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The selective separation of alkaline

Angewandte

salts from aqueous media is of R 1 R=CH; (\ 0 R 3 R=H CH,

fundamental importance in chemis- CHs 0 :©/ y

try. It is, for instance, critical to the o &O 0 7R= lL"vjz/

production of commodity materials 2R= EI‘LLL/ X A °

(e.g., bromine and potassium) from

high-salt sources, such as the Dead

Sea and the Great Salt Lake!" and,

on a very different scale, to the ?H3 CHs C|:H3

regulation of taste” and the main- CH—C A CH—C 7, ( CH—C i

tenance of osmotic balance in cells.”! o) o)\o O NH dn

Materials that could allow for such (l:H3 o

separations are thus of potential NH

interest in a wide range of applica- (\O

tions.! Polymeric systems are par- o o

ticularly attractive in this regard & j o}

because they are generally easy to O\/Jo [O r(?

isolate from solutions or mixtures. o ‘)
Recently, we reported that ; x= :)-8: y= 1‘21 i = ?-gf %n = 2;7; Il:B: 0

copolymers of a polymerizable . i= o il’= Py et

derivative 2 (Scheme 1) of octame-
thylcalix[4]pyrrole (1)) and methyl
methacrylate (MMA) are effective
at extracting tetrabutylammonium
chloride or fluoride from aqueous media.® Unfortunately,
these polymeric materials displayed relatively low affinities
for the corresponding salts containing cations less soluble in
organic media (e.g., Na and K). We envisioned that by
appending recognition groups capable of binding such ions to
modified calixpyrrole-containing polymers, their affinities
toward common salts would be improved. For example, crown
ethers (e.g., 3) are well-known for their ability to complex
alkali cations, particularly potassium.” This has led to their
use in phase-transfer catalysis®! and as extractants for picrate
anion salts under organic-aqueous interfacial conditions.”’ In
fact, polymeric systems containing crown ethers have been
used to extract the potassium salts of relatively hydrophobic
anions.’’ However, neither these latter systems nor any of
which we are aware possess the capability of extracting
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Scheme 1. Structures of compounds examined for their abilities to extract KF from water.

“hard” potassium salts, such as KF or KCl, from aqueous
media.

Herein, we report the synthesis, characterization, and
extraction properties of mixed MMA copolymers containing
pendant calix[4]pyrrole subunits known to bind halide anions
in a 1:1 ratio in organic media® and benzo-[15]crown-5
subunits capable of forming 2:1 sandwich complexes with
potassium cations.”! It was thus expected that strong,
potentially mutually enhancing, interactions would enable
these polymeric materials to extract potassium halide salts,
such as KClI and KF, from aqueous solutions.

Copolymers 4-6 (Scheme 1) were prepared from MMA,
calix[4]pyrrole 2, and the benzo-[15]crown-5 derivative 7"
using conventional free-radical polymerization techniques.!'”!
In general, azoisobutyronitrile (1 mol %) was added to THF
solutions of these monomers in various ratios. After heating
at 70°C for 17 h, the solutions were independently poured
into excess methanol, which caused the polymer to precip-
itate. After collection by filtration, the resulting materials
were characterized by NMR spectroscopy (CD,Cl,) and gel
permeation chromatography.”) The molecular weights (33—
90 kDa) and polydispersities (PDI =2.1-2.5) of these copoly-
mers were typical of those obtained from free-radical
polymerizations.

Initial qualitative evidence that copolymer 4, which
contains both calix[4]pyrrole and crown ether subunits,
could extract chloride salts into organic media came from a
visual test involving 9, a water-soluble dye that contains a
chloride counteranion. Treatment of an aqueous solution of 9
(25.5 um) with a CH,Cl, solution of copolymer 4 (effective
concentration of the calix[4]pyrrole and crown ether repeat
units was 1.56 and 1.22 mM, respectively) resulted in a colored
organic phase (Figure 1). As controls, solutions of the dye
were also exposed to CH,CI, solutions of 1 (1.56 mm), 3
(122 mm), or a mixture of 1 and 3 (1.56 and 1.22 mwm,
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Figure 1. Aqueous solutions of 9 (top layers): a) After treatment with
CH,Cl, (bottom layer). b) After treatment with a CH,Cl, solution of 1
(bottom layer). c) After treatment with a CH,Cl, solution of 3 (bottom
layer). d) After treatment with a CH,Cl, solution of 1 and 3 (bottom
layer). e) After treatment with a CH,Cl, solution of polymer 4 (bottom
layer). See text for details.

