sulfate in the dual-host system with
12.

On the basis of our systematized 11 approaches to extraction (Table 2), it was considered
advantageous to experiment with the anion-exchange systems represented by Cases #9—#11. In
such systems, an aqueous cation is not co-transported with the anion, and thus all considerations of
cation transport and binding are removed. Rather, anion exchange gives a direct measure of
competitive extraction of one anion for the ather. Case #9 is the baseline case, and for that we
chose the classical extractant methyltri-n-octyl(decyl)ammonium nitrate. This extractant has major
industrial uses and is marketed under the name Aliquat 336 in the chloride form; it is a mixture of
random substitution of normal octyl and decyl groups. Prior to use, it was converted to the nitrate
form by contacting organic solutions with aqueous sodium nitrate. The choice of solvent is the
main parameter controlling the selectivity, though the structure of the quaternary ammonium group
is aso important. On addition of an anion host, the resulting increase (synergism) or decrease
(antagonism) in the distribution ratio of one of the anions, reflects the direct competitive
preference of the host for the two anions presented to it. It may be noted that this synergism of
anion exchange using an anion receptor in bulk liquid-liquid extraction is fairly novel, though it
has been in common use in membrane electrodes.

Our investigations of anion receptors in synergistic anion exchange have produced exciting results.
The tests have so far been limited to surveys of anion receptors and different solvents to quickly
identify key parameters and most interesting behavior. An experiment was devised to directly
measure sulfate selectivity vs. nitrate, the key parameter for waste applications. One can envision
the quaternary ammonium cation providing exchangeable nitrate anions in the solvent phase. In a
given solvent matrix, the exchange will give a characteristic value of Dsos measured by tracer
techniques, reflecting whether a given receptor exhibits a greater affinity for sulfate vs. nitrate.
Accordingly, values of Dsps were measured for 10 mM Aliquat 336 in a series of diluents. The
aqueous phase contained 10 mM NaNOs plus 0.1 mM NaSO, and 3°SO,% tracer. The sodium
sulfate concentration was made small for convenience so that the extractants would not be
significantly loaded with sulfate and so that the nitrate distribution ratio remains effectively
constart. In these systems, Dsos > 1 indicates sulfate selectivity, as gauged by the selectivity
factor a, defined as the ratio Dsps / Dnos. The value Dpos IS approximately unity for these
conditions, since [NOsz]Jorg = ~10 mM and [NOs ]ag = ~10 mM. All vaues of Dsos Were less
than 1 with no receptor added, which indicates nitrate selectivity, in accord with the higher
hydration of sulfate. It was found that exchange with no anion receptor is most favorable (better
stated as least unfavorable) for sulfate (highest Dsog) With 1-octanol as the diluent in comparison
with toluene, dodecane, and 1,2-dichloroethane. This is not surprising, as the hydrogen bonding
provided by 1-octanol will favor the more charge-dense anion, sulfate.
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Selected survey results for different receptors and different diluents are given in Table 3 In
addition to compounds 9-13, a 1,3-benzene disulfonamide 14 and the octafluorinated
calix[4]pyrrole 15 have been examined. It was intended to examine the two disparate diluents 1-
octanol and toluene most extensively, with more limited extension to other diluent systems.
Solubility limitations were encountered for 4 and 13 in toluene. Enhancement of anion exchange
is taken quantitatively as the ratio of Dgps in the system with receptor vs the system without the
receptor. In no case was extraction by the anion receptor alone sufficient to be taken into account.

One may see a once a dtriking effect of both diluent and receptor type. In 1-octanol,
enhancements tend to be weak, which is interpreted in terms of the ability of this diluent to act as
both a hydrogen-bond doror and acceptor. Hence, the diluent competes with the receptor for anion
binding and with the anion for receiving hydrogen bonds from the receptor. In this medium, 4
somewhat outperforms 14, and 13 exhibits no activity. Addition of hydroxy hydrogenbond
donors at elevated concentration produces a positive effect. Selected tests were performed at 0.1
M quaternary ammonium salt in 1-octanol (not tabulated), where it was noted, for example, that
addition of 10 mM of 4 approximately halved the value of Dgos from 3.6~ 101 t01.9” 101 This
apparent dependence of the enhancement on the exchanger concentration strongly suggests an
effect of aggregation.

