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POLYMERS FUNCTIONALIZED WITH 
ON-SPECIFIC RECOGNITION ELEMENTS 

CROSS-REFERENCE TO RELATED 
APPLICATION 

This application is a continuation of U.S. application Ser. 
No. 12/623,943, filed Nov. 23, 2009, which claims priority 
to U.S. Provisional Application No. 61/118,170, filed Nov. 
26, 2008, which are incorporated herein by reference in their 
entireties. 

STATEMENT REGARDING FEDERALLY 
SPONSORED RESEARCH 

This invention was made with government Support under 
Grant no. 0645563 awarded by the National Science Foun 
dation; and Grant no. GM058907 awarded by the National 
Institutes of Health. The government has certain rights in the 
invention. 

BACKGROUND 

The selective separation of alkaline salts and ionic species 
from aqueous media is useful in various chemical, biologi 
cal, medical, and industrial applications. For example selec 
tive separation techniques can be used in the production of 
commodity materials (e.g., bromine, potassium, etc.) from 
high salt sources, such as the Dead Sea and the Great Salt 
Lake. Selective separation is also used in biological pro 
cesses such as the regulation of taste and the maintenance of 
osmotic balance in cells. Such separations also can be useful 
in medical applications, for example, the removal of ions 
from blood or reducing the uptake of ions from ingested 
foods. Removing or controlling ion levels in a subject can be 
useful in the control or treatment of numerous disease 
conditions including hyperkalemia and hyperphosphatemia, 
which are often associated with diabetes or renal failure. 

SUMMARY 

Polymeric compounds useful in binding ionic species and 
methods for their use are provided. The polymeric com 
pounds include a polymer backbone that is functionalized 
with ion-specific recognition elements. The polymer back 
bone of the polymeric compounds may be functionalized 
with multiple types of ion-specific recognition elements. 
The polymeric compounds can be used in methods to 
remove ionic species from a solution. Additionally, methods 
to treat or prevent an ion imbalance in a subject including the 
steps of selecting a Subject with or Suspected of having an 
ion imbalance and administering to the Subject a polymeric 
compound as described herein. 
The details of one or more examples of the polymeric 

compounds and methods are set forth in the accompanying 
drawings, figures, and the description below. Other features, 
objects, and advantages will be apparent from the descrip 
tion, drawings, and figures, and from the claims. 

DESCRIPTION OF FIGURES 

FIG. 1 shows overlaid "H NMR spectra of CDC1 
solutions of (a) octamethylcalix4pyrrole (29 mM) and (b) 
PMMA (125 mM, based on the repeat unit) after 1) adding 
0.5 mL of a D20 solution of TBAF (90 mM), ii) shaking the 
tube vigorously, and iii) allowing the phases to separate, (c) 
a calix4pyrrole functionalized PMMA homopolymer (ef 
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2 
fective concentration of the calix4 pyrrole repeat unit=6.5 
mM), (d) a solution of the homopolymer after being sub 
jected to the same treatment applied in the case of (a) and 
(b) (* indicates residual solvent). 

FIG. 2 shows overlaid "H NMR spectra of CDC1, 
solutions of (a) a mixture of octamethylcalix4 pyrrole (29 
mM) and (b) PMMA (125 mM based on the repeat unit) after 
i) adding 0.5 mL of a D20 solution of TBAC1 (108 mM), ii) 
shaking the tube vigorously, and iii) allowing the phases to 
separate, (c) a caliX4pyrrole functionalized co-polymer 
(effective concentration of the calix4pyrrole repeat 
unit=6.5 mM), and (d) a solution of the co-polymer after 
being Subjected to the same treatment applied in the case of 
(a) and (b) (* indicates residual solvent). 

FIG. 3 shows aqueous solutions of a dye with a chloride 
anion (top layers) after treatment with: a) CHCl (bottom 
layer); b) a CHCl solution of octamethylcalix4pyrrole 
(bottom layer); c) a CHCl solution of benzo-15-crown-5 
ether (bottom layer); d) a CHCl, solution of the calix4 
pyrrole and the crown ether (bottom layer); and e) a CH-Cl 
solution of Copolymer I (bottom layer). 

FIG. 4 shows UV-vis spectra of aqueous solutions of a dye 
with a chloride anion (initial concentration=25.5 uM) after 
exposing to an equal Volume of a CH2Ch solution of 
Copolymer I (effective concentration of the calix4pyrrole 
and crown ether repeat units=1.56 and 1.22 mM), octam 
ethylcalix4 pyrrole (1.56 mM), benzo-15-crown-5 ether 
(1.22 mM), or a mixture of the calix4pyrrole and the crown 
ether (1.56 and 1.22 mM). 

FIG. 5 shows UV-vis spectra of aqueous solutions of a dye 
with a potassium cation (initial concentration=216.86 uM) 
after exposing to an equal volume of a CH2Cl solution of 
Copolymer I (effective concentration of the calix4pyrrole 
and crown ether repeat units=1.56 and 1.22 mM), octam 
ethylcalix4 pyrrole (1.56 mM), benzo-15-crown-5 ether 
(1.22 mM), or a mixture of the calix4pyrrole and the crown 
ether (1.56 and 1.22 mM). 

FIG. 6 shows F NMR spectra of CDC1 solutions of 
Copolymer I (effective calix4pyrrole=6.25 mM), Copo 
lymer II (calix4pyrrole=6.50 mM), and Copolymer III 
(no calix4pyrrole) after adding DO solutions of KF (3.4 
M). 