respectively); however, no transfer of color was observed.
These results were quantified using UV/Vis spectroscopy. As
shown in Figure 2, analysis of the aqueous phases of these
extraction experiments confirmed that 4 was able to extract 9
into the organic phase more effectively (greater than 54 %)
than 1, 3, or their mixture. Similar qualitative and quantitative
results were observed for aqueous solutions of 10, a water-
soluble dye that contains a potassium countercation. In this
case, copolymer 4 proved more effective as an extractant
(greater than 30 % ) relative to either 1, 3, or the same mixture
of 1 and 3 used above (see the Supporting Information).
Encouraged by these initial results, we next sought to
address the question of whether copolymer 4 could extract a

—CHLCI,
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Figure 2. UV/Vis spectra of aqueous solutions of 9 (initial concentra-
tion=25.5 um) after exposure to an equal volume of a CH,Cl, solution
of polymer 4 (effective concentration of the calix[4]pyrrole and crown
ether repeat units was 1.56 and 1.22 mwm, respectively), 1 (1.56 mm), 3
(1.22 mm), or a mixture of 1 and 3 (1.56 and 1.22 mm, respectively).
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salt consisting of two hard ions, namely potassium fluoride. In
parallel, the extraction properties of 5§ and 6 were examined.
These systems contain either calixpyrrole or crown ether
recognition subunits, respectively, and were designed to assess
the relative importance of each individual ion recognition unit
on the overall extraction properties of 4. As shown in
Figure 3, addition of a 3.4m D,O solution of KF to a CD,Cl,
solution of 4 (effective concentration of the calix[4]pyrrole
and crown ether repeat units 6.25 and 4.86 mM, respectively)
resulted in the appearance of a signal at 0 =—121.7 ppm in
the "’F NMR spectrum of the organic phase. A similar signal,
but of reduced intensity, was seen in the case of 5, whereas
very little signal was observed in the case of 6.

&
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Figure 3. ""F NMR spectra of CD,Cl, solutions of copolymers a) 4
(effective [calix[4]pyrrole] =6.25 mm), b) 5 ([calix[4]pyrrole] =6.50 mm),
and c) 6 (no calix[4]pyrrole) after adding D,O solutions of KF (3.4 m),
shaking the tubes vigorously, and then separating the phases with the
aid of centrifugation (10 min). * denotes KF.

To quantify the amount of fluorine present in the organic
phases of the aforementioned extraction experiments, fluo-
robenzene (final concentration: 14.21 mm) was added to each
sample as an internal standard (6= —114.3 ppm). On the
basis of comparative integrations (i.e., comparing total
fluoride content in the CD,ClI, layer relative to this standard),
copolymer 4 was found to be capable of extracting KF more
efficiently (7.55 +0.04 mm) then polymer 5 (5.71 +0.03 mm)
under conditions where the effective concentration of the
calix[4]pyrrole repeat units in both polymers were essentially
the same (6.25 mm versus 6.50 mM for 4 and 5, respectively).
In addition, both of these polymers were found to extract
significantly more fluoride into the organic phase than 6
([F]1=0.34 £0.03 mMm in the CD,Cl, layer), a copolymer that
does not contain any calix[4]pyrrole subunits, as noted above.
As control experiments, extractions were also performed in
an analogous manner using 1, 3, MMA homopolymer,” an
equimolar mixture of calixpyrrole 1 and crown ether 3, and
the calixpyrrole crown ether pseudo dimer 8, which was
envisioned as a small-molecule analogue of 4.""! No quantifi-
able fluorine signal was observed in the organic phase when
any of these control systems were used as extractants.'?!

Flame emission spectroscopy (FES) was used to confirm
the coextraction of potassium in the above experiments.'
The organic phase obtained after extracting KF with polymer
4 afforded an emission intensity (EI) of 0.401 (at 766.5 nm,
i.e., the emission wavelength of the excited potassium ion
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produced by the flame source) after dilution with a known
amount of ethyl acetate. By way of comparison, the organic
phases produced EI values of 0.277 and 0.038, respectively,
when polymers § and 6 were used as extractants under
otherwise identical conditions. Based on quantification with a
series of standards,' extracted potassium concentrations of
6.84, 4.73, and 0.65+0.05 mMm were calculated for CD,Cl,
solutions of polymers 4, 5, and 6, respectively (at effective
crown ether concentrations of 5.60, 0.00, and 5.00 mm,
respectively). These values are in good agreement with
those obtained from the “FNMR spectroscopy data. A
summary of the KF extraction data is presented in Table 1.