Quaternary ammonium salts are notorious for aggregating in organic solvents due to their high
dipole moments. Hence, the exchanger is presumably at a higher state of aggregation when it is at
100 mM vs. 10 mM. 12 apparently interacts more strongly with nitrate at the higher aggregation
state. Unfortunately, it was not possible to examine the effect of 4 in toluene, as it was not soluble
in the presence of the quaternary ammonium nitrate salt. For fluorinated calix[4]pyrrole 14, the
ordering of diluents with increasing enhancement of anion exchange was 1-octanol < 0.5 M
tributylphosphate (TBP) in dodecane < 1,2-dichloroethane < toluene < 2:1 hexane:chloroform. It
makes sense that in the TBP system, the good hydrogenbond accepting ability of the phosphoryl
oxygen ties up the anion receptor, giving weak enhancement. Enhancements for 14 in toluene and
2:1 hexane:chloroform were quite striking, exceeding three orders of magnitude for the latter. In
these two systems, the diluents are not polar nor are they capable of engaging in significant
hydrogen bonding. Enhancement tended to correlate inversely with the sulfate distribution ratio
without receptor, as anion binding and hence enhancement will be favored in the absence of
competing strong solvation effects, which are otherwise favorable for sulfate relative to nitrate.
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Table3. Survey of anion receptors as synergists for anion exchange for various diluents?

Receptor [Receptor] Diluent Dsos Enhancement
mM factor
None 0 1-octanol 44" 103
9 200 " 97" 103 2.2
10 200 " 1.0" 10 2.3
11 200 " 1.1° 10 25
12 10 " 737 103 1.7
13 10 " 44" 103 1.0
14 10 " 6.4° 103 1.5
None 0 Toluene 39" 10*
10 200 " 36" 107 9.2
14 3 " 217 103 5.4
15 3 " 247 10° 62
15 10 " 1.9° 10 490
None 0 1,2-Dichloroethane 16" 10
15 10 " 78" 10 4.9
None 0 2:1 Hexane/CHCl3 1.7° 10
15 10 " 20" 10 1200
None 0 0.5 M TBP, dodecane 237 10°
15 10 " 55" 10° 2.4

2 All systems run at 10 mM Aliquat 336 in the indicated diluent. The agueous phase contained 10 mM NaNO; plus 0.1
mM Na,SO, and ®S0,> tracer. Contacting at 1:1 phase ratio at 25 °C.

12



Liquid/Liquid Sulfate Extraction in Toluene Using the Anion
Receptor F8C-4-P (1) and Varied Organic and Aqueous
Nitrate Concentration.
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Figure 6. Enhancement of anion exchange as a function of the concentration of 7 in toluene. The agueous phase
contained 10 mM NaNO; plus 0.1 mM Na,SO, and *°S0," tracer.

In view of the striking enhancements obtained with the fluorinated calix[4]pyrrole 14, most recent
efforts have focused on obtaining a greater understanding of this system. Data obtained for 10 and
100 mM quaternary ammonium salt in toluene are shown in Figure 6. It may be seen that the
distribution ratio for sulfate may be made to exceed unity. Above that value, sulfate is more than
50% extracted from the nitrate-rich agueous phase, a useful benchmark pointing to possible
applications. These data are now being subjected to equilibrium analysis with the program
SXLSQI, forerunner to the expanded program SXFIT.

Planned Activities.

Most of the effort in the remaining months of funding are focused on examining the most highly
selective receptors for sulfate in the Moyer laboratory, and examining the physical properties of
the new classes of macrocycles, namely the thioamides and mixed amide/quaternized amine
systems. The isolation of these new classes of macrocycles promises considerable new chemistry,
and for the thioamides, especially a new realm of coordination chemistry with metal ions. These
new receptors all look very promising for binding sulfate.
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