DETAILED DESCRIPTION 

Polymeric compounds including a polymer backbone that 
is functionalized with ion-specific recognition elements and 
methods for their use are described herein. The polymer 
backbone of a polymeric compound as described herein may 
be functionalized with multiple types of ion-specific recog 
nition elements. The multiple types of ion-specific element 
may include elements capable of recognizing and/or binding 
separately or jointly both anionic and/or cationic species. An 
ion-specific element capable of jointly recognizing anionic 
and cationic species could recognize separate anionic and 
cationic molecules or a Zwitterionic molecule, i.e., a mol 
ecule containing both positively and negatively charges 
components. Such polymeric compounds can be used to 
remove ionic species from a solution, for example, in 
separations applications in which a single or multiple types 
of ionic species are desired to be removed from a solution 
(e.g., an aqueous solution). 

Ion-specific recognition elements useful with the poly 
meric compounds described herein include anionic, cationic, 
and Zwitterionic recognition elements. Mixtures of two or 
more types of ion-specific recognition elements, i.e., 
anionic, cationic, or Zwitterionic, can be used with the 
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polymeric compounds described herein. The term ion-spe 
cific recognition element is used herein to indicate a func 
tional element that is capable of binding to or otherwise 
interacting with (e.g., complexation) an ionic species. 
Examples of ion-specific recognition elements include cal 
ixpyrroles, crown ethers, calixarenes, cryptands, polyaaza, 
macrocycles, expanded porphyrins, pyrroleamides, indole 
amides, Substituted ureas, polyamides, and derivatives 
thereof. Mixtures of ion-specific recognition elements, e.g., 
a mixture of calixpyrroles and crown ethers, can be used in 
the same polymeric compound. An example of a calixpyr 
role is octamethylcalix4pyrrole, which is known to bind 
halide ions in a 1:1 ratio and has the following structure: 

The methyl groups of the octamethylcalix4 pyrrole can be 
replaced with Substitutions of various constituents including 
alkyl, alkenyl, alkynl, heteroalkyl, heteroalkenyl, heteroalk 
enyl, cycloalkyl, cycloalkenyl, cycloalkynl, cyclohet 
eroalkyl, cycloheteroalkenyl, cycloheteroalkenyl, or aryl 
groups. Examples of possible Substitutions for a methyl 
group of octamethylcalix4pyrrole include: 

x's 
and —CH2OH. An example of a crown ether is a benzo 
15-crown-5 ether, which is known to from 2:1 sandwich 
complexes with potassium cations and has the following 

( c 
S-U 

The benzene ring (or other carbon atoms) of the benzo-15 
crown-5 ether can be substituted with various constituents 
including alkyl, alkenyl, alkynl, heteroalkyl, heteroalkenyl, 
heteroalkenyl, cycloalkyl, cycloalkenyl, cycloalkynl, cyclo 
heteroalkyl, cycloheteroalkenyl, cycloheteroalkenyl, or aryl 
groups. An example of a substitution group to the benzene 
ring of a benzo-15-crown-5 ether includes: 
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CH 

> 
O 

Polymer backbones useful with the polymeric compounds 
described herein include polymers capable of being func 
tionalized with the ion-specific recognition elements 
described herein. Examples of polymer backbones suitable 
for use with the polymeric compounds described herein 
include homopolymer backbones and co-polymer back 
bones. The term homopolymer backbone is used herein to 
indicate a polymer backbone with a single type of repeat 
unit, e.g., polymethyl methacrylate, polyacryonitrile, poly 
acrylate, polystyrene, polyester, polyurethane, or polyamide. 
Polymethyl methacrylate has the following structure: 

CH 

--HC-C-- 

O O 

CH 

The term co-polymer backbone is used herein to indicate 
a polymer backbone with multiple (e.g., two or more) types 
of repeat units, e.g., ABS plastic, SBR, Nitrile rubber, 
styrene-acrylonitrile, styrene-isoprene-styrene (SIS) and 
ethylene-Vinyl acetate. The multiple types of repeat units can 
repeat in various patterns, e.g., alternating, periodic, ran 
dom, block, or with various tacticities, e.g., syndiotactic, 
isotactic, or random, and be useful with the polymeric 
compounds as described herein. Various other types of 
homopolymers and co-polymers useful with the polymeric 
compounds described herein will be apparent to those of 
skill in the polymer arts. 

Polymeric compounds as described herein include 
homopolymers and co-polymers. When used in reference to 
the polymeric compounds described herein, the term 
homopolymer indicates a polymer that has a uniformly 
functionalized backbone monomer, e.g., a poly(octamethyl 
calix4 pyrrole functionalized methyl methacrylate), which 
has the following structure: 

CH3 

O O 
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When used in reference to the polymeric compounds 
described herein, the term co-polymer indicates a polymer 
that has functionalized backbone monomers that may be 
spaced apart from each other or multiple, differing function 
alized backbone monomers that may be spaced apart from 5 
each other. An example of a polymer that has functionalized 
backbone monomers that may be spaced apart from each 
other is a polymer with a partially octamethylcalix4pyrrole 
functionalized polymethyl methacrylate backbone, e.g., a 
compound with the following structure: 10 

CH CH 

HC-(-)- (-CH2-(-), 15 

1s. s pi 
CH3 

2O 

25 

30 

An example of a polymer that has multiple, differing func 
tionalized backbone monomers that may be spaced apart 
from each other is a multiple (e.g., octamethylcalix4 
pyrrole and benzo-15-crown-5) functionalized polymethyl 
methacrylate backbone, e.g., a compound with the following 35 
Structure: 

CH3 CH3 CH3 
40 

CH,-(-, -CH2-- (-CH2-(-), 

es es 1. NH 
CH 45 

O 

b ) K- ? "\u 
The polymer backbone of the polymeric compounds as 
described herein can be a homopolymer, as shown by the 
polymethyl methacrylate backbones used above to illustrate 
the homopolymer and co-polymer versions of the polymeric 60 
compounds as described herein, or, as indicated above, the 
backbone of the polymeric compounds can be a co-polymer 
and have a homopolymer or co-polymer type distribution of 
functional moieties. 
The ion-specific recognition elements useful with the 65 

polymeric compounds described herein are covalently 
linked to the polymer backbone. The covalent linkage can be 