Table 1: Summary of KF extraction efficiencies.?

Cmpd®  calix/ eff. [%] eff. %] eff. [%] eff. %]
crown  (total)®  (calix)®  (total)®  (crown)l"!

4 1.0:0.8 67 121 61 137

5 1.0:.0.0 88 88 73 n.d.l

6 0.0:1.0 6 n.d.! 12 12

8 1.0:1.0 0 0 0 0

[a] Extraction efficiencies (eff.) are reported as the percent (%) of
extractant populated with KF upon exposure to a saturated aqueous
solution of KF. See text for additional details. [b] See Scheme 1 for the
structures of the compounds studied. [c] Relative molar ratios of
calixpyrrole (calix) to crown ether (crown) units in the extractant.
[d] Calculated from total fluoride extracted. [e] Based on the total number
of ion receptors (calixpyrrole plus crown ether) in the extractant.
[f] Based on the total number of calixpyrrole units in the extractant.
[g] Calculated from total potassium extracted. [h] Based on the total
number of crown ether units in the extractant. [i] n.d. =not determined.

Next, the ability of polymers 4, 5, and 6 to extract KCl
from aqueous media was evaluated using conditions analo-
gous to those employed for the KF studies described above. In
this case, after exposing the polymers to 3.4 M solutions of KCl
in D,O, FES was again used to determine the relative
amounts of potassium extracted. Polymer 4 proved to be the
most effective extractant, displaying an EI value of 0.761,
which corresponded to a potassium concentration of 12.97 +
0.08 mM in the organic phase, with the exact quantification
being based on a series of standards."! Polymers 5 and 6
displayed lower EI values, namely 0.507 and 0.081, respec-
tively, which corresponded to potassium concentrations of
8.64 and 1.38 £ 0.08 mM. The higher overall extraction values
for KCl compared to KF is consistent with the relative
aqueous solvation energies (AGy) of chloride and fluoride
anions (AG,=—340 kJmol™' for CI~ vs. —465 kJmol™" for
F).®! Specifically, the more hydrophobic anion (Cl7) was
extracted more effectively than its more hydrophilic analogue
(F—).[16,17]

Finally, an effort was made to determine if potassium salts
could be selectively extracted in the presence of their sodium
analogues. Towards this end, a 0.5 mL H,O solution of KCl
(134.1 mm) and NaNO; (1.47Mm) was treated with polymer 4
(in 0.75mL CH,Cl,) and analyzed using FES. (The two
aforementiond inorganic salts were combined deliberately to
form NaCl in situ.) The EI of the signal corresponding to
potassium (0.734) was over an order of magnitude greater
than the signal corresponding to sodium (0.043). On this basis
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it was concluded that polymer 4 extracts potassium chloride
much more effectively than it does sodium chloride.™® This
finding, which is in accord with the relative hydration energies
of K" and Na' (AG,=-295kImol™ for K" and
—365 kImol ™ for Na*),l*l suggests that these materials may
ultimately enable the selective separation of potassium halide
salts from complex aqueous mixtures. This could be especially
valuable in specialty medical applications, such as the control
of hyperkalemia, where potassium ion exchange resins (e.g.,
sodium polystyrene sulfonate; kayexalate) have seen wide-
spread use, despite being subject to inherent chemical and
clinical limitations.['”)

In conclusion, we have prepared the first well-defined and
homogenous polymeric systems capable of extracting potas-
sium fluoride and chloride salts from aqueous media. These
polymers contain pendant calixpyrrole and crown ether
subunits, key features that permit the concurrent complex-
ation of both halide and potassium ions. This, in turn, allows
the system as a whole to overcome the relatively high
hydration energies of KF and KCl and enables their
extraction from aqueous media with efficiencies that exceed
those expected on the basis of the effective concentration of
the individual receptors (crown ether and calixpyrrole). To
our knowledge this has not hitherto proved possible with any
other simple polymeric material. Ongoing efforts are focused
on fine-tuning the choice of receptors and investigating the
effect of polymer molecular weight and microstructure on the
overall extraction performance of these materials.
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