55 

6 
a direct connection to a backbone side chain, e.g., the 
polymethyl methacrylate side chain, or the linkage can be 
made through a linker molecule. Linker molecules can 
themselves be substituted or unsubstituted and include, for 
example, alkyl, alkenyl, alkynl, heteroalkyl, heteroalkenyl, 
heteroalkenyl, cycloalkyl, cycloalkenyl, cycloalkynl, cyclo 
heteroalkyl, cycloheteroalkenyl, cycloheteroalkenyl, and 
aryl groups. 
The polymeric compounds described herein can be pre 

pared in a variety of ways known to one skilled in the art of 
organic synthesis or variations thereon as appreciated by 
those skilled in the art. The polymeric compounds described 
herein can be prepared from readily available starting mate 
rials. Optimum reaction conditions may vary with the par 
ticular reactants or solvents used, but such conditions can be 
determined by one skilled in the art. 

Variations on the polymeric compounds described herein 
include the addition, subtraction, or movement of the vari 
ous constituents as described for each compound, as well as 
modification of the polymer compounds tacticity. Addition 
ally, compound synthesis can involve the protection and 
deprotection of various chemical groups. The use of protec 
tion and deprotection, and the selection of appropriate 
protecting groups can be determined by one skilled in the 
art. The chemistry of protecting groups can be found, for 
example, in Greene, et al., Protective Groups in Organic 
Synthesis, 2d. Ed., Wiley & Sons, 1991, which is incorpo 
rated herein by reference in its entirety. 
As used herein, the terms alkyl, alkenyl, and alkynyl 

include Substituted and unsubstituted Straight- and 
branched-chain monovalent Substituents. Examples include 
methyl, ethyl, isobutyl, 3-butynyl, and the like. Heteroalkyl, 
heteroalkenyl, and heteroalkynyl are similarly defined but 
may contain O, S, or N heteroatoms or combinations thereof 
within the backbone. Cyclo versions of alkyl, alkenyl, 
alkynyl, heteroalkyl, heteroalkenyl, and heteroalkynyl mol 
ecules contain a cyclic core, but are similarly defined 
otherwise and may include various substitutions. The term 
substituted indicates the main substituent has attached to it 
one or more additional components, such as, for example, 
OH, halogen, or one of the substituents listed above. 

Reactions to produce the compounds described herein can 
be carried out in solvents, which can be selected by one of 
skill in the art of organic synthesis. Solvents can be Sub 
stantially nonreactive with the starting materials (reactants), 
the intermediates, or products under the conditions at which 
the reactions are carried out, i.e., temperature and pressure. 
Reactions can be carried out in one solvent or a mixture of 
more than one solvent. Product or intermediate formation 
can be monitored according to any Suitable method known 
in the art. For example, product formation can be monitored 
by spectroscopic means, such as nuclear magnetic resonance 
spectroscopy (e.g., "H or 'C) infrared spectroscopy, spec 
trophotometry (e.g., UV-visible), or mass spectrometry, or 
by chromatography such as high performance liquid chro 
matography (HPLC) or thin layer chromatography. 
The methods described herein include a method of using 

the polymeric compounds described above to remove ionic 
species from a solution. Ionic species that the polymeric 
compounds described herein are able to remove include 
cationic species (such as Sodium and potassium and their 
counter ions), anionic species (such as fluoride, chloride, 
bromide, and iodine and their counter ions), and Zwitterionic 
species and salts and mixtures thereof. Examples of appli 
cations of the methods of using the polymeric compounds 
described herein may include corrosion prevention (e.g., 
chloride, carbonate, and Sulfate control under conditions of 
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combustion), waste remediation (e.g., Sulfate extraction 
from tank waste), toxin control (e.g., mitigating the effects 
of overexposure to cyanide or fluoride), and health care (i.e., 
enhanced phosphate anion or potassium cation removal 
under conditions of hemodialysis or through ingestion by a 
subject of the polymeric compounds described herein to help 
reduce elevated ion levels (e.g., phosphate imbalance dis 
order). Methods of treating or preventing an ion imbalance 
in a subject include selecting a subject with or Suspected of 
having an ion imbalance and administering to the Subject a 
polymeric compound as described herein. As used herein 
treating means providing a therapeutic or prophylactic ben 
efit to the Subject, e.g., eradicating, reducing, ameliorating, 
or preventing an indicated disease or symptom. 
The polymeric compounds described herein can be pro 

vided in a pharmaceutical composition for administering to 
a Subject. Depending on the intended mode of administra 
tion, the pharmaceutical composition can be in the form of 
Solid, semi-solid or liquid dosage forms, such as, for 
example, tablets, suppositories, pills, capsules, powders, 
liquids, or Suspensions, preferably in unit dosage form 
Suitable for single administration of a precise dosage. The 
compositions will include an effective amount of the com 
pounds described herein in combination with a pharmaceu 
tically acceptable carrier and, in addition, may include other 
medicinal agents, pharmaceutical agents, carriers, or 
diluents. By pharmaceutically acceptable is meant a material 
that is not biologically or otherwise undesirable, which can 
be administered to an individual along with the selected 
Substrate without causing significant undesirable biological 
effects or interacting in a deleterious manner with any of the 
other components of the pharmaceutical composition in 
which it is contained. 
As used herein, the term carrier encompasses any excipi 

ent, diluent, filler, salt, buffer, stabilizer, solubilizer, lipid, 
stabilizer, or other material well known in the art for use in 
pharmaceutical formulations. The choice of a carrier for use 
in a composition will depend upon the intended route of 
administration for the composition. The preparation of phar 
maceutically acceptable carriers and formulations contain 
ing these materials is described in, e.g., Remington’s Phar 
maceutical Sciences, 21st Edition, ed. University of the 
Sciences in Philadelphia, Lippincott, Williams & Wilkins, 
Philadelphia Pa., 2005. Examples of physiologically accept 
able carriers include buffers such as phosphate buffers, 
citrate buffer, and buffers with other organic acids; antioxi 
dants including ascorbic acid; low molecular weight (less 
than about 10 residues) polypeptides; proteins, such as 
serum albumin, gelatin, or immunoglobulins; hydrophilic 
polymers such as polyvinylpyrrolidone; amino acids such as 
glycine, glutamine, asparagine, arginine or lysine; monosac 
charides, disaccharides, and other carbohydrates including 
glucose, mannose, or dextrins; chelating agents such as 
EDTA: Sugar alcohols such as mannitol or Sorbitol; salt 
forming counterions such as sodium; and/or nonionic Sur 
factants such as TWEENTM (ICI, Inc.; Bridgewater, N.J.), 
polyethylene glycol (PEG), and PLURONICSTM (BASF: 
Florham Park, N.J.). A further consideration in choosing a 
carrier is the function of the polymeric composition to be 
carried, e.g., if a polymeric compound as described herein 
has anionic ion-recognition elements, a carrier that does not 
contain anions that would be recognized can be chosen. 

Compositions containing the polymeric compounds 
described herein Suitable for parenteral injection may com 
prise physiologically acceptable sterile aqueous or nonaque 
ous Solutions, dispersions, Suspensions or emulsions, and 
sterile powders for reconstitution into sterile injectable solu 
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8 
tions or dispersions. Examples of Suitable aqueous and 
nonaqueous carriers, diluents, solvents or vehicles include 
water, ethanol, polyols (propyleneglycol, polyethylenegly 
col, glycerol, and the like), Suitable mixtures thereof. Veg 
etable oils (such as olive oil) and injectable organic esters 
such as ethyl oleate. Proper fluidity can be maintained, for 
example, by the use of a coating Such as lecithin, by the 
maintenance of the required particle size in the case of 
dispersions and by the use of Surfactants. 

These compositions may also contain adjuvants such as 
preserving, Wetting, emulsifying, and dispensing agents. 
Prevention of the action of microorganisms can be ensured 
by various antibacterial and antifungal agents, for example, 
parabens, chlorobutanol, phenol, Sorbic acid, and the like. It 
may also be desirable to include isotonic agents, for 
example, Sugars, sodium chloride, and the like. Prolonged 
absorption of the injectable pharmaceutical form can be 
brought about by the use of agents delaying absorption, for 
example, aluminum monostearate and gelatin. 

Solid dosage forms for oral administration of the com 
pounds described herein include capsules, tablets, pills, 
powders, and granules. In Such solid dosage forms, the 
polymeric compound described herein is admixed with at 
least one inert customary excipient (or carrier) Such as 
Sodium citrate or dicalcium phosphate or (a) fillers or 
extenders, as for example, starches, lactose, Sucrose, glu 
cose, mannitol, and silicic acid, (b) binders, as for example, 
carboxymethylcellulose, alignates, gelatin, polyvinylpyr 
rolidone, Sucrose, and acacia, (c) humectants, as for 
example, glycerol, (d) disintegrating agents, as for example, 
agar-agar, calcium carbonate, potato or tapioca starch, alg 
inic acid, certain complex silicates, and sodium carbonate, 
(e) solution retarders, as for example, paraffin, (f) absorption 
accelerators, as for example, quaternary ammonium com 
pounds, (g) wetting agents, as for example, cetyl alcohol, 
and glycerol monostearate, (h) adsorbents, as for example, 
kaolin and bentonite, and (i) lubricants, as for example, talc, 
calcium Stearate, magnesium Stearate, Solid polyethylene 
glycols, sodium lauryl Sulfate, or mixtures thereof. In the 
case of capsules, tablets, and pills, the dosage forms may 
also comprise buffering agents. 

Solid compositions of a similar type may also be 
employed as fillers in Soft and hard-filled gelatin capsules 
using such excipients as lactose or milk Sugar as well as high 
molecular weight polyethyleneglycols, and the like. 

Solid dosage forms such as tablets, dragees, capsules, 
pills, and granules can be prepared with coatings and shells, 
Such as enteric coatings and others well known in the art. 
They may contain opacifying agents, and can also be of such 
composition that they release the polymeric compound or 
compounds in a certain part of the intestinal tract in a 
delayed manner. Examples of embedding compositions 
which can be used are polymeric Substances and waxes. The 
polymeric compounds can also be in micro-encapsulated 
form, if appropriate, with one or more of the above-men 
tioned excipients. 

Liquid dosage forms for oral administration of the poly 
meric compounds described herein include pharmaceuti 
cally acceptable emulsions, Solutions, Suspensions, syrups, 
and elixirs. In addition to the polymeric compounds, the 
liquid dosage forms may contain inert diluents commonly 
used in the art, Such as water or other solvents, solubilizing 
agents, and emulsifiers, as for example, ethyl alcohol, iso 
propyl alcohol, ethyl carbonate, ethyl acetate, benzyl alco 
hol, benzyl alcohol, benzyl benzoate, propyleneglycol, 1.3- 
butyleneglycol, dimethylformamide, oils, in particular, 
cottonseed oil, groundnut oil, com germ oil, olive oil, castor 
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oil, sesame oil, glycerol, tetrahydrofurfuryl alcohol, poly 
ethyleneglycols, and fatty acid esters of sorbitan, or mixtures 
of these substances, and the like. 

Besides such inert diluents, the composition can also 
include adjuvants, such as wetting, emulsifying, Suspending, 
Sweetening, flavoring, or perfuming agents. 

Suspensions, in addition to the polymeric compounds, 
may contain Suspending agents, as for example, ethoxylated 
isostearyl alcohols, polyoxyethylene Sorbitol and Sorbitan 
esters, microcrystalline cellulose, aluminum metahydroxide, 
bentonite, agar-agar and tragacanth, or mixtures of these 
Substances, and the like. 
The examples below are intended to further illustrate 

certain aspects of the methods and compounds described 
herein, and are not intended to limit the scope of the claims. 

EXAMPLES 

Example 1 

Preparation of Calix4Pyrrole Functionalized 
PMMA Homopolymer and Co-Polymer 

Calix4 pyrrole Functionalized PMMA Homopolymer 
A N-methylmethacrylamide functionalized calix4pyr 

role monomer was prepared in 82% yield from a hydroxyl 
methyl calixpyrrole derivative through treatment with meth 
acryloyl chloride under basic conditions. The 
N-methylmethacrylamide functionalized calix4pyrrole 
monomer proved amenable to polymerization using conven 
tional free radical methods. See G. Odian, Principles of 
Polymerization, 4th Ed., John Wiley and Sons, Inc., 2004, 
Chapter 3. A homopolymer was prepared by dissolving the 
N-methylmethacrylamide functionalized calix4pyrrole 
monomer in THF (0.3 M) followed by treatment with 1 mol 
% of azoisobutyronitrile (AIBN). After stirring at 70° C. for 
17 hunder an atmosphere of nitrogen, the resulting viscous 
Solution was added dropwise into excess methanol with 
rapid stirring. This caused precipitation of the homopolymer, 
which was later isolated via filtration in 66% yield. Using 
gel permeation chromatography (GPC), the polymer was 
found to have a number-average molecular weight (Mn) of 
23,600 Da (relative to PMMA standards) and a polydisper 
sity index (POI) of 2.3. 

Calixf4 pyrrole Functionalized PMMA Co-Polymer 
A copolymer of N-methylmethacrylamide functionalized 

calix4 pyrrole and methyl methacrylate (MMA) was pre 
pared using the conventional free radical polymerization 
protocol described above. The reaction produced a 77% 
yield of the copolymer from a 1:10 mixture of N-methyl 
methacrylamide functionalized caliX4pyrrole monomer 
and MMA. Using GPC, the copolymer was found to possess 
a Mn of 85,500 Da and a PDI of 2.1. The co-polymer was 
highly soluble in most common organic solvents, including 
dichloromethane. 
H NMR spectroscopic analysis (CDC1) of the co 

polymer indicated that there were approximately fourteen 
methacrylate units per calixpyrrole unit within the co 
polymer. For comparison, a sample of PMMA (Mn=40,700; 
PDI-1.5) was prepared using a procedure analogous to that 
used to obtain the homopolymer and copolymer. Thermal 
analysis of the co-polymer revealed a decomposition tem 
perature (T) at 272°C., which is intermediate between the 
respective Ts found for the homopolymer (270° C.) and the 
PMMA homopolymer (276° C.) used for comparison. 

These results indicate that the physical properties of 
co-polymers prepared from MMA and various methacrylate 
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10 
monomers functionalized with ion-specific recognition ele 
ments may be tuned through the selection of specific func 
tionalized monomers. 

Example 2 

Binding Ions Under Interfacial Conditions Using 
the Co-Polymer of Example 1 

The ability of the co-polymer to bind anions under 
interfacial conditions was explored. As shown in FIG. 1, 
addition of a DO solution of tetrabutylammonium fluoride 
(TBAF, 90 mM) to a CDC1 solution of the co-polymer 
(effective concentration of the calix4pyrrole repeat 
unit=6.5 mM) resulted in a substantial downfield shift in the 
pyrrole NH protons (as typically seen upon anion binding). 
Further, peaks ascribable to the methylene units in the TBA 
countercation (at 6–3.2 ppm) were seen, indicating that both 
the anion (F) and the cation were present in the organic 
phase. In contrast, no shifts in the NH resonances and no 
TBA'-ascribable peaks were observed when a 29 mM 
solution of octamethylcalix4pyrrole in CDC1, was 
exposed to aqueous solutions of TBAF. Likewise, no evi 
dence of uptake of TBA" into the organic phase (absence of 
any discernible peak at 6–3.2 ppm) was seen when analo 
gous experiments were repeated with the MMA homopoly 
C. 

The ability of the co-polymer to extract several other TBA 
salts was also examined. While no extraction was seen in the 
case of aqueous Solutions of tetrabutylammonium dihydro 
gen phosphate, upon addition of TBACI downfield shifts in 
the NH proton signals were seen to be greater than those 
observed with TBAF for analogous anion concentrations 
(see FIG. 2). Such results, which are consistent with an 
enhanced ability to extract chloride relative to fluoride or 
dihydrogen phosphate, run counter to the relative anion 
affinities seen in dichloromethane. However, they are in 
accord with what one would expect based on the so-called 
Hofineister bias (see R. Custelcean and B. A. Moyer, Eur: J. 
Inorg. Chem. 2007, 1321-1340; F. Hofineister, Arch. Exp. 
Pathol. Pharmakol. 1888, 24, 247-260), namely that a more 
hydrophobic anion, such as chloride (AG-340 kJ moL'), 
is extracted more easily than a highly hydrophilic species, 
such as dihydrogen phosphate (AG-465 kJ moL'), or 
fluoride (AG-465 kJ moL'). See Table 1.1 of B. A. 
Moyer and P. V. Bonnensen, Physical Factors in Anion 
Separations, in Supramolecular Chemistry of Anions, A. 
Bianchi, K. Bowman-James, and E. Garcia-España, Eds. 
Wiley-VCH, New York, 1997. Consistent with this rationale 
is the finding that both the control MMA homopolymer and 
calixpyrrole were able to extract TBAC1 under the afore 
mentioned interfacial conditions, albeit with efficiencies of 
less than 35% relative to the co-polymer (as calculated from 
NMR integrations of the MMA methyl ester, P-pyrrolic, and 
TBA" signals, as appropriate). On the other hand, that 
efficient extraction of TBAF was only seen in the case of the 
co-polymer (and not the PMMA control or free calixpyrrole) 
underscores the notion that the calixpyrrole receptor 
appended to the PMMA backbone is playing a role in 
overcoming the Hofineister bias associated with this highly 
hydrophilic species. 

Further support that the co-polymer could bind fluoride 
and chloride anions came from thermal analyses. Specifi 
cally, after independently exposing TBAF or TBACI to the 
co-polymer as described above, these samples as well as 
PMMA controls were subjected to thermogravimetric analy 
sis. For the sample of the co-polymer exposed to TBAF, a 
10% mass loss was observed upon heating to 230° C., a 
temperature just below the T of the copolymer (262° C.). 
This compares well with the theoretical mass loss of 11.5% 
assuming the TBAF became completely volatilized over the 
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aforementioned temperature range and was present in a 1:1 
stoichiometry relative to each calix4pyrrole unit in the 
polymer chain. In contrast, the sample of the co-polymer 
exposed to TBACl exhibited a 19% mass loss (theoretical: 
12.1%) upon heating to 230° C. Considering the relative 
extraction abilities of the co-polymer towards TBAC1 and 
TBAF (see above), the observed mass loss was considered 
reasonable. For comparison, the PMMA controls lost s2% 
of their masses prior to polymer decomposition (277. C.), 
which leads to the conclusion that only minimal amounts 
TBAF or TBAC1 were present in these samples after extrac 
tion. 

Example 3 

Preparation of Calix4 pyrrole and 
benzo-15-crown-5 ether Functionalized PMMA 

Co-Polymers 

All solvents were dried before use according to standard 
literature procedures. Unless specifically indicated, all other 
chemicals and reagents used in this study were purchased 
from commercial sources and used as received. 'H, C and 
'F NMR spectra used in the characterization of products 
and quantification of extracted KF were recorded on Varian 
Unity 300 or 400 MHz and Bruker 250 MHz AC-3000 
spectrometers using a residual protio Solvent as the refer 
ence. Low-resolution FAB and CI mass spectra were 
obtained on a Finningan MAT TSQ 70 mass spectrometer 
(Finningan MAT: San Jose, Calif.). High resolution FAB and 
CI mass spectra were obtained on a VG ZAB2-E mass 
spectrometer (KeveX/Fisons Instruments; San Carlos, 
Calif.). GPC analyses were performed using a Waters HPLC 
system consisting of HR-1, HR-3, and HR-SE STYRA 
GELTM columns arranged in series, a 1515 pump, and a 2414 
RI detector; reported molecular weights are relative to 
polystyrene standards in DMF (0.01 M LiBr) at 40° C. 
(column temperature) (Waters Corporation; Milford, Mass.). 
Thermogravimetric analyses were performed using a Met 
tler Toledo TGA/SDTA851 e equipped with a TS0801RO 
sample automated loader (Mettler Toledo; Columbus, Ohio). 
A Varian Spectra A-40 Atomic Absorption Spectrometer 
was used in flame emission mode with an acetylenefair 
(18:2) mixture to quantify the extracted potassium salts; the 
samples for these measurements were diluted with ethyl 
acetate prior to recording the emission intensities at 766.5 
nm (Varian, Inc.; Palo Alto, Calif.). UV-vis analyses were 
performed with a Chebios Optimum-One UV-vis spectro 
photometer (Chebios s.r.l.; Rome, Italy). 

Synthesis 
Three co-polymers were prepared based on the following 

formula: 

t t CH 
CH,-(-, -CH2-- (-CH2-(-), 

es es 1. NH 
CH 
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Specifically Copolymer I (x=1.0, y=14, Z=0.8. M-57 

kDa), Copolymer II (x=1.0, y=14, Z-0; M-90 kDa), and 
Copolymer III (x=0, y=12, Z = 1.0. M90 kDa) were pre 
pared from MMA, calix4)pyrrole, and a N-methylmeth 
acrylamide benzo-15-crown-5 derivative using conventional 
free radical polymerization techniques as described above. 
(Copolymer II was prepared as above for Example 1.) 
Copolymer I 
Copolymer I was prepared by dissolving calix4pyrrole 

monomer, N-methylmethacrylamide benzo-15-crown-5 
derivative monomer, and MMA in 1:1:10 ratio in THF (total 
conc.: approx. 0.3 M) followed by treatment with 1 mol % 
of azoisobutyronitrile (AIBN). After stirring at 70° C. for 17 
h under an atmosphere of nitrogen, the resulting Viscous 
Solution was added dropwise to excess methanol. This 
caused precipitation of Copolymer I, which was Subse 
quently isolated via filtration in 79% yield as a white solid. 
H NMR (500 MHz, CDC1) 8: 0.82 and 0.89 (br singlets, 
59.56H, PMMACH), 1.51 (brs, 21H, calixpyrrole meso 
CH), 1.82 (brm, 48.25H, PMMACH), 3.57 (brs, 68H, 
PMMA OCH), 3.68 (brm, 7.5H, crown ether CH), 3.84 
(brs, 3.75H, crown ether CH), 4.08 (brs, 6H, crown ether 
CH and calixpyrrole meso-CH), 5.89 (b. 8H, pyrrole CH), 
6.83-7.26 (6H, NH and crown ether aromatic protons). GPC: 
M: 50.2 kDa, PDI: 2.1. 
Copolymer III 
Using conditions analogous to those used to prepare 

Copolymer I, a 76% yield of Copolymer III was obtained as 
a yellow solid from a 1:10 mixture of N-methylmethacryl 
amide benzo-15-crown-5 derivative monomer and MMA. 
"H NMR (500 MHz, CDC1,) 8: 0.81 (brs, 16.86H, polymer 
backbone CH), 0.81 (bris, 10.30H, polymer backbone 
CH), 1.80 (brm, 19.12H, polymer backbone CH), 3.58 
and 3.68 (sands, 32.96H polymer backbone CH and crown 
ether CH), 3.84 (brs, 2H, crown ether CH), 4.07 (brs, 2H, 
crown ether CH), 6.81-7.26 (3H, crown ether aromatic 
protons). GPC: M. 33.2 kDa, PDI: 2.1. 

Example 4 

Copolymer I can Extract Water Soluble Dyes with 
Chloride and Potassium Counterions 

Chloride 
Initial qualitative evidence that Copolymer I, which con 

tains both calix4 pyrrole and crown ether subunits, could 
extract chloride salts into organic media came from a visual 
test involving a water soluble dye that contains a chloride 
counteranion, specifically: 

HN S N 

Extraction was performed by adding 3 mL of an organic 
Solution to 3 mL of an aqueous solution containing the dye 
with vigorous shaking then allowing the organic and aque 
ous phases to separate. Treatment of an aqueous solution of 
the dye (25.5 M) with a CHCl, solution of Copolymer I 
(effective concentration of the calix4 pyrrole and crown 
ether repeat units=1.56 and 1.22 mM, respectively) resulted 
in a colored organic (lower) phase (see FIG.3e). As controls, 
Solutions of the dyes were also exposed to a CH2Cl Solution 
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(see FIG. 3a), a CH2Cl solution of free calix4pyrrole 
(1.56 mM) (see FIG. 3b), a CHCl, solution of free benzo 
15-crown-5 (1.22 mM) (see FIG. 3c), and a mixture of free 
calix4 pyrrole and free benzo-15-crown-5 in CHC1 (1.56 
and 1.22 mM, respectively) (see FIG. 3d), however no 5 
transfer of color was observed from the upper aqueous phase 
to the lower organic phase. These results were quantified 
using UV-vis spectroscopy (1 mL aliquots of the solutions 
were diluted to 10 mL with water then analyzed). As shown 
in FIG. 4, analysis of the water phases of these extraction 10 
experiments confirmed that Copolymer I was able to extract 
the dye into the organic phase more effectively (>54%) than 
free calix4pyrrole, free benzo-15-crown-5, or their mix 
ture. 

Potassium 
Similar qualitative and quantitative results were observed 

when aqueous solutions of a water Soluble dye that contains 
a potassium counteraction was examined. The dye had the 
following structure: 

15 

25 

30 

In this case, Copolymer I proved more effective as an 
extractant (>30%) relative to free calix4pyrrole, free 
benzo-15-crown-5, or their mixtures (as used above) (see 35 
UV-vis spectroscopy results in FIG. 5). 

Example 5 

Copolymer I can Extract Potassium Fluoride 40 

Whether Copolymer I could extract a salt consisting of 
two hard ions, namely potassium fluoride was examined 
using 'F NMR. In parallel, the extraction properties of 
Copolymer II and Copolymer III were examined to assess 
the relative importance of each individual ion recognition 
unit on the overall extraction properties of Copolymer I. To 
prepare the samples, a DO solution of KF (0.5 mL, 3.4M) 
was added to a 0.75 mL sample of a CDC1 solution of the 
individual polymer under investigation (i.e., Copolymer I. 
Copolymer II, or Copolymer III, respectively, as well as 
various controls). To each sample, 1 uL (14.21 mM) of 
fluorobenzene was added as an internal F NMR standard. 
After shaking the tubes vigorously, the phases were sepa 
rated by subjecting them to centrifugation for 10 min. The 
CD.C., layer obtained from each tube was then recorded 
using 'T NMR spectroscopy and the amount of KF was 
quantified via peak integration relative to the internal fluo 
robenzene standard. Following this procedure, the error in 
fluoride anion concentration measured in the extraction 
experiments described in the text was estimated to be less 
than 0.03 mM. As shown in FIG. 6, addition of a 3.4M DO 
solution of KF to a CDC1 solution of Copolymer I (effec 
tive concentration of the calix4pyrrole and crown ether 
repeat units=6.25 and 4.86 mM, respectively) resulted in the 
appearance of a signal at 8-121.7 ppm in the 'F NMR 
spectrum of the organic phase (the tubes were shaken 
vigorously, and then the phases were separated with the aid 
of centrifugation (10 min)) A similar signal, but of reduced 
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intensity, was seen in the case of Copolymer II, whereas very 
little signal was observed in the case of Copolymer III. 
To quantify the amount of fluorine present in the organic 

phases of the KF extraction experiments, fluorobenzene 
(final concentration: 14.21 mM) was added to each sample 
as an internal standard (Ö=-114.3 ppm). Based on compara 
tive integrations (i.e., comparing total fluoride content in the 
CDC1 layer relative to this standard), Copolymer I was 
found to be capable of extracting KF more efficiently 
(7.55+0.04 mM) then Copolymer II (5.71+0.03 mM) under 
conditions where the effective concentration of the calix4 
pyrrole repeat units in both polymers were essentially the 
same (6.25 mM versus 6.50 mM for Copolymer I and 
Copolymer II, respectively). In addition, both Copolymer I 
and Copolymer II were found to extract more fluoride into 
the organic phase than Copolymer III (F-0.34+0.03 mM in 
the CD2Ch layer), which that does not contain any calix4 
pyrrole subunits, as noted above. As control experiments, 
extractions were also performed in an analogous manner 
using free calix4pyrrole, free benzo-15-crown-5, MMA 
homopolymer, an equimolar mixture of free calix4pyrrole 
and free benzo-15-crown-5, and a calyx4pyrrole-benzo 
15-crown-5 pseudo dimer, which was envisioned as a small 
molecule analogue of Copolymer I. No quantifiable 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 co-extraction of potassium in the above experiments (see 
K. W. Jackson, S. J. Lu, Anal. Chem. 1998, 70, 363). A 
calibration curve was generated using a standard solution of 
potassium tetrakis(2-thienyl)borate (PTTB) in ethyl acetate/ 
methylene chloride (9/1 V/v). The error in potassium con 
centrations measured following the extraction experiments 
is estimated to be less than 0.05 mM. The organic phase 
obtained after extracting KF with Copolymer I afforded an 
emission intensity (El) of 0.401 (at 766.5 nm, i.e., the 
emission wavelength of the excited potassium ion 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 
Copolymers II and III were used as extractants under 
otherwise identical conditions. Extracted potassium concen 
trations of 6.84, 4.73, and 0.65+0.05 mM were calculated for 
CDC1 solutions of Copolymers I, II, and III (at effective 
crown ether concentrations of 5.60, 0.00, and 5.00 mM). 
These values agree with those obtained from the 'F NMR 
data. A Summary of the KF extraction data is presented in 
Table 1. 

TABLE 1. 

Summary of KF extraction efficiencies. 

eff. (%) eff. (%) eff. (%) eff. (%) 
Compound calix:crown (total) (calix) (total): (crown)s' 
Copolymer I 1.O.O.8 67 121 61 137 
Copolymer II 1.O.O.O 88 88 73 i 
Copolymer III O.O:1.O 6 i 12 12 
Pseudo dimer 1.0:1.O O O O O 

Extraction efficiencies (eff) are reported as the percent (%) of extractant populated with 
KF upon exposure to a saturated aqueous solution of KF. 
'calix(4lpyrrole-benzo-15-crown-5 pseudo dimer 
Relative molar ratios of calixpyrrole (calix) to crown ether (crown) units in the extractant, 
Calculated from total fluoride extracted, 
TBased on the total number of ion receptors (calixpyrrole plus crown ether) in the 
extractant, 
JBased on the total number of calixpyrrole units in the extractant, 
3Calculated from total potassium extracted. 
"Based on the total number of crown ether units in the extractant. 
'Not determined. 
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Example 6 

Copolymer I can Extract Potassium Chloride 

The ability of Copolymers I, II, and III to extract KCl 
from aqueous media was evaluated using conditions analo 
gous to those employed for the KF studies described in 
Example 5. In this case, after exposing the polymers to 3.4 
M solutions of KCl in D.O, FES was again used to deter 
mine the relative amounts of potassium extracted. Copoly 
mer I 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 the calibration 
described above. Copolymers II and III displayed relatively 
lower EI values, namely 0.507 and 0.081, respectively, 
values that corresponded to potassium concentrations of 
8.64 and 1.38+0.08 mM, respectively. The higher overall 
extraction values for KCl compared to KF is consistent with 
the relative aqueous Solvation energies (AG) of chloride 
and fluoride anions (AG-340 kJ mol' for F versus 
AG-465 kJ mol' for FT). Specifically, the more hydro 
phobic anion (Cl) was extracted more effectively than its 
more hydrophilic analogue (F). 

Example 7 

Copolymer I can Selectively Extract Potassium 
Ions 

Whether potassium salts could be selectively extracted in 
the presence of their sodium analogues was examined A 0.5 
mL HO solution of KCl (134.1 mM) and NaNO (1.47 M) 
was treated with Copolymer I (in 0.75 mL CHCl) and 
analyzed using FES (using the methods described above in 
Experiment 5). KCl and NaNO 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). These data 
Suggest that Copolymer I extracts potassium chloride much 
more effectively than it does sodium chloride. This finding, 
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which is in accord with the relative hydration energies of K' 
and Na" (AG-295 kJ mol' for K" and AG-365 kJ 
mol' for Na"), suggests that these materials may ultimately 
enable the selective separation of potassium halide Salts 
from complex aqueous mixtures, e.g., in specialty medical 
applications. 
The compounds and methods of the appended claims are 

not limited in Scope by the specific compounds and methods 
described herein, which are intended as illustrations of a few 
aspects of the claims and any compounds and methods that 
are functionally equivalent are within the scope of this 
disclosure. Various modifications of the compounds and 
methods in addition to those shown and described herein are 
intended to fall within the scope of the appended claims. 
Further, while only certain representative compounds, meth 
ods, and aspects of these compounds and methods are 
specifically described, other compounds and methods and 
combinations of various features of the compounds and 
methods are intended to fall within the scope of the 
appended claims, even if not specifically recited. Thus a 
combination of steps, elements, components, or constituents 
may be explicitly mentioned herein; however, all other 
combinations of steps, elements, components, and constitu 
ents are included, even though not explicitly stated. 
What is claimed is: 
1. A method of treating an ion imbalance in a subject 

comprising: 
selecting a subject having an elevated level of an ion; and 
administering to the Subject a block copolymer compris 

ing multiple repeating units, wherein at least one block 
is uniformly formed from repeating units covalently 
bound to a calix4pyrrole and wherein at least one 
block is uniformly formed from repeating units cova 
lently bound to a crown ether, and wherein the multiple 
repeating units are selected from the group consisting 
of polyacryonitrile, polyacrylate, polystyrene, polyes 
ter, polyurethane, polyamide, and a co-polymer thereof. 

2. The method of claim 1, wherein the crown ether is a 
benzo-15-crown-5 ether. 

k k k k k